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Article

Combined Salt and Heat Stress Aggravates Oxidative Stress and
Photosynthetic Damage, Disrupting Carbon and Nitrogen
Metabolism and Yield in Rice
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heaibing@hhrrc.ac.cn (A.H.)
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3 State Key Laboratory of Hybrid Rice, Hunan Hybrid Rice Research Center, Changsha 410125, China
* Correspondence: wanilybao@163.com (X.G.); aizhiyongw@163.com (Z.A.)
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Abstract

In the context of global climate change, the co-occurrence of salt and heat stress represents
a major constraint to rice production, resulting in greater yield penalties than either stress
alone. This study aimed to assess the effects of salt and heat stress on oxidative homeosta-
sis, photosynthetic performance, carbon (C)–nitrogen (N) metabolism, and rice yield. The
experiment comprised four treatments, i.e., control (CK), salt (irrigation with 3.9 dS m−1

NaCl solution), heat (exposure to 36 ◦C/30 ◦C day/night for 5 days at panicle initiation),
and combined salt + heat stress. Results showed that combined stress enhanced reactive
oxygen species (ROS) accumulation (i.e., H2O2 content and O2

− contents were 1.3 and
1.5 times higher than CK), and the activities of superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) were increased by 64.6%, 69.5%, and 74.8% higher than CK.
At the molecular level, salt + heat stress upregulated antioxidant defense-related genes, i.e.,
OsAPX2, OsSODCC1, and OsAPX1, while significantly downregulated ion homeostasis-
related genes, i.e., OsSOSs, OsHKT1;3, OsHKT1;5, and OsNHX4, and photosynthesis-related
genes, i.e., Ospsbo, OsRbcS2, and OsRbcS3, compared with CK. Furthermore, salt + heat
stress reduced the activities of C-metabolism enzymes (sucrose phosphate synthase, sucrose
synthase, and starch synthase) and N-metabolism enzymes (nitrate reductase, glutamine
synthetase, and glutamate synthase), leading to 34.3% and 18.6% lower stem-sheath non-
structural carbohydrate accumulation in stem sheath and its translocation rate, respec-
tively, while total N accumulation decreased by 42.9%, as compared with CK. Ultimately,
these cascading effects inhibited panicle development and reduced yield. The findings
provide a theoretical basis for improving rice tolerance to combined abiotic stresses by
targeting oxidative stress mitigation, photosynthetic protection, and key stress-responsive
gene regulation.

Keywords: antioxidants; stress; photosynthesis; non-structural carbohydrates; panicle
development
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1. Introduction

Rice (Oryza sativa L.) is a staple food crop feeding over half of the global population,
and its stable productivity is critical for ensuring global food security [1,2]. With the
intensification of global climate change, abiotic stresses have emerged as major constraints
on rice production, particularly in key rice-growing regions such as the coastal areas of
China [3]. Simultaneous occurrence of salt and heat stress during critical reproductive
stages of rice, such as panicle initiation, severely disrupts physiological processes and
yield formation [4].

Salt stress primarily acts through osmotic stress and ionic toxicity; excessive sodium
ion (Na+) accumulation disrupts ion homeostasis in rice cells, damaging cell membranes
and increasing electrolyte leakage [5]. It also induces stomatal closure, reduces chlorophyll
content, and inhibits photosynthetic carbon fixation, while triggering overaccumulation of
reactive oxygen species (ROS) that further exacerbates cellular damage [6]. For instance,
salt stress can reduce the net photosynthetic rate (Pn) in rice and increase hydrogen dioxide
(H2O2) content compared with normal conditions [7]. Heat stress, on the other hand,
mainly targets the photosynthetic system and metabolic enzymes. For instance, high
temperatures (≥36 ◦C) denature key photosynthetic enzymes such as Rubisco, disrupt the
stability of photosystem II (PSII), and reduce the maximum photochemical efficiency [8].
Additionally, heat stress inhibits antioxidant enzyme activity, leading to ROS burst and
membrane lipid peroxidation [9,10]. Previous studies have shown that the critical windows
for heat-induced damage in rice are the heading–flowering and panicle initiation stage [11].
While the mechanisms of high-temperature injury and its impacts on spikelet sterility
during heading–flowering have been extensively investigated, the research on the impacts
of heat stress during the panicle initiation stage in rice remains limited.

Previous studies have shown that salt and heat stress independently damage plant
physiological processes, but their combined effects are more complex and destructive [12,13].
The combined stress exerts synergistic or additive destructive effects and causes more
severe impairment to membrane stability, photosynthetic rate, and plant biomass than
either single stress [3]. The wheat seedlings under combined heat and salt stress show
enhanced Na+ accumulation, reduced relative water contents, and decreased shoot biomass
compared to individual stress [14]. Despite extensive research on the individual effects
of salt and heat stress on rice, the mechanisms by which their combined effects on rice
physiology remain elusive [15,16]. Notably, existing studies have confirmed that there
is significant genetic variability in the response of different rice genotypes to individual
and combined salt and heat stress; contrasting tolerant and sensitive genotypes are critical
materials for dissecting the metabolic and molecular mechanisms underlying differential
stress susceptibility, as well as for mining elite stress-tolerant genes for rice breeding [17,18].
Meanwhile, rice is generally recognized as a moderately salt-tolerant crop, while the
breeding of mainstream commercial rice varieties has long been centered on improving
yield potential, and the genetic improvement of synergistic tolerance to multiple abiotic
stresses (including combined salt and heat stress) has been seriously neglected.

Carbon (C)–nitrogen (N) metabolism serves as the primary energy reserve and carbon
source for rice panicle development, and its synthesis and remobilization are strongly
linked to photosynthetic efficiency and oxidative balance [17]. ROS overaccumulation
inhibits carbon metabolism enzymes (e.g., sucrose synthase, starch hydrolase), while
photosynthetic damage reduces nonstructural carbohydrate (NSC) precursor supply [9].
Together, these effects lead to insufficient NSC allocation to panicles, resulting in spikelet
abortion and heading delay [18]. However, how combined salt and heat stress disrupts
these processes to inhibit panicle development and reduce yield has not been systematically
elucidated. Against this background, this study hypothesized that the combined salt and

https://doi.org/10.3390/antiox15030308
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heat stress synergistically aggravates oxidative stress, photosynthetic damage, disrupts
C-N metabolism and remobilization, interferes with panicle development, and causes yield
loss. To verify this hypothesis and address the above research gaps, the core objectives
of this study are: (1) to compare the differential effects of single salt, single heat, and
combined salt and heat stress on rice oxidative homeostasis, ion balance, and photosynthetic
performance; (2) to elucidate the regulatory mechanism of combined salt and heat stress
on key enzyme activities of carbon and nitrogen metabolism, as well as the accumulation
and remobilization of non-structural carbohydrates and nitrogen in rice; and (3) to clarify
the cascade pathway of combined salt and heat stress leading to rice yield loss, and
provide a targeted theoretical basis for the genetic improvement of multi-stress tolerance in
commercial rice varieties.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

A pot experiment was conducted at the National Center of Technology Innovation for
Saline–Alkali Tolerant Rice (18◦35′ N, 109◦17′ E). Seeds of a widely cultivated rice cultivar
‘Ruanhuayoujinsi’ in South China were surface-sterilized with 1% NaClO for 10 min, rinsed
with distilled water, soaked in water at 30 ◦C for 24 h, and allowed to germinate at 32 ◦C
for 48 h. Germinated seeds were sown in 72-hole seedling trays filled with nutrient soil
(peat: vermiculite: perlite = 3:1:1). On 14 July 2026, rice seedlings were transplanted at
the three-leaf stage (25 d after sowing), with two seedlings per hill and three hills per pot
to ensure transplanting survival rate. At seven days after transplanting (seedling recov-
ery period), standard thinning was performed: only one uniformly growing and robust
seedling was retained per hill, resulting in a final total of three rice plants per pot for all
treatments throughout the whole growth period (Figure S1). The standard normal growth
conditions during this period were based on the measured average meteorological data
of the experimental site during the rice growth period: natural day/night photoperiod
of 13–14 h light per day, average daily maximum temperature of 29.4 ◦C, average daily
minimum temperature of 25.3 ◦C, with a daily average temperature of 27.3 ◦C, average
daily total solar radiation of 17.1 MJ m−2 (corresponding to an average daily photosyn-
thetic photon flux density of ~729.1 μmol m−2 s−1, Figure S2), and relative humidity
of 60–80%. Based on the confirmed transplanting date of 14 July 2026, key growth stages
of rice were clearly defined using days after transplanting (DAT) as the unified time
scale throughout the experiment: The full experiment adopted a unified timeline with
14 July 2026 as the transplanting date (0 days after transplanting, DAT). Key growth stages
and experimental operations are detailed below: 20 DAT: Salt stress treatment initiated;
49 DAT: 5-day continuous heat stress treatment initiated at the panicle initiation stage;
54 DAT: Heat stress terminated; 73 DAT: Full heading stage; 98 DAT: Physiological
maturity stage; plants harvested for yield trait evaluation and final biomass/nutrient
accumulation determination.

The pots used were 36 cm (top diameter) × 26 cm (bottom diameter) × 28 cm (height).
The soil was air-dried, sieved (2 mm), and filled with 15 kg of mixed soil. The 2.76 g urea
per pot (containing 46% N) applied at a ratio of 1:1:1 for basal: tillering: panicle fertilizer;
3.03 g superphosphate (containing 12% P2O5) applied once as basal fertilizer; and 1.18 g
potassium chloride (containing 60% K2O) was applied at a 1:1 ratio for basal: panicle
fertilizer. This fertilization scheme was based on Li et al. [19] to ensure sufficient nutrient
supply and eliminate intraspecific nutrient competition. The normal growth state of rice
plants in pots throughout the heading stage is shown in Figure S1. The experimental paddy
soil used for potting contained 22.6 g kg−1 organic matter, 1.32 g kg−1 total N, 45.8 mg kg−1

https://doi.org/10.3390/antiox15030308
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available P, 81.5 mg kg−1 available K, with an initial pH of 6.8 and electrical conductivity
(EC) of 0.12 dS m−1.

2.2. Experimental Design

The experiment was arranged in a completely randomized design (CRD) with four
treatments: control (CK), salt stress, heat stress, and combined salt + heat stress. A total of
80 pots were used in the experiment, with 20 pots per treatment. For each treatment, the
20 pots were randomly divided into 4 independent groups, with 5 pots per group. Each
group of 5 pots was defined as one independent experimental unit, which also served as
one independent biological replicate for subsequent index determination and statistical
analysis. All pots were randomly placed in the natural field conditions in a rain-proof
screen house. To minimize the effects of environmental gradients (e.g., light, temperature,
and air flow), all pots were randomly rotated every three days. CK: No salt or heat stress;
irrigated with tap water and grown under normal temperature throughout the growth
period. Salt stress: Salt stress treatment was initiated at the tillering stage (20 days af-
ter transplanting, DAT), by irrigating with NaCl solution with an electrical conductivity
(EC) of 3.9 dS m−1, to maintain a stable target EC of 4.1 ± 0.2 dS m−1 in the root zone
(5–10 cm soil depth) throughout the entire growth period. Soil EC was measured in situ
directly using a calibrated portable soil conductivity meter (2266FS, Spectrum Technologies,
Inc., Aurora, IL, USA). For each pot, three replicate measurement points were randomly
selected in the root zone, and the average value was taken as the soil EC of the pot. Mon-
itoring was performed every 3 days; if the measured EC fell below the target range of
4.1 ± 0.2 dS m−1, supplementary irrigation with the 3.9 dS m−1 NaCl solution was per-
formed immediately to restore and maintain the stable target salinity level [19]. Heat stress:
Heat stress treatment was conducted at the panicle initiation stage (49 days after transplant-
ing). The plants grown under normal conditions were transferred to a climate chamber
at the panicle initiation stage and exposed to 36 ◦C/30 ◦C day/night temperature for
5 days [10]. Combined salt + heat stress: plants were exposed to the combina-
tion of salt and heat stress treatments. All potted plants from all treatment groups
were synchronously transferred to identical programmable artificial climate chambers
to eliminate the interference of environmental heterogeneity. To avoid pseudorepli-
cation and eliminate the interference of environmental gradients within the climate
chambers, all pots from all treatment groups were completely randomly arranged in
the chambers, and their positions were randomly re-rotated every 2 days through-
out the entire stress treatment period. To ensure temperature was the only variable
in the experiment, all environmental parameters except the day/night temperature
regime were set completely consistent across all chambers and treatment groups, in-
cluding photosynthetic photon flux density of 1200 μmol m−2s−1, relative humidity of
75 ± 5%, and a photoperiod of 12 h/12 h (day/night). The temperature regime was set
as follows: the CK and salt were maintained at the field’s natural normal temperature
regime of 29.35 ◦C/25.30 ◦C (day/night). After the heat stress, all potted plants from all
treatment groups were moved back to the original natural environment, and grown with
conventional management until physiological maturity.

2.3. Measurement Indexes and Methods
2.3.1. Oxidative Stress and Antioxidant Enzyme Activity

At the post-heat stress (exposure to 36 ◦C/30 ◦C day/night for 5 days at panicle
initiation) and full heading stage (about 25 days after panicle initiation), the top fully
expanded leaves were collected and stored at –80 ◦C to estimate ROS accumulation and
antioxidant enzyme activity. The H2O2, O2

−, malondialdehyde (MDA) content, superoxide

https://doi.org/10.3390/antiox15030308
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dismutase (SOD), peroxidase (POD), and catalase (CAT) activities were determined via
assay kits provided by Jiangsu Jingmei Biotechnology Co., Ltd. (Yancheng, China). The
detailed measurement method was found in Supplementary Material.

2.3.2. Photosynthetic Parameters and Aboveground Biomass

At the post-heat stress and heading stage, photosynthetic parameters of the top fully
expanded leaf were measured using a Li-6800XT portable photosynthetic analyzer (LiCor,
Lincoln, NE, USA), including Pn, stomatal conductance (gs), intercellular CO2 concentration
(Ci), and transpiration rate (Tr). At the heading and maturity stages, six representative
individual rice plants (hills) were randomly sampled from each treatment. The complete
aboveground part of each plant, including the main stem and all effective tillers, was rinsed
with distilled water, and then partitioned into stem sheaths, leaves, and panicles.

2.3.3. C and N Metabolism Enzyme Activity

At the post-heat stress and heading stage, the NSC metabolism enzyme activities,
such as sucrose phosphate synthase (SPS), sucrose synthase (SS), and starch synthase
(SSS), were estimated. Fresh stem-sheath tissue (0.5 g) was determined using the de-
tection kits provided by Jiangsu Jingmei Biotechnology Co., Ltd. The activities of leaf
N metabolism enzymes such as nitrate reductase (NR), glutamine synthetase (GS), and
glutamate synthase (GOGAT) were all determined using the detection kits provided by
Jiangsu Jingmei Biotechnology Co., Ltd. The detailed measurement method was found in
Supplementary Material.

2.3.4. NSC Content and N Content

The stem-sheath samples were collected at heading and maturity from Section 2.3.2.
Samples were dried at 105 ◦C for 30 min, then at 65 ◦C to constant weight, and ground
into powder. Soluble sugar and starch were determined following the method of
Wei et al. [20]. NSC content = soluble sugar + starch; NSC accumulation in the stem
(mg plant−1) = Stem sheath biomass × NSC content; NSC translocation in the stem
sheath (mg plant−1) = NSC accumulation at heading − NSC accumulation at maturity;
NSC translocation rate (%) = (NSC accumulation at heading − NSC accumulation at ma-
turity)/NSC accumulation at heading × 100%. Additionally, the N concentration in each
organ at maturity was quantified by the Kjeldahl procedure according to Wei et al. [20].
Dry samples were digested in concentrated H2SO4 to transform total N into ammonium
sulfate, which was then distilled and titrated for quantification.

2.3.5. Determination of Sodium (Na+) and Potassium (K+) Content

At the post-heat stress and heading stage, leaf and stem-sheath samples were dried and
ground into powder. Approximately 0.1 g of dry samples was digested with concentrated
HNO3, and then diluted with deionized water. The K+ and Na+ contents were determined
via flame photometer (M410, Sherwood Scientific, Cambridge, UK), following the method
described by Li et al. [19].

2.3.6. Gene Expression Determination

To quantify transcript-level shifts across stress intensities and durations, representative
photosynthetic, ROS-scavenging Na+ and K+ transport genes identified in our prior RNA-
seq [3] dataset were assayed by qRT-PCR, and the key gene information is shown in
Table S1. All primers are listed in Supplementary Table S2. The 2−ΔΔCT method, as
described by Livak et al. [21], was used to calculate the relative gene expression levels
using the mean value of four replicates. The detailed measurement method is found in
Supplementary Material.

https://doi.org/10.3390/antiox15030308
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2.3.7. Panicle Development and Yield Traits

Fifteen main panicles of uniform size were randomly selected, and the length of the
first internode, panicle exsertion, and panicle length were measured. Panicle exsertion (%)
= (panicle exsertion length/panicle length) × 100%. Yield and its traits were estimated
at maturity. Six plants per treatment were harvested to determine panicle number per
plant, grain number per panicle, seed setting rate, 1000-grain weight, and yield per plant
(adjusted to 14% moisture content).

2.4. Data Analysis

Data processing was performed with Excel 2021 and SPSS 26.0 (SPSS Inc., Chicago, IL,
USA); statistical evaluation included analysis of variance (ANOVA). For multiple pairwise
comparisons among treatments, Tukey’s Honest Significant Difference (HSD) test was
performed at the p < 0.05 significance level, to strictly control the Type I error rate in
multiple comparisons. To test the main effects of salt, heat stress, and their interaction
effect on all measured parameters, a two-way ANOVA with a completely randomized
2 × 2 factorial design was performed. A significant salt × heat interaction effect (p < 0.05)
was considered the statistical basis for the presence of a synergistic effect between salt and
heat stress; for variables with a non-significant interaction (p > 0.05), the combined effect
was described as an additive or more severe combined effect. Principal component analysis
(PCA) was performed using the built-in PCA analysis plug-in of Origin 2023 (OriginLab
Corp., Northampton, MA, USA). Given that the variables included in the analysis have
different scales, units, and numerical ranges, Z-score standardization (mean centering and
variance scaling) was strictly performed on all variables via the plug-in’s built-in standard
preprocessing function before formal analysis, to eliminate the interference of dimension
differences on principal component weighting and analysis results. Graphs were drawn
using Origin 2023 (OriginLab Corp., Northampton, MA, USA).

3. Results

3.1. Effects of Salt and Heat Stress on Oxidative Stress

Combined salt + heat stress induced the most severe oxidative stress, with significantly
higher ROS accumulation and oxidative damage than single stresses (Figure 1). Post-heat
stress, H2O2 content, and O2

− production rate in salt + heat stress were 1.3 and 1.5 times
higher than CK, and 14.5% and 22.1% higher than heat stress, and 56.6% and 72.2% higher
than salt stress. The MDA content in salt + heat stress was 48.3% higher than CK, indicating
extensive membrane lipid peroxidation under combined stress conditions. At heading,
the combined heat + salt stress was comparatively lower in individual stress than in
the combined. Specifically, H2O2 content and O2

− generation rate in salt + heat stress
were 67.9% and 60.8% higher than CK. Individual heat and salt stress also enhanced
the H2O2 and O2

− contents more than CK, but their values remained relatively lower
than those under the combined salt + heat stress treatment. At the post-heat stress stage,
the salt × heat interaction effect was significant for H2O2 content and O2

− (p < 0.05). At
the heading stage, the salt × heat interaction effect was not significant for all oxidative
stress-related parameters (p > 0.05).

https://doi.org/10.3390/antiox15030308
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Figure 1. Effect of individual and combined heat and salt stress on (a) H2O2, (b) O2
−, and (c) MDA

contents at post-heat stress and heading stage. Data are mean ± SE (n = 4, where n represents the
number of independent experimental units (biological replicates) per treatment). Different lowercase
letters indicate significant differences among treatments at the p < 0.05 level by Tukey’s HSD test.

3.2. Effects of Salt and Heat Stress on Antioxidant Enzyme Activities

At post-heat stress, the antioxidant enzyme activities in salt + heat stress were
markedly increased. For example, the activities of SOD, POD, and CAT were 64.6%,
69.5%, and 74.8% higher than CK, respectively (Figure 2). At heading, the SOD, POD, and
CAT were increased by 58.5%, 52.3%, and 36.2%, respectively. Moreover, heat stress showed
lower CAT and POD activities than salt stress, but the difference was not significant. At
the post-heat stress stage, the salt × heat interaction effect was significant for SOD and
POD activity (p < 0.05), showing a synergistic induction effect of combined stress on these
two antioxidant enzymes; while the salt × heat interaction effect was not significant for
CAT activity (p > 0.05), with an additive induction effect under combined stress.

https://doi.org/10.3390/antiox15030308
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Figure 2. Effect of individual and combined heat and salt stress on (a) POD, (b) CAT, and (c) SOD
activities at the post-heat stress and heading stage. Data are mean ± SE (n = 4, where n represents the
number of independent experimental units (biological replicates) per treatment). Different lowercase
letters indicate significant differences among treatments at the p < 0.05 level by Tukey’s HSD test.

3.3. Effects of Salt and Heat Stress on Photosynthetic Traits and Aboveground Biomass

The salt + heat stress substantially reduced the net photosynthesis (Pn) and above-
ground dry biomass in rice (Figure 3). At post-heat stress, the Pn in salt + heat stress reduced
by 45.9% relative to CK. The Pn under heat stress treatment remained statistically similar
(p > 0.05) to CK but was significantly higher than salt stress. At heading, Pn was 10.0%,
19.7%, and 48.2% lower under heat, salt, and combined salt + heat stress, as compared with
CK. Furthermore, the Tr and Ci under heat stress treatment remained statistically similar
(p > 0.05) to CK but were substantially higher than under salt treatment. For the Pn,
the salt × heat interaction effect was extremely significant at both post-heat stress and
heading stages (p < 0.01).

https://doi.org/10.3390/antiox15030308
8



Antioxidants 2026, 15, 308

Figure 3. Effect of individual and combined heat and salt stress on (a) Pn, (b) Tr, (c) Ci, and (d) Gs at
the post-heat stress and heading stage. Data are mean ± SE (n = 4, where n represents the number
of independent experimental units (biological replicates) per treatment). Different lowercase letters
indicate significant differences among treatments at the p < 0.05 level by Tukey’s HSD test.

Combined salt and heat stress significantly altered the dry matter accumulation pattern
and translocation efficiency in rice (Figure S3). At the heading stage, the leaf biomass
of rice under combined salt and heat stress was reduced by 16.3% compared with CK,
while the stem sheath and aboveground biomass were decreased by 31.3% and 32.1%,
respectively. At maturity, no difference was found in leaf biomass among all treatments,
whereas the salt + heat stress resulted in reduced stem sheath and aboveground biomass
compared to individual stress. In addition, the leaf dry matter and stem-sheath dry matter
translocation of rice under combined salt and heat stress were lower than those under
individual stress and the CK. The salt × heat interaction effect was extremely significant
for aboveground biomass at maturity, stem-sheath biomass at heading and maturity, and
stem-sheath biomass translocation (p < 0.01), showing a synergistic inhibition effect.

3.4. Effects of Salt and Heat Stress on N Accumulation and Translocation

The salt + heat stress treatment significantly altered N accumulation and translocation
in rice (Figure 4). Total N accumulation in the whole plant at maturity was substantially
reduced by salt + heat stress treatment, and the inhibitory effect was more pronounced
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under combined stress than under individual stress treatment. For organ-specific total N
accumulation per plant, leaf N accumulation at the heading stage showed no significant
difference among all treatments, whereas leaf N accumulation under salt + heat stress
treatment was increased by 12.9% compared with CK at maturity. In contrast, stem-sheath
N accumulation at the heading stage was significantly lower under stress conditions, with
salt + heat stress treatment showing a 29.6% reduction compared with CK, whereas salt
and heat stress treatments decreased by 16.1% and 8.5%, respectively. However, at maturity,
no significant difference was found among all treatments in stem-sheath N accumulation.
The total N translocation amount from leaf to grain under salt + heat stress treatment
was significantly lower than that of CK. Similarly, the stem-sheath total N translocation in
salt + heat stress treatment decreased by 54.9% compared with CK, while single salt and heat
stress treatment caused reductions in N translocation of up to 31.0% and 18.7%, respectively.
The salt × heat interaction effect was significant for total N accumulation at maturity
(p < 0.05), indicating a synergistic inhibition of total N accumulation under combined stress.

Figure 4. Effect of individual and combined heat and salt stress on (a) Leaf N accumulation,
(b) Stem-sheath accumulation, (c) Total N accumulation, and (d) N translocation at leaf and stem
sheath. Data are mean ± SE (n = 4, where n represents the number of independent experimental
units (biological replicates) per treatment). Different lowercase letters indicate significant differences
among treatments at the p < 0.05 level by Tukey’s HSD test.
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3.5. Effects of Salt and Heat Stress on Nitrogen-Related Metabolism Enzymes

The salt + heat stress treatment exerted significant and stage-specific effects on the
activities of N assimilation enzymes, i.e., NR, GS, and GOGAT (Figure 5). The NR activity
in rice leaves under individual heat and salt stress treatment was reduced by 8.1% and
59.3% compared with the CK at post-heat stress. The combined salt + heat stress led to a
more severe reduction of 66.8% in NR activity, whereas at the heading stage, the NR activity
in all stress treatments was further decreased relative to CK, with the most pronounced
inhibition (29% reduction) being observed in the salt + heat stress treatment.

Figure 5. Effect of individual and combined heat and salt stress on nitrogen-related metabolism
enzymes, i.e., (a) NR, (b) GS, and (c) GOGAT activity at the post-heat stress and heading stage.
Data are mean ± SE (n = 4, where n represents the number of independent experimental units
(biological replicates) per treatment). Different lowercase letters indicate significant differences
among treatments at the p < 0.05 level by Tukey’s HSD test.

Furthermore, the GS activity in salt stress treatment was slightly increased by 7.8%
relative to CK, while salt + heat stress treatment reduced GS activity by 41.8% at post-
heat stress. At the heading stage, the GS activity in CK was the highest, whereas all
stress treatments showed a substantial reduction in GS activity. The GOGAT activity
in salt + heat stress treatment was reduced by 19.6% compared with CK during post-
heat stress. At the heading stage, the GOGAT activity in salt + heat stress treatment was
reduced by 29.2%, whereas the reductions in salt and heat stress treatments were 24.9%
and 13.5%, as compared to CK. At the post-heat stress stage, the salt × heat interaction
effect was extremely significant for GS activity (p < 0.01), while it was not significant for
NR and GOGAT activities (p > 0.05). At the heading stage, the salt × heat interaction
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effect was significant for NR activity (p < 0.05), and was not significant for GS and GOGAT
activities (p > 0.05)

3.6. Effects of Salt and Heat Stress on K+ and Na+ Content, and K+/Na+ Ratio in Leaves and Stem
Sheaths of Rice

At the post-heat stress, salt + heat stress treatment significantly disrupted ion home-
ostasis in rice, in terms of K+, Na+ content, and K+/Na+ ratio between leaves and stem
sheaths (Figure 6). For Na+ accumulation, both single and combined salt + heat stresses
induced a significant increase in Na+ content in leaves and stem sheaths compared with
the CK. In contrast to Na+, K+ content in leaves and stem sheaths was significantly reduced
by salt and heat stress treatment, with the most severe reduction observed under salt + heat
stress treatment. The K+/Na+ ratio was substantially decreased under stress conditions,
with the lowest ratio observed under salt + heat stress treatment. The salt × heat interaction
effect was significant for Na+ content and K+/Na+ ratio (p < 0.05).

Figure 6. Effect of individual and combined heat and salt stress on (a) K+ content, (b) Na+ content,
and (c) K+/Na+ ratio, and at the post-heat stress. Data are mean ± SE (n = 4, where n represents the
number of independent experimental units (biological replicates) per treatment). Different lowercase
letters indicate significant differences among treatments at the p < 0.05 level by Tukey’s HSD test.
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3.7. Effects of Salt and Heat Stress on Stem NSC-Related Traits

At the heading stage, both single and combined stresses affected NSC content and
accumulation in the stem sheath, but the response patterns differed (Table 1). Relative to
CK, single salt stress decreased NSC content by 3.7%, while combined salt + heat stress
led to a 4.3% reduction in NSC content. At the heading stage, the NSC accumulation
was 9.3%, 10.9%, and 34.3% lower under salt, heat stress, and salt + heat stress treatment
than CK. At maturity, stem-sheath NSC content under combined stress treatments was
significantly lower than CK, with the most severe reduction observed under salt + heat
stress. Furthermore, the NSC translocation rate in CK was 40.24%, which decreased to
33.93%, 35.66%, and 32.75%, respectively, under salt, heat, and salt + heat treatment. The
salt × heat interaction effect was extremely significant for NSC accumulation at both
heading and maturity stages (p < 0.01).

Table 1. Effects of salt and heat stress on stem NSC-related traits.

Treatments
NSC Content

at Heading
(mg g−1)

NSC Content
at Maturity

(mg g−1)

NSC
Accumulation

at Heading
(g Plant−1)

NSC
Accumulation

at Maturity
(g Plant−1)

NSC
Translocation

(g Plant−1)

NSC
Translocation

Rate
(%)

CK 204.98 ± 3.94 b 163.91 ± 2.98 a 6.96 ± 0.36 a 4.16 ± 0.27 a 2.80 ± 0.23 a 40.24 ± 2.51 a

Salt 197.26 ± 2.49 c 156.06 ± 3.37 b 6.31 ± 0.17 b 4.17 ± 0.19 a 2.14 ± 0.11 b 33.93 ± 1.79 b

Heat 216.37 ± 3.10 a 163.97 ± 3.73 a 6.20 ± 0.13 b 3.99 ± 0.10 a 2.21 ± 0.13 b 35.66 ± 1.66 b

Salt + Heat 196.10 ± 3.39 c 148.46 ± 6.00 c 4.57 ± 0.16 c 3.07 ± 0.03 b 1.50 ± 0.16 c 32.75 ± 1.07 c

Note: Different lowercase letters indicate significant differences among treatments at the p < 0.05 level by Tukey’s
HSD test.

3.8. Effects of Salt and Heat Stress on Carbon-Related Metabolic Enzymes

The salt + heat stress treatment induced stage-specific and enzyme-specific responses
SPS, SS, and SSS enzyme activities in the stem sheath (Figure 7). Heat stress decreased SPS
activity by 10.3% compared with the CK, while salt stress and salt + heat stress caused
23.9% and 33.3% reduction in SPS activity. At the heading stage, the maximum SPS activity
was recorded in CK, whereas all stress treatments showed significant reductions in SPS
activity. The SS and SSS activity in salt + heat stress was significantly lower than single
salt stress, heat stress, and CK during post-heat stress and heading stage. The salt × heat
interaction effect was significant for SS and SPS activities at the heading stage (p < 0.01).

3.9. Effects of Salt and Heat Stress on Relative Gene Expression Levels

Antioxidant defense-related genes, i.e., OsAPX2, OsSODCC1, and OsAPX1, were
significantly upregulated under both single and combined stresses, whereas the upreg-
ulation was more pronounced under salt + heat stress treatment (Figure 8). In contrast,
photosynthesis-related genes, i.e., OsRbcS2 and OsRbcS3, were predominantly downregu-
lated under salt stress conditions, and the suppression was more severe under combined
stress. The expression of Ospsbo and OsRbcS3 was increased under heat stress compared
with CK, while no significant difference was found regarding OsRbcS2 expression between
CK and heat stress.
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Figure 7. Effect of alt and heat stress on stem carbon-related metabolic enzymes: (a) SS, (b) SPS, and
(c) SSS at the post-heat stress and heading stage. Data are mean ± SE (n = 4, where n represents the
number of independent experimental units (biological replicates) per treatment). Different lowercase
letters indicate significant differences among treatments at the p < 0.05 level by Tukey’s HSD test.

Figure 8. Effect of salt and heat stress on relative expression level of (a) OsAPX2, (b) OsSODCC1,
(c) OsAPX1, (d) Ospsbo, (e) OsRbcS2, and (f) OsRbcS3 in rice at the post-heat stress using qRT-PCR.
Data are mean ± SE (n = 4, where n represents the number of independent experimental units
(biological replicates) per treatment). Different lowercase letters indicate significant differences
among treatments at the p < 0.05 level by Tukey’s HSD test.
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Notably, all Na+ and K+ transport genes, i.e., OsSOS1, OsSOS2, OsSOS3, OsHKT1;3,
OsHKT1;5, OsNHX4, and OsNHX5, were significantly affected under stress treatments
(Figure 9). The SOS pathway genes, i.e., OsSOS1, OsSOS2, and OsSOS3, were significantly
downregulated under salt + heat stress, respectively. For the high-affinity K+ transporter
genes, i.e., OsHKT1;3 and OsHKT1;5, and their relative expressions under salt + heat stress
were 68.1% and 65.9% lower than CK. Additionally, the vacuolar Na+/H+ antiporter genes,
i.e., OsNHX4 and OsNHX5, exhibited 59.6% and 78.6% downregulations under salt + heat
stress, respectively, which were 2.0- and 2.9-fold higher than those under single salt stress.
For antioxidant defense-related genes (OsAPX2, OsSODCC1, OsAPX1), photosynthesis-
related genes (OsRbcS2, OsRbcS3), and ion transport-related genes (OsSOS1, OsSOS2,
OsSOS3, OsHKT1;3, OsHKT1;5, OsNHX4), the salt × heat interaction effect was extremely
significant (p < 0.01), showing a synergistic regulatory effect of combined stress on the
transcription of these genes.

Figure 9. Effect of salt and heat stress on relative expression level of K+ and Na+ transport genes:
(a) OsSOS1, (b) OsSOS2, (c) OsSOS3, (d) OsHKT1;3, (e) OsHKT1;5, (f) OsNHX4, and (g) OsNHX5 in
rice at the post-heat stress using qRT-PCR. Data are mean ± SE (n = 4, where n represents the number
of independent experimental units (biological replicates) per treatment). Different lowercase letters
indicate significant differences among treatments at the p < 0.05 level by Tukey’s HSD test.

3.10. Effects of Salt and Heat Stress on Grain Yield and Its Components in Rice

Grain yield and its components were substantially reduced under salt + heat stress
compared with individual stress (Table 2). Compared with CK, salt treatment reduced
effective panicles per plant by 14.2%; however, salt + heat stress led to 28.6% reduction,
which was substantially lower than that in single salt and heat stress. Similarly, grains
per panicle were decreased by 17.6% (salt stress) and 10.0% (heat stress), while salt + heat
stress treatment resulted in a 30.3% reduction compared with CK. Compared with CK,
1000-grain weight and seed-setting rate were significantly decreased by salt and heat stress,
while salt + heat stress treatment resulted in a severe reduction. Compared to CK, the grain
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yield was decreased by 34.6% (salt stress) and 20.5% (heat stress), while salt + heat stress
led to a 66.4% reduction in grain yield. The salt × heat interaction effect was extremely
significant for panicle development traits and final grain yield (p < 0.01), significant for
1000-grain weight, seed-setting rate, and productive panicle per plant (p < 0.05).

Table 2. Effects of salt and heat stress on rice yield and its components.

Treatments
Panicle
Exsertion (%)

Productive
Panicle per Plant

Grains per
Panicle

Seed-Setting
Rate (%)

1000-Grain
Weight (g)

Grain Yield
(g Plant−1)

CK 96.8 ± 1.4 a 12.3 ± 0.9 a 128.6 ± 8.2 a 81.7 ± 4.3 a 21.1 ± 0.8 a 27.1 ± 1.6 a

Salt stress 70.4 ± 4.5 c 10.5 ± 0.6 b 106.0 ± 2.6 c 75.8 ± 1.6 b 18.2 ± 0.5 b 17.7 ± 1.0 c

Heat stress 82.5 ± 5.5 b 12.0 ± 0.8 a 115.2 ± 2.6 b 75.9 ± 4.3 b 17.6 ± 0.6 b 21.6 ± 3.0 b

Salt + heat stress 55.4 ± 10.4 d 8.8 ± 0.9 c 89.4 ± 7.1 d 59.7 ± 3.4 c 16.0 ± 0.6 c 9.1 ± 0.8 d

Note: Data are mean ± SE (n = 4, where n represents the number of independent experimental units (biological
replicates) per treatment). Different lowercase letters indicate significant differences among treatments at the
p < 0.05 level by Tukey’s HSD test.

3.11. Principal Component Analysis (PCA)

The first two principal components (PC1 and PC2) explained 60.6% and 23.1% of the
total variance, respectively, with a cumulative contribution rate of 83.7% (Figure 10a). The
four treatment groups showed a clear separation along the PC1 axis, which represented
the core dimension of rice stress response: the CK group was distinctly clustered in the
positive direction of PC1, the single salt and single heat stress groups were distributed in the
intermediate region, and the combined salt + heat stress group was exclusively clustered
in the far negative direction of PC1. This distribution pattern directly confirmed that the
combined stress caused a more drastic shift in the overall physiological and molecular state
of rice than either single stress, showing a significantly more severe combined effect. The
loading plot further revealed two core trait clusters with opposite distribution patterns
along the PC1 axis, which corresponded to the key physiological and molecular regulatory
pathways revealed in this study. Positive PC1 cluster (traits for normal growth and stress
resistance): This cluster was dominated by traits related to ion homeostasis (K+/Na+ ra-
tio, relative expression of OsSOS1/2/3, OsHKT1;3, OsHKT1;5, OsNHX4/5), photosynthetic
performance (Pn, Gs, Tr, relative expression of Ospsbo, OsRbcS2, OsRbcS3), C-N metabolic
activity (activities of NR, GS, GOGAT, SPS, SS, and SSS), and subsequent NSC and nitrogen
accumulation and translocation efficiency. Negative PC1 cluster (stress response traits):
This cluster was mainly composed of oxidative stress-related traits, including ROS accu-
mulation (H2O2, O2

− production rate), membrane lipid peroxidation level (MDA content),
antioxidant enzyme activities (SOD, POD, CAT), and relative expression of antioxidant
defense-related genes (OsAPX2, OsSODCC1, OsAPX1). These traits were highly positively
correlated with each other, and showed a significant negative correlation with the positive
PC1 cluster traits.

As illustrated in Figure 10b, the first two principal components (PC1 and PC2) ex-
plained 68.8% and 13.2% of the total variance, respectively, with a cumulative contribution
rate of 82.0%. Similarly, the four treatment groups were clearly separated along the PC1
axis: the CK group was clustered in the positive direction of PC1, characterized by high
NSC and total N accumulation, high translocation efficiency from vegetative organs to
panicles, and superior yield component traits; while the combined salt + heat stress group
was clustered in the negative direction, with significantly inhibited C-N accumulation and
translocation, and severe yield loss.
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Figure 10. Principal component analysis (PCA) of measured traits: (a) PCA of various traits at
post-heat stress; (b) C and N accumulation and allocation in different plant parts at heading and their
translocation to grain.

4. Discussion

4.1. Combined Salt and Heat Stress Aggravates Oxidative Stress and Photosynthetic Damage

Oxidative homeostasis and photosynthesis are important physiological processes in
plants prone to abiotic stresses [22–24]. Co-occurrence of two or more stresses may amplify
the magnitude of the stress factors, leading to more severe damage in crop plants than a
single stress.

In the present study, combined salt + heat stress significantly elevated ROS levels
(H2O2 and O2

−) and disrupted antioxidant enzyme balance, which is in line with the
findings of Li et al. [3], who found severe damage in tomato plants under salt and heat
stress. It was found that salt + heat stress induced extreme ROS accumulation in rice,
whereas the H2O2 content and O2

− production rate in salt + heat stress were 1.3 and
1.5 times higher than the CK. This aligns with Rivero et al. [25], who found that combined
abiotic stresses often exceed the ROS scavenging capacity of plants, leading to cumulative
oxidative damage. Su et al. [26] reported that combined salt + heat stress treatment disrupts
the cooperative function of the antioxidant enzyme system, while SOD activity continues to
rise, CAT and ascorbate peroxidase (APX) activities were substantially declined, resulting
in an imbalance between ROS production and scavenging ability. In the present study,
although antioxidant enzymes (SOD, CAT, and POD) were upregulated in salt + heat
stress, their activity was insufficient to scavenge excess ROS, resulting in severe membrane
damage in terms of lipid peroxidation. Likewise, antioxidant defense-related genes, i.e.,
OsAPX2, OsSODCC1, and OsAPX1, were upregulated under all stress treatments, but the
induction magnitude was most pronounced under salt + heat stress, which indicates that
rice plants actively activate the transcriptional expression of antioxidant genes to cope
with oxidative stress under combined stress, but the synergistic effect accumulation of ROS
under salt + heat stress exceeds the scavenging capacity of the antioxidant system, leading
to irreversible cellular damage.

Moreover, ionic imbalance acts as a key mediator through which combined stress
amplifies oxidative stress and photosynthetic damage. Na+ toxicity directly disrupts chloro-
plast membrane integrity, while K+ deficiency impairs the structural stability of antioxidant
enzymes, leading to insufficient ROS scavenging efficiency [27]. Our results showed that
combined salt + heat stress treatment significantly decreased leaf K+ content, increased
Na+ content, and consequently reduced the K+/Na+ ratio. Na+ and K+ homeostasis was
further confirmed by key ion transport genes involved in Na+ exclusion, i.e., OsSOS1,
OsSOS2, and OsSOS3; Na+ compartmentalization genes, i.e., OsNHX4 and OsNHX5; and
K+ uptake related genes, i.e., OsHKT1;3 and OsHKT1;5, which were significantly down-
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regulated under salt + heat stress. The downregulation of these genes reduced the ability
of rice to maintain ion homeostasis, leading to excessive Na+ accumulation and K+ loss.
Alzahrani et al. [28] also found that combined stress causes more oxidative damage than
either salt or drought stress alone, primarily because salt-induced Na+ overaccumulation
and suppressed K+ uptake disrupt ion homeostasis, triggering a ROS overproduction and
reducing the membrane stability index.

Photosynthetic damage under combined stress is driven by both stomatal and
non-stomatal limitations. Salt stress alone induces stomatal closure to reduce ion up-
take [5], while heat stress primarily damages the photosynthetic apparatus [16]. High salt
(≥100 mM NaCl) combined with heat significantly reduces gs and Pn, with non-stomatal
damage as the dominant factor in tomato [3]. Our results showed similar trends,
i.e., salt + heat stress reduced Pn by 45.9% and 48.2% during the post-heat and heading
stage, respectively, compared with CK. Studies have shown that high temperature directly
disrupts the structural integrity of photosystem II, shortens the crop growth cycle, and
ultimately hinders plant growth and development [29,30]. Based on previous research on
combined salt and heat stress [3], we hypothesize that the imbalance of the oxidative phos-
phorylation pathway may be a key mechanism underlying the aggravated photosynthetic
damage and oxidative stress observed in this study, which may lead to insufficient ATP syn-
thesis, thereby suppressing both ATP-dependent photosynthetic enzyme activity and the
energy supply to the ROS-scavenging system. Combined salt + heat stress inhibited photo-
synthesis in quinoa more than either single stress, mainly by reducing total chlorophyll
content and suppressing stomatal conductance. Heat stress aggravates salt-induced ionic
imbalance, jointly triggering oxidative stress that disrupts photosynthetic pigment stability
and stomatal regulation [31,32]. We found that leaf Tr and Gs increased under heat stress
treatment, whereas salt stress inhibited Tr, Gs, and Pn, indicating fundamental differences
in how salt and heat affect photosynthesis. Nevertheless, the photosynthetic inhibition
pattern of combined salt + heat stress treatment in alfalfa resembles the effects of salt stress
alone [26]. At the molecular level, the photosynthesis-related genes showed divergent
responses to different stresses. Specifically, Ospsbo and OsRbcS3 were significantly upreg-
ulated under heat stress compared to CK. In contrast, under salt-containing treatments
(salt and salt + heat stress), these photosynthetic genes were significantly downregulated,
and the suppression was most severe under salt + heat stress. Thus, salt stress may play a
dominant role in regulating the photosynthetic physiological processes in rice in response
to combined salt + heat stress treatment. It should be noted that chlorophyll fluorescence
parameters were not measured in this study, as our work focused on the photosynthetic
dark reaction and its downstream carbon–nitrogen metabolic effects. This indicator will
be a core focus of our follow-up research to further clarify the photosynthetic damage
mechanism of combined salt and heat stress.

4.2. Temporal Dynamics of NSCs: Persistent Pre-Anthesis Synthesis Deficit and Further Failure of
Post-Anthesis Remobilization

NSCs stored in rice stem sheath are the core carbon reserve for panicle development
and grain filling, whose synthesis, accumulation, and remobilization present strict stage-
specific temporal dynamics in the rice growth cycle [9,12,33]. After combined salt and heat
stress, the first wave of damage to NSC metabolism occurred, which laid the irreversible
foundation for the subsequent continuous NSC deficit (Figure 7). The Pn under salt + heat
stress was significantly reduced, which directly and persistently inhibited the de novo
synthesis of sucrose and starch, the core components of NSCs. At the molecular level,
combined stress significantly downregulated the expression of photosynthesis-related
genes, i.e., OsPsbO, OsRbcS2, and OsRbcS3 [3]. Rubisco is the rate-limiting enzyme for plant
CO2 fixation, and the reduced expression of its small-subunit genes (OsRbcS2, OsRbcS3)
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directly inhibits Rubisco activity, leading to insufficient biosynthesis of photosynthates and
decreased carbohydrate accumulation in the stem sheath [34,35]. Meanwhile, the synergistic
oxidative burst (Figure 1 and Table S3) induced by combined stress further inhibited the
activity of key NSC metabolism enzymes: salt stress-induced ROS accumulation has
been widely shown to SS and SSS in rice, while heat stress further suppresses these
enzymes [36,37]. Our results confirmed that salt + heat stress significantly reduced the
activities of SS, SPS, and SSS in the stem sheath, compared with CK after combined salt and
heat stress. This persistent inhibition of photosynthetic carbon fixation and key metabolic
enzymes directly impaired the basic synthesis capacity of NSCs from the early panicle
development stage, which is consistent with previous findings that abiotic stress at panicle
initiation reduces pre-anthesis carbohydrate accumulation in rice [9,20].

The present study showed that the combined salt + heat stress had the lowest stem-
sheath NSC content and total NSC accumulation at the heading stage, which were signifi-
cantly lower than CK, respectively, with no transient accumulation observed (Table 1). This
significant NSC reserve deficit at the heading stage is the direct phenotypic result of the
persistent damage of combined stress to photosynthetic carbon fixation and C metabolism
enzymes from panicle initiation to the heading stage. The results were consistent with
Wei et al. [20], who found that combined salt and drought stress reduces photosynthetic as-
similation and inhibits NSC accumulation in the rice stem sheath. Zhen et al. [9] confirmed
that heat-induced photosynthetic damage reduces NSC synthesis in rice.

Our results showed that the NSC translocation amount and translocation rate from the
stem sheath to grain under combined stress were significantly lower than CK, respectively,
and were also significantly lower than the single salt and heat stress (Table 1). This indicates
that the core damage of combined stress to C metabolism is dual, which impairs the NSC
“synthesis-remobilization” balance: on the one hand, it causes a significant reduction in pre-
anthesis NSC reserve accumulation; on the other hand, it further inhibits the post-anthesis
remobilization and translocation of the already limited NSC reserve, which forms a double
bottleneck for grain carbon supply.

4.3. Combined Stress Triggers Aberrant Whole-Plant Nitrogen Partitioning Dynamics: From
Pre-Anthesis Assimilation and Allocation Imbalance to Post-Anthesis Remobilization Blockage

In this study, the impact of combined salt and heat stress on rice N metabolism led
to the systematic reshaping of the whole-plant N partitioning pattern, which was under-
pinned by reduced total N uptake, and severe blockage of post-anthesis N remobilization
from vegetative source organs to reproductive sink organs [26,27]. At the panicle initi-
ation stage, the initial inhibition of N uptake and assimilation established the baseline
for subsequent partitioning imbalance. Combined stress suppressed root N acquisition:
salt-induced Na+ overaccumulation competed with inorganic N (NO3

−, NH4
+) uptake

via root transporters [38], while heat stress reduced root vitality [39], and the concurrent
downregulation of ion homeostasis genes (OsSOS1/2/3, OsHKT1;3, OsHKT1;5, OsNHX4/5)
further weakened mineral nutrient absorption [27,28]. Meanwhile, the activities of key N
assimilation enzymes (NR, GS, GOGAT) in leaves were significantly reduced under com-
bined stress, limiting the conversion of inorganic N into metabolically active organic N [40].
These effects ultimately resulted in a 42.9% reduction in total whole-plant N accumulation
at maturity, defining the limited size of the total plant N pool.

Notably, N was not uniformly reduced across vegetative organs even at this stage,
but showed a clear survival-prioritized redistribution pattern. At the heading stage, stem-
sheath total N accumulation was significantly reduced under combined stress compared
with CK, while leaf total N accumulation showed no significant difference among treat-
ments. This organ-specific divergence indicated that under the limited total N pool, rice
preferentially allocated available N to leaf tissues (core photosynthetic organs) to maintain
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basic carbon assimilation, at the cost of N reserve accumulation in stem sheaths (the primary
temporary N storage pool for panicle development) [17,41]. This pre-anthesis allocation
imbalance directly reduced the N reserve pool available for post-anthesis remobilization.

The most prominent aberrant N redistribution occurred during the grain filling stage
(heading to maturity), characterized by a near-complete blockage of N remobilization from
vegetative organs to grains. In rice, the majority of grain nitrogen (N) comes from the remo-
bilization of pre-stored N in vegetative organs after heading [42], but our results showed
that combined stress reduced stem-sheath-to-grain N translocation by 54.9% compared
with CK, with a similarly significant reduction in leaf-to-grain N translocation. This remo-
bilization blockage drove two key redistribution phenotypes: (1) N that should have been
transported to grains was trapped in senescing leaves, resulting in a 12.9% increase in total
leaf N accumulation at maturity under combined stress; (2) stem-sheath N accumulation,
which was significantly lower at heading, showed no significant difference from CK at
maturity, confirming the remobilization failure of pre-stored N.

4.4. C and N Deficiency Inhibits Panicle Development and Reduces Yield

Our results showed that combined salt and heat stress significantly reduced the N
remobilization rate in rice, causing severe blockage of N translocation from vegetative
organs to grains. This blockage not only led to increased total N retention in mature leaves
and stem sheaths but also persistently reduced the availability of metabolically active,
remobilizable N in leaves from the heading stage onward (Figures 4 and 5). The reduced
leaf N availability further disrupted C-N metabolic balance, inhibited photosynthetic
carbon assimilation, and ultimately decreased NSC accumulation and effective substrate
supply to developing grains (Table 2 and Figure 4).

These findings are consistent with the established source-sink theory that reproductive
sink activity is the primary determinant of rice yield under combined abiotic stress [43], as
grain filling depends on both post-anthesis photosynthate allocation and pre-stored C/N
remobilization from vegetative organs [9,18]. In this study, the severe limitation of both
source-end C/N substrate supply and translocation to the panicle sink under combined
salt and heat stress directly explains the inhibited grain filling and yield reduction in rice.
The blocked transport of NSCs and N is attributed to the synergistic adverse effects of
salt and heat on panicle development. Salt + heat stress reduced grains per panicle and
seed-setting rate, leading to reduced sink intensity (Table S3). Under combined stress, the
delayed panicle exsertion and sharp reduction in spikelet number transformed vegetative
organs into temporary “alternative sinks” that stored excess NSCs and N, further inhibiting
the transport of assimilates to reproductive organs [44,45]. Concurrently, the decreased
sink capacity conversely suppressed leaf photosynthesis, forming a vicious cycle between
source and sink limitation.

Moreover, beyond sink constraints, the activity of C and N metabolism enzymes and the
expression of key regulatory genes are involved in mediating NSC and N transport [46,47].
The SS and SSS are key enzymes for converting sucrose to starch in developing panicles [48],
and their persistent low activity under salt + heat stress inhibited starch synthesis in spikelets,
which was correlated with reduced NSC accumulation in panicles. Similarly, N metabolism
enzymes (NR, GS, and GOGAT) are critical for synthesizing amino acids (e.g., glutamine)
that regulate panicle filling [41], and their failed recovery after stress reduced the transport
efficiency of N and further disrupted the C-N balance. Together, this “substrate-energy double
bottleneck” inhibited panicle development at multiple levels, i.e., from spikelet differentia-
tion to grain filling, ultimately leading to a significant yield loss under combined salt and
heat stress.
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Notably, this study only used one widely cultivated commercial rice variety as the
research material, which has certain limitations. Existing studies have confirmed that
rice genotypes with different stress tolerances show significantly different physiological,
metabolic, and transcriptional responses to combined stress, and the yield penalty caused
by combined stress also varies greatly among different genotypes [18,27,49]. For instance,
salt- and heat-tolerant rice genotypes can maintain higher antioxidant enzyme activity, pho-
tosynthetic efficiency, and C-N metabolic homeostasis under combined stress, thus showing
lower spikelet sterility and yield loss than sensitive genotypes [18,38]. In follow-up studies,
we will screen and compare contrasting rice genotypes with significant differences in toler-
ance to combined salt and heat stress, to further verify the regulatory mechanism revealed
in this study, and mine the key stress-responsive genes and core metabolic pathways that
determine the differential tolerance of rice to combined salt and heat stress. This will not
only deepen the understanding of the genetic basis of rice multi-stress tolerance, but also
provide more precise molecular targets and elite germplasm resources for breeding rice
varieties with high and stable yield in saline–alkali land under global warming.

5. Conclusions

Combined salt and heat stress exerts a more severe combined effect than individual
salt or heat stress alone. Specifically, combined stress intensified oxidative stress, disrupted
Na+/K+ ion homeostasis, and caused persistent impairment of the photosynthetic ap-
paratus in rice, and these physiological damages are tightly driven by the coordinated
misregulation of antioxidant defense, ion transport, and photosynthesis-related key genes
identified in this study. These molecular perturbations suppressed carbon and nitrogen
metabolism, decreased NSC accumulation in stem-sheath tissues, and resulted in greater
yield loss than individual stresses. More precisely, this molecular–physiological cascade
induced dual damage to carbon metabolism (persistent pre-anthesis NSC synthesis deficit
and post-anthesis remobilization failure) and coupled nitrogen redistribution disorder
(inhibited post-anthesis nitrogen translocation to developing grains), which severely dis-
rupted the source-sink coupling of carbon and nitrogen nutrition, and ultimately drove the
substantial synergistic yield loss under combined stress. Collectively, this study clarifies
the core regulatory role of carbon and nitrogen metabolic dynamics in rice response to
combined salt and heat stress and provides a solid theoretical basis for stress-tolerant rice
breeding and targeted cultivation management in saline areas.
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(d) Aboveground biomass translocation.
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Abstract

Potato is a globally important non-cereal crop in which infection with potato spindle
tuber viroid (PSTVd) can cause stunted growth and significantly reduce tuber yield. We
previously showed that PSTVd induces accumulation of the plant hormone jasmonic acid
(JA) and alters antioxidant responses in potato plants. To clarify the role of JA in response to
PSTVd, we analyzed disease development in transgenic JA-deficient opr3 and JA-insensitive
coi1 lines compared to the wild-type. Transcriptomic analysis using RNA-Seq revealed
that most genotype-specific differentially expressed genes (DEGs) in all comparisons
were enriched in plant hormone signal transduction, plant-pathogen interaction, and
MAPK signaling pathways, although the number of DEGs varied. These differences were
confirmed by independent data from RT-qPCR, hormone, and hydrogen peroxide (H2O2)
analyses. After PSTVd infection, opr3 plants showed enhanced JA signaling and increased
abscisic acid (ABA) and auxin (AUX) content. In contrast, coi1 plants showed reduced ABA,
AUX, and salicylic acid content. Both opr3 and coi1 plants showed reduced JA and H2O2

content and lower expression of defense-related genes, resulting in milder symptoms but
increased viroid accumulation. In addition, treatment with methyl jasmonate alleviated
symptoms in infected wild-type plants. Together, these results indicate a modulatory role
for JA and JA signaling in basal immune responses and symptom development in the
potato-PSTVd interaction.

Keywords: antioxidant responses; basal defense responses; biotic stress; growth–defense
trade-off; hormone crosstalk; jasmonic acid; MeJA; potato; PSTVd; RNA-Seq

1. Introduction

Potato (Solanum tuberosum) is the fourth most important food crop worldwide, after
rice, wheat, and maize [1]. Potato spindle tuber viroid (PSTVd) is a subviral plant pathogen
that can cause significant losses in yield and marketable quality of potato tubers. This
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threat is heightened by the fact that no potato varieties are known to be naturally resistant
to this pathogen, and no curative treatment exists for this disease [2].

PSTVd is a small, non-coding, highly structured, circular, single-stranded RNA
molecule consisting of approximately 341–364 nucleotides [3]. It is not clear how plants rec-
ognize this non-coding biotrophic pathogen, but transcriptomic studies on some viroid-host
interactions suggest that viroids can activate pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI), as well as general downstream defense responses, including the
generation of reactive oxygen species (ROS), mitogen-activated protein kinase (MAPK)
cascades, and hormone signaling, which ultimately lead to transcriptional reprogramming
of cells [3,4].

The plant hormone jasmonic acid (JA) is generally considered to play a defensive
role in plant responses to necrotrophic pathogens, while salicylic acid (SA) is involved in
responses to biotrophic pathogens [5,6]. However, increasing evidence supports a positive
role for JA and its signaling pathway in defense against certain biotrophic fungal, bacte-
rial, and viral pathogens in various plant species [7–12]. The accumulation of JA during
pathogen perception promotes the expression of CORONATINE INSENSITIVE1 (COI1),
which binds jasmonate ZIM domain proteins (JAZ) and promotes their degradation. This
enables positive-acting transcription factors such as MYC2 to activate the transcription
of JA-responsive genes involved in a wide range of defense responses, including mainte-
nance of redox homeostasis, modulation of signaling crosstalk, and stimulation of defense
compound production [13–15]. In response to pathogens, JA does not act alone but inter-
acts with other hormones and signaling pathways through the actions of JAZ and MYC2
regulatory proteins [14,15].

Transcriptomic data from plant hosts infected with viroids indicate that the expression
of genes involved in JA biosynthesis and signaling pathways is affected, depending on the
specific viroid-host interaction [16–23]. However, studies examining whether changes in
gene expression coincide with altered accumulation of endogenous JA levels in affected
host plants are rare [24,25]. The accumulation of JA in potato leaves during PSTVd infection
is also significant because there is little or no accumulation of SA [25], another important
defense hormone that, along with JA, determines the outcome of defense responses. To elu-
cidate the molecular mechanisms underlying basal defense responses in potato, this study
analyzed the role of JA accumulation in response to PSTVd. We conducted a comparative
transcriptomic analysis during PSTVd infection in transgenic lines with downregulated
JA biosynthesis or JA signaling and in the corresponding wild-type potato using RNA-
Seq. Transcriptome analysis showed that PSTVd infection suppresses the expression of
genes related to photosynthesis and primary metabolism while activating genes involved
in protein metabolism, signal transduction pathways, and defense responses. In this
study, we focused on hormone, MAPK, and ROS signaling pathways. We also analyzed
the temporal dynamics of gene expression, hormone levels, and H2O2 accumulation to
determine how the timing of their expression influences plant susceptibility to PSTVd
infection. Furthermore, we tested the effect of exogenous methyl jasmonate (MeJA) on
gene expression and the perception of viroid infection. Key genes and pathways involved
in basal defense against PSTVd in potato were identified. Results show that JA and its
signaling modulate many defense responses to PSTVd in potato, and that their absence
increases viroid accumulation but reduces symptom development, revealing new aspects
of plant-viroid interactions.
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2. Materials and Methods

2.1. Plant Material, Viroid Inoculation, and Sampling

Potato cv. Désirée wild-type, two transgenic StOPR3-RNAi silenced lines (opr3A3
and opr3Z2) resulting in JA deficiency, and two transgenic StCOI1-RNAi silenced lines
(coi1H1 and coi1X5) resulting in JA insensitivity [26], were propagated in stem node tissue
culture. The in vitro plantlets were transferred to a soil/perlite mixture (3:1) and grown in a
phytochamber at 22 ◦C, 60% relative humidity, and a 16-h photoperiod with a light intensity
of 160 μmol m−2 s−1. Healthy potato plants with 3–4 leaves were inoculated with H2O
(mock) or a viroid inoculum (5.7 × 107 viroid copies/μL) prepared from plants infected with
PSTVd (GenBank: KF418768) as described [25]. Briefly, the two lower leaves were dusted
with Celite 545 (Sigma-Aldrich, St. Louis, MO, USA) and rubbed with 2 μL of inoculum per
leaf. After 10 min, the leaves were thoroughly washed with H2O. After inoculation, plants
were grown at 26 ◦C to enhance viroid replication and symptom development [16]. The first
three intact leaves above the inoculated leaves were harvested weekly from 1 to 8 weeks
post-inoculation (wpi), immediately frozen in liquid nitrogen, and stored at −80 ◦C for
RNA, hormone, and H2O2 quantification. Leaves from at least four mock- and PSTVd-
inoculated plants per genotype per time point were harvested. Each biological replicate
consisted of leaves from a single plant. The experiment was repeated twice.

For exogenous MeJA treatment, plants were sprayed twice with H2O or 1 mM MeJA
(Sigma-Aldrich, St. Louis, MO, USA): one day before and six days after viroid inoculation
(i.e., 24 h before the first sampling). Leaf samples from at least four mock- and PSTVd-
inoculated plants per genotype per treatment per time point were harvested weekly from
1 to 6 wpi.

To distinguish effects of viroid inoculation from possible developmentally regulated
changes, healthy, mock-inoculated plants served as controls in all experiments. The appear-
ance of symptoms, such as epinasty and pointed upper leaves, was assessed visually, while
growth retardation was evaluated by measuring plant height and fresh weight of the apical
leaves (Figure S1).

2.2. RNA Extraction and RT-qPCR

Total RNA was extracted using the Direct-zol RNA Mini Prep Kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s instructions. Absolute quantification of
PSTVd RNA was performed using the Brilliant III Ultra-Fast qRT-PCR Master Mix (Agilent,
Santa Clara, CA, USA) in a duplex reaction with specific primers and probes for PSTVd
and cytochrome oxidase 1 (COX) gene as described [27,28].

For plant gene expression analysis, total RNA was reverse transcribed using the
SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific, Waltham, MA,
USA). qPCR was performed with the SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) in a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). The PCR cycling conditions were 95 ◦C for 30 s, followed by
40 cycles of 10 s at 95 ◦C and 20 s at 60 ◦C, then a dissociation curve was generated
to verify amplification specificity. Data were normalized using an inter-plate calibrator
to correct for run-to-run variability. Relative gene expression was calculated using the
2−ΔΔCT method [29], with elongation factor 1 (EFα1) as the reference gene [30]. Primers were
designed using Primer3Plus version 3.3.0 or as described in [31–35] (Table S1). Primer
efficiency and melt curves were checked and found acceptable for RT-qPCR.

2.3. RNA-Seq Gene Expression Analysis

Total RNA from three independent biological replicates (each an independent plant)
per genotype and treatment was used to construct cDNA libraries with the TruSeq Stranded
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mRNA Library Prep Kit (Illumina, San Diego, CA, USA). Sequencing was performed by
Macrogen (Seoul, South Korea) using paired-end sequencing on an Illumina NovaSeq 6000
platform. Quality control, adapter trimming, read filtering, mapping, and analysis were
performed by Macrogen through their internal pipeline. Reads with mean Phred values
below 15 and lengths shorter than 36 bp were removed. Quality statistics are shown in
Table S2. Paired-end RNA-Seq reads were mapped to the reference genome SolTub_3.0 [36]
with HISAT2 (v2.1.0) using the Bowtie2 (v2.3.4.1) aligner [37]. Mapped reads were as-
sembled with StringTie to generate read counts, which were further analyzed in R with
DESeq2 [38]. In DESeq2, size factors were estimated and used to normalize the libraries
with the Relative Log Expression method. The negative binomial Wald test was applied to
the normalized count data to determine p-values for differentially expressed genes (DEGs)
between each comparison pair. Macrogen reported expression data with FDR-adjusted
p-values for all comparisons. The criteria for DEGs were |log2 fold change| ≥ 2 and
p-value < 0.05. Gene ontology (GO) enrichment analysis was performed using g:Profiler
(https://biit.cs.ut.ee/gprofiler/gost (accessed on 12 August 2022)), and data were vi-
sualized using ChiPlot (https://www.chiplot.online/polarPlot/circle_enrich_plot.html
(accessed on 11 January 2025)). MapMan analysis was performed as described [39]. Venn
diagrams and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were generated
using R packages (v4.2.2), including VennDiagram and KEGGREST. Transcription factor
(TF) analysis was performed using PlantTFDB v5.0 [40].

2.4. Plant Hormone Analysis

The acidic plant hormones (SA; jasmonoyl-L-isoleucine, JA-Ile; cis-(+)-12-oxo-
phytodienoic acid, cis-OPDA; abscisic acid, ABA; indole-3-acetic acid, IAA) were deter-
mined as described [41]. Briefly, samples (10 mg fresh weight) were extracted in cold 10%
aqueous methanol with the addition of internal standards (IS) labeled with stable isotopes
(20 pmol SA-d4, Sigma Aldrich, St. Louis, MO, USA; 5 pmol (−)-JA-d2-Ile, 10 pmol OPDA-
d5 and 10 pmol IAA-13C6 OlChemIm Ltd., Olomouc, Czech Republic; 10 pmol ABA-d6,
National Research Council Canada, Saskatoon, SK, Canada). The extracts were purified
on Oasis® HLB solid phase extraction columns (1 cc/30 mg, Waters) as described [42].
Analysis was performed on an Agilent 6490 Triple Quadrupole LC/MS system coupled
to a 1290 Infinity LC system (Agilent Technologies, Santa Clara, CA, USA). The amount
of SA-d4 is set higher than that of other IS due to chromatographic issues related to peak
shape (peak broadening associated with the history of the analytical column) and detection
sensitivity. A level of 20 pmol ensures well-detectable chromatographic peaks of SA-d4

in most matrices analyzed. Additionally, the higher SA-d4 peak areas more closely match
those of endogenous SA, which is important for accurate quantification. In contrast, the
amount of (−)-JA-d2-Ile is set lower than that of other IS, as 5 pmol is sufficient to obtain
well-detectable chromatographic peaks in all tested matrices. Furthermore, for quantifi-
cation, the lower JA-d2-Ile peak area is closer to the peak areas of endogenous JA-Ile. The
methodology was validated for accuracy and precision as described in [41].

Extraction and quantification of inactive and active endogenous BR were performed
as described previously [43,44]. Samples (10 mg fresh weight) were extracted in ice-cold
60% acetonitrile, and 25 pmol deuterium-labeled internal standards of BRs (OlChemIm
Ltd., Olomouc, Czech Republic) were added to each sample. After 12 h, samples were
centrifuged (36,670 g, 15 min, 4 ◦C) and supernatants were purified using 50 mg Discovery
DPA-6S cartridges (Supelco, Bellefonte, PA, USA). After evaporation to dryness, samples
were reconstituted in 40 μL methanol and analyzed by liquid chromatography with tandem
mass spectrometry (UHPLC-MS/MS) using an ACQUITY UPLC I-Class System (Waters,
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Milford, MA, USA) with a triple quadrupole mass spectrometer Xevo TQ-S MS (Waters MS
Technologies, Manchester, UK).

2.5. Hydrogen Peroxide Analysis

Localization of H2O2 in leaf tissue was performed using 3,3-diaminobenzidine (DAB,
Sigma-Aldrich, St. Louis, MO, USA) as described [45] and observed under a stereomi-
croscope (Zeiss SteREO Discovery.V20, Jena, Germany). The H2O2 content in leaves was
determined spectrophotometrically using the TiOSO4 method [46]. Absorbance was mea-
sured at 405 nm.

2.6. Statistical Analysis

The number of biological replicates in each experiment is indicated in the figure
captions. When comparing two mean values, a Student’s t-test was performed after
checking the homogeneity of variance between the two samples with the F-test. Differences
between the means of more than two groups were statistically assessed using two-way
analysis of variance (ANOVA) followed by a post hoc Duncan’s multiple range test (DMRT).

3. Results

3.1. Differences in Transcriptomic Responses Between JA-Deficient, JA-Insensitive, and Wild-Type
Plants Infected with PSTVd

To identify genes and pathways specifically regulated by JA in response to PSTVd
infection, transcriptomic profiles of PSTVd-infected leaves were compared with control
leaves in wild-type, JA-deficient opr3, and JA-insensitive coi1 lines. Samples were collected
at 5 wpi, when symptoms began to appear (Figures 1A and S1), and viroid load was
significantly higher (p < 0.05) in opr3 and coi1 plants (6.3 × 105 and 5.8 × 105 copies/μg RNA,
respectively), compared to wild-type plants (3.6 × 104 copies/μg RNA) compared to wild-
type plants (Figure 1B).

Figure 1. Symptom development and viroid RNA accumulation in opr3, coi1, and wild-type (wt)
plants infected with PSTVd, compared to the corresponding mock-inoculated plants. (A) The first
mild symptoms, such as stunted stem growth, epinasty, and pointed upper leaves, were observed in
all three tested genotypes 5 weeks after inoculation (wpi); bar = 15 cm. (B) The dynamics of viroid
RNA accumulation were determined by one-step RT-qPCR. At 8 wpi (experimental endpoint), the
mean viroid load in opr3 and coi1 plants increased by 11-fold (3.15 × 107 copies/μg RNA) and 15-fold
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(4.4 × 107 copies/μg RNA), respectively, compared with wild-type plants (2.8 × 106 copies/μg RNA).
Values are means ± SE (n = 6) from one representative experiment. Different letters indicate significant
differences among the three genotypes, assessed separately at each time point using DMRT (p < 0.05).

Overall, twice as many DEGs were detected after PSTVd infection in coi1 than in opr3
or wild-type (2509, 906, and 1047 DEGs, respectively) (Figure 2). GO enrichment analysis
revealed that the Biological Process (BP) GO terms related to responses to chemical and
abiotic stimuli, and photosynthesis were significantly enriched in all examined lines after
PSTVd infection (Figure 2, Table S3). However, the BP GO terms response to oxygen-
containing compounds and negative regulation of ethylene signaling were enriched only
in coi1, while response to hormone, phenylpropanoid metabolism, and lipid transport
were enriched only in opr3. In the Molecular Function (MF) category, GO terms related
to catalytic activity, oxidoreductase activity, and ethylene binding were enriched in coi1
and opr3; chlorophyll binding was enriched in coi1 and wild-type; while unfolded protein
binding was enriched in opr3 and wild-type. Among the Cellular Component (CC) GO
terms, those linked to the chloroplast and thylakoid membrane were significantly enriched
in all examined lines in response to PSTVd infection.

DEGs from the comparison between PSTVd- and mock-inoculated plants of all tested
lines were assigned to MapMan functional classes. In the Biotic Stress overview, the
most represented DEGs are related to signaling, proteolysis, and cell wall modification,
followed by genes involved in transcriptional regulation, hormone signaling, and redox
state (Figure S2, Table S4). Among DEGs encoding transcription factors (TFs), those
for ethylene responsive factors (ERFs) and WRKYs were the most abundant in infected
plants of all tested lines, as confirmed by PlantTFDB analysis (Figure S3). Additionally,
activation of genes from the MYB and bHLH TF families was observed in wild-type and
opr3, respectively. In coi1, a significant number of DEGs for ERF, MYB, and TCP TFs were
downregulated compared to the wild-type after PSTVd infection. Besides stress responses
and developmental processes, ERFs also participate in ET signaling. Regarding other
hormone signaling pathways, more AUX-related genes were upregulated in opr3 and coi1
compared to the wild-type after PSTVd infection (Figure S2, Table S4).

3.2. Comparative Analysis of DEGs

The overlap between DEGs in PSTVd-infected and control samples of opr3, coi1,
and wild-type plants is shown in Venn diagrams (Figure 3A). Functional KEGG analysis
identified only 11 induced genes and 28 repressed genes common to both wild-type and
transgenic lines, suggesting regulation by the same or overlapping pathways (Figure 3B,
Table S5). Common upregulated genes were enriched in MAPK signaling and plant
hormone signaling, including MAPK7 and ET signaling genes (green ripe-like 1 GRL1,
ethylene receptors ETR2-like and EBF1-like, and ERF1B-like). Common downregulated
genes were enriched in photosynthesis-antenna proteins, glycolysis/gluconeogenesis, and
pyruvate metabolism, indicating repression of primary metabolism after PSTVd infection.
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Figure 2. Transcriptional changes associated with PSTVd infection in opr3, coi1, and wild-type
potato plants at 5 wpi. (A) The number of upregulated (UP) and downregulated (DOWN) DEGs
(|log2fc| ≥ 2, p < 0.05) in three pairwise comparisons between PSTVd-inoculated and corresponding
control (mock-inoculated) plants. (B) Top 26 enriched gene ontology (GO) terms for DEGs in the
three comparisons; all data are in Supplementary Table S3. From the outermost to innermost circles,
the first circle represents GO terms, with different colors indicating distinct terms. The second circle
shows the total number of genes annotated to each term and the corresponding adjusted p-value, with
deeper purple colors indicating smaller p-values. The third circle illustrates the ratio of upregulated
to downregulated genes, with green representing the proportion of upregulated genes and yellow
representing the proportion of downregulated genes; exact gene counts are labeled below. The fourth
circle quantifies the enrichment factor, visualized in increments of 0.1, representing the ratio of DEGs
to the total gene set within the given GO term.
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Figure 3. Overview of DEGs in PSTVd-infected opr3, coi1, and wild-type potato plants. (A) Venn
diagrams show the overlap of DEGs upregulated or downregulated at 5 wpi in three comparisons
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between infected and control (mock-inoculated) plants. (B) Expression heatmaps and KEGG path-
way analysis of DEGs shared among the three comparisons. (C) Top 20 KEGG pathways en-
riched with genotype-specific DEGs in the opr3, coi1, and wild-type comparisons; all data are in
Supplementary Table S5.

Most genotype-specific DEGs detected after PSTVd infection in all comparisons were
enriched in plant hormone signal transduction, plant-pathogen interaction, and MAPK
signaling pathways, although the number of DEGs varied (Figure 3C). The coi1-specific
DEGs related to hormone signaling were mainly involved in ET signaling (ERF1B-like),
AUX signaling (Aux/IAAs, SAURs, and AUX-amido synthetase GH3.6 and GH3.1 genes),
ABA signaling (ABA receptor PYL4-like, protein phosphatase 2C (PP2C)), GA signaling
(GID1B-like), and SA signaling (regulatory protein NPR3-like and TGA2) (Table S5). The
opr3-specific upregulated DEGs related to hormone signaling were mainly involved in
AUX signaling (GH3.5, auxin transporter-like protein LAX3, and AUX/IAA14-like genes),
JA signaling (MYC4-like), ET signaling (ETHYLENE INSENSITIVE 3-like 3 protein EIL3
gene), and MAPK signaling (serine/threonine-protein kinase SAPK3-like), while genes
related to CK biosynthesis and calcium signaling, were downregulated (Table S5). In
addition, several more pathways were enriched with coi1-specific upregulated DEGs, such
as cysteine and methionine metabolism (including ET biosynthesis genes ACO and ACS)
and phenylpropanoid biosynthesis, while photosynthesis and oxidative phosphorylation
pathways were enriched with downregulated coi1-specific DEGs. In contrast, only infected
opr3 plants showed upregulated DEGs assigned to glycerolipid metabolism, and cutin,
suberin, and wax biosynthesis, while opr3-specific downregulated DEGs were assigned
to protein processing and phenylpropanoid biosynthesis, including class III peroxidases
(Figure 3C).

To gain better insight into the opposing regulation of defense responses in PSTVd-
infected potato relative to JA-controlled pathways, we analyzed shared genes with con-
trasting expression between wild-type and transgenic lines (Figure S4A). KEGG analysis
showed that DEGs upregulated in coi1 but downregulated in wild-type were enriched
in alanine, aspartate, and glutamate metabolism, as well as phenylpropanoid biosynthe-
sis (Figure S4B, Table S6). In contrast, DEGs downregulated in coi1 but upregulated in
wild-type were enriched in pentose and glucuronate interconversions, amino sugar and nu-
cleotide sugar metabolism, and plant-pathogen interaction pathways, highlighting the role
of COI1-dependent JA signaling in the potato-PSTVd interaction. No enriched pathways
were detected in the comparison between opr3 and wild-type.

Identified DEGs were further analyzed using RT-qPCR. Transcript accumulation esti-
mates for 15 selected genes from RNA-Seq closely matched those from RT-qPCR, indicating
that the RNA-Seq data are reliable (Figure S5).

3.3. Expression Profiles of Hormone-Related, MAPK, and PR Genes

According to KEGG functional analysis, most genotype-specific DEGs in all compar-
isons were enriched in plant hormone signal transduction, plant-pathogen interaction,
and MAPK signaling pathways. These differences were validated with independent
data from RT-qPCR and hormone analyses. The dynamic expression patterns of selected
phytohormone-related genes were analyzed at different time points, before and after
symptom onset (Figure 4, Table S7). The same tissue samples were used for hormone
quantification (Figure 5).
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Figure 4. Temporal dynamics of hormone- and defense-related gene expression in leaves of opr3, coi1,
and wild-type (wt) plants in response to PSTVd infection. Heatmaps display changes in relative gene
expression at 4, 5, 6, and 7 wpi, as determined by RT-qPCR. The color scale on the heatmap indicates
the mean log2fc from three biological replicates, normalized to the expression of the reference gene
EFα1, and calculated relative to the corresponding control (mock-inoculated plants). Statistical
evaluation of the data is in Table S7. Details on the genes and primers are in Table S1.

Figure 5. Hormone accumulation in leaves of opr3, coi1, and wild-type plants during PSTVd infection.
Concentrations (pmol/g Fw) of cis-(+)-12-oxo-phytodienoic acid (cis-OPDA), jasmonyl-isoleucine
(JA-Ile), salicylic acid (SA), abscisic acid (ABA), indole-3-acetic acid (IAA), and castasterone (CS) were
quantified at different time points. Values are means ± SE (n = 6–8) pooled from two independent
experiments. Different letters indicate significant differences among six plant groups (three genotypes;
both PSTVd- and mock-inoculated), assessed at each time point separately using DMRT (p < 0.05).

After PSTVd infection, earlier activation of JA biosynthesis and perception genes
(LOX6, OPR3, JAR1, and COI1) was detected in wild-type and coi1 plants compared to
opr3 plants. Conversely, activation of JA signaling genes (JAZ1 and MYC2) was stronger
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in infected opr3 plants. Hormone analysis showed that the level of cis-OPDA, a precursor
of JA-Ile, peaked at 6 wpi and then decreased at 7 wpi in all tested lines, while significant
JA-Ile accumulation was detected only in infected wild-type plants. SA biosynthesis (ICS
and PAL9) and SA signaling (SARD1 and NPR1) genes were upregulated in all tested
lines (opr3 > coi1 > wt); however, SA levels remained unchanged. ABA content and ABA
hydroxylase gene expression increased only in opr3 plants at the early stage of infection,
while increased expression of ABI5 and MYB44 suggested activation of ABA signaling in all
tested lines. The relative expression of auxin-responsive genes (ILR1, ARF8, and EXP8) was
stronger in opr3 and coi1 compared to wild-type, while IAA content increased slightly in opr3
and wild-type but decreased in coi1, after PSTVd infection. PSTVd-induced activation of the
BR receptor gene BRI1 was higher in opr3, coinciding with a slight increase in castasterone
(CS) content. The relative expression of ET biosynthesis (ACO) and ET signaling (ERF1B
and AP2-TOE3) genes was elevated in all tested lines at 5–7 wpi (coi1 > opr3 > wt).

Since cross-talk among MAPK, hormone, and ROS signaling pathways is important
for the fine-tuned modulation of plant immunity [47,48], we measured the time course
of expression of selected MAPK and PR protein genes after PSTVd infection (Figure 4,
Table S7). Results showed activation of MPKK6, MAPK4, and MAPK3 genes in wild-type
plants at the early stage, but in opr3 and coi1 plants at the late stage of infection. Expression
of the gene for MAPK7, an H2O2-responsive MAPK [49], was upregulated in all tested
lines. Relative PR1b gene expression was stronger in wild-type plants, while PR2 and PRQ
gene expression was stronger in opr3 and coi1 plants, after PSTVd infection. Activation of
LOX3, a pathogen-responsive lipoxygenase, was strongest in infected coi1 plants.

3.4. Regulation of Redox Processes in opr3, coi1, and Wild-Type Potato Plants During
PSTVd Infection

To investigate the mechanisms underlying altered H2O2 accumulation in JA-deficient
plants, we analyzed transcript levels of ROS-producing (RBOH) and ROS-scavenging genes,
including catalase (CAT2), ascorbate peroxidase (APX1), suberization-associated anionic
peroxidase (POPA), lignin-forming anionic peroxidase (LiP), and peroxidase 12 (POX12).
After PSTVd infection, wild-type plants accumulated H2O2, while opr3 and coi1 plants
showed reduced H2O2 levels at the late stage of infection (Figure 6A,B). RT-qPCR revealed
earlier activation of RBOH, CAT2, and APX1 genes in coi1 and opr3 plants compared to
wild-type plants (Figure 6C, Table S7). For Class III peroxidases, a plant-specific family of
antioxidant enzymes involved in diverse functions [50], POPA expression was upregulated
in wild-type plants, LiP was upregulated in coi1 and opr3 plants, and POX12 expression
was upregulated in opr3 plants, but downregulated in coi1 plants.

3.5. Effect of MeJA Treatment on Defense Responses in PSTVd-Infected Potato

Treatment with MeJA alleviated the negative effects of PSTVd infection on apical leaf
and stem growth in wild-type plants, but had no significant effect on symptom appearance
in opr3 and coi1 plants (Figures 7 and S6).

In PSTVd-infected wild-type plants, MeJA caused a transient decrease in the expres-
sion of nearly all tested genes involved in JA, SA, MAPK, and ROS signaling (Figure 8,
Table S8), along with an increase in H2O2 content (Figure S6). In PSTVd-infected opr3 plants,
MeJA initially decreased but then increased the expression of JA-related and SA-related
genes, compared to untreated infected opr3 plants. A decrease in H2O2 content was also
observed. As expected, MeJA had little effect on the expression of selected genes and H2O2

content in JA-insensitive coi1 plants. Despite its notable impact on gene expression and
symptom development, MeJA did not significantly affect the dynamics of PSTVd RNA
accumulation in any of the tested lines (Figure S6).
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Figure 6. Dynamics of antioxidative responses in opr3, coi1, and wild-type plants during PSTVd
infection. (A) H2O2 accumulation in leaves of PSTVd- and mock-inoculated plants at 8 wpi was
localized by DAB staining, and observed under a stereomicroscope; bar = 2 mm. (B) H2O2 accumula-
tion (mM/g Fw) at different time points was quantified spectrophotometrically using the TiOSO4

method. Values are means ± SE (n = 4) from one representative experiment. Different letters indicate
significant differences among six plant groups (three genotypes; both PSTVd- and mock-inoculated),
assessed at each time point separately using DMRT (p < 0.05). (C) The expression pattern of H2O2-
producing and scavenging genes was analyzed by RT-qPCR. Values represent the mean log2fc ± SE
(n = 3). Statistical evaluation of the data is in Table S7.

Figure 7. Effects of MeJA pretreatment on symptom appearance in opr3, coi1, and wild-type plants
infected with PSTVd. (A) Morphology of upper potato leaves in PSTVd- or mock-inoculated plants in
response to MeJA, examined at 6 wpi; bar = 1 cm. (B) Growth (g Fw) of upper systemically infected
leaves was examined at different time points after MeJA treatment, with or without PSTVd infection.
(C) Stem elongation was determined at different time points. Values are means ± SE (n = 4–6) from
one representative experiment. Different letters indicate significant differences among 12 plant
groups (three plant lines; both mock and infected, with or without MeJA), assessed at each time
point separately using DMRT (p < 0.05). Untreated mock plants (mock); MeJA-treated mock plants
(mock + MeJA); PSTVd-infected untreated (PSTVd); MeJA-treated PSTVd-infected (PSTVd + MeJA).
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Figure 8. Effects of MeJA pretreatment on hormone- and defense-related gene expression in opr3,
coi1, and wild-type (wt) plants infected with PSTVd. Relative gene expression in leaves was analyzed
at different time points by RT-qPCR. The color scale on heatmaps indicates the mean log2fc from
three biological replicates, normalized to the expression of the reference gene EFα1, and calculated
relative to the corresponding control (mock plants pretreated with H2O). Statistical evaluation of the
data is in Table S8.

4. Discussion

Functional analyses of differentially expressed genes (DEGs) showed that PSTVd
infection in all tested potato lines suppressed genes related to photosynthesis and pri-
mary metabolism, while activating genes involved in proteolysis, signaling, and defense
responses. This indicates a redirection of energy from metabolic processes to defense, a
widespread and complex feature of pathogen-infected plants [23,51,52]. The late stage of
infection in wild-type plants was characterized by the accumulation of JA-Ile, consistent
with our previous results [25]. As expected, the transgenic opr3 and coi1 plants produced
less JA-Ile than the wild-type, but no significant increase in JA-Ile levels in response to
PSTVd was observed. However, the relative expression of the JA signaling gene MYC2 was
higher in opr3 plants, while the expression of early JA biosynthesis genes such as LOX was
higher in coi1 plants. We hypothesize that this may be related to increased production of
other jasmonates and oxylipins [10,14]. Both opr3 and coi1 transgenic lines had higher viroid
loads than the wild-type, suggesting that JA is important for the basal defense response of
potato against PSTVd. Transient accumulation of cis-OPDA, a precursor of JA-Ile and a
JA-independent signaling molecule [53], was observed in infected plants of all tested lines.
Therefore, it likely did not contribute to the difference in susceptibility to PSTVd among
the tested lines, which requires further investigation.

Consistent with its defensive role, JA accumulation may inhibit plant growth [54].
When infected with PSTVd, JA-deficient opr3 plants showed milder symptoms in leaf
and stem growth, while JA-insensitive coi1 plants exhibited significantly elongated stems,
contrary to the typical PSTVd symptom of stunted stem growth. Detailed analysis of PSTVd-
induced transcriptomic, hormone, and physiological responses in transgenic opr3 and coi1
lines, compared to the wild-type line, revealed several phenomena possibly associated with
altered basal defense responses and symptom development in these lines: (i) activation of
other hormone signaling pathways and their interactions with the JA signaling pathway;
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(ii) alteration of MAPK signaling, transcription factors, and PR gene expression; and
(iii) transcriptional modification of antioxidant responses and metabolic pathways.

4.1. Activation of Other Hormone Signaling Pathways and Their Interactions with the JA
Signaling Pathway

An imbalance between JA and AUX pathways can increase plant susceptibility to
pathogens because high AUX levels promote cell growth, facilitating pathogen invasion
and reducing the plant’s ability to activate JA-mediated defense responses [55]. At the
transcriptome level, PSTVd-infected opr3 plants showed increased expression of several
AUX metabolism and early AUX signaling genes, including LAX3, SAURs, and AUX/IAA
genes [56]. For example, expression of StGH3.1 (an ortholog of AtGH3.1 and OsGH3.8 [57]
was upregulated in JA-insensitive and JA-deficient plants compared to wild-type plants,
suggesting that JA negatively regulates GH3.1 expression in response to PSTVd in potato.
An interplay between JA and AUX signaling pathways during potato-PSTVd interaction
is also suggested by the differential expression of auxin-responsive genes ARF8 [56] and
EXP8 [58] in opr3 and coi1 lines compared to wild-type plants. We hypothesize that
impaired JA biosynthesis and signaling affect the regulation of AUX signaling, contributing
to symptom alleviation in opr3 and coi1 plants to PSTVd infection. However, auxin content
remains relatively unchanged after PSTVd infection in all lines tested.

Abscisic acid mediates abiotic stress tolerance and regulates growth and development,
but its role in disease resistance is complex and depends on the specific plant-pathogen
interaction [5]. Jasmonate deficiency increases stress sensitivity in rice, and ABA biosyn-
thesis or catabolism in response to osmotic stress can be modulated by JA [59]. Similarly,
ABA accumulation in the early stage of PSTVd infection and increased expression of genes
encoding the transcription factors MYB44 and MYC2 suggest enhanced stress response
and stomatal regulation in JA-deficient opr3 plants. Both MYB44 and MYC2 contribute
to stomatal closure under stress conditions; however, MYC2 acts through JA signaling
and stimulation of ABA biosynthesis [60], while MYB44 acts through ABA signaling [61].
Multifunctional MYB44 can also act as a negative regulator of ABA signaling in leaf senes-
cence [61]. In contrast, in JA-insensitive coi1 plants, ABA levels decreased, while the
expression of genes for ABA receptors PYR1 and PYL4 [62] and the transcription factor
ABI5-like protein 5 increased, suggesting activation of ABA signaling in response to PSTVd
infection. ABA receptors and ABI transcription factors can, in turn, influence other signal-
ing pathways, including the JA pathway, to fine-tune downstream stress responses and
growth regulation [63].

Ethylene can have both negative and positive effects on plant defense responses and
often acts synergistically with JA to activate defense-related genes [6,64]. Coordinated
crosstalk between ET and JA converges at the transcriptional activation of ERF1. Ara-
bidopsis ERF1 is an early JA-responsive gene in the ERF branch of the JA defense response
pathway, while ethylene promotes a longer-lasting induction of ERF1 expression [64,65].
The AP2/ERFs, in addition to their role in hormone crosstalk, are also recognized for
mediating plant responses to biotic stress, as transcriptional activators or repressors [66,67].
About half of the PSTVd-induced genes shared by wild-type, opr3, and coi1 lines encode
ET-responsive proteins (GRL1, ETR2-like, EBF1-like, and ERF1B-like), suggesting that acti-
vation of ET signaling is a core response to PSTVd in potato. However, the total number of
ET-related DEGs in response to PSTVd was significantly higher in opr3 and especially in coi1
plants, which may also suggest an alternative, JA-independent activation of ET signaling
and/or that COI1 is not completely silenced [26]. The involvement of ET signaling in other
plant-viroid interactions has also been reported [11,17,68–70], while ET accumulation was
mostly associated with symptom development [71]. To clarify the role of ET in the potato
response to PSTVd, future studies should analyze ET content.
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Several lines of evidence indicate that suppression of GA biosynthesis genes, which is
associated with reduced GA responses, plays a major role in the development of stunting
in viroid-infected plants [16,17,24,56,68,72]. Our study showed downregulation of the GA
receptor GID1B gene, and upregulation of GA-responsive RSI-1 genes after PSTVd infection
in wild-type and opr3 plants, while in coi1 plants, the infection was accompanied by opposite
responses. StRSI-1 is an ortholog of AtGASA5 (Gibberellin-stimulated transcript GAST1
protein homolog 5), a downstream gene of DELLA, which acts as a suppressor of gibberellin
responses and stem growth in Arabidopsis thaliana [73]. In addition, GASA proteins are
involved in JA-dependent biotic defense responses [74,75]. Therefore, we hypothesize that
the increased expression of RSI-1 in PSTVd-infected coi1 plants may be associated with
the absence of stem stunting symptoms in coi1 plants, as part of the crosstalk between
growth-promoting GA signaling and defense-promoting JA signaling [54].

Regarding the other hormones analyzed in this study, transcriptomic data showed a
limited effect of PSTVd infection on the activation of SA and BR biosynthesis genes. This is
consistent with the small changes in endogenous SA and CS content measured in infected
compared to uninfected plants across all three lines. However, RT-qPCR analysis detected
increased expression of SA biosynthesis (ICS and PAL9) and SA signaling (NPR1 and NPR3)
genes in wild-type plants during the early stage, and in opr3 and coi1 plants during the
late stage of PSTVd infection. Unlike Arabidopsis, in some plant species such as potato and
rice, SA levels do not increase significantly after pathogen infection, but the SA signaling
pathway remains active and contributes to disease resistance [76,77].

Interestingly, transcriptome analysis also revealed contrasting expression of genes
involved in the biosynthesis and metabolism of growth-promoting hormones CK (IPT-
and ZOG-like) and PSK (phytosulfokines 3-like) in opr3 and coi1 plants infected with PSTVd.
This suggests a possible interaction between CK, PSK, and JA signaling [78] during potato-
PSTVd interaction, but further investigation is required.

4.2. Alteration of MAPK Signaling, Transcription Factors, and PR Genes in Response to PSTVd

MAPK cascades have been reported to regulate JA biosynthesis and JA-dependent
gene expression [79]. JA also regulates both MAPK activity and MAPK gene expression,
and silencing JA-related genes can affect MAPK activity [48]. After PSTVd infection, late
activation of MAPK3 and MAPK4 genes was observed in opr3 and coi1 plants compared to
wild-type plants, while pretreatment with MeJA accelerated gene activation in opr3 plants.
In Arabidopsis, MAPK4 acts as a negative regulator of SAR and SA signaling but as a positive
regulator of JA-dependent gene expression [80]. Our transcriptome analysis also revealed
coi1-specific activation of a MAP3KA-like gene [81] and opr3-specific activation of SAPK3-
like and MAP2K-like genes [82], suggesting their pathogen-dependent but JA-independent
activation in potato. In addition, we detected PSTVd-induced expression of MAPK7 in all
tested potato lines, in all tested lines, which may be related to changes in JA and H2O2

status [49] associated with PSTVd infection.
By integrating signals from both hormones and ROS, the MAPK pathways can orches-

trate a more precise and efficient plant defense response [47,83]. MapMan analysis showed
that most defense-related genes, except miraculin [84], were upregulated in wild-type and
opr3 plants compared to coi1 plants after PSTVd infection. Additionally, the expression of
PR1 genes [85] was lower and PR2 genes [86] higher in opr3 and coi1 plants, which may be
related to their higher susceptibility to PSTVd compared to wild-type plants, as indicated
by viroid RNA accumulation. These results suggest the activation of alternative defense
responses in opr3 and coi1 plants and highlight the role of JA signaling in regulating PR
gene expression during PSTVd infection, possibly through interactions with other signaling
pathways, including the ET and SA pathways [87].
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Transcription factors (TFs) play a key role in establishing plant defense and symptom
development during viroid infections [56,72]. The importance of bHLH TFs, including
MYCs that directly interact with JA-responsive genes, in the tomato-PSTVd interaction
has also been reported [88]. In our study, the primary TF families showing significant
responses to PSTVd in potato were identified, and the potential role of certain TFs in
regulating hormone, MAPK, and ROS signaling during the potato-PSTVd interaction is
discussed. However, given the numerous TFs and their diverse roles in regulating various
defense-related genes, further research on specific TFs in the potato-PSTVd interaction
is needed.

4.3. Transcriptional Modification of Antioxidant Responses and Metabolic Pathways in opr3 and
coi1 Plants During PSTVd Infection

The physiological effects of JA include activation of ROS signaling pathways and re-
cruitment of the cellular antioxidant defense system to maintain moderate ROS levels [89].
After PSTVd infection, DEGs for enzymes that regulate the cellular redox state, including
APX [90], were mainly downregulated in opr3 and coi1 compared to wild-type. Since opr3
and coi1 plants accumulate less H2O2 than wild-type plants after PSTVd infection, their
reliance on APX is less pronounced. However, not all antioxidant responses followed this
pattern. DEGs for glutathione S-transferases were mainly induced by PSTVd infection in
opr3 and especially in coi1, suggesting their involvement in ROS reduction in plants with
compromised JA pathways. JA signaling mediated by COI1 is important for controlling
ROS accumulation by influencing the activity of MYC proteins, which regulate the expres-
sion of genes encoding antioxidant enzymes, including NOX/RBOH and POX12, involved
in ROS production during plant defense against pathogens [89,91]. In PSTVd-infected opr3
plants, one of the most prominent features was increased expression of MYC2, RBOH, and
POX12 genes, whereas in infected coi1 plants, both MYC2 and POX12 expression were
reduced. Treatment with MeJA followed by PSTVd infection induced short-term H2O2

production, enhancing POX12 expression, which in turn reduced H2O2 content in opr3
plants at the late infection stage. High concentrations of MeJA can act pro-oxidatively
to stimulate activation of the antioxidant system and some components of basal defense
responses [92,93]. Reduced H2O2 accumulation may enhance the plant’s tolerance to
the initial stressor and reduce symptom development, but may also promote pathogen
progression [94].

Among other PSTVd-induced POX genes, LiP and POPA encode enzymes that use
H2O2 as a substrate for lignification and suberinization, respectively. LiP and POPA showed
contrasting expression patterns in wild-type and opr3 compared with coi1 plants. Increased
expression of LiP, along with the lignin biosynthesis genes 4CL and CCoAOMT, suggests
increased H2O2 consumption during monolignol biosynthesis in infected coi1 plants. Lignin
is a complex polyphenolic polymer that serves as a structural component in plant cell walls,
providing rigidity and strength, and acts as a physical and chemical barrier in basal plant
immunity [95]. Lignification is negatively regulated by JA [92], which is consistent with
the observed increased expression of lignification-related genes in coi1 plants. In contrast,
several PAL genes were specifically upregulated in wild-type plants after PSTVd infection,
suggesting the production of various other phenolic secondary metabolites [96]. Altered
expression of many genes encoding lignin-forming peroxidases and genes from the lignin-
specific pathway was also observed in PSTVd-infected tomato [18].

Plants with impaired JA biosynthesis or signaling often activate alternative metabolic
pathways, due to a bypass in the JA biosynthesis pathway, allowing accumulation of alter-
native defense compounds [7]. In PSTVd-infected opr3 plants, genotype-specific activation
of genes related to cutin, suberin, and wax biosynthesis (CYP94A1 and feruloyl transferase
FHT), and glycerophospholipid metabolism (glycerol-3-phosphate acyltransferases GPATs),
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was observed. Glycerolipids are important components of plant membranes, which are
essential for development, growth, photosynthesis, and stress responses [97]. Cutin and
suberin are protective polyester barriers formed by the polymerization of oxygenated
fatty acids and glycerol [98]. Because glycerolipids and JA share fatty acids as precursors,
inhibition of one pathway enhances regulation of the other, strengthening alternative de-
fense pathways [99,100]. Therefore, we hypothesize that silencing OPR3 alters glycerolipid
and oxylipin metabolism and promotes cutin, wax, and suberin production in potato in
response to PSTVd and increased osmotic stress in JA-deficient plants [59].

5. Conclusions

This study showed that silencing JA biosynthesis or JA signaling significantly alters
the reprogramming of multiple signaling pathways, including hormone, MAPK, and ROS
signaling, which disrupts defense regulation and increases susceptibility to PSTVd in potato.
JA deficiency at the late stage of infection reduced symptom development in opr3 plants,
while MeJA treatment at the early stage of infection reduced symptoms in wild-type plants.
The weak coi1 response also supports COI1-dependent MeJA action. However, because
only one MeJA dose and timing were used, conclusions about timing and dose–response
are limited. Further studies, such as testing different MeJA concentrations, applying
stage-specific inhibitory treatments, and conducting more detailed time-course sampling,
should be conducted to provide more direct evidence supporting a positive role for JA in
the early stage of PSTVd infection. Numerous transcriptional changes caused by PSTVd
infection in coi1 plants indicate the activation of alternative responses that compensate for
compromised JA signaling, leading to symptom relief but increased viroid accumulation.
This is consistent with the established role of JA as a regulator in the trade-off between
growth and defense in plants [101]. Overall, these results enhance our understanding of the
role of JA in basal immune responses against PSTVd and provide valuable gene resources
for future functional analyses of key genes and regulatory mechanisms underlying immune
responses to this pathogen in potato.
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Abstract

Solanum lycopersicum plants were grown in pots amended with biochar and PGPMs (plant
growth-promoting microorganisms: Pseudomonas fluorescens and Azotobacter chroococcum),
applied singularly and in combination, for three months, after which plants and soils were
collected, divided into treatment groups based on organs, and analyzed. The following
biochemical markers were studied: cellular respiration, shoot fresh and dry weight, root
fresh weight, photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids),
membrane lipid peroxidation, proline content, total antioxidant capacity (DPPH and ABTS
assay), hydrogen peroxide, ascorbic acid, total phenolic content, enzymatic activity (SOD,
POD, CAT, and APX), total soluble sugar content, and total protein content. Also, soil
parameters, such as pH, EC, total enzymatic activity, active carbon, and respiration, were
measured. While biochar alone induced root H2O2 accumulation, its co-application with
PGPMs turned this signal into a systemic trigger for defense, enhancing the antioxidant
capacity and the production of proline, phenolics, and ascorbic acid without causing
oxidative damage. At the soil level, microorganisms counteracted biochar’s inhibitory
effects on enzymatic activity and intensified labile carbon use, indicating a more dynamic
rhizosphere. Multivariate analysis confirmed that the combined treatment remodulated
the plant–soil system, converting a stress factor into a resilience enhancer. This synergy
underscores the role of biochar as an effective microbial carrier and PGPM consortia as
bioactivators, together providing a powerful tool to prime crops against climate stress
while preserving soil health.

Keywords: oxidative stress; antioxidants; plant response; soil health

1. Introduction

Technological advances in agriculture, including the Green Revolution and recent
digital innovations, have substantially increased crop yields over the past decades; how-
ever, these gains have also come at considerable environmental and social costs, notably
through heightened agrochemical use and reduced dietary diversity [1]. Climate variability
and projected climate change, including shifts in temperature, precipitation patterns, and
the frequency of extreme weather events, are expected to place additional pressure on
future crop production and food systems [2]. Furthermore, food systems are facing un-
precedented challenges as they attempt simultaneously to accommodate a growing global
population and to adapt to the impacts of climate change [1]. In this context, vegetable
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production is particularly critical, given its importance in balanced diets and its inherently
resource-intensive cultivation [3]. However, vegetable crops are highly vulnerable to a
wide range of biotic and abiotic stresses, including nutrient deficiencies, which induce
genetic, metabolic, physiological, and phenotypic changes in plants, ultimately leading to
reduced yield and quality [4]. Moreover, such physiological disruptions have been shown
to reduce yield and quality in several vegetable crops, including tomatoes, beans, and
leafy greens [5]. Tomato (Solanum lycopersicum L.) is a major dietary source of essential
macro- and micronutrients. The fruit is especially rich in potassium (K), the most abundant
mineral, contributing up to 7.7% of the daily reference intake (DRI) per 100 g serving,
depending on the cultivar. Other important minerals include magnesium (Mg), phos-
phorus (P), calcium (Ca), iron (Fe), and zinc (Zn), although their concentrations can vary
according to genotype and cultivation conditions [6,7]. Tomatoes also contain appreciable
levels of vitamins (in particular vitamin C), dietary fiber, and bioactive compounds such as
carotenoids (e.g., lycopene) and phenolics, which possess recognized antioxidant properties.
Nutrient density and composition are influenced by both genetic factors and environmental
conditions, with greenhouse-grown tomatoes often exhibiting higher mineral contents
than their field-grown counterparts [8,9]. Tomato is, however, a highly water-demanding
crop, typically requiring about 500–600 mm of water per growing season, and is sensitive
to variability in temperature and rainfall [10]. Its growing season is frequently affected
by scarce or excessive precipitation and by extreme temperatures above 40 ◦C, leading to
recurrent water and heat stress during critical phenological stages; such conditions disrupt
vegetative and reproductive processes and result in reduced productivity [11]. Between
2023 and 2025, tomato cultivation has shown both global expansion and marked regional
volatility. Global production for 2025 is forecast to increase modestly, with an estimated
rise of 4.1% over this period, primarily driven by growth in China, India, and Turkey,
which are consolidating their dominance in the sector. By contrast, the United States and
the European Union are expected to experience a slight decline in total output, largely
attributable to water scarcity and heat stress in major producing regions such as California,
and to contractions in traditional growing areas such as Spain and Italy, where shortened
crop seasons and an increased frequency of extreme weather events are projected to reduce
yields and fruit quality [12,13].

Agronomic strategies such as the use of plant growth-promoting microorganisms
(PGPM) and novel amendments, including biochar, are increasingly recognized as effective
means to mitigate the negative impacts of climate change on crop production [14,15].
Recent research highlights biochar as a promising amendment to enhance soil quality and
support sustainable agriculture. Key indicators of good soil quality include favorable
texture, nutrient and moisture retention, and the capacity to support robust microbial
activity [16]. Evidence suggests that biochar improves soil health and crop yields while
preserving overall soil integrity [17]. Achieving higher crop yields without reliance on
synthetic fertilizers or additives remains a central challenge in sustainable agriculture [18],
particularly as inorganic fertilizer use has previously driven productivity increases at the
expense of long-term soil fertility [19]. Biofertilizers, including PGPMs, are eco-friendly
alternatives that underpin sustainable agronomic practices. These products contain living
microorganisms that enhance soil nutrient status through organic matter decomposition,
thereby facilitating mineral nutrient uptake by plants and contributing to improved crop
productivity over the longer term [20–22]. Bacterial biofertilizers are pivotal in fixing
nitrogen, solubilizing phosphorus, potassium, zinc, and silica, thus aiding the availability
of both macro- and micronutrients in the soil [5,23,24]. In addition, biofertilizers promote
plant growth by enhancing soil fertility, releasing growth hormones, producing antibiotics,
and biodegrading organic matter [5,25]. Scientific literature increasingly indicates that both
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biochar and plant growth-promoting microbes can enhance soil fertility [26], while current
research demonstrates that their combined use significantly modulates soil dynamics
and improves productivity [27]. This study aimed to assess the impact of biochar and
PGPM application, individually and in combination, on the oxidative status of tomato
plants cultivated in soil under controlled greenhouse conditions. Biochar was sourced
from plant residues, and a consortium of PGPMs was assembled. The PGPM strains
Pseudomonas fluorescens DR54 and Azotobacter chroococcum LS-132 were selected for their
well-characterized nitrogen-fixing and phosphorus-solubilizing capacities, as well as their
previously demonstrated rhizosphere-colonization ability. Their combined use has been
validated by Tabacchioni et al. [28] as an effective biostimulant consortium capable of
enhancing nutrient cycling and modulating plant redox responses. This study provides a
novel integrated plant–soil multivariate perspective on how biochar and PGPMs interact
to modulate redox signaling. Unlike prior studies, this one focused primarily on growth
or nutrient uptake. Our work evaluated the priming-like redox response based on H2O2

accumulation, antioxidant capacity, and soil biochemical activity, considering the overall
plant-soil system.

2. Materials and Methods

All reagents used in the experiments were purchased from Merck (Darmstadt, Ger-
many) unless specified otherwise. All spectrophotometric analyses were performed
with the spectrophotometer Varian Cary 50 (Thermo Fisher, Waltham, MA, USA) and
the microplate reader iMark Microplate Absorbance Reader (Bio-Rad Laboratories,
Hercules, CA, USA).

2.1. Bacterial Growth and Biochar Functionalization

Two strains of PGPMs (Pseudomonas fluorescens DR54 and Azotobacter chroococcum
LS132) [28] were used in this study, grown in LB medium (tryptone 10 g/L, NaCl 10 g/L,
yeast extract 5 g/L) and incubated overnight at 28 ◦C in a thermostatic orbital shaker
(Heidolph unimax 2010, Fisher, Segrate, Italy) set at 200 rpm. After 24 h, cultures were
diluted (1:10 ratio), and optical density at 600 nm (OD600) was measured spectrophotomet-
rically to estimate the corresponding colony-forming units per milliliter (CFU/mL). For
each strain, an aliquot corresponding to 108 CFU/mL was prepared. The two bacterial
suspensions were then combined in a 1:1 ratio, resuspended in fresh LB medium, and used
for root inoculation and biochar functionalization. Biochar derived from various plant
feedstocks, including sunflower residues, was employed as a soil amendment. Detailed
biochar characterization is provided in Table S1 and Figure S1. Biochar particles had an
average size of 5 mm, obtained by sieving prior to functionalization. Functionalization
was carried out under sterile conditions by adsorbing 1 mL of the bacterial suspension
(108 CFU/mL) per gram of biochar. The biochar was then incubated at room temperature
for 24 h to facilitate bacterial adhesion prior to soil application.

2.2. Plant Treatment and Sample Collection

Solanum lycopersicum L. (cv. Ciliegino; BLUMEN Group, Piacenza, Italy) seeds were
germinated in standard potting soil (Compo GmbH, Münster, Germany) in seedbeds.
Seedlings were maintained in a growth chamber (24 ◦C, 16 h light/8 h dark photoperiod)
until the emergence of the first two fully expanded leaves. After three weeks, the plants
were transplanted into pots (25 cm diameter × 25 cm height) containing 3 kg of soil and
irrigated with 300 mL of tap water twice a week, with three biological replicates per treat-
ment group. Four experimental conditions were established: (1) untreated control (nt);
(2) soil amended with 1% (w/w) biochar (char); (3) plants inoculated at the root level with
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a bacterial suspension (108 CFU/mL) (PGPM), using the same total bacterial load as that
applied during biochar functionalization (30 × 108 CFU per plant); and (4) soil amended
with 1% (w/w) biochar functionalized with the bacterial suspension (comb). Plants were
grown in a greenhouse under controlled conditions (24 ± 2 ◦C, relative humidity 55–65%,
16 h light/8 h dark photoperiod) for a period of three months before sample collection.
No other stress, biotic or abiotic, was applied to plants at the time of the experiment.
Soil samples were air-dried for subsequent analysis. Leaves and roots were thoroughly
washed, then a part was air dried in an oven at 70 ◦C for 24 h, and a part was immedi-
ately flash-frozen in liquid nitrogen and stored at −80 ◦C until use for physiological and
biochemical assays.

2.3. Soil Analysis

Physicochemical analyses of the soil were performed following sieving through
a 2 mm mesh.

2.3.1. Determination of Soil pH and Electrical Conductivity (EC)

Soil pH (EPA Method 9045D) and electrical conductivity (EC) (FAO Standard Op-
erating Procedure (SOP) on soil electrical conductivity) were assessed according to the
standardized protocols with minor modifications. Specifically, 1 g of soil from each sample
was suspended in 20 mL of double-distilled water (ddH2O) and shaken continuously for
two hours. After incubation, pH was measured using a pH meter (Seven Compact Duo,
Mettler Toledo, Columbus, OH, USA). For EC determination, the suspension was filtered
through Whatman grade 1 filter paper, and EC was measured using a conductivity meter
(Seven Compact Duo, Mettler Toledo, Columbus, OH, USA).

2.3.2. Active Carbon (POXC) and Soil Respiration

Active carbon (Permanganate-Oxidizable Carbon, POXC) and soil respiration were
measured according to Standard Operating Procedures (SOP) CSH 04 and CSH 06, respec-
tively [29], with minor modifications. For POXC determination, 0.25 g of dried soil was
suspended in 20 mL of a 0.02 M potassium permanganate (KMnO4, pH 7.2) solution and
shaken for 2 min. The mixture was then allowed to stand for an additional 8 min to enable
the oxidation of the active carbon in the soil. The reaction was stopped by diluting the
supernatants in ddH2O (1:100), and the absorbance of the resulting solution was measured
at 550 nm to assess the decrease in the characteristic purple color of the permanganate
solution. Absorbance values were interpolated against a standard calibration curve pre-
pared from KMnO4 solutions of known concentrations (0.005 M, 0.01 M, and 0.02 M). The
concentration of active carbon in the soil was then calculated following the methodology
outlined in SOP CSH 04 [29]. Soil respiration rate was assessed by quantifying the carbon
dioxide (CO2) released as an indicator of microbial metabolic activity, using the sealed
chamber alkali trap respirometry method: 2 g of air-dried soil was rehydrated and placed
in a sealed jar containing a cuvette with 0.9 mL of 0.5 M KOH solution. After a 4-day
incubation period, the amount of CO2 released was estimated by comparing the change
in EC of the KOH solution incubated with soil to that of a blank (KOH incubated without
soil) as reported in SOP CSH 06 [29].

2.3.3. Total Soil Enzymatic Activity

Microbial enzymatic activity was assessed using the fluorescein diacetate (FDA) hy-
drolysis assay [30]. Following the preparation step described in ISO 11063:2020 [31] for soil
microbial analyses, 2 g of soil was incubated overnight in 20 mL of 60 mM phosphate buffer.
Then, 200 μL of FDA solution (1 mg/mL) was added to the suspension and shaken for 1 h
at room temperature in the dark. After allowing the mixture to settle, the supernatant was
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collected and centrifuged to remove soil particles. The absorbance of the clarified solution
was then measured at 490 nm.

2.4. Morphological, Physiological, and Biochemical Analysis in Plants

Following plant harvest, the fresh weight of shoots and roots, as well as the dry weight
of shoots, was recorded.

2.4.1. Cellular Respiration and Lipid Peroxidation

Cellular respiration in fresh leaves was evaluated using the 2,3,5-triphenyltetrazolium
chloride (TTC) assay, while lipid peroxidation in roots and leaves was assessed via the
thiobarbituric acid reactive substance (TBAR) assay, according to Pagano et al. [32], with
minor modifications. Specifically, a 15 mm diameter leaf disc was excised using a cork
borer and incubated in 4 mL of TTC buffer (TTC 0.18 M, 78% Na2HPO4·H2O 0.05 M, 22%
KH2PO4 0.05 M) for 15 h at 30 ◦C, in the dark. After incubation, the discs were rinsed twice
with ddH2O, and the resulting formazan was extracted in 5 mL of 95% ethanol at 80 ◦C
for 10 min. Absorbance of the extract was then measured at 530 nm. Lipid peroxidation
of cellular membranes was assessed by quantifying malondialdehyde (MDA) content in
flash-frozen leaf and root tissues. Approximately 100 mg of tissue was ground in liquid
nitrogen using a mortar and pestle and then homogenized in 0.1% (w/v) trichloroacetic
acid (TCA). The homogenate was centrifuged at 12,000× g for 15 min at 4 ◦C. An aliquot of
500 μL of the resulting supernatant was mixed with 1 mL of reaction solution containing
0.5% TBA dissolved in 20% TCA. The mixture was incubated for 30 min at 95 ◦C to allow
the formation of the TBA–MDA complex. The reaction was stopped by rapid cooling on
ice, and absorbance was measured at 532 nm. MDA concentration was determined by
interpolation from a standard calibration curve (0–50 μM).

2.4.2. Photosynthetic Activity

Photosynthetic pigments were extracted by incubating 50 mg of powdered leaf tis-
sue with 500 μL of cold 95% (v/v) acetone on ice for 10 min. The homogenate was then
centrifuged to separate plant debris from the pigment-containing acetone extract [33].
Chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid contents were quantified spec-
trophotometrically by measuring absorbance at 662 nm, 647 nm, and 480 nm, respectively,
and calculated as reported by Wellburn [34]. Pigment concentrations are expressed as
micrograms per gram of fresh leaf weight (μg/g FW).

2.4.3. Proline Content in Leaves

Proline levels were determined in 100 mg of flash-frozen powdered leaf tissue ho-
mogenized in 1 mL of 3% (w/v) sulphosalicylic acid [35]. After centrifugation (10 min,
14,000× g, 4 ◦C), the supernatant was collected and kept on ice. For the colorimetric assay,
50 μL of extract was mixed with 1 mL of reaction solution comprising 3% (w/v) sulphosali-
cylic acid, glacial acetic acid, and 2.5% (w/v) ninhydrin in a 1:1:2 ratio. The mixture was
incubated at 100 ◦C for 15 min, then rapidly cooled on ice. Absorbance was measured at
520 nm. Proline concentrations were calculated via interpolation against a standard curve
(0–30 μg/mL) and expressed as μg/g of fresh weight (FW).

2.4.4. Hydrogen Peroxide Content

Hydrogen peroxide (H2O2) levels in root and leaf tissues were assessed [36]: a 20 mg
aliquot of frozen tissue powder was suspended in 2 mL of reaction mixture containing 0.1%
(w/v) TCA, 10 mM phosphate buffer (PBS), and 1 M potassium iodide (KI) in a 1:1:2 ratio.
Samples were sonicated for 10 min at 4 ◦C (Transsonic T460, Elma Schmidbauer GmbH,
Singen, Germany) and then centrifuged (15 min, 12,000× g, 4 ◦C). The supernatant was
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incubated at room temperature for 20 min, and absorbance was recorded at 390 nm.
H2O2 concentrations were determined using a standard curve prepared with known
H2O2 concentrations (0–0.7 mM).

2.4.5. Quantification of Ascorbic Acid

Ascorbic acid content in leaves was determined according to the method of Jagota
& Dani [37] adapted for 96-well plate measurements: 50 mg of powdered tissue were
extracted in 500 μL of 10% (w/v) TCA, vortexed, and incubated on ice for 5 min. After
centrifugation (5 min, 12,000× g, 4 ◦C), 40 μL of the supernatant was diluted 1:5 in Milli-Q
water, 20 μL of 0.2 M Folin–Ciocalteu reagent was added, and the mixture was allowed to
react for 10 min. Absorbance was measured at 750 nm. Ascorbic acid concentration was
calculated using a standard curve (0–70 μg/mL).

2.4.6. Extraction in Methanol

Antioxidant activity (DPPH, ABTS) and total phenolic content (TPC) were assessed
using methanolic plant extracts [33]. Briefly, 100 mg of frozen, powdered tissue was
extracted with 1 mL of 75% (v/v) methanol via 15 min sonication at 35 kHz (Transsonic
T460, Elma Schmidbauer GmbH, Germany). After centrifugation (10 min, 4 ◦C, 10,000× g),
the supernatant was collected. The pellet was suspended in 1 mL of methanol for another
extraction step performed as described above, and both extracts were pooled (total volume:
2 mL) and stored at −80 ◦C for analysis.

2.4.7. Antioxidant Activity: DPPH Assay

For the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity [33], 50 μL
of extract was added to 1.95 mL of 0.06 mM DPPH in methanol and incubated for 30 min at
room temperature. The decrease in absorbance at 520 nm indicated antioxidant activity, and
the inhibition percentage was calculated by comparing the absorbance of DPPH solution
with and without the plant extract, as described by Marmiroli et al. [33].

2.4.8. Antioxidant Activity: ABTS Assay

To have another indication of the antioxidant activity of the plant extract, the ABTS
(2,2′-azino-bis(3-ethylbenzotiazoline-6-sulfonic acid)) assay was performed following Min-
gle & Newsome [38], with minor modifications. The ABTS•+ radical was generated by
reacting 0.7 mM ABTS with 2.45 mM potassium persulfate in PBS for 30 min in the dark.
Plant extract (50 μL) was mixed with 150 μL of ABTS solution (adjusted to an initial ab-
sorbance of 0.7 at 734 nm) and incubated for 5-, 15-, and 30-min. Absorbance at 734 nm
was measured, and inhibition percentage was calculated as for DPPH.

2.4.9. Total Phenolic Content (TPC)

TPC was determined using the Folin–Ciocalteu method [33], with modifications to
allow 96-well plate reading. Briefly, 10 μL of extract was incubated with 75 μL of diluted
Folin–Ciocalteu reagent (1:10 in ddH2O) for 5 min, followed by the addition of 75 μL
of 60 g/L sodium carbonate. After 90 min in the dark at room temperature, absorbance
was measured at 750 nm. Results are expressed as gallic acid equivalents (GAEs) using a
standard curve (0–250 μg/mL).

2.4.10. Protein Extraction and Quantification

For enzyme extraction, frozen leaves (1.0 g) and roots (0.5 g) were ground in liquid
nitrogen and homogenized in 5 mL and 2.5 mL of extraction buffer, respectively, containing
50 mM Tris-HCl (pH 7.8), 0.2 mM EDTA, 0.2% (v/v) Triton X-100, 1 mM PMSF, and
2 mM DTT. Homogenates were centrifuged at 12,000× g for 30 min at 4 ◦C, and the
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resulting supernatants were collected [36] and stored at −80 ◦C for total soluble protein
quantification and superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and
ascorbate peroxidase (APX) activity.

Total soluble protein content was quantified using the Bradford assay. The Coomassie
Brilliant Blue G-250 stock dye (Bio-Rad Laboratories, Hercules, CA, USA) was diluted 1:4 with
distilled water, and 40 μL of each extract was added to 2 mL of the diluted dye solution,
vortexed for 10 s, and incubated for 5 min at room temperature. Absorbance was measured
at 470 and 595 nm to account for spectral contributions from the dye’s different ionic forms
(red, green, and blue, with absorption maxima at 470, 650, and 590 nm, respectively). Pro-
tein concentrations were calculated using a Bovine Serum Albumin (BSA) standard curve
(0–1000 μg/mL) and corrected using the equation reported by Ernst & Zor [39].

2.4.11. Determination of SOD Activity

SOD activity was measured by adding 100 μL of extract to 1.4 mL of reaction buffer
containing 50 mM of phosphate buffer (pH 7.8), 13 mM of L-methionine, 75 μM of NBT,
0.1 mM of EDTA, and 3.3 μM of riboflavin, added last to initiate the reaction [40,41]. The
mixture was exposed to fluorescent white light for 15 min to induce NBT photoreduction.
A non-irradiated blank and an irradiated control without extract were included. Ab-
sorbance was read at 560 nm, and SOD activity was expressed as the percentage inhibition
of NBT reduction.

2.4.12. Determination of POD, CAT, and APX Activities

The activities of POD, CAT, and APX were assessed following the methods described
by Shakir et al. [42]. Enzymatic activities were calculated using molar extinction coefficients
of 26.6 mM/cm for POD, 39.4 mM/cm for CAT, and 2.8 mM/cm for APX. For each assay,
50 μL of enzyme extract was added to a reaction mixture with a final volume of 1.5 mL.
For POD, the reaction mixture consisted of 1.35 mL of 25 mM potassium phosphate buffer
(pH 7.0) containing 2 mM EDTA, 50 μL of 300 mM H2O2, and 50 μL of 1.5% (v/v) guaiacol.
The increase in absorbance at 470 nm was recorded at 1, 2, and 3 min. For CAT, the mixture
included 1.4 mL of 50 mM phosphate buffer (pH 7.0) with 2 mM EDTA and 50 μL of
300 mM H2O2. Absorbance at 240 nm was measured over a 30-s interval. For APX, the
reaction contained 1.35 mL of 25 mM potassium phosphate buffer (pH 7.0) with 2 mM
EDTA, 50 μL of 300 mM H2O2, and 50 μL of 7.5 mM ascorbate. The decrease in absorbance
at 290 nm was monitored over 1 min.

2.4.13. Determination of Total Soluble Sugars

The total soluble sugar content in root and leaf samples was determined following
the procedure described by Shakir et al. [42], with minor modifications. Briefly, 50 mg of
frozen tissue powder was homogenized in 1.5 mL of 90% ethanol and incubated for 1 h
at 65 ◦C. The extract was then diluted to a final volume of 12.5 mL with 90% ethanol. A
colorimetric reagent was prepared by mixing 5% phenol with concentrated sulfuric acid in
a 1:5 ratio. Then, 250 μL of the diluted extract was combined with 1.5 mL of the reagent
mixture. Absorbance was measured at 485 nm, and the total soluble sugar concentration
was determined by interpolation from a glucose standard curve (20–100 μg/mL) and
expressed as μg/mL.

2.5. Statistical Analysis

Normality and homoscedasticity of the data sets were checked with Shapiro–Wilk’s
and Levene’s tests, respectively, utilizing SPSS 27 (https://www.ibm.com/it-it/products/
spss-statistics, accessed on 20 November 2025).
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Statistical significance among treatments was evaluated using one-way ANOVA fol-
lowed by Tukey’s HSD post hoc test using Past 4.03 (©Copyright Hammer 1999–2020).
Multivariate analysis, including principal component analysis (PCA), was performed using
R software version 5.1 (R Core Team, 2024). The correlation matrix was created using
Pearson’s method, and the relative p-values considered significant (p < 0.05) were the same
as for Tukey’s test. The correlation map and the relative chord diagram were both produced
using R software.

3. Results and Discussion

3.1. Influence of Biochar–PGPM Combination on Soil Microbial Activity

The determination of soil pH and electrical conductivity showed no significant dif-
ferences among treatments, indicating that the application of both biochar and PGPMs
did not perturb the overall soil physicochemical characteristics (Table 1). In contrast, the
analysis of key soil health and microbial activity parameters revealed distinct patterns
influenced by the differential application of PGPMs and biochar. The total hydrolytic
activity of enzymes such as esterase, lipase, and protease measured by the FDA assay was
reduced by about 19% in soil treated with biochar alone compared with the untreated
control (Figure 1A), while total respiration (CO2 release) remained unaffected (Table 1).
Conversely, the combination with PGPMs restored enzymatic activity to levels comparable
to the control, counteracting the inhibitory effect induced by biochar. This behavior may
be linked to its physicochemical properties, including its alkaline pH (9.6) and relatively
high copper and nickel contents (1289 mg/kg and 119 mg/kg, respectively), which may
suppress microbial activity through pH imbalance [43]. Other hypotheses are that the pres-
ence of biochar could also cause the adsorption of bioavailable carbon or could interfere
with enzyme activity determination assays [44]. The combination of PGPMs with biochar
not only alleviated this inhibition but also increased the consumption of oxidizable carbon
(POXC) by about 18% compared to the control (Figure 1B).

Table 1. Mean values (up) and standard deviation (down) obtained for each treatment in the
corresponding analyses in soil, along with the p-values from the one-way ANOVA, for cases where
the differences were not significant.

Soil Samples
Untreated

(nt)
Biochar (char) PGPM

Biochar + PGPM
(comb)

p-Value

Electrical Conductivity (μS/cm2) 2817.2
±1405.5

2647.2
±1365.9

2166.9
±612.7

2607.5
±1125.2 0.91

pH 7.53
±0.20

7.35
±0.74

7.51
±0.12

7.51
±0.34 0.95

Soil respiration
(mg CO2)

8.91
±0.47

7.61
±1.78

8.53
±1.14

9.30
±0.13 0.33

Bold indicates EM values, normal style indicates SE.

In this context, biochar may act as a microbial carrier, offering porous niches that
promote colonization and protection of inoculated strains, which in turn mineralize labile
C fractions adsorbed to the matrix. Previous studies support this interpretation, showing
that biochar combined with microbial inoculants or organic amendments enhances soil
enzymatic activity [45] and promotes the stability and colonization of Pseudomonas spp. [46].
Interestingly, soil respiration did not differ significantly among treatments despite clear
variations in enzymatic activity and labile C consumption. This apparent decoupling
may reflect a microbial shift toward growth and biomass synthesis rather than CO2 min-
eralization, or the partial adsorption of CO2 by biochar [47]. Comparable findings were
reported by Qiu et al. [48], who observed reductions in active C pools and enzymatic
changes without corresponding increases in CO2 release. The results indicate that biochar
alone reduces microbial metabolic activity, whereas inoculated microorganisms restore
enzymatic activity and intensify oxidizable C consumption [49]. In a closed greenhouse pot

55



Antioxidants 2025, 14, 1482

system, the reduction in POXC does not necessarily signal soil depletion but rather reflects
intensive use of available carbon by the microbial community, with potential benefits for
nutrient bioavailability. The application of these amendments under field conditions could
offer valuable insights into the processes governing POXC reduction, considering the role
of carbon balance modulated by external environmental inputs [50].

 

Figure 1. Effects of biochar (char), plant growth-promoting microorganisms (PGPMs), and their
combination (comb) on (A) soil enzymatic activity (measured by FDA assay) and (B) oxidizable
carbon (POXC). Different letters indicate significant differences among treatments according to
Tukey’s HSD post hoc test (p < 0.05).

3.2. Yield of Roots and Above-Ground Parts

The assessment of plant yield indicated that the applied treatments had no significant
effect on plant biomass, either on shoots or roots (Table 2), despite the distinct patterns in soil
carbon utilization and enzymatic activity observed under biochar and PGPM treatments.
Previous studies have demonstrated that the combined application of biochar and PGPM
can enhance nutrient cycling by providing suitable habitats for beneficial microorganisms
and improving plant stress resilience, but such effects do not necessarily result in greater
biomass accumulation [51,52]. Furthermore, biomass and fresh/dry weight responses
may require longer-term observations to become evident, particularly if biochar primarily
enhances physiological mechanisms related to stress tolerance or nutrient efficiency during
the early stages of growth [53].

Table 2. Mean values (up) and standard deviation (down) obtained for each treatment of roots fresh
weight and shoots fresh and dry weight, along with the p-values from the one-way ANOVA.

Weight
Untreated

(nt)
Biochar (char) PGPM

Biochar +
PGPM
(comb)

p-Value

Roots fresh weight (g) 12.5
±2.78

8.0
±0.56

11.0
±1.41

6.0
±0.74 0.45

Shoots fresh weight leaves
and stems (g)

275.0
±35.36

212.5
±95.46

232.5
±10.61

255.0
±24.04 0.68

Shoots dry weight leaves
and stems (g)

26.04
±8.78

23.05
±0.47

28.50
±5.71

21.71
±1.28 0.61

Bold indicates EM values, normal style indicates SE.

3.3. Roots to Shoots Redox Responses and Oxidative Stress Indicators

Analyses of root tissues revealed an increase in H2O2 content in plants exposed to
biochar alone (Figure 2A), with levels rising by 55.4% compared to the control, while H2O2

accumulation in leaves remained unchanged (Table 3). Interestingly, this localized rise in
root H2O2 did not coincide with any significant increase in lipid peroxidation in either roots
or leaves, or alteration in leaves’ cellular respiration (Table 3). It is well known that moder-
ate accumulation of H2O2 appears to function as a key redox signal able to mediate plant
stress acclimation: its controlled increase activates ROS-dependent signaling cascades and
redox-sensitive proteins, leading to transcriptional and translational adjustments consistent
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with enhanced tolerance [54]. The lack of oxidative damage in plants treated with biochar
suggests that the detected H2O2 increase in roots reflects an adaptive rather than damaging
response. This mechanism is supported by previous evidence showing that moderate H2O2

levels modulate hormonal pathways, particularly abscisic acid signaling, and promote
antioxidant reinforcement [55,56]. When biochar was combined with PGPMs, H2O2 accu-
mulation in roots was attenuated, suggesting that microbial inoculation contributed to the
mitigation of biochar-induced oxidative response. This effect reflects the capacity of several
PGPMs, including Pseudomonas and Azotobacter, to alleviate redox imbalance through the
secretion of antioxidant metabolites or by priming host defense pathways [57–59]. The
combined biochar–PGPM treatment thus appears to promote a more balanced redox home-
ostasis in roots, reducing stress intensity while maintaining signaling competence. At
the foliar level, antioxidant assays based on radical inhibition revealed distinct patterns:
the DPPH assay showed higher inhibition percentages in leaves of plants treated with
biochar, either alone or combined with PGPMs (8.9% and 9.4%, respectively), compared
to both the PGPM-only and control treatments (4.9% and 4.8%, respectively; Figure 2B).
Conversely, the ABTS assay revealed no difference under biochar alone compared to the
control, but a significant reduction in radical inhibition under PGPMs alone, dropping
from 6.8% in the control to 2.4% in the treated plants (Figure 2C). This divergence between
DPPH and ABTS responses may arise from their different chemical sensitivities [60]: DPPH
primarily detects lipophilic antioxidants and certain phenolic classes, while ABTS also
responds to hydrophilic antioxidants [61,62]. The selective increase in DPPH inhibition
suggests that biochar, alone or in combination with PGPMs, stimulated the synthesis
and accumulation of lipophilic antioxidant compounds without substantially affecting
hydrophilic antioxidant pools. This result may indicate a possible priming mechanism
in which biochar-induced H2O2 accumulation in roots acts as a mobile redox signal, acti-
vating antioxidant metabolism in leaves through hormone-mediated signaling networks
involved in abiotic stress tolerance [63,64]. This mechanism would enhance plant resilience
against oxidative stress by promoting antioxidant accumulation prior to the induction of
oxidative damage [65].

 

Figure 2. Effects of biochar (char), plant growth-promoting microorganisms (PGPMs), and their
combination (comb) on (A) roots’ H2O2 content, (B) leaves’ radical inhibition percentage measured by
DPPH assay, and (C) leaves’ radical inhibition percentage measured by ABTS assay. Different letters
indicate significant differences among treatments according to Tukey’s HSD post hoc test (p < 0.05).
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Table 3. Mean values (up) and standard deviation (down) obtained for each treatment in the
corresponding analyses in leaves and roots, along with the p-values from the one-way ANOVA, for
cases where the differences were not significant.

Oxidative Stress Parameters
Untreated

(nt)
Biochar
(char)

PGPM
Biochar + PGPM

(comb)
p-Value

Roots lipidic
peroxidation−MDA assay (ng/mL)

1.15
±0.13

1.15
±0.27

1.25
±0.25

1.17
±0.15 0.91

Leaves lipidic
peroxidation−MDA assay (ng/mL)

10.1
±2.2

10.9
±0.6

10.2
±0.9

12.5
±1.3 0.16

Leaves H2O2 content
(μM)

3.95
±0.33

4.55
±0.99

4.13
±0.19

3.45
±0.62 0.40

Leaves cellular
respiration−TTC assay

(Abs λ = 530 nm)

0.26
±0.036

0.23
±0.028

0.22
±0.052

0.27
±0.086 0.65

Bold indicates EM values, normal style indicates SE.

3.4. Antioxidant Modulation in Roots and Leaves

The assessment of total soluble sugar content in roots and leaves serves as a useful
indicator of the plant antioxidant and metabolic response, reflecting their function as os-
moprotectants and modulators of ROS dynamics via sugar-derived signaling pathways,
particularly in systems affected by PGPM and biochar interactions. At the root level, the
inoculation with PGPMs, either alone or in combination with biochar, resulted in a marked
reduction (approximately 37%) in soluble sugar concentrations compared with the uninoc-
ulated control (Figure 3A). This decrease may reflect enhanced microbial metabolic activity
and carbon demand in the rhizosphere, with plant-derived carbohydrates being mobilized
to sustain microbial proliferation and root colonization. This interpretation aligns with
the observed decline in soil oxidizable carbon (POXC), indicating intensified use of labile
carbon fractions by the plant–microbe system. The concurrent depletion of both root sugars
and POXC supports the notion that PGPMs promote a dynamic carbon exchange between
plant tissues and soil microbial communities, thereby accelerating carbon turnover and
improving resource efficiency in the rhizosphere. Comparable responses have been docu-
mented in previous studies, where PGPM inoculation stimulated the mobilization of stored
carbohydrates in roots, leading to a reduction in sugar reserves that facilitated symbiotic
interactions and rhizodeposition processes [58,66]. Beyond this metabolic role, soluble
sugars also function as pivotal signaling molecules in root development, energy alloca-
tion, and stress-related pathways [67]. Therefore, the observed decline in root sugars may
not only represent enhanced microbial consumption but also a PGPM-induced metabolic
reprogramming aimed at optimizing carbon fluxes and enhancing the plant’s physiolog-
ical resilience [68]. Indeed, several PGPM strains have been shown to modulate carbon
metabolism by adjusting sugar partitioning between shoots and roots, enhancing carbon
allocation to metabolically active tissues, and improving carbon use efficiency [69]. The
pattern observed in leaves displayed an opposite trend: under biochar alone, soluble sugar
concentrations increased significantly by approximately 31.7% compared with the control
(Figure 3B), suggesting a possible shift in carbon partitioning between below- and above-
ground organs. This behavior may reflect reduced root carbon demand and enhanced
allocation of photoassimilates to the shoots, potentially driven by improved soil physical
conditions and nutrient availability associated with biochar amendment. Alternatively, the
accumulation of soluble sugars in leaves may represent an adaptive strategy to enhance
osmotic balance and to provide precursors for secondary metabolite biosynthesis, both
of which contribute to stress tolerance [68,69]. Notably, the increase in leaf sugar content
coincided with higher root H2O2 levels, suggesting a potential signaling link between
oxidative stress and carbohydrate metabolism. Exogenous or endogenous H2O2 generated
in roots is known to act as a systemic signal that triggers sugar accumulation in leaves,
thereby priming plants to counteract abiotic stress conditions through the reinforcement of
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antioxidant and protective metabolic pathways [64]. This increase in root H2O2 content
observed under biochar alone did not translate into significant changes in the activity of
key antioxidant enzymes (SOD, POD, CAT, and APX) in either roots or leaves, nor did it
interfere with photosynthetic activity (Table 4). Similarly, total protein content remained
statistically unchanged across treatments in both organs (Table 4), indicating that the oxida-
tive signal induced by biochar was not associated with generalized protein degradation
or stress-induced metabolic suppression. In contrast, the non-enzymatic antioxidant pro-
file assessed through proline (Figure 3C), ascorbic acid (Figure 3D), and total phenolic
content (Figure 3E), revealed a distinct response. Biochar alone had a limited influence
on these metabolites, while PGPM inoculation alone resulted in a significant reduction
in all three parameters (66.0%, 18.0%, 45.7%, respectively), indicating a downregulation
or redistribution of antioxidant and osmolyte metabolism. Interestingly, when PGPMs
were combined with biochar, however, metabolite levels were restored to values compa-
rable to, or even exceeding, those of the control, suggesting that the presence of biochar
mitigated the reduction induced by PGPMs alone. This pattern supports the hypothesis
of a priming mechanism, wherein the moderate H2O2 accumulation observed in roots
exposed to biochar may function as a systemic signal that activates antioxidant defenses
in the leaves through hormonal and redox-mediated signaling pathways associated with
abiotic stress tolerance [63,64] prior to the induction of enzymatic defenses or oxidative
damage [65]. Furthermore, different species of PGPMs (like Pseudomonas spp.) are known
to trigger secondary metabolism, stimulating phenolic and flavonoid synthesis through
defense pathway activation [57,70]. The enhanced antioxidant response observed under
the combined biochar–PGPM treatment, in contrast to the suppression seen with PGPMs
alone and the limited effects of biochar alone, suggests a synergistic interaction between
the two components: biochar may act as a physical and chemical reservoir for microbial
metabolites or signaling molecules, prolonging their bioavailability in the rhizosphere and
amplifying their systemic effects on plant metabolism, optimizing redox balance and plant
capacity for metabolic adjustment under stress-related conditions.

Table 4. Mean values (up) and standard deviation (down) for each treatment in the corresponding
analyses in leaves and roots, along with the p-values from the one-way ANOVA, for cases where the
differences were not significant.

Antioxidants Parameters
Untreated

(nt)
Biochar
(char)

PGPM
Biochar + PGPM

(comb)
p-Value

Chlorophyll A content
(mg/g FW)

0.50
±0.004

0.53
±0.029

0.55
±0.030

0.51
±0.024 0.11

Chlorophyll B content
(mg/g FW)

0.54
±0.091

0.69
±0.068

0.72
±0.052

0.75
±0.104 0.06

Carotenoids content
(mg/g FW)

0.164
±0.009

0.174
±0.004

0.178
±0.009

0.169
±0.008 0.21

Leaves total protein content
(BSA μg/mL)

392.03
±28.74

438.13
±83.61

387.57
±38.26

470.62
±33.08 0.22

Leaves SOD activity
(I%)

54.77
±13.79

52.29
±4.44

50.56
±3.88

55.89
±5.22 0.84

Leaves POD activity
(U/mL)

0.096
±0.018

0.127
±0.033

0.109
±0.036

0.115
±0.032 0.68

Leaves CAT activity
(U/mL)

0.205
±0.085

0.086
±0.047

0.108
±0.013

0.103
±0.029 0.36

Leaves APX activity
(U/mL)

0.272
±0.071

0.539
±0.111

0.545
±0.250

0.401
±0.128 0.18

Roots total protein content
(BSA μg/mL)

223.11
±50.95

225.45
±18.34

247.83
±23.98

251.82
±9.58 0.56

Roots SOD activity
(I%)

45.01
±3.00

47.70
±2.55

44.31
±3.63

48.90
±6.18 0.50

Roots POD activity
(U/mL)

0.634
±0.10

0.661
±0.11

0.705
±0.20

0.739
±0.08 0.78
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Table 4. Cont.

Antioxidants Parameters
Untreated

(nt)
Biochar
(char)

PGPM
Biochar + PGPM

(comb)
p-Value

Roots CAT activity
(U/mL)

0.043
±0.012

0.063
±0.040

0.048
±0.031

0.124
±0.099 0.33

Roots APX activity
(U/mL)

0.925
±0.080

0.896
±0.338

0.921
±0.171

1.354
±0.291 0.14

Bold indicates EM values, normal style indicates SE.

Figure 3. Effects of biochar (char), plant growth-promoting microorganisms (PGPMs), and their
combination (comb) on (A) roots’ total soluble sugar content, (B) leaves’ total soluble sugar content,
(C) leaves proline content, (D) leaves’ ascorbic acid content, and (E) leaves’ total phenolic content
(TPC). Different letters indicate significant differences among treatments according to Tukey’s HSD
post hoc test (p < 0.05).

3.5. Integrated Multivariate Insights into Plant–Soil System: A Decryption Key

Multivariate analysis provided an integrated view of the plant–soil system, revealing
consistent patterns across scales. Pearson correlation was applied to assess the correlation
among different physiological and biochemical attributes, which were schematized in a
correlation matrix and a chord diagram (Figures 4 and S2).

With regard to soil variables, negative correlations were identified between EC, pH,
and protein content in roots (r Protein). In addition, pH was positively correlated with
soil CO2 content and negatively correlated with H2O2 content in leaf samples (l H2O2).
Enzymatic activity (s FDA) showed a strong negative correlation with root H2O2 (r H2O2)
and leaf sugar content (l Sugar), with p values of 0.009 and 0.001, respectively. A negative
correlation was also observed between active C and root catalase (r CAT). Soil respiration
(s CO2) was negatively correlated with l H2O2. For plant parameters, a negative correlation
was found between lipid peroxidation in roots (r MDA) and certain antioxidant enzymes in
leaves (l SOD; l POD). Conversely, leaf lipid peroxidation (l MDA) was positively correlated
with total phenolic content (l TPC) and with root protein content (r Protein). Root hydrogen
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peroxide content exhibited a positive correlation with l POD and was also closely correlated
with leaf sugar levels (p = 0.00003). Positive correlations among enzymatic parameters were
evident, including r SOD with l POD and l vitamin C; r CAT and r APX with cell viability
(l TTC); and, in leaves, l APX with one of the photosynthetic pigments (l Car). Regarding
pigments, a robust positive correlation (p = 0.002) was identified between chlorophyll
a (l Chl A) and carotenoid content (l Car), accompanied by a negative correlation with l TPC.
Proline levels (l Proline) showed a strong positive correlation with biochemical indicators
of antioxidant status, namely l ABTS, l TPC, and l Vit C, with p values of 0.009, 0.003, and
0.008, respectively. The correlation between leaf sugar content and root H2O2 suggests
that increased hydrogen peroxide in roots is associated with enhanced primary metabolic
activity, leading to elevated sugar accumulation in leaves, a metabolic interaction consistent
with previous reports [64]. A contrasting relationship between these two parameters (root
hydrogen peroxide and leaf sugar content) emerged in the context of soil enzymatic activity,
a pattern not yet explored in depth in the literature and potentially offering a starting point
for future mechanistic studies. Proline content in leaves was positively correlated with
ABTS reduction, total phenolic content, and vitamin C content, indicating a synergistic
antioxidant response to oxidative stress. In tomato plants, it is well documented that
proline content correlates positively with vitamin C, phenolic content, and antioxidant
activity measured by the ABTS assay [71]. Moreover, a positive correlation between Chl
A and carotenoids was also observed, highlighting the co-regulation of chlorophyll and
carotenoid biosynthesis during plastid development and pigment accumulation, as well as
the potential accumulation of photosynthates in the fruit [72].

Figure 4. Pearson correlation matrix between the analysed parameters. Positive correlations are
shown in blue and negative correlations in red. The colour intensity is proportional to the correlation
value, as shown by the scale below (from 1 to −1). Significant correlations are highlighted with
asterisks: p-value <0.05 (*); p-value <0.01 (**); and p-value <0.001 (***). The letters s, l, and r were
used to represent soil, leaves, and roots, respectively. To distinguish between the various substrates
of the matrix under consideration, the parameters were assigned a letter: s for soil, r for roots,
and l for leaves.
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PCA performed on the different datasets clearly separated the four experimental
conditions, identifying the microbial inoculum and the combined biochar strategy as
the main drivers of system perturbation. In the soil dataset (Figure 5A), the microbial
component, explaining 55.8% of the total variance, was associated with changes in soil-
level activity, whereas the second component, related to biochar application and accounting
for 19.8% of the total variance, aligned with previous findings attributing such effects to
biochar’s adsorptive properties or the release of potentially toxic compounds [43,44]. When
biochar was combined with PGPMs, microorganisms appeared to exploit biochar surfaces
as protective niches, ultimately contributing to the restoration of soil metabolic dynamics
and highlighting the effectiveness of this combined strategy [45]. This evidence supports
the concept of biochar functioning as an ecological carrier that enhances microbial resilience
when co-applied with beneficial microorganisms [73]. Root responses provided further
insight (Figure 5B), with the microbial factor (alone or in combination) emerging as a major
source of variation (30.2% of the total variance), while biochar alone was projected along
axes dominated by H2O2, confirming a localized oxidative stress response. In contrast,
inoculated treatments, particularly the biochar–PGPM combination, were associated with
metabolic and protein-related parameters, indicating a broader metabolic adjustment. This
outcome can be explained by the release of phytohormones and metabolites by PGPMs such
as Pseudomonas fluorescens and Azotobacter chroococcum, which contribute to plant carbon
demand and redox balance regulation [58,74]. The reduction in root sugars under PGPM
treatments, also captured by PCA, may therefore reflect not only microbial consumption
but also plant-driven reallocation of carbon towards defense and shoot growth, in line
with the signaling role of sugars [68,69]. In leaves (Figure 5C), all treatments were clearly
separated, predominantly along gradients defined by antioxidant traits, whereas single-
factor treatments were less discriminant, with the first two components together explaining
only 51.7% of the total variance. This pattern suggests that the combined biochar–PGPM
treatment elicits a systemic antioxidant response, likely aimed at counteracting potential
oxidative stress through enhanced ROS scavenging [75].

These findings provide a statistical interpretation of the complex system under in-
vestigation and indicate that the biochar–PGPM interaction may trigger systemic priming
without measurable oxidative damage, whereby root-derived ROS and hormonal signals
induce the accumulation of defensive metabolites in shoots, preparing plants for envi-
ronmental stress while preserving cellular homeostasis [63,65]. The selective increase in
antioxidant activity detected by the DPPH assay, which reflects lipophilic antioxidant
pools, supports the activation of secondary metabolic pathways associated with long-term
adaptation [61,62]. The absence of these effects under PGPMs alone, together with the
limited responses observed under biochar alone, highlights the synergistic nature of the
combined treatment in both mitigating root oxidative stress and activating systemic defense
responses. Taken together, the three PCA analyses converge on a coherent interpretation:
biochar alone introduces potentially detrimental perturbations; PGPMs alone partially
improve root status without inducing strong systemic effects; whereas their combination
converts biochar-induced stress into a beneficial signal that primes systemic defense. This
underscores the importance of evaluating the integrated plant–soil level, while accounting
for dynamic environmental interactions [76].

Several biochemical variables showed clear trends; however, a number of parameters
did not reach statistical significance (p > 0.05), reflecting the inherent variability of pot
experiments and the absence of imposed abiotic or biotic stress. In addition, the experiment
lasted only three months and did not include measurements of fruit yield or quality, thereby
constraining the assessment of physiological and biochemical responses to the vegetative
growth stage. These limitations restrict the extrapolation of the findings to broader field
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conditions and longer cropping cycles. Future work should therefore incorporate defined
stress treatments, extended field trials, and metabolomic profiling for higher biochemical
resolution, together with yield-level assessments.

 

Figure 5. Principal component analysis (PCA) of soil (A), root (B), and leaf (C) parameters under
different treatments: untreated control (nt), biochar (char), plant growth-promoting microorganisms
(PGPMs), and their combination (comb). Vectors indicate the contribution of individual variables to
the variance, while points represent the distribution of treatments across principal components.

4. Conclusions

From an applied perspective, the co-application of biochar and PGPMs emerges as a
promising and sustainable strategy that may potentially prime plants toward enhanced
defensive capacity, particularly under the increasing frequency of environmental stressors
associated with climate change. As global agriculture faces intensified drought, heat, and
nutrient imbalances, optimizing beneficial interactions within the plant–soil system will
be crucial to improve resource-use efficiency, reduce dependence on chemical inputs, and
sustain productivity in degraded or marginal soils. Future field-scale investigations should
therefore aim to verify whether these greenhouse results translate into yield benefits and
improved stress tolerance under realistic climatic fluctuations and across diverse crop
systems, although current evidence strongly supports their integrated use as a tool for
future agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14121482/s1, Table S1. Physico-chemical characterization
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of biochar utilized in the experiments. Details on the methods utilized are reported in Marmiroli
et al. (2022) [77]. Figure S1. Structures (A) and EDX spectra of biochar (B). Biochar was assessed
using an ESEM FEG2500 FEI Environmental Scanning Electron Microscope (FEI Europe, Eindhoven,
Netherlands) with energy-dispersive X-ray spectroscopy (EDX). Methods utilized are described in
Marmiroli et al. (2022) [77]. Figure S2. A chord diagram illustrating the significant interactions
between the analysed parameters (p < 0.05). Positive correlations are indicated by blue chords, while
negative correlations are indicated by red chords. Statistically significant correlations with p < 0.01
are highlighted with a black border, while those with p < 0.001 are highlighted with a thick, dotted
black line along the respective chords.
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Abstract

Drought is one of the major abiotic stresses threatening maize production globally. Under
drought stress, maize plants produce excessive reactive oxygen species (ROS), leading to
oxidative damage. The apoplast, as the site of substance and signal exchange between
plant cells and the external environment, is an important location for the production of
ROS under drought stress. Elucidating the ROS scavenging mechanisms in the apoplast is
crucial for understanding plant stress responses. However, there is still a lack of research
on the ROS scavenging enzymes in maize apoplast and their mediated signaling pathways.
We verified that maize peroxidase Prx25 (ZmPrx25) is localized in the apoplast, it scan
scavenge hydrogen peroxide (H2O2), and we systematically investigated the responses of
the apoplastic ZmPrx25-ROS system to osmotic stress. ROS accumulate in the apoplast
of maize mesocotyl in response to osmotic stress and transmit the external osmotic stress
signals from the apoplast to the inner cellular compartments. The expression of ZmPrx25
is highly upregulated in the meristematic regions of maize seedlings under osmotic and
oxidative stress. Overexpression of ZmPrx25 in Arabidopsis promoted seed germination and
plant growth, significantly enhancing tolerance to osmotic and oxidative stress. This study
provides a new perspective on the role of Prx25 in scavenging ROS under drought stress.

Keywords: reactive oxygen species; osmotic stress tolerance; maize apoplast; peroxidase

1. Introduction

With the intensification of global warming, drought has become one of the major
abiotic stresses leading to declining grain production [1]. Maize (Zea mays L.), an important
food crop and a typical C4 plant, often exhibits phenotypes such as plant wilting and a
reduced leaf growth rate under drought stress. Particularly, prolonged drought during the
flowering and grain-filling stages can lead to production loss or even complete crop failure
in maize [2]. Under drought conditions, maize typically enhances its drought resistance by
closing stomata and improving its osmotic adjustment capacity [3]. However, the molecular
mechanisms underlying these adaptive strategies remain poorly understood. Therefore,
a thorough understanding of the molecular mechanisms underlying maize responses to
drought provides a theoretical basis for future strategies aimed at mitigating yield losses.
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In various stress environments, plants exhibit a common characteristic during the early
response stage—the production of ROS [4]. ROS are important stress signaling molecules in
plant cells, and their generation and signal transduction mechanisms have always been a hot and
challenging research focus at the forefront of plant stress biology [5]. Plant cells can sense external
stress and internal metabolic disturbance signals across various subcellular compartments, and
in response, they generate ROS. The main sites of ROS production include chloroplasts [6],
mitochondria [7], peroxisomes [8], plasma membranes [9], and the apoplast [10]. Apart from
the apoplast—where antioxidant capacity is comparatively low—surplus intracellular ROS are
eliminated via antioxidant systems. This process serves to maintain redox homeostasis and
ward off oxidative damage [10]. Currently, the processes of ROS production and signaling in
intracellular organelles such as chloroplasts [11], mitochondria [12], and peroxisomes [13] are
well understood [14]. However, the processes of ROS scavenging and signaling in the apoplast
are still poorly understood.

The apoplast is a continuous system that consists of cell walls, intercellular spaces,
and dead cell lumens (such as vessels), filled with liquid or air, with cell walls as the main
structural component [15]. As a dynamic open region, the apoplast functions as a site where
substances and signals are exchanged among plant cells, encompassing many physiological
processes, mainly involved in the storage and transport of nutrients and water, cell wall
synthesis, and cell growth [10]. As one of the most susceptible areas to environmental stress,
the importance of the apoplast in the early perception of environmental stress signals is
self-evident [10]. A growing body of evidence demonstrates that apoplastic ROS function is
a pivotal early signaling molecule, orchestrating plant growth, development, and adaptive
responses to both biotic and abiotic stresses [14,16]. Pathogen infection, drought, salt,
low-temperature stress, and soil pollution can all affect physiological processes occurring
in the apoplast, leading to increased apoplastic pH and ROS accumulation [16,17]. For
example, both drought stress and pathogen attack can trigger the rapid production of ROS
in the apoplast, which is essential for stomatal closure [18]. Apoplastic ROS can occur
independently of stress-induced abscisic acid (ABA) signaling under water stress, but their
levels are also regulated by ABA signaling [19].

Apoplastic peroxidase (Prx) belongs to the plant-specific, Class III peroxidase
(EC:1.11.1.7), whcih participates in cell elongation, cell wall component synthesis, camalexin
synthesis, auxin metabolism, and plays an indispensable role in the process of clearing
ROS [20]. Under biotic or abiotic stress, apoplastic Prx activity generally significantly in-
creases [21,22]. Under biotic stress, gene knockout studies in Arabidopsis have demonstrated
that the presence of a positive feedback mechanism enhances the defense level of apoplastic
ROS signaling [23–25]. In maize, apoplastic Prx35 is associated with seed responses to
insects and mechanical damage, and the resistance mechanisms in maize against corn
borers and cutworms that Prx35 is involved in are independent of each other [26]. Under
abiotic stress, Arabidopsis plants overexpressing AtPrx3 exhibit higher salt tolerance, and
wheat plants overexpressing TaPrx109-B1 enhance drought resistance [27,28]. In maize, it
has been observed that the apoplast might be the earliest site for the detection of exogenous
ABA treatment in leaves [29]. Under water stress, the levels of ROS in the apoplast of the
maize root growth zone are spatially regulated, and this response holds a vital position in
the adaptation of roots to osmotic stress [30]. However, the key Prx responsible for ROS
scavenging in the maize apoplast remains unclear.

This study aims to elucidate the role of the maize apoplastic peroxidase ZmPrx25
in ROS homeostasis and drought tolerance by analyzing its tissue-specific expression,
subcellular localization, in vitro enzymatic activity, and functional contribution under
osmotic and drought stress.
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2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Materials used included hybrid Zhengdan958 and inbred line Chang7-2t. Zheng-
dan958 is currently widely cultivated in China; Chang7-2t was a drought-tolerant mutant
line that was produced by us via 60Co-γ irradiation of Chang7-2 seeds [31]. Maize seeds
were surface-disinfected with 1% NaClO for 15 min, rinsed thoroughly, soaked for 12 h,
evenly placed in seedling trays, and incubated in darkness at 28 ◦C in a plant growth
chamber. Half of the etiolated seedlings were subjected to 15% PEG-6000 treatment tar-
geting the mesocotyl, and the other half were used as controls. After stress treatment,
the mesocotyl was collected for Prx activity, as well as ROS and H2O2 levels. Similarly,
for gene expression and physiological analysis, etiolated maize seedlings were separated
into two groups: one half was exposed to root stress induced by 15% PEG-6000, while the
other half served as untreated controls. Tissues were collected for downstream assays. For
protein level analysis, seedlings were further divided into three subgroups: (1) one-third
received 15% PEG-6000 root stress for 60 min; (2) the remaining two-thirds were pretreated
with either 2 mM of NaN3 or 0.2 mM of DPI on roots for 15 min, followed by 10% PEG-6000
stress on the mesocotyl for 60 min. The stress treatment apparatus is shown in Figure S1.

Arabidopsis lines were Columbia-0 (Col-0) and ZmPrx25-overexpressing Arabidopsis.
Seeds were surface-sterilized first in 70% ethanol for 5 min, then rinsed with sterile water,
and finally treated with 1% NaClO for 5 min. The sterilized seeds were sown on MS
medium, vernalized in darkness at 4 ◦C for 48 h, and then transferred to a growth chamber
(22 ◦C, 16 h light/8 h dark). After 7 d, the seedlings were transplanted into soil composed
of a 1:1 mixture of vermiculite and nutrient soil. Some plants were normally irrigated for
15 d, followed by 15 d of drought treatment, after which survival rates were recorded. The
remaining plants were irrigated for 21 d and then subjected to drought for 10 d to monitor
bolting and physiological indices.

2.2. Isolation of Apoplastic Fluid

Apoplast isolation was performed using established methods for maize leaves [32,33].
Mesocotyl segments (about 2.5 cm in length) were washed three times with deionized water,
immersed in 10% methanol, and vacuum-infiltrated at −45 kPa for 20 min at room temperature.
The segments were bundled together using sealing film. These bundles were placed into 15 mL
conical centrifuge tubes equipped with plastic mesh at the bottom and centrifuged at a low
speed (1000× g, 10 min, 4 ◦C). The liquid collected at the bottom of the tube was considered
apoplastic fluid, which was either used immediately or stored at −80 ◦C for future use.

2.3. Light Microscopy and ROS In Vivo Visualization

Mesocotyl sections were stained with iodine or safranin-fast green and observed under a
light microscope. ROS detection was completed using a H2DCFDA fluorescent probe (Merck
D6883, Rahway, NJ, USA) [34]. Maize seedlings were treated with 50 μM of H2DCFDA/PBS
(pH 7.4) mist for 30 min. After osmotic stress treatment of the mesocotyl with 10% PEG
6000 + 2% agar for varying durations, the mesocotyls were imaged using an IVIS Lumina S5
fluorescence imaging system (excitation 480 nm/emission 520 nm, f/2, exposure time 2 s).

2.4. Bioinformatic Analysis of Prx

Prx family gene sequences were retrieved from the NCBI databases, and 30 maize Prx
members were identified that are highly homologous to ZmPrx25. Conserved motif analysis
was performed using the M; MEME suite. Subcellular localization was predicted based on
UniProt annotations combined with Plant-mPLoc analysis. The Cis-acting elements in the
ZmPrx25 promoter were recognized through the PlantCARE database.
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2.5. Transcriptome Profiling by RNA-Seq

Following the isolation of total RNA from 100 mg of leaf tissue using a Qiagen kit
(Qiagen, Hilden, Germany), mRNA was enriched via poly (A) selection and sequenced
on a BGIseq500 platform (BGI, Shenzhen, China). Raw reads were quality-controlled
by removing adapters and low-quality sequences with SOAPnuke. Alignment to the
maize reference genome (GCF_000005005.2_B73_RefGen_v4) was performed using HISAT2
(version 2.0.5) [35]. DESeq2 (version 1.34.0) was applied to identify DEGs based on a
threshold of |log2FC| ≥ 1 and a q-value ≤ 0.05 [36]. The raw data have been deposited in
the EBI-ENA (https://www.ebi.ac.uk/ena/browser/home, access data 29 August 2025)
under accession E-MTAB-11413.

2.6. Expression Analysis of ZmPrx25 and qRT-PCR Validation

To verify the expression of ZmPrx25 genes under stress conditions, quantitative reverse
transcription PCR (qRT-PCR) was performed, with ZmUBI (GRMZM2G027378) as the
internal standard. The procedures for RNA extraction and qRT-PCR were as described in
previous work [37], and the calculation of relative gene expression was performed via the
2−ΔΔCT method [38]. The gene-specific primers were listed in Table S1

2.7. Expression and In Vitro Hydrolysis of the Recombinant ZmPrx25 Protein

The coding sequence (CDS) of ZmPrx25 (GenBank accessions: LOC100192603,
Zm00001d028348) was amplified from maize cDNA, with BamHI and XhoI restriction
enzyme sites introduced during amplification. The recombinant ZmPrx25 protein was ex-
pressed in E. coli Rosetta (DE3) cells harboring the pET30a (+)−CDS construct. Expression
was induced with 0.2 mM or 0.5 mM of isopropyl-β-D-thiogalactopyranoside IPTG and
was carried out at 28 ◦C for 14 h. The cultures were centrifuged (5000× g, 5 min, 4 ◦C)
to collect cell pellets. Then, the cultures were washed with PBS, lysed by boiling, and
analyzed using SDS-PAGE to verify protein expression. For protein purification, the cell
pellets were resuspended in PBS and lysed by sonication. The lysates were centrifuged
to collect the supernatants, which were subjected to affinity purification using Ni-NTA
agarose. The bound proteins were recovered using an imidazole gradient, and their purities
and sizes were assessed by SDS-PAGE. To further verify the recombinant protein, samples
were electrophoretically transferred onto PVDF membranes and analyzed by Western
blotting with the anti-His antibody. After incubation with a secondary antibody, signals
were detected using an appropriate imaging system. Prx activity was determined using the
guaiacol assay.

2.8. Transient Expression of ZmPrx25

Transient transformation of tobacco was performed according to the methods of [39]. The
CDS of ZmPrx25 was amplified with SalI/BamHI restriction sites from maize cDNA, cloned,
and inserted into the pCAMBIA1302 vector. Tobacco plants were grown for 4–5 weeks under a
16 h light/8 h dark photoperiod at 25 ◦C. The recombinant Agrobacterium tumefaciens carrying
the pCAMBIA1302-ZmPrx25 construct was grown in antibiotic-supplemented LB broth at 28 ◦C
with shaking (200 rpm) for 24 h until turbidity was reached. The bacterial culture (1 mL) was
added to 50 mL of antibiotic-containing LB medium and grown to an OD600 of 0.5–0.6. Cells
were harvested by centrifugation and resuspended in infiltration buffer (10 mM of MgCl2,
10 mM of MES, 200 μM of acetosyringone) to a final OD600 of 1.0. Silwet-L77 was then added at
a ratio of 1:1000, and the suspension was incubated at room temperature for 2–3 h. Tobacco
leaves were infiltrated on the abaxial side with the bacterial suspension using a syringe, and
the infiltration sites were marked. After infiltration, the plants were kept in darkness for 24 h
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and then transferred to 21 ◦C for an additional 2 d of growth. Fluorescence was observed using
confocal laser scanning microscopy.

Transient transformation of onion epidermis was performed according to the method
described by [40]. The CDS of ZmPrx25 was amplified with SalI/BamHI restriction sites
from maize cDNA, cloned, and inserted into the pYFPLT-C1 vector. The inner epidermis
of onion bulb scales was peeled under sterile conditions and incubated in the dark on MS
solid medium for 24 h. The epidermal tissue was immersed in a suspension of recombinant
A. tumefaciens carrying the pYFPLT-ZmPrx25 vector (OD600 = 1.0) for 30 min, then trans-
ferred to MS medium for co-cultivation at 28 ◦C under a 16 h light/8 h dark photoperiod
for 2 d. Plasmolysis was induced by treatment with a 30% sucrose solution for 10–20 min,
and YFP fluorescence was detected using confocal laser scanning microscopy.

2.9. Generation of Arabidopsis Lines Overexpressing ZmPrx25

The pCAMBIA1302-ZmPrx25 vector was introduced into A. tumefaciens strain GV3101
and cultured on LB agar plates containing 50 μg/mL of kanamycin and 25 μg/mL of ri-
fampicin at 28 ◦C for 48 h. A single positive colony was picked and grown in liquid medium
to an OD600 of 1.0. Bacterial suspension was collected by centrifugation and resuspended in a
solution containing 10% sucrose and 0.01% Silwet-77 (OD600 = 1.0), then used to transform
Arabidopsis at the bolting stage via floral dip. After 24 h of dark incubation, the plants were
returned to normal growth conditions, and the infection procedure was repeated 2–3 times at
5–7 d intervals. T0 seeds were harvested, and positive transformants were screened by PCR,
followed by the identification of high-expression lines using RT-qPCR. Two lines exhibiting the
highest expression of ZmPrx25 were continuously self-crossed, resulting in the establishment
of homozygous transgenic lines by the T3 generation for further analysis.

2.10. Measurement of Plant Phenotype and Physiological-Biochemical Indices

Arabidopsis seeds were surface-sterilized and cultured for 3 d, during which seed
germination was monitored. The primary root length of 7 d seedlings was measured. The
bolting status of 30 d Arabidopsis plants was recorded. Each trait was recorded with at
least three biological replicates. The activities of superoxide dismutase (SOD), Prx, catalase
(CAT), and the content of malondialdehyde (MDA) in plants were determined using
kits from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China), following the
visible spectrophotometry method, with kit numbers BC0170, BC0090, BC0205, and BC0020,
respectively. SOD activity was determined based on a xanthine/xanthine oxidase reaction
system that generates superoxide anions (O2−), which reduce nitroblue tetrazolium (NBT)
to form a blue formazan product with a characteristic absorption at 560 nm. SOD inhibits
formazan formation by scavenging O2−, and its activity is negatively correlated with the
absorbance at 560 nm. Prx activity was calculated by detecting the change in absorbance at
470 nm resulting from its catalysis of H2O2 oxidation of a specific substrate. CAT activity
was quantified by monitoring the rate of decrease in the characteristic absorption peak
of H2O2 at 240 nm due to its catalytic decomposition. MDA content was derived based
on its condensation with thiobarbituric acid (TBA) under acidic and high-temperature
conditions to produce a brownish-red product with maximum absorption at 532 nm, using
the absorbance value for calculation. The specific experimental steps were carried out
according to the instruction manual.

3. Results

3.1. Apoplastic ROS Accumulate Under Osmotic Stress

The maize mesocotyl, which connects the coleoptile node and the base of the seed root,
plays a critical role in seedling responses to drought, waterlogging, extreme temperatures,
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and pathogen invasion [41–43], inducing stress-related ROS accumulation. Microscopic
observations of both longitudinal and cross sections of the mesocotyl revealed that the
outermost layer comprised small epidermal cells with thin walls, enclosing the inner
cortex and central vascular tissue. The cortical cells were irregular in shape and exhibited
large intercellular spaces (Figure 1A,B). These structural features may facilitate the rapid
transmission of environmental stress signals via the apoplastic pathway.

Figure 1. Cellular structure of the maize mesocotyl and ROS fluorescence and detection of apoplastic
Prx activity under osmotic stress. (A) Cellular structure of the maize mesocotyl. Longitudinal and
transverse sections of maize mesocotyl after 132 h of dark treatment, stained with safranin-fast green.
Cellulose-rich cell walls appear as green, while lignified or suberized cell walls appear as red. Red
lines represent the scale bars, 200 μm. (B) Apoplastic ROS fluorescence detection in mesocotyl under
15% PEG 6000 stress. Control, 2% agar; Stress, mesocotyl treated with 2% agar containing 10% PEG
6000 for 30 min. Red fluorescence indicates a significant ROS increase. White lines represent the
scale bars, 200 μm. (C) Assay of apoplastic Prx activity in maize mesocotyl under osmotic stress.
Control, distilled water; Osmotic stress, the mesocotyl was treated with 15% PEG 6000 for 4 h. All
experimental data are expressed as mean ± SD. Asterisks indicate statistically significant differences
from the control (* p < 0.05, analyzed using Student’s t-test).

To investigate apoplast-specific ROS signaling and transmission under osmotic stress,
mesocotyls were treated with 15% PEG 6000. Frozen sections of the mesocotyl stained with
dihydroethidium (DHE) and observed under a fluorescence microscope revealed a marked
accumulation of ROS in the cell wall and extracellular regions 30 min after osmotic stress
treatment, compared to the control, and the ROS signal then progressed inward toward
the mesocotyl interior, while intracellular ROS remained at low levels (Figure 1B). This
suggests that the observed ROS accumulation is a result of apoplastic sensing of osmotic
stress, and that the mesocotyl can sensitively perceive external osmotic stress and transmit
the signal inward via apoplastic ROS. Furthermore, Prx activity assays showed a significant
increase in apoplastic Prx activity under osmotic stress (Figure 1C), combined with the
pattern of ROS accumulation and changes in Prx activity under osmotic stress, suggesting
that plants may regulate apoplastic ROS levels by upregulating Prx activity.

3.2. Screening for the Major Prx Responsible for Apoplastic ROS Metabolism

To determine the major Prx responsible for apoplastic ROS metabolism under osmotic
stress, we analyzed the changes in the mesocotyl transcriptomes of Chang7-2t plants exposed
to osmotic stress. We identified significant changes in the expression of five Prx genes and
Rboh4. Among these, the expression level of the ZmPrx25 gene significantly increased, while
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the expression of Rboh4 only increased slightly. The expression levels of the other four Prx
genes showed varying degrees of increase or decrease, with the corresponding enzymes
located in the apoplast or plasma membrane (Figure 2A). Subsequently, qRT-PCR confirmed
that the ZmPrx25 gene was significantly expressed in the roots, mesocotyls, and leaves of
maize seedlings, with the highest expression in the mesocotyl (Figure 2B). the expression
trend in the mesocotyl was consistent with the RNA-Seq results mentioned above.

Figure 2. Transcriptomic analysis of ZmPrx expression and protein-level validation of ZmPrx25. (A) RNA-
Seq Analysis of Prx and Rboh Gene Expression in Maize mesocotyl under Osmotic Stress. Log2 > 0,
upregulated; Log2 < 0, downregulated. Protein localization based on UniProt annotation. (B) The
expression of ZmPrx25 was assessed using qRT-PCR. Chang 7-2t roots grown in darkness for 108 h were
treated with 10% PEG 6000 for 90 min, after which ZmPrx25 expression levels were examined in different
organs. All experimental data are expressed as mean ± SD. Asterisks indicate statistically significant
differences from the control (* p < 0.05, ** p < 0.01, analyzed using Student’s t-test). (C) Prx activity in the
mesocotyl apoplast at different pH levels. (D) Detection of mesocotyl apoplast Prx activity in the presence
of specific inhibitors. Prx activity is sensitive to NaN3 but not to DPI. Stress, 60 min of Mannitol stress
on the mesocotyl; Control, distilled water; Stress + NaN3, roots were pretreated with 2 mM of NaN3 for
15 min, followed by 10% PEG 6000 stress applied to the mesocotyl for 60 min. Stress + DPI, roots were
pretreated with 0.2 mM of DPI for 15 min, followed by 10% PEG 6000 stress applied to the mesocotyl
for 60 min, apoplastic proteins from the mesocotyl were separated by IEF. Treatment with stress + DPI
indicated that Prx activity was predominantly located at pI 6.6. (E) SDS-PAGE analysis of the protein.
Lane M, protein marker; Lane 1, proteins extracted from the upper 1 cm segment of the mesocotyl; Lane 2,
proteins extracted from the lower 1 cm segment of the mesocotyl; Lane 3, proteins extracted around the
pI 6.6 of the gel strips. (F) The results of mass spectrometry identification for the 36 kD band.
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Upon isolating the extracellular fluid from the mesocotyl, Prx activity was measured at
different pH values, and it was found that Prx activity was higher under acidic conditions
(Figure 2C). Based on the sensitivity of Prx to NaN3 and its insensitivity to DPI, roots
were pretreated with 2 mM of NaN3 and 0.2 mM of DPI, followed by osmotic stress using
10% PEG 6000. Subsequently, apoplastic proteins were separated by isoelectric focusing
(IEF), successfully identifying the position of the major Prx induced by osmotic stress on
the IEF strip (arrow; Figure 2D). The protein band at pI 6.6 was isolated, and proteins were
extracted and analyzed via SDS-PAGE followed by Coomassie blue staining. A band at
36 kDa showed a molecular weight similar to ZmPrx25. The 36 kDa band (Figure 2E,F) was
excised for mass spectrometry analysis, which identified ZmPrx25 as the major protein.
Analysis of both transcriptomic and protein level demonstrated that ZmPrx25 may be the
key enzyme in the apoplast of maize mesocotyl in response to osmotic stress.

3.3. Transient Expression and Promoter Analysis of ZmPrx25

To determine the transient expression of ZmPrx25, we constructed pCAMBIA1302-
ZmPrx25 and pYFPLT-ZmPrx25 vectors and transiently expressed them in Nicotiana ben-
thamiana and onion epidermal cells, respectively. Fluorescence observation in N. benthami-
ana indicated that ZmPrx25 was localized to the plasma membrane or cell wall (Figure 3A).
Further plasmolysis experiments in onion epidermal cells confirmed that ZmPrx25 specifi-
cally localized to the cell wall (Figure 3B), which was consistent with the prediction in the
UniProt database. Additionally, bioinformatic analysis revealed that the promoter region of
ZmPrx25 contains multiple cis-elements that are responsive to drought, low temperatures,
and hormones, including ABA, gibberellins (GA), and IAA (Figure 3C), suggesting that this
gene may be involved in drought stress response and developmental regulation in maize.

Figure 3. Transient expression and promoter cis-element analysis of ZmPrx25. (A) Transient expres-
sion of ZmPrx25 in N. benthamiana epidermal cells. (B) Transient expression of ZmPrx25 in onion
epidermal cells after plasmolysis. Merge, overlay of two kinds of signals; GFP, green fluorescence
signal; Bright field, image under light field. Red lines represent the scale bars, 100 μm. (C) Cis-acting
elements in the ZmPrx25 promoter.
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3.4. Enzyme Activity of the Recombinant ZmPrx25 Protein

To determine whether ZmPrx25 can scavenge ROS, the prokaryotic expression vector
pET30a (+)−ZmPrx25 was transformed into E. coli competent cells (Figure 4A), which
expressed recombinant ZmPrx25. Upon induction with 0.2 mM of IPTG for 12 h, 14 h,
and 16 h, a distinct protein band of approximately 41 kDa was observed (Figure 4B),
consistent with the predicted molecular weight of the recombinant protein, indicating the
successful expression of ZmPrx25. Subsequent purification using imidazole concentrations
revealed a single protein band under 100 mM of imidazole elution (Figure 4C). Western
blot analysis confirmed that the purified protein was the recombinant ZmPrx25 (Figure 4D).
Enzyme activity assays revealed that ZmPrx25 possessed Prx activity, and was capable of
efficiently decomposing the substrate H2O2 (Figure 4E), indicating its enzymatic function
in scavenging ROS.

Figure 4. Prokaryotic expression, purification, and enzymatic activity of the recombinant ZmPrx25.
(A) Establishment of the prokaryotic expression vector pET30a (+)−ZmPrx25. (B) Expression of
the recombinant ZmPrx25 protein. Lane M, protein marker; Lane 1, recombinant ZmPrx25 was
not induced; Lane 2, the recombinant ZmPrx25 was induced by 0.2 mM of IPTG for 12 h; Lane 3,
induction for 14 h; Lane 4, induction for 16 h. The red arrow indicates the ZmPrx25 protein. (C) SDS-
PAGE analysis of the recombinant ZmPrx25 purified by Ni-NTA affinity chromatography. After
induction with 0.2 mM of IPTG for 12 h, the recombinant ZmPrx25 was purified using different
imidazole concentration gradients. The red arrow indicates the ZmPrx25 protein. Lane M, protein
marker; Lane 1, PBS buffer; Lane 2, 0 mM of imidazole; Lane 3, 20 mM of imidazole; Lane 4,
50 mM of imidazole; Lane 5, 100 mM of imidazole; Lane 6, 200 mM of imidazole. (D) Western blot
analysis of the recombinant ZmPrx25. Lane M, protein marker; Lane 1, pET30a (control); Lane 2,
the recombinant ZmPrx25 (purified target protein). (E) Prx activity assay. All experimental data
are expressed as mean ± SD. Asterisks indicate statistically significant differences from the control
(** p < 0.01, analyzed using Student’s t-test).

3.5. Tissue-Specific Expression Patterns of ZmPrx25 in Maize

To investigate the function of ZmPrx25 in maize growth and development, we per-
formed a spatial expression analysis. The results indicated that ZmPrx25 was significantly
expressed in the root meristematic zone (Figure 5A) and at the one cm ends of the meso-
cotyl (Figure 5B), regions characterized by active cell division. These findings suggest that
ZmPrx25 may play a role in regulating cell proliferation during early developmental stages.
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Figure 5. Expression analysis of ZmPrx25 in different tissues of etiolated maize seedlings and under
osmotic and oxidative stress conditions. Different tissues were collected from 108 h etiolated maize
seedlings grown in darkness. (A) Gene expression of ZmPrx25 in the meristematic and maturation
zones of maize roots. (B) Gene expression of ZmPrx25 in the one cm ends of the mesocotyl. (C) Gene
expression of ZmPrx25 in maize roots, mesocotyl, and leaves under 15% PEG 6000 stress. (D) Gene
expression of ZmPrx25 in maize roots, mesocotyl, and leaves under 24 mM of H2O2 stress. All
experimental data are expressed as mean ± SD. Asterisks indicate statistically significant differences
from the control (* p < 0.05, ** p < 0.01, analyzed using Student’s t-test).

To investigate the role of ZmPrx25 in stress responses, we treated plants with 15% PEG
6000 and 24 mM of H2O2. Temporal expression analysis revealed that ZmPrx25 was rapidly
induced by both stress conditions, with transcript levels in roots, mesocotyls, and leaves
peaking at 0.5 h. As the duration of stress extended (1–2 h), its expression levels gradually
declined (Figure 5C,D). This dynamic expression profile implies a potential functional
significance of ZmPrx25 during the initial phase of stress response in maize.

3.6. Phenotypic and Drought Tolerance Analysis of ZmPrx25 Overexpression Lines

The construct pCAMBIA1302-ZmPrx25 vector was successfully introduced into Ara-
bidopsis (Figure 6A). Transgenic lines were screened using RT-qPCR, and two lines with
high ZmPrx25 expression, OE-5 and OE-7, were selected for propagation. T3 generation
plants were obtained and used for subsequent analyses (Figure 6B).

77



Antioxidants 2025, 14, 1067

Figure 6. Germination phenotype of ZmPrx25 overexpressing Arabidopsis. (A) PCR amplification
results of leaf DNA. The arrow points to the location of the target amplicon. Lanes M, WT, and OE-1
to OE-7 correspond to the DNA marker, wild-type, and ZmPrx25-overexpressing lines, respectively.
(B) RT-qPCR amplification analysis of leaf RNA. Data were obtained from three biological replicates,
and significant differences were assessed via Tukey’s test (** p < 0.01). (C) Seed germination of
Arabidopsis (1–3 d). (D) Seed germination of Arabidopsis under oxidative stress conditions (1–3 d).

In the seed germination assay, the germination rates of wild-type (WT) and ZmPrx25
overexpression (OE-5, OE-7) Arabidopsis seeds were assessed after 24 h of cultivation. The
results showed that the ZmPrx25-OE lines exhibited a germination rate of 98%, whereas the
WT seeds displayed only 38% germination at the same time point. Complete germination
of WT seeds was observed at 72 h (Figure 6C). To further evaluate the role of ZmPrx25 in the
oxidative stress response, seed germination was examined on MS medium supplemented
with various concentrations of H2O2. The results indicate that Arabidopsis overexpressing
ZmPrx25 maintains a high germination rate under oxidative stress conditions (Figure 6D).
Notably, under the 6 mM H2O2 treatment, the germination rate of transgenic lines ex-
ceeded 73% within 24 h, while the WT seeds exhibited only 4% germination (Figure S2).
These findings indicate that the overexpression of ZmPrx25 effectively enhances oxidative
stress tolerance and significantly promotes seed germination in Arabidopsis.
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Under both osmotic stress (100 and 200 mM of mannitol) and oxidative stress
(0.6 and 1.2 mM o H2O2), root growth in the ZmPrx25-OE Arabidopsis lines was signifi-
cantly less inhibited compared to the WT plants (Figure 7A–D). Notably, under the 200 mM
mannitol treatment, root length in the OE lines was approximately 36–48% greater than
that of WT (Figure 7A). These results suggest that the overexpression of ZmPrx25 enhances
tolerance to both osmotic and oxidative stress, thereby promoting root growth under
environmental stress conditions.

Figure 7. Phenotypic and drought tolerance analysis of transgenic Arabidopsis roots under stress.
(A) Statistical analysis of root length under 100 mM and 200 mM of mannitol stress for 7 d. (B) Root
phenotype of seedlings grown on 200 mM of mannitol for 7 d. (C) Statistical analysis of root length under
0.6 mM and 1.2 mM of H2O2 stress for 7 d. (D) Root phenotype of seedlings grown on 1.2 mM of H2O2

for 7 d. (E) Plant survival of 15 d seedlings under drought stress. Control, normal growth; Drought,
water withholding for 15 d; Rewater, water withholding for 15 d and 2 d of re-watering. (F) Bolting
performance of plants under drought stress. Control, normal growth of 21 d seedlings; Drought, 21 d
seedlings after 10 d of water withholding. The red line is used to distinguish WT seedlings from OE
seedlings. (G–I) Activities of antioxidant enzymes (SOD, CAT), and Prx in plants under drought stress.
(J) Content of MDA in plants under drought stress. All conditions were identical to those of F. All
experimental data are expressed as mean ± SD. Asterisks indicate statistically significant differences
from the control (* p < 0.05, ** p < 0.01, analyzed using Student’s t-test).
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Under drought treatment, there was no significant difference in survival rates be-
tween ZmPrx25-OE lines and WT plants after withholding water for 15 d in seedlings
(Figures 7E and S2B). However, in 21 d plants subjected to a 10 d drought period, ZmPrx25-
OE lines exhibited earlier bolting compared to WT (Figure 7F), indicating that ZmPrx25
may facilitate drought adaptation by accelerating developmental transitions without com-
promising rosette leaf development. Further physiological analyses revealed that, under
drought stress, ZmPrx25-OE lines displayed significantly higher Prx and CAT activities,
along with lower MDA accumulation, compared to WT plants (Figure 7G–J). These results
suggest that ZmPrx25 enhances drought tolerance by mitigating oxidative damage through
increased antioxidant enzyme activity.

Overexpression of ZmPrx25 enhances stress tolerance in Arabidopsis through a dual
mechanism: by directly promoting root growth under short-term osmotic and oxidative
stress, and by improving plant survival under prolonged drought stress via the activation
of enzymatic antioxidant defenses and the regulation of developmental timing.

4. Discussion

Plants rapidly generate ROS in multiple cellular compartments as an integral early
response to stress [10]. The apoplast, a vital conduit for intercellular signaling, is one of the
primary sites where plants perceive and respond to environmental stress [15]. Studies have
shown that under stress conditions (e.g., pathogen interaction), the apoplast generated
ROS and participated in the early signal transduction process [10]. This study found that
the mesocotyl could sensitively detect changes in external osmotic stress and effectively
transmit stress signals to internal tissues through apoplastic ROS. Under osmotic stress,
the activity of apoplastic Prx was significantly upregulated, combined with the specific
accumulation and signaling of ROS in the apoplast, suggesting that plants may regulate
the activity of peroxidases like Prx to maintain intracellular ROS homeostasis and prevent
oxidative damage [44]. Although the apoplast isolation method used for detecting apoplas-
tic Prx activity in this study meets the needs of basic research, it is difficult to completely
exclude cytoplasmic contamination during the isolation process, which may affect the
rigor of the experimental results. The existing studies support the role of Prx in apoplastic
ROS regulation [44]. Further investigations requiring accurate dissection of apoplastic Prx
functions would benefit from improved isolation methodologies to minimize the influence
of cytoplasmic contaminants on enzymatic activity measurements.

The production of apoplastic ROS depends on the activation of Prx and Rboh activ-
ities [24,25]. Among them, Prx, which is unique to plants, plays crucial roles in various
physiological and developmental processes [45], including the regulation of ROS levels, cell
wall production and maintenance, lignification, fruit growth, seed germination, hormone
metabolism, and protection against various stresses (such as drought and high tempera-
tures). Studies have found that the overexpression of the GsPrx9 gene enhances plant salt
tolerance, promotes antioxidant responses, and reduces ROS accumulation [46]. Further-
more, heterologous expression of CaPrx2 in Arabidopsis resulted in a significant increase in
H2O2 in transgenic plants [47]. Mechanistic validation revealed that sodium azide (NaN3)
(a Prx inhibitor) effectively suppressed H2O2 accumulation, whereas diphenyleneiodonium
chloride (DPI) (an NADPH oxidase inhibitor) showed no such inhibitory effect, indicating
that CaPrx2 may be involved in the H2O2 production process [48]. This study confirmed
that Prx played a dual function: they mitigated oxidative damage by scavenging excess
ROS and participated in ROS-mediated signal transduction processes [49]. This dual func-
tion makes Prx a key regulator in maintaining cellular redox balance [50]. Numerous Prx
family members have been identified in Arabidopsis, rice, and maize, but functional studies
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are mainly focused on dicots like Arabidopsis [51,52], with less research on the function and
mechanisms of Prx in important cereal crops like maize.

Prx family proteins are characterized by highly conserved structural domains with
a molecular weight of about 28 to 60 kDa [53]. The ZmPrx25 protein identified in this
study matched the characteristics of the aforementioned members and showed significant
upregulation under osmotic and oxidative stress conditions, similar to the expression pat-
terns of known stress-responsive homologous proteins such as AtPrx3 [27] and CrPrx1 [54],
suggesting that ZmPrx25 may play an important role in plant water stress responses. Prx
family proteins are typically localized to the cell wall, where they regulate cell wall dy-
namics by catalyzing the production, scavenging, and oxidation of ROS, proteins, and
phenolic compounds [20]. This study confirmed that ZmPrx25 was localized to the cell wall
and is highly expressed in young, dividing tissues. Previous studies have reported that
some peroxidases (Prxs) can promote cell elongation by generating hydroxyl radicals (•OH)
that mediate the oxidative cleavage of cell wall polysaccharides [55]. However, although
ZmPrx25 shows high expression in rapidly dividing young tissues, there is currently no
experimental evidence indicating whether it regulates cell elongation through a similar
“•OH-polysaccharide oxidation” mechanism. The direct causal relationship between its
high expression and cell elongation phenotypes remains to be further verified.

Functional studies indicate that ZmPrx25 regulates seed germination through a dual
mechanism: on the one hand, this is done by inhibiting the synthesis of ABA and promoting
the accumulation of GA to balance hormone metabolism [56]; on the other hand, under
oxidative stress induced by H2O2, overexpressed lines can clear excessive intracellular
H2O2 to maintain ROS homeostasis, thereby accelerating germination and increasing ger-
mination rates, consistent with the function of cell wall-localized AtPrx36 [55]. In root
development, the overexpression of ZmPrx25 catalyzed hydroxyl radicals (•OH) to promote
cell wall loosening, significantly elongating the primary root of Arabidopsis under nor-
mal conditions and maintaining a growth advantage under osmotic/oxidative stress [57].
The overexpression of ZmPrx25 may catalyze the production of hydroxyl radicals (•OH),
promoting the relaxation of the cell wall and significantly elongating the primary roots
of Arabidopsis under normal conditions, while maintaining a growth advantage under
osmotic/oxidative stress [57]. This is consistent with findings on Arabidopsis AtPrx33/34,
where the overexpression of AtPrx34 resulted in root elongation, whereas AtPrx33 mutants
exhibited root shortening. The analysis of gene expression level of ZmPrx25 and the protein
level of ZmPrx25 in maize were performed under PEG-6000 stress. Considering that PEG
does not reproduce the dynamics of soil drought and may yield phenotypes that differ
from soil conditions, we employed a soil-drying assay to verify the drought-resistance
function of ZmPrx25. Twenty-one-day-old Arabidopsis transgenic plants were subjected
to water withholding for 15 days to evaluate drought-stress phenotypes. By integrating
both approaches—PEG for rapid gene-expression screening and soil drought for functional
confirmation—we provide a more comprehensive assessment of ZmPrx25’s role in drought
tolerance. During drought stress, overexpressing lines utilized a “developmental escape”
strategy by bolting early to avoid prolonged stress, a process accompanied by increased
Prx activity and the synergistic activation of other antioxidant enzymes like CAT, forming
a multi-level enzyme-driven antioxidant defense system [58]. However, this study focused
solely on ZmPrx25 and cannot fully rule out potential functional redundancy among other
members of the Prx family. Subsequent studies need to conduct more systematic functional
analyses of the maize Prx family members.

Under PEG-6000 osmotic stress, transcripts of ZmPrx25, ZmPrx18, and ZmPrx72 were
significantly upregulated (log2FC = 3.594, 1.226 and 1.030, respectively), whereas ZmPrx24
and ZmPrx95 were markedly downregulated (Figure 2A). Among the three induced genes,
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ZmPrx25 exhibited the strongest induction, providing the rationale for selecting it as the
primary candidate for drought/osmotic-stress tolerance in this study. ZmPrx25, ZmPrx18,
and ZmPrx72 may exhibit functional redundancy. Future work will employ CRISPR/Cas9-
mediated multiplex editing to generate single, double, and triple knock-out lines to dissect
their individual and overlapping contributions.

5. Conclusions

This study systematically elucidates the central role of the maize peroxidase ZmPrx25
in apoplastic ROS signaling and plant drought/oxidative stress tolerance. In response
to osmotic stress, the mesocotyl generates ROS and transmits external osmotic stress
signals internally. This process is mediated by the ZmPrx25. This protein maintains ROS
homeostasis by scavenging extracellular H2O2, thereby mitigating oxidative stress and
enhancing drought resistance. Overexpression of ZmPrx25 promotes seed germination and
root growth, strengthens the antioxidant system, and induces a drought escape strategy via
early bolting. This research provides a theoretical foundation and a valuable gene resource
for drought-resistance breeding in crops.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/antiox14091067/s1: Figure S1: Mesocotyl osmotic stress apparatus.
Figure S2: Seed germination rates of Arabidopsis under oxidative stress and survival rates under
drought stress. Table S1: Primers used in this study.
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Abstract

Using light-emitting diodes (LEDs), we examined how different light wavelengths influence
the hypersensitive response (HR) in tobacco plants infected with Pseudomonas syringae pv.
tomato (Pst). Pst-infiltrated plants exhibited greater resistance to Pst infection under green
and blue light compared to white and red light, as indicated by reduced HR-associated
programmed cell death, lower H2O2 production, and up to 64% reduction in membrane
damage. During the late stage of HR, catalase and ascorbate peroxidase activities peaked
under green and blue LEDs, with 5- and 10-fold increases, respectively, while superoxide
dismutase activity was higher under white and red LEDs. Defense-related genes CHS1,
PALa, PR1, and PR2 were more strongly induced by white and red light. The plants
treated with green or blue LEDs during Pst infection prompted faster degradation of
phototoxic Mg-porphyrins and exhibited smaller declines in Fv/Fm, electron transport
rate, chlorophyll content, and LHCB expression compared to those treated with white or
red LEDs. By contrast, the induction of the chlorophyll catabolic gene SGR was 54% and
77% lower in green and blue LEDs, respectively, compared to white LEDs. This study
demonstrates that light quality differentially affects Pst-mediated HR, with green and blue
light more effectively suppressing HR progression, mainly by reducing oxidative stress
through enhanced antioxidative capacity and mitigation of photosynthetic impairments.

Keywords: chlorophyll metabolism; hypersensitive response; oxidative stress; Pseudomonas
syringae; ROS detoxification; tobacco

1. Introduction

Biotic stress results in the overaccumulation of reactive oxygen species (ROS) and
triggers defense responses, including the expression of phenyl ammonia lyase (PAL), chal-
cone synthase (CHS), and pathogenesis-related (PR) proteins [1–3]. Infection of plants
by Pseudomonas syringae can rapidly activate programmed cell death (PCD) in associa-
tion with disease resistance [4]. Chloroplasts play a crucial role as sources of signals that
trigger plant PCD [5–7], and damage to the chloroplast membrane can lead to ROS ac-
cumulation [5,6]. In the presence of light, chloroplasts are the primary source of ROS,
whereas mitochondria are considered the main source in non-photosynthetic tissues [7].
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Chloroplast-derived molecules involved in the initiation of PCD, chloroplast-to-nucleus
retrograde signaling, or stress responses include hydrogen peroxide (H2O2), singlet oxygen
(1O2), and Mg-protoporphyrin IX (Mg-Proto IX) [8,9].

Both chlorophyll and light-harvesting chlorophyll-binding proteins (LHCs) are essen-
tial structural components in the photosynthetic apparatus [10,11]. Chlorophyll biosynthe-
sis shares early biosynthetic steps with other porphyrins such as heme and siroheme in
plants [12,13]. After the conversion of 5-aminolevulinic acid into Proto IX, an Mg2+ ion
is inserted into Proto IX to produce Mg-Proto IX, the first intermediate in the chlorophyll
branch of the porphyrin biosynthetic pathway, namely the Mg branch. The biosynthe-
sis and degradation of porphyrins are highly regulated to prevent the accumulation of
photoreactive porphyrin intermediates that can undergo photooxidation, resulting in the
production of ROS and subsequent promotion of cell death [5,14]. The accumulation of pro-
tochlorophyllide (Pchlide) in Arabidopsis flu mutants [15] results in cell death phenotypes.

The absorption of excess light energy leads to the generation of ROS within photo-
synthetic machinery [16]. The conversion of light energy into chemical energy during
photosynthesis results in a reduction in chlorophyll a fluorescence, a process known as
photochemical quenching (qP) [17]. Excess ROS are scavenged by ROS-detoxifying en-
zymes [18,19]. In plants, the primary enzyme responsible for ROS detoxification is superox-
ide dismutase (SOD), which transforms superoxide (O2

−) into H2O2, thus protecting cells
from oxidative stress [20,21]. Catalase (CAT) and ascorbate peroxidase (APX) catalyze the
elimination of the toxic product of SOD detoxification [16,22]. High ROS concentrations
can alter cells’ antioxidant status, leading to cell death [7].

Light wavelengths are a key environmental factor regulating plant growth and mor-
phogenesis, as demonstrated by numerous studies [23–25]. However, the impact of different
light spectra on the progression of pathogen-mediated hypersensitive response (HR) re-
mains unexplored. We examined HR, oxidative stress, and photosynthetic function in
tobacco plants infected with P. syringae pv. tomato (Pst) under various light wavelengths.
We analyzed changes in ROS detoxification activity and gene expression patterns associated
with defense mechanisms during HR progression. Additionally, we assessed how different
light wavelengths influence the levels of photosensitizing porphyrin intermediates upon
Pst infection.

2. Materials and Methods

2.1. Plant Growth, Light Treatment, and Pathogen Inoculation

Tobacco (Nicotiana tabacum var. Samsun NN) plants were grown in a growth chamber
set to 24 ◦C with a 16 h light and 8 h dark cycle and a photosynthetic photon flux density
(PPFD) of 300 μmol m−2 s−1. To produce the bacterial inoculant, Pseudomonas syringae
pathovar tomato strain DC3000 (Pst DC3000) was grown in King’s B medium at 28 ◦C
with continuous agitation. The bacteria culture was centrifuged at 3500× g, and the
pellet was resuspended in 10 mM MgSO4 and adjusted to an OD600 of 0.008. Six-week-
old tobacco plants were acclimated for two days under one of four different types of
light-emitting diodes (LEDs) (Union LED Electronic Co., Siheung-si, Republic of Korea):
broad-spectrum white LED (420–680 nm), green LED (520–550 nm), blue LED (460–490 nm),
or red LED (620–650 nm). Then, the undersides of fully expanded leaves were inoculated
with the suspension via the infiltration method using a needless 1 mL syringe. Each
LED treatment was carried out in individually controlled chambers to prevent spectral
interference between treatments. The LED array chambers were set to provide a 16 h light
and 8 h dark cycle, with a PPFD of 150 μmol m−2 s−1. Leaf disks from infiltrated areas
or whole leaves were collected at specific time points up to 54 h post-infiltration (hpi) for
analysis. Specifically, leaf disks collected at 54 hpi indicate the late stage of PCD.
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2.2. Conductivity Measurement

Leaf disks were excised from the Pst-infiltrated zones at specified time points and
placed in 5 mL miliQ water for 10 min at 20 ◦C under gyratory agitation (50 rpm). Cellular
leakage into the bathing solution was subsequently measured by detecting electrolyte
leakage with a conductivity meter (Cole-Parmer Instruments, Vernon Hills, IL, USA).

2.3. Lipid Peroxidation

To estimate lipid peroxidation, the production of malondialdehyde (MDA) was mea-
sured using a modified thiobarbituric acid method [26]. Leaf tissues were ground in a
solution containing 0.5% thiobarbituric acid and 20% trichloroacetic acid. After centrifu-
gation, supernatants were heated in a boiling water bath for 25 min, recentrifuged, and
utilized for spectrophotometric analysis at 532 nm.

2.4. In Vivo Detection of H2O2

For the visual detection of H2O2 in leaves, 3,3-diaminobenzidine (DAB) staining was
used [27]. The leaves were excised and incubated in a 1 mg mL−1 DAB solution (pH 3.8)
for 4 h under light at 25 ◦C. Subsequently, the reaction was stopped by boiling the leaves
in ethanol for 10 min. This treatment decolorizes leaves, leaving only the deep brown
polymerization product of the reaction between DAB and H2O2.

2.5. Measurement of Antioxidant Enzyme Activities

Total soluble proteins were extracted by homogenizing leaf tissues in 0.1 M potassium
phosphate buffer (pH 7.5) containing 1% PVP-40, 1 mM phenylmethylsulfonyl fluoride,
and 2 mM EDTA, followed by centrifugation at 15,000× g for 20 min at 4 ◦C. SOD activity
was spectrophotometrically measured by the xanthine oxidase-cytochrome c method [28].
The assay was performed at 25 ◦C in a 3-mL volume containing 50 mM sodium carbonate
buffer (pH 10.0), 0.05 mM xanthine, 0.1 mM EDTA, and 15 μM ferricytochrome c by adding
xanthine oxidase. Enzyme activity (units/mg protein) is proportional to (V/v − 1)/mg
protein, where V and v represent the change in absorbance (550 nm) per min in the absence
and presence of SOD, respectively. An assay for APX activity was performed spectrophoto-
metrically [29]. The 3 mL reaction volume contained 0.1 M potassium phosphate buffer
(pH 7.5), 0.2 mM H2O2, and 0.5 mM ascorbate at 25 ◦C. The reaction was initiated with the
addition of H2O2. APX activity was performed by measuring the decrease in absorbance
of ascorbate at 290 nm at 25 ◦C as ascorbate was oxidized. CAT activity was measured
spectrophotometrically in a 3 mL volume containing 50 mM potassium phosphate buffer
(pH 7.0) and 20 mM H2O2 by monitoring the destruction of H2O2 at 240 nm [30].

2.6. RNA Extraction and RT-qPCR Analysis

Total RNA was extracted from leaf tissues using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer’s instructions. Five μg of RNA from each
sample was utilized to synthesize cDNA via the reverse transcription reaction (ImProm-II™
Reverse Transcription System, Promega, Madison, WI, USA). Subsequently, qPCR analy-
ses were performed with a StepOnePlus™ Real-Time PCR system (Applied Biosystems,
Waltham, MA, USA) using cDNA from each sample, Power SYBR™ Green PCR Master Mix
(Applied Biosystems), and gene-specific primers (Supplementary Table S1). The RT-qPCR
program consisted of 2 min at 50 ◦C and 10 min at 95 ◦C, and then 40 cycles of 15 s at 95 ◦C
and 1 min at 60 ◦C. The β-Tubulin gene was used as an internal control. For analysis, the
white LEDs–0 hpi sample served as a calibrator, with its expression level normalized to 1.
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2.7. Chlorophyll a Fluorescence Measurement

Chlorophyll a fluorescence parameters were assessed with a pulse amplitude modula-
tion fluorometer (JUNIOR-PAM, Walz, Effeltrich, Germany). Plants from each treatment
were kept in darkness for 30 min to adapt. The minimum fluorescence (Fo) was recorded
using a weak measuring beam emitted by a pulse light-emitting diode, while the maximum
fluorescence (Fm) was determined after exposing the leaf surface to a saturating pulse of
white light. The Fv/Fm value, indicating photosystem II (PSII) activity, was utilized to eval-
uate functional damage in the plants. The electron transport rate (ETR) is calculated based
on the photochemical quantum yield of PSII. The qP value, used to calculate photochemical
quenching, was characterized as qP = (Fm

′ − F′)/(Fm
′ − Fo

′) [31].

2.8. Determination of Porphyrin Contents

Chlorophyll content was measured using a spectrophotometer following the procedure
by Lichtenthaler [32]. For measurement of porphyrin contents, leaf tissue was homogenized
in a mixture of methanol/acetone/0.1 N NaOH (9/10/1) and then centrifuged at 10,000× g
and 4 ◦C [33]. Porphyrin intermediates were analyzed using high-performance liquid
chromatography (HPLC) with a Novapak C18 column (4 μm particle size, 4.6 × 250 mm,
Waters, Milford, MA, USA) at a flow rate of 1 mL min−1. A gradient solvent system was
initiated with 0.1 M ammonium phosphate (pH 5.8) and methanol (20:80, v/v) for 10 min,
followed by a linear gradient to 100% methanol over 8 min, which was then maintained for
17 min. The eluate was monitored using a fluorescence detector (2474, Waters) at excitation
and emission wavelengths of 440 and 630 nm for protochlorophyllide (Pchlide), and 415
and 595 nm for MgProto IX and MgProto IX methyl ester (MgProto ME), respectively [34].

2.9. Statistical Analysis

All data are shown as means ± standard error (SE). Statistically significant differences
were determined by Duncan’s multiple range test (at p < 0.05) using SPSS 27 software (SPSS
Inc., Chicago, IL, USA).

3. Results

3.1. The Impact of Different Light Wavelengths on HR Induced by P. syringae Infection

The effects of different light qualities on HR triggered by P. syringae infection were ex-
amined using LEDs of different wavelengths. Six-week-old tobacco plants were inoculated
with Pst to induce HR and exposed to white, green, blue, or red LED light. At 30 hpi, leaf
areas infected by Pst started exhibiting mild necrosis, i.e., HR, under the white and red LED
treatments, which progressed to severe necrosis by 54 hpi (Figure 1). Plants under green
and blue LEDs did not exhibit leaf necrosis at 30 hpi but developed noticeable necrosis
by 54 hpi. During Pst infection, plants exposed to white LEDs exhibited the most severe
necrosis, followed by those under red, green, and blue LED treatments, in that order.

To determine whether different light wavelengths influence ROS levels during HR,
untreated control and Pst-infected leaves were incubated with DAB to detect H2O2 gen-
eration. Pst-infected leaves began to exhibit faint brown spots as early as 6 hpi under the
white and red LEDs, and the spots became stronger by 30 and 54 hpi (Figure 2A). However,
under green and blue LEDs, brown spots were not noticeable in Pst-infected leaf areas at
6 hpi but became visible at 30 and 54 hpi. The more pronounced spots observed under
white and red LEDs indicated that Pst infection led to significantly higher H2O2 production
under these conditions.
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Figure 1. Effects of different light wavelengths on HR in tobacco leaves infected with P. syringae
pv. tomato (Pst). Leaves of 6-week-old tobacco plants were inoculated with Pst and exposed to
different light-emitting diodes (LEDs). The treatments included control plants (uninoculated at 0 hpi)
and Pst-inoculated plants under broad spectrum white (W; 420–680 nm), green (G; 520–550 nm),
blue (B; 460–490 nm), and red (R; 620–650 nm) LEDs. Images of leaves were taken at different time
points following Pst inoculation (hpi, hours post-infiltration). The dotted circles indicate the sites of
Pst infiltration.

Conductivity, a marker for cellular leakage, was assessed during HR development
under the different LED treatments. It continuously increased in Pst-infected leaves from 6
to 54 hpi under all LED treatments (Figure 2B), indicating impaired membrane integrity.
Plants exposed to white or red LEDs exhibited a greater increase in conductivity to Pst
infection compared to those under blue or green LEDs, with the highest increase in white
LED treatment, reaching a 14-fold increase. To further verify membrane integrity, we
evaluated MDA content, an indicator of lipid peroxidation. The MDA levels began to
increase in response to Pst infiltration under all LED treatments at 30 hpi, with greater
increases under white and red LEDs than green and blue LEDs (Figure 2C). At 54 hpi,
white and red LED treatments resulted in MDA levels that were up to twice those observed
with green and blue LED treatments, confirming greater membrane damage under white
and red LEDs.
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Figure 2. Effects of different light wavelengths on oxidative stress and membrane integrity in leaves
infected with Pst. (A) DAB staining of H2O2 in leaves. The brown spots indicate H2O2 production.
(B) Conductivity change. (C) MDA accumulation. Plants were exposed to the treatments described
in the caption of Figure 1. W-Pst, G-Pst, B-Pst, and R-Pst represent plants inoculated with Pst under
white, green, blue, and red LEDs, respectively. Data are expressed as means ± SE of nine replicates
from three independent experiments. Means with the same letter are not significantly different at
p < 0.05 according to Duncan’s Multiple Range Test.

3.2. The Impact of Light Quality on the Regulation of ROS Detoxification and Defense Responses
During Pst-Induced HR

Following Pst infection, we monitored how LED lights of different wavelengths
influenced the regulation of major ROS-detoxifying enzymes and defense-related genes.
In response to Pst infection, the activities of SOD increased under all LED treatments
at 6 hpi compared to the untreated control (Figure 3A). At 30 and 54 hpi, SOD activity
continued to increase, but the increase was greater under white and red LEDs than under
green and blue LEDs. APX activity markedly increased at 6 hpi under white and red LED
treatments but decreased by 54 hpi, although it remained higher than that of the control
(Figure 3B). Under green and blue LEDs, the activities of APX increased gradually over 54 h.
Plants exposed to blue LEDs showed the highest APX activity among all LED treatments at
30 and 54 hpi. During Pst infection, the activities of CAT steadily increased until 54 hpi
in all LED treatments (Figure 3C). At 30 and 54 hpi, CAT activity was higher under green
LEDs compared to other LEDs, with the highest activity observed at 54 hpi.
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Figure 3. Effects of different light wavelengths on the activity of ROS-detoxifying enzymes in leaves
infected with Pst. (A) SOD. (B) APX. (C) CAT. Data are expressed as means ± SE of nine replicates
from three independent experiments. Plants were exposed to the treatments described in the caption
of Figure 1. The treatment notations are the same as those in Figure 2. Means with the same letter are
not significantly different at p < 0.05 according to Duncan’s Multiple Range Test.

The expression of CHS1, a key component in plant defense, was higher under white
and blue LEDs at 6 hpi compared to the control and was noticeably upregulated under
white and red LEDs at 30 hpi (Figure 4A). By 54 hpi, the expression continued to increase,
with greater upregulation under white and red LEDs than under green and blue LEDs.
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Within 6 h of Pst infection, at which time no necrosis was visible, PALa was dramatically
upregulated under all LED treatments, with the greatest increase under red LEDs at
54 hpi (Figure 4B). The PR1 and PR2 genes were noticeably upregulated in response to
Pst infection at 30 hpi, with their expression further increasing by 54 hpi under all LED
treatments (Figure 4C,D). However, the increase was more pronounced under white and
red LEDs compared to green and blue LEDs (Figure 4). These results show that Pst-induced
HR leads to light quality-dependent activation of ROS detoxification and defense responses
under different light wavelengths.

Figure 4. Effects of different light wavelengths on the expression profile of defense-involved genes in
leaves infected with Pst. (A) CHS1. (B) PALa. (C) PR1. (D) PR2. β-Tubulin was used as an internal
control, and the white LEDs–0 hpi sample was used for normalization, with its expression level
set to 1. Plants were exposed to the treatments described in the caption of Figure 1. The treatment
notations are the same as those in Figure 2. Data are expressed as means ± SE of nine replicates from
three independent experiments. Means with the same letter are not significantly different at p < 0.05
according to Duncan’s Multiple Range Test.

3.3. The Impact of Light Quality on Regulating Porphyrin Levels During Pst-Induced HR

To assess the effect of light quality on intermediates in the chlorophyll branch of the
porphyrin pathway during Pst infection, we examined the porphyrin status in Pst-infected
plants subjected to various LED light wavelengths. Mg-Proto IX levels greatly decreased
at 6 hpi under white, blue, and red LEDs; Mg-Proto IX was not detected under green
LEDs (Figure 5A). Mg-Proto IX methyl ester (ME) levels were also markedly decreased
under all LED treatments at 6 hpi, with negligible amounts detected under green LEDs
(Figure 5B). By 30 hpi, both Mg-Proto IX and Mg-Proto IX ME further decreased in white
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and red LED treatments and were undetectable in green and blue LED treatments. Pchlide
levels exhibited a decreasing trend similar to that of Mg-Proto IX ME (Figure 5C). By 54 hpi,
Mg-Proto IX, Mg-Proto IX ME, and Pchlide were no longer observed under any of the
LED treatments.

Figure 5. Effects of different light wavelengths on metabolites in the chlorophyll branch of the
porphyrin biosynthetic pathway in leaves infected with Pst. (A–C) Mg-porphyrin intermediates.
(D) Total chlorophyll. Plants were exposed to the treatments described in the caption of Figure 1.
The treatment notations are the same as those in Figure 2. Data are expressed as means ± SE of
nine replicates from three independent experiments. Means with the same letter are not significantly
different at p < 0.05 according to Duncan’s Multiple Range Test.

The levels of chlorophyll, the final product of the chlorophyll branch, were not signifi-
cantly different among various LEDs at 6 hpi (Figure 5D). However, by 30 hpi, chlorophyll
levels decreased by 21%, 18%, 11%, and 10% under white, red, green, and blue LEDs,
respectively, compared to the control. By 54 hpi, these decreases reached 42%, 38%, 28%,
and 26%, showing greater reductions under white and red LEDs. During Pst-mediated
HR, blue and green LEDs induced faster declines in Mg-porphyrin intermediate levels but
sustained chlorophyll levels more effectively than white and red LEDs.

3.4. The Impact of Light Quality on Photosynthetic Systems During Pst-Induced HR

We assessed the organization of the photosynthetic machinery in Pst-infected leaves
through the quantitative analysis of LHCB. Expression levels of LHCB, a marker of pho-
tosynthetic gene expression patterns, began decreasing at 6 hpi in all LED treatments
and continued to decrease at 30 and 54 hpi, with greater reductions under white and red
LEDs (Figure 6A). Conversely, the expression of the stay-green gene (SGR), an indicator of
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chlorophyll degradation, increased continuously from 6 to 54 hpi in all LED treatments,
with greater increases under white and red LEDs at 30 and 54 hpi (Figure 6B).

Figure 6. Effects of different light wavelengths on the integrity of the photosystem in leaves infected
with Pst. The expression of LHCB (A) and SGR (B) genes. β-Tubulin was used as an internal control,
and the white LEDs–0 hpi sample was used for normalization, with its expression level set to 1.
Plants were exposed to the treatments described in the caption of Figure 1. The treatment notations
are the same as those in Figure 2. Data are means ± SE of nine replicates from three independent
experiments. Means with the same letter are not significantly different at p < 0.05 by Duncan’s
Multiple Range Test.

The effects of different light wavelengths on photosynthetic performance were also
examined using the Fv/Fm value, a measure of the photochemical quantum efficiency of
PSII, during Pst-mediated HR. After Pst infection, Fv/Fm in plants treated with white or red
LEDs continuously decreased from 6 to 54 hpi, with declines of 52% and 34% induced by
white and red LEDs, respectively, at 54 hpi (Table 1). Under green LEDs, Fv/Fm remained
constant until 30 hpi and then decreased by 10% at 54 hpi compared to the controls, while
under blue LEDs, it showed an 8% decline at 54 hpi. The ETR began to decrease in all LED
treatments at 6 hpi, continuing to decrease at 30 and 54 hpi, with the greatest reduction
observed under white LEDs, followed by red, green, and blue LEDs in decreasing order
(Table 1). The qP values were used to estimate the initiation of photoinhibition in PSII. The
qP started to decline at 6 dpi and continued to decrease at 30 and 54 hpi, with the magnitude
of declines in the order of white, red, green, and blue LEDs (Table 1). These results indicate
that different light wavelengths caused differential impairments in chloroplast function in
response to Pst infection.

Table 1. Effects of different light wavelengths on photosynthetic function in leaves infected with Pst.
Plants were exposed to the treatments described in the caption of Figure 1. The treatment notations
are the same as those in Figure 2. Data are expressed as means ± SE of nine replicates from three
independent experiments. Means with the same letter within a column are not significantly different
at p < 0.05 based on Duncan’s Multiple Range Test.

LED Treatment Fv/Fm ETR qP

0 hpi

White 0.813 ± 0.007 a 89.3 ± 2.1 a 0.667 ± 0.021 a

Green 0.809 ± 0.004 a 85.5 ± 3.7 a 0.651 ± 0.013 a

Blue 0.810 ± 0.004 a 89.2 ± 2.0 a 0.659 ± 0.012 a

Red 0.811 ± 0.003 a 86.8 ± 2.0 a 0.644 ± 0.014 a
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Table 1. Cont.

LED Treatment Fv/Fm ETR qP

6 hpi

White 0.763 ± 0.017 b 70.9 ± 1.7 b 0.623 ± 0.011 a

Green 0.801 ± 0.004 a 78.4 ± 1.8 a 0.638 ± 0.016 a

Blue 0.807 ± 0.003 a 79.4 ± 1.8 a 0.637 ± 0.020 a

Red 0.779 ± 0.007 ab 70.1 ± 2.7 b 0.619 ± 0.013 a

30 hpi

White 0.678 ± 0.026 c 53.5 ± 3.0 c 0.466 ± 0.021 c

Green 0.791 ± 0.009 a 66.4 ± 2.3 ab 0.532 ± 0.011 ab

Blue 0.755 ± 0.011 ab 75.0 ± 3.6 a 0.584 ± 0.024 a

Red 0.735 ± 0.018 b 59.5 ± 5.4 bc 0.499 ± 0.016 bc

54 hpi

White 0.389 ± 0.039 c 18.5 ± 5.5 c 0.229 ± 0.027 d

Green 0.730 ± 0.017 a 42.7 ± 3.5 ab 0.399 ± 0.013 b

Blue 0.749 ± 0.016 a 55.3 ± 3.6 a 0.503 ± 0.030 a

Red 0.535 ± 0.035 b 31.7 ± 4.3 bc 0.326 ± 0.011 c

4. Discussion

The HR of plants to pathogen infection appears to involve the induction of PCD and
other defense responses [35], but little is known about the effects of light wavelength on
the mechanisms underlying pathogen-induced HR. Our study demonstrates that different
light wavelengths significantly impact HR-associated PCD, primarily by differentially
regulating chloroplast-related events during Pst infection, emphasizing the critical role of
the chloroplasts in plant HR. Importantly, in tobacco plants infected with Pst, white and
red LED treatments triggered more marked necrosis at 30 and 54 hpi compared to blue and
green LED treatments (Figure 1). Supporting this observation, irradiation with blue [36],
green [37], or red light [36,38], compared to white light, has been shown to suppress disease
symptoms in plants infected with pathogens. The suppression of the HR under blue and
green LEDs points out the impact of these wavelengths in delaying the progression of PCD
in plants.

Some early events associated with HR relate to the rapid generation of ROS in the
form of H2O2 [39,40]. In Pst-infected leaves, treatments with white or red LEDs led to early
H2O2 detection at 6 hpi, followed by a marked increase by 30 hpi, with the highest H2O2

levels under white LEDs, whereas lower H2O2 was formed under green and blue LEDs
(Figure 2). The greater production of H2O2 under white and red LEDs corresponded to
marked necrosis occurring at 54 hpi (Figures 1 and 2). White and red LED treatments also
significantly increased conductivity compared to blue and green LEDs, with the highest
increase under white LEDs (Figure 2). Lipid peroxidation is known to be linked to HR
cell death [41]. At 54 hpi, white and red LEDs produced MDA levels that were twice as
high as those seen under green and blue LEDs. These results indicate that green and blue
light mitigate lipid peroxidation and membrane disruption in the late stage of the HR. In a
previous study, levels of MDA and conductivity decreased under red light but increased
under blue light compared to white light in Camptotheca acuminata [25]; however, this study
did not involve pathogen treatment. During Pst infection, lower H2O2 levels and reduced
membrane damage under green and blue LEDs indicate a wavelength-dependent impact
on oxidative stress and membrane integrity, potentially contributing to the suppression
of HR.

In plant cells, ROS detoxification under oxidative stress relies on the efficiency of
enzymatic antioxidant components [18,19]. Although numerous studies have explored
antioxidant activities under different light wavelengths [24,25,42,43], the impact of light
wavelength on antioxidant responses during pathogen infections has been rarely examined.
In the late stage of HR, white and red LEDs enhanced SOD activity more than green
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and blue LEDs (Figure 3). Previous studies without pathogen treatment showed that
SOD activity increased under blue and red light compared to white light [42,44]. At 54
hpi, blue LEDs triggered the highest activity of APX, which primarily scavenges harmful
H2O2 in the chloroplast [21], while CAT activity was highest under green LEDs among all
treatments (Figure 3). Green and blue light may help delay HR by lowering H2O2 levels
through the efficient activation of H2O2-detoxifying enzymes during the late stage of the
HR. This wavelength-specific impact is consistent with a previous study in which blue
light produced higher APX1 expression than red and white light in broccoli florets [43].
Similarly, blue LED radiation has been shown to enhance APX activity compared to white
light in plants infected with Botrytis cinerea [45], and plants overexpressing APX exhibited
reduced visible HR symptoms [35].

Redox signals, such as H2O2 accumulation, play a key role in activating plant defenses
during the initial phases of HR [46]. CHS and PAL are known to be activated in response
to various stress conditions, including fungal or bacterial infection and UV light [2,3].
Under Pst infection, expression of CHS1 and PALa continuously increased under all LED
treatments, with notably higher increases under white and red LEDs at 54 hpi (Figure 4).
Pathogen-responsive genes PR-1 and PR-2 [1,47] were noticeably upregulated at 30 hpi,
with even higher levels under white and red LEDs by 54 hpi. Notably, red LEDs induced
higher PALa, PR1, and PR2 expression than white LEDs at 54 hpi. This result is in accordance
with previous observations in Pseudomonas cichorii-infected tomato, where PAL and PR-1a
were upregulated more under red light than under white light [48]. Overall, green and
blue light led to lower induction of defense-related genes, accompanied by reduced H2O2

production (Figures 2 and 4), likely due to the alleviation of HR compared to white and
red light.

Porphyrin intermediates may act as an endogenous cell death trigger through the
production of 1O2 [9,35]. The chlorophyll branch of the porphyrin pathway begins with
the formation of Mg-Proto IX by Mg-chelatase [10,12]. Levels of potent photosensitizers,
including Mg-Proto IX, Mg-Proto IX ME, and Pchlide, began to decrease rapidly in response
to Pst infection, disappearing by 54 hpi under all LED conditions (Figure 5). The fast
disappearance of porphyrin intermediates following Pst infection was suggested to result
from photodynamic degradation and reduced porphyrin biosynthesis [49]. Similar declines
in porphyrin intermediates have also been previously noted under salt stress, drought,
and iron deficiency [34,50,51]. In the late stage of HR, faster scavenging of Mg-porphyrins
under green and blue LEDs appears to reduce phototoxicity under Pst infection, thereby
helping to delay HR. These results demonstrate that the spectral quality of light regulates
porphyrin levels during light quality-dependent HR.

Despite significant declines in the Mg-porphyrin levels, the chlorophyll levels exhib-
ited small reductions under all LED treatments during prolonged Pst infection (Figure 5),
indicating limited degradation of chlorophyll. Particularly, green and blue LEDs caused
smaller declines in chlorophyll levels compared to white and red LEDs, corresponding
to less downregulation of LHCB under green and blue LEDs at 30 and 54 hpi (Figures 5
and 6). Previous studies without pathogen infection have also shown that chlorophyll
content is higher under blue light compared to white light [24,52], and under green light
instead of partial red light compared to red-blue light [53]. Disruption of LHCs can lead
to the removal of the porphyrin moiety from chlorophyll [11,40]. Our results indicate that
green and blue light induced less photodamage to the photosynthetic apparatus, possibly
due to a lower photodegradation rate. This is supported by a lower upregulation of SGR
under green and blue LEDs (Figure 6B), indicating reduced chlorophyll degradation. The
SGR protein extracts Mg2+ from chlorophyll a to synthesize pheophytin a [54] and plays a
key role in initiating chlorophyll degradation [39].
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Chloroplasts generate contrasting signals that can either inhibit or facilitate cell
death [55,56]. In Pst-infected plants, the photosynthetic performance of chloroplasts, as
indicated by the Fv/Fm and ETR values, declined more under white or red LEDs compared
to green or blue LEDs, with the greatest decline observed under white LEDs (Table 1). This
indicates a greater impairment of PSII activity under white and red LEDs, possibly as a
result of excessive reduction of the electron transport system. Similar negative impacts
of red light on photosynthesis were observed in other plants that were not experiencing
pathogen stress [57,58], whereas green light facilitated more efficient photosynthesis than
red light [59]. A decline in qP values indicates increased excitation pressure on PSII [60]. At
30 and 54 hpi, the larger declines in both qP and chlorophyll levels under white and red
LEDs, compared to green and blue LEDs (Figure 5 and Table 1), suggest that PSII is more
extensively damaged by white and red light. In contrast, the relatively small decline in qP

observed under blue LEDs indicates a reduced excitation pressure on PSII, allowing for
more efficient maintenance of excitation energy for photochemistry. These results show
how specific LED wavelengths differentially modulate the integrity of photosystem during
Pst infection, highlighting the protective effects of green and blue light, in contrast to the
exacerbating effects of white and red light. The observed benefits of green and blue light
suggest potential applications of specific light spectra in controlled agricultural environ-
ments to reduce pathogen-induced damage by mitigating oxidative stress and preserving
photosynthetic efficiency.

5. Conclusions

Our findings demonstrate that green and blue light prominently delay Pst-induced HR,
as evidenced by diminished necrosis and lower levels of membrane damage and oxidative
stress, compared to white and red light. Green and blue LEDs resulted in the highest
activities of CAT and APX, respectively, likely contributing to reduced HR by effectively
detoxifying H2O2 during the late stage of Pst infection. As HR progressed, green and
blue LEDs caused faster declines in Mg-porphyrin levels than white and red LEDs. This
may play a protective role in mitigating photodamage to PSII by reducing photosensitivity,
which is partly related to a lower susceptibility to photosynthetic impairment under green
and blue LEDs. The suppression of HR under green and blue light may be attributed to
the tight regulation of chloroplast-related events and enhanced antioxidant properties,
aiding plants in coping with oxidative stress during Pst infection. This study provides new
insights into how different light wavelengths influence the progression of HR, making a
significant advancement in understanding their impact on plant processes related to PCD.
Further studies on other economically important crop species and pathogen systems will
clarify the broader applicability of light quality-based HR modulation in crop protection.
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Abbreviations

The following abbreviations are used in this manuscript:

APX Ascorbate peroxidase
CAT Catalase
hpi hours post-infiltration
HR Hypersensitive response
LEDs Light-emitting diodes
LHC Light-harvesting chlorophyll-binding proteins
MDA Malondialdehyde
PCD Programmed cell death
Proto IX Protoporphyrin IX
Proto IX ME Protoporphyrin IX methyl ester
Pchlide Protochlorophyllide
Pst Pseudomonas syringae pathovar tomato
SOD Superoxide dismutase
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Abstract: Cadmium (Cd) contamination in agricultural soils is increasing due to anthro-
pogenic activities, posing a significant threat to plant growth and productivity. Phosphorus
(P) has been suggested as a potential mitigator of Cd toxicity, yet the role of cotton geno-
types with contrasting low-P tolerance in contaminated soils remains largely unexplored.
A hydroponic experiment was conducted to assess the effects of Cd stress (5 μM) on
Jimian169 (strong-low-P tolerant) and DES926 (weak-low-P tolerant) cotton genotypes
under low-P (0.01 mM KH2PO4) and normal P (1 mM KH2PO4) conditions. The results
revealed that Cd stress, especially under low-P, significantly reduced plant growth, dry
matter, photosynthetic rate, and P use efficiency (PUE), while increasing oxidative damage
through increased malonaldehyde levels and reactive oxygen species accumulation. These
adverse impacts were very much evident in DES926 compared to Jimian169. In contrast,
Jimian169 demonstrated greater resilience to Cd stress by mitigating oxidative damage
through enhanced antioxidant enzyme activity, improved photosynthetic performance,
and increased accumulation of osmoprotectants. These findings indicate that Jimian169
can better withstand Cd toxicity by enhancing photosynthesis, antioxidant defense mecha-
nisms, and osmotic adjustment. This makes them a promising candidate for cultivation in
Cd-contaminated, P-deficient soils.

Keywords: cotton; phosphorus; cadmium stress; reactive oxygen species; antioxidant
system; osmotic adjustment

1. Introduction

Cadmium (Cd) is recognized as a highly toxic heavy metal with significant environ-
mental and agricultural implications due to its high solubility in water and rapid uptake by
plants [1]. It is one of the most readily translocated heavy metals within the plant tissues,
leading to severe physiological disruptions [2]. Cd accumulation inhibits cell division
in meristematic tissues [3], disrupts photosynthesis, and interferes with key metabolic
processes, leading to excessive production of reactive oxygen species (ROS) and resulting
in oxidative stress [4]. These detrimental effects necessitate a robust defense system to
mitigate oxidative damage and maintain cellular homeostasis.

Antioxidants 2025, 14, 686 https://doi.org/10.3390/antiox14060686
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In order to protect their photosynthetic structures from the negative impact of ROS
and photoinhibition, plants have developed a variety of approaches. One of these ap-
proaches is the adjustment of the light-harvesting antenna size, which diminishes light
absorption when CO2 assimilation is insufficient [5]. Moreover, both the photochemical
and the non-photochemical quenching mechanisms efficiently dissipate excess excitation
energy from the photosynthetic process, thereby preventing the accumulation of ROS [6].
The detoxification of ROS and maintenance of cellular redox balance are facilitated by
enzymatic antioxidants, such as superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), as well as non-enzymatic antioxidant systems including glutathione, ascorbate, and
carotenoids [7]. SOD catalyzes the dismutation of superoxide radicals (O2

−), while POD
and CAT scavenge hydrogen peroxide (H2O2) in mitochondria, collectively mitigating
oxidative stress [8].

Cd, a redox-inactive heavy metal induces the generation of ROS, including O2
−, H2O2

and hydroxyl radical [9]. In chloroplast, O2
− is primarily produced due to electron leakage

at photosystem II (PSII), either at the acceptor side or through incomplete water oxidation
on the donor side [10]. Cd disrupts PSII functions by replacing calcium in the oxygen-
evolving complex and impairing electron transport between the primary quinone acceptor
and secondary quinone acceptor [11]. Although O2

− itself causes minimal damage, it acts
as a precursor for more reactive species, such as singlet oxygen (1O2) and OH, which can
lead to lipid peroxidation and protein disfunction. To counteract this, SOD plays a critical
role in ROS scavenging by converting O2

− into less harmful molecules like H2O2, making
it a key player in ROS scavenging [12].

Phosphorus (P) is a key major nutrient that regulates several metabolic processes,
including leaf photosynthesis, carbohydrate metabolism, and energy transfer [13]. Besides
its agronomic significance, P application in soil is gaining attention for its role in altering
heavy metals bioavailability [14]. P enhances soil pH, leading to the immobilization of
heavy metals such as Cd, thus mitigating their toxic effects on plants [15]. Additionally, P
plays a vital role in reinforcing antioxidant defenses during abiotic stress conditions [16].
Previously, it was reported that P supplementation alleviates the toxicity of Cd in wheat [17],
copper toxicity in soybean [18], and aluminum in eucalyptus [19] and Camellia oleifera [20].
Under Cd stress, P enhances chlorophyll contents and activates antioxidant enzymes,
thereby improving tolerance in wheat [17]. Likewise, P mitigates toxicity of manganese
(Mn) in soybean [21], potato [22], and pasture species such as perennial ryegrass and
white clover [23]. High P doses also enhance photosynthetic efficiency and reduce ROS
production under Mn toxicity [24], suggesting its broader role in mitigating oxidative
stress.

Despite these benefits, P supplementation can enhance heavy metals accumulation like
Cd in plants [25]. Studies indicate that P enhances Cd retention in cell walls by increasing
cell wall pectin content in mangrove roots under Cd exposure [26]. P also facilitates Cd
sequestration by forming Cd-phosphate complexes, that are subsequently deposited in
vacuoles and root surfaces [27]. Additionally, P plays a critical role in antioxidant defenses
by stimulating the synthesis of radical scavengers such as proline, and various antioxidants
both enzymatic and non-enzymatic [25]. P also contributes to carbohydrate synthesis,
which supports antioxidative processes [28]. Research on Myracrodruom urundeuva re-
veals that P boosts glutathione biosynthesis, thereby enhancing enzymatic antioxidant
activity [29]. In poplar, P deficiency inhibits the ascorbate-glutathione cycle, leading to
elevated oxidative stress [25]. Moreover, P reduces malonaldehyde levels and alleviates
oxidative damage in Cd-exposed mangrove seedlings by promoting antioxidants and
phytochelatin production [30].
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Based on the above discussion, this study was designed to investigate whether ex-
ogenous P supplementation enhances Cd tolerance in cotton, a globally important cash
crop. Specifically, the study investigates how P influences growth, photosynthesis, phos-
phorus use efficiency, and antioxidant enzyme activities under Cd stress. To explore this, a
hydroponic experiment was conducted using two Cd concentrations (0, and 5 μM) with
and without 1 mM of P supplementation. We hypothesized that P application, along
with low-P tolerant cotton genotypes, can enhance Cd stress tolerance by improving plant
morphology and physiology such as photosynthesis, osmotic regulation, and antioxidant
system. Consequently, the current study was designed to assess the responses of cotton
genotypes and their capacity to mitigate Cd stress with P supplementation.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

A hydroponic experiment was carried out to assess the impact of Cd stress on
Jimian169 (strong-low-P tolerant) and DES926 (weak-low-P tolerant) under low and normal
P [31]. The seeds for these genotypes were obtained from the Cotton Research Institute
of Chinese Academy of Agricultural Sciences, with official authorization. To ensure uni-
form germination, healthy seeds were initially sown in sterilized sand and kept under
controlled conditions for one week. Once germinated, seedlings with uniform growth
were transplanted into 7 L plastic containers filled with a nutrient solution. The plants
were maintained under a regulated environment with a 16 h light and 8 h dark cycle, a
temperature of 28 ◦C, and a relative humidity of 60%. Initially, a half-strength solution
for the first week was applied, which was then replaced with a full-strength Hoagland
solution for the remainder of the experiment [32,33]. Upon reaching the three-leaf stage,
the seedlings were categorized into four treatment groups:

(i) LP + Cd (0.01 mM KH2PO4 + 5 μM CdCl2)
(ii) LP + CK (0.01 mM KH2PO4 + 0 μM CdCl2)
(iii) NP + Cd (1 mM KH2PO4 + 5 μM CdCl2)
(iv) NP + CK (1 mM KH2PO4 + 0 μM CdCl2)

To ensure proper aeration, an electric pump was used, and nutrient solutions were
refreshed weekly. Additionally, to eliminate position bias, the placement of the containers
was rotated during solution renewal. After two weeks of treatment, noticeable morpho-
logical differences emerged between the genotypes which were then harvested to study
various morphological and physiological traits.

2.2. Growth Measurements and Root Analysis

Randomly, six plants were selected from each treatment to assess shoot length using
the scale [34]. At the end, plants were harvested, and the roots and shoots were separately
dried at 105 and 80 ◦C for 1 and 48 h, respectively. The root, shoot, and total biomass were
then measured using an electric balance. To evaluate root morphology, root samples were
scanned through EPSON and the analysis was performed in WinRhizo [32].

2.3. Leaf Physiological Assessments

Leaf gaseous exchange parameters that included net photosynthetic rate, transpiration
rate, stomatal conductance, and intercellular CO2 concentration were recorded from the
third fully expanded leaf by using Li-Cor 6800 from morning 9–11 AM [35]. Similarly, leaf
chlorophyll and carotenoid contents were measured using the protocol mentioned in our
previous study [36].
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2.4. Phosphorus Concentration and Use Efficiency

The root and shoot P concentration was quantified by the Kjeldahl method [37]. For
this analysis, amounts of 0.2 g of ground samples were digested in a mixture of sulphuric
acid and hydrogen peroxide and the resulting P concentrations were determined using
Auto Analyzer III. The PUE traits were then calculated using the formulas highlighted in
the previous study [38].

2.5. Malonaldehyde and Reactive Oxygen Species Determination

Root and shoot malondialdehyde concentrations were evaluated by thiobarbituric
acid (TBA) reactivity [39]. A 0.2 g sample was extracted in 2 mL (0.25% TBA) dissolved in
10% trichloroacetic acid (TCA) and incubated at 95 ◦C for 30 min. The homogenate was
centrifuged at 10,000× g for 10 min, and the data were calculated at 532 nm [40].

Hydrogen peroxide (H2O2) concentration was determined using the standard pro-
tocol [41]. Around 0.1 g of tissue samples were each mixed in 5 mL of 0.1% TCA and
centrifuged for 15 min at 12,000× g. The amount of H2O2 was then measured spectropho-
tometrically at 390 nm following the standard protocol [31].

Superoxide (O2
−) concentration was measured using a protocol adapted from the

previous study [41]. Briefly, a 0.2 g sample was mixed in 1 mL of 65 mM phosphate buffer
(pH 7.8) and then centrifuged at 10,000× g for 10 min. The absorbance of the final solution
was calculated at 450 nm using spectrophotometer.

2.6. Antioxidant Enzyme Activity Assays

To measure enzymatic activity, 0.5 g of root and shoot tissues were ground using
liquid nitrogen and mixed in 10 mL of 50 mM sodium phosphate buffer containing 1%
polyvinylpyrrodine, 0.2 mm per L EDTA, and 19 mmol per L magnesium chloride. The
mixture was centrifuged and kept at 4 ◦C for subsequent enzyme analysis.

Peroxidase activity was assessed using a method adopted from our previous study [42].
Superoxide dismutase (SOD) activity was measured using a photochemical nitroblue
tetrazolium (NBT) assay and was monitored at 560 nm. The CAT activity was determined
by observing the reduction at 240 nm due to H2O2 degradation as mentioned in our
earlier study [43].

2.7. Osmoprotectants Quantification

Free amino acids were quantified using the protocol of previously published work
with some modifications [44]. The extraction buffer was composed of acetic acid/sodium
acetate (pH 5.4), and the final data were collected at 580 nm via a spectrophotometer [42].

Total soluble protein content was measured following the method of Bradford [45]
with bovine serum albumin as the standard and the absorbance was recorded at 595
nm [46].

Total soluble sugars were analyzed based on a modified protocol adopted from a
previous study [47]. A 0.5 g sample was mixed in 3 mL of ethanol (90%), incubated at
70 ◦C and adjusted to a final volume of 25 mL with 90% ethanol. From this, 1 mL of the
supernatant was mixed with 5 mL each of anthrone solution and sulfuric acid. Absorbance
was measured at 485 nm, with glucose used as the standard [48].

Proline content was measured by mixing 0.1 g of the sample in 1 mL of sulfosalicylic
acid solution. The reaction mixture included sample, glacial acetic acid, and ninhydrin
each one with 0.25 mL, and final data were determined at 520 nm [49].
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2.8. Statistical and Multivariate Analysis

A two-way ANOVA with a split-plot design was applied, where P and Cd were the
main plot factors, and cotton genotypes were the subplot factors using Statistix 8.1 (Analyt-
ical Software, Tallahassee, FL, USA) software. Mean comparisons were performed using
the least significant difference test at a 5% probability level. Graphs were generated with
Graphpad Prism 8 (San Diego, CA, USA) and expressed as mean ± standard error based
on three biological and technical replications. Principal component and correlation analy-
sis were calculated in OriginPro (2015) (b9.2.214, OriginLab Corporation, Northampton,
MA, USA).

3. Results

3.1. Plant Growth

Various growth traits were evaluated to assess the variation in morphological traits
of cotton genotypes. Compared to the control, Cd stress significantly reduced shoot
length, root dry weight, shoot dry weight, and total dry weight under low P condition.
However, P supplementation alleviated the negative effects of Cd by improving growth
parameters (Figure 1). Regardless of the treatment, Jimian169 consistently demonstrated
greater shoot length, root dry weight, shoot dry weight, and total dry weight compared to
DES926. Additionally, Cd stress negatively impacted root morphological traits, including
root length, surface area, volume and diameter under both P conditions (Figure 2). The
reductions were more pronounced in DES926, whereas Jimian169 maintained higher values
for root morphological traits across both P conditions (Figure 2).

 

Figure 1. Effect of P supplementation on shoot length (A), root dry matter (B), shoot dry matter (C),
and total dry matter (D) of Jimian169 and DES926 under Cd stress and control conditions. The values
are presented as mean ± standard error. Error bars with different letters show significant differences
(p < 0.05).

3.2. Leaf Chlorophyll and Gaseous Exchange

Cd stress significantly reduced leaf photosynthesis, transpiration, and stomatal conduc-
tance along with chlorophyll and carotenoid contents of contrasting low-P tolerant cotton
genotypes under both P conditions, with the exception of intercellular CO2 concentration
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(Figures 3 and 4). Regardless of treatments, Jimian169 exhibited superior photosynthetic
performance compared to DES926 (Figures 3 and 4). Under Cd stress, DES926 showed
higher intercellular CO2 concentration, indicating reduced carboxylation efficiency despite
the availability of CO2.

 

Figure 2. Effect of P supplementation on root length (A), root surface area (B), root diameter (C), and
root volume (D) of Jimian169 and DES926 under Cd stress and control conditions. The values are
presented as mean ± standard error. Error bars with different letters show significant differences
(p < 0.05).

 

Figure 3. Effect of P supplementation on photosynthetic rate (A), stomatal conductance (B), transpi-
ration rate (C), and intercellular CO2 concentration (D) of Jimian169 and DES926 under Cd stress
and control conditions. The values are presented as mean ± standard error. Error bars with different
letters show significant differences (p < 0.05).
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Figure 4. Effect of P supplementation on chlorophyll a (A), chlorophyll b (B), total chlorophyll (C),
and carotenoid content (D) of Jimian169 and DES926 under Cd stress and control conditions. The
values are presented as mean ± standard error. Error bars with different letters show significant
differences (p < 0.05).

3.3. Phosphorus Concentration and Use Efficiency

Cd stress led to a significant reduction in root and shoot P concentration, particularly
under low P conditions. However, Jimian169 maintained higher root and shoot P concen-
trations compared to DES926 (Figure 5A,B). A notable reduction in P accumulation of root
and shoot was recorded in response to low and normal P relative to control. Jimian169
demonstrated greater root and shoot P accumulation than DES926 (Figure 5C,D). Further-
more, Cd stress reduced PUpE and PUtE, especially under low P conditions. Despite
this, Jimian169 displayed significantly higher PUpE and PUtE than DES926 across both P
conditions (Figure 5E,F).

3.4. Malondialdehyde Content and Reactive Oxygen Species

Cd stress markedly increased root and shoot malondialdehyde (MDA) content of
cotton genotypes under low P. However, P supplementation significantly reduced MDA
content, particularly in Jimian169 (Figure 6A,B). Regardless of the treatment, DES926
exhibited higher MDA content in roots and shoots compared to Jimian169 (Figure 6A,B).
Similarly, Cd stress evaluated reactive oxygen species (ROS) levels, especially under low
P conditions, whereas P supplementation effectively mitigated ROS accumulation, with
Jimian169 showing the pronounced reduction. Compared to the control, Cd stress increased
H2O2 concentration levels in roots and shoots under both low and normal P conditions
with DES926 displaying higher H2O2 accumulation (Figure 6C,D). Similarly, Cd stress
raised O2

− concentration levels in roots and shoots under both P conditions, with DES926
consistently exhibiting higher O2

− concentration levels than Jimain169 (Figure 6E,F).
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Figure 5. Effect of P supplementation on root P concentration (A), shoot P concentration (B), Root
P accumulation (C), shoot P accumulation (D), P uptake efficiency (E), and P utilization efficiency
(F) of Jimian169 and DES926 under Cd stress and control conditions. The values are presented
as mean ± standard error. Error bars with different letters show significant differences (p < 0.05).

3.5. Antioxidant Enzymatic Activities

Antioxidant enzymatic activities were measured to assess the tolerance of cotton
genotypes against Cd stress across P concentration levels (Figure 7). Cd stress significantly
suppressed the activities of SOD, POD, and CAT in both roots and shoots, particularly
under low P conditions compared to control (Figure 7). However, P supplementation
enhanced the activities of these enzymes, especially in Jimian169 (Figure 7). Comparative
analysis revealed that Jimian169 exhibited higher SOD, POD, and CAT activities in roots
and shoots than DES926 (Figure 7).

3.6. Osmo-Protectants

The levels of osmo-protectants were also evaluated. Cd stress significantly reduced free
amino acids in roots and shoots under low P conditions. However, Jimian169 maintained
significantly higher free amino acid concentration levels compared to DES926 (Figure 8A,B).
Total soluble protein and total soluble sugar contents of roots and shoots were greatly
improved under Cd stress across both P conditions. Regardless of treatment, Jimian169
showed higher concentration levels of total soluble protein and more total soluble sugars
than DES926 (Figure 8C–F).
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Figure 6. Effect of P supplementation on root MDA (A), shoot MDA (B), root H2O2 (C), shoot H2O2

(D), root O2
− (E), and shoot O2

− (F) of Jimian169 and DES926 under Cd stress and control conditions.
The values are presented as mean ± standard error. Error bars with different letters show significant
differences (p < 0.05).

3.7. Multivariate Analysis

The principal component analysis (PCA) effectively discriminated among samples
based on the two principal components, PC1 and PC2, highlighting the influence of Cd
stress, P conditions, and cotton genotypes on plant responses. PC1 accounted for a signifi-
cant portion of the total variation (80.63%) and primarily separated the samples based on
external stress factors, particularly Cd exposure and P availability. Traits with high loading
on PC1 included key growth parameters, leaf gaseous exchange, PUE, and antioxidant
enzyme activities, indicating that these variables are major determinants of the plants’
response to Cd and P conditions. PC2, explaining 13.81% of the variation, provided addi-
tional discrimination among samples based on genotypic differences. Traits contributing
strongly to PC2 included osmo-protectants and some antioxidant enzymes, suggesting
that these characteristics are more genotype-dependent and play a secondary but notable
role in stress adaptation. Overall, the PCA clearly separated treatments and genotypes,
with PC1 representing environmental stress and nutrient factors, while PC2 reflected the
inherent genetic variability response mechanism. The factor loading and scores together
revealed that growth-related traits and physiological traits underlie the primary axis of
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variation, while biochemical stress markers define the secondary axis, offering insight into
the differential tolerance mechanism among cotton genotypes (Figure 9 and Table S1).

 

Figure 7. Effect of P supplementation on root SOD (A), shoot SOD (B), root POD (C), shoot POD (D),
root CAT (E), and shoot CAT (F) of Jimian169 and DES926 under Cd stress and control conditions.
The values are presented as mean ± standard error. Error bars with different letters show significant
differences (p < 0.05).

The correlation between plant growth, leaf gaseous exchange (excluding intercellular
CO2 concentration), PUE traits, and antioxidant enzyme activities was strongly positive.
Additionally, root and shoot growth, along with dry matter, showed strong positive correla-
tions with most traits except for MDA, osmo-protectants, and ROS accumulation (Figure 10).
Among root morphological traits, root length exhibited a strong positive correlation with
PUE traits and antioxidant enzymes, highlighting the role of P in fostering an improved
root system to enhance P uptake and tolerance to Cd stress (Figure 10).
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Figure 8. Effect of P supplementation on root-free amino acids (A), shoot-free amino acids (B), root
total soluble protein (C), shoot total soluble protein (D), root total soluble sugar (E), and shoot total
soluble sugars (F) of Jimain169 and DES926 under Cd stress and control conditions. The values are
presented as mean ± standard error. Error bars with different letters show significant differences
(p < 0.05).

Figure 9. Principal component analysis (PCA) biplot of various studied traits of Jimian169 and
DES926 under Cd stress and control supplemented with low and normal P conditions. SL; shoot
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length, RDM; root dry matter, SDM; shoot dry matter, TDM; total dry matter, RL; root length,
RSA; root surface area, RD; root diameter, RV; root volume, Pn; photosynthetic rate, gs; stomatal
conductance, E; transpiration rate, Ci; intercellular CO2 concentration, Chl a; chlorophyll a content,
Chl b; chlorophyll b content, chlorophyll a + b, CAR; carotenoid contents, RP; root phosphorus
concentrations, SP; shoot phosphorus concentration, RPA; root phosphorus accumulation, SPA;
shoot phosphorus accumulation, PUpE; phosphorus uptake efficiency, PUtE; phosphorus utilization
efficiency, RMDA; root malondialdehyde content, SMDA; shoot malondialdehyde content, RO2;
root superoxide anion, SO2; shoot superoxide anion, RH2O2; root hydrogen peroxide, SH2O2; shoot
hydrogen peroxide, RSOD; root superoxide dismutase, SSOD, shoot superoxide dismutase, RPOD;
root peroxidase, SPOD; shoot peroxidase, RCAT; root catalase, SCAT; shoot catalase, RFAA; root free
amino acids, SFAA; shoot free amino acids, RTSP; root total soluble proteins, STSP; shoot total soluble
proteins, RTSS; root total soluble sugars, and STSS; shoot total soluble sugars.

 

Figure 10. Relationships of various studied traits of Jimian169 and DES926 under Cd stress and
control supplemented with low and normal P conditions. Where red color shows a positive correlation
and blue color shows a negative correlation, while size of the circle shows the strength of correlation.
SL; shoot length, RDM; root dry matter, SDM; shoot dry matter, TDM; total dry matter, RL; root length,
RSA; root surface area, RD; root diameter, RV; root volume, Pn; photosynthetic rate, gs; stomatal
conductance, E; transpiration rate, Ci; intercellular CO2 concentration, Chl a; chlorophyll a content,
Chl b; chlorophyll b content, chlorophyll a + b, CAR; carotenoid contents, RP; root phosphorus
concentrations, SP; shoot phosphorus concentration, RPA; root phosphorus accumulation, SPA;
shoot phosphorus accumulation, PUpE; phosphorus uptake efficiency, PUtE; phosphorus utilization
efficiency, RMDA; root malondialdehyde content, SMDA; shoot malondialdehyde content, RO2;
root superoxide anion, SO2; shoot superoxide anion, RH2O2; root hydrogen peroxide, SH2O2; shoot
hydrogen peroxide, RSOD; root superoxide dismutase, SSOD, shoot superoxide dismutase, RPOD;
root peroxidase, SPOD; shoot peroxidase, RCAT; root catalase, SCAT; shoot catalase, RFAA; root free
amino acids, SFAA; shoot free amino acids, RTSP; root total soluble proteins, STSP; shoot total soluble
proteins, RTSS; root total soluble sugars, and STSS; shoot total soluble sugars.
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4. Discussion

4.1. Phosphorus Enhances Morphophysiological Tolerance of Cotton Genotypes Under
Cadmium Stress

Exposure to heavy or trace elements can lead to toxic effects on plant growth parame-
ters, although the severity of these effects depends on plant species, genotype and tissue
type. These growth attributes serve a sensitive indicators for assessing plant responses to
metal toxicity [50]. Among heavy metals, cadmium (Cd) is a major pollutant in agricultural
soils worldwide, significantly reducing plant growth and productivity [51]. The extent of
Cd toxicity in plants varies based on growth conditions, experimental setup, Cd availability,
exposure duration, and plant age [52].

In this study, Cd stress (5 μM) markedly reduced root and shoot length, plant height,
and dry matter accumulation in two cotton genotypes. The results indicated that Jimian169
exhibited greater growth and dry matter accumulation than DES926 (Figure 1), suggesting
a higher tolerance to Cd stress. In contrast, DES926 had low values for such parameters,
indicating greater sensitivity, particularly under low P conditions. The observed growth
reduction under Cd stress may be attributed to decreased chlorophyll contents, impaired
photosynthesis, and related metabolic disruptions, ultimately leading to reduced carbohy-
drate production and biomass accumulation. These findings align with previous studies
that reported significant declines in root and shoot length, as well as dry matter accumula-
tion, under Cd stress [53,54]. Similar reductions were found in Phyllanthus amarus grown
under high Cd stress [55].

A key early indicator of Cd toxicity in plants is visual symptomology, particularly leaf
chlorosis, which results from structural damage to chloroplast [56]. It is generally accepted
that Cd concentrations exceeding 5–10 mg/kg in leaf tissue are toxic to plants [57]. In
this study, chlorosis was more evident than necrosis in both genotypes, with symptoms
intensifying in a dose-dependent manner. DES926 exhibited more severe chlorosis than
Jimian169, further confirming its higher sensitivity to Cd stress. However, some degree of
natural chlorosis and necrosis were also observed in control plants. Based on visual obser-
vations, Jimian169 appeared more tolerant to Cd than DES926. Previous studies suggest
that Cd-induced chlorosis may result from disruptions in essential nutrient accumulation
in aerial plant parts [58].

The genotypic differences observed in growth responses and visual symptoms under
Cd stress highlight distinct tolerance mechanisms in cotton genotypes. These findings
are consistent with reports of Cd-induced chlorosis in various plant species, including
chickpea [59], Sedum alfredii [60], rice [61], and mungbean [62]. The differential responses
observed in this study provide valuable insights into morphological and physiological
adaptations of cotton genotypes under Cd toxicity.

4.2. Phosphorus Enhances Antioxidant Defense System of Cotton Genotypes Under
Cadmium Stress

Enzymatic activities showed different responses against Cd stress. The initial increase
in antioxidant enzyme activity under Cd stress may be attributed to the activation of the
plant defense mechanism in response to metal stress [63]. These antioxidant enzymes play
a crucial role in mitigating oxidative damage by reducing MDA contents under metal
stress [64]. However, at higher stress, the reduction in the antioxidant system suggests a
disruption in ROS homeostasis, leading to elevated concentration levels of H2O2, MDA,
and electrolyte leakage. Similar trends in antioxidant enzyme activity and ROS production
have been observed in various plants under Cd stress [65,66].

Phosphorus (P) supplementation further enhanced antioxidant enzyme activities, con-
sequently reducing oxidative stress as evidenced by lower MDA and H2O2 concentration
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levels in both roots and shoots under Cd stress (Figure 6). This P-induced enhancement
of the antioxidant defense system has been reported under various abiotic stress condi-
tions [65]. The observed inhibition of MDA and H2O2 accumulation with P application
highlights its role in mitigating Cd-induced stress in cotton plants. Furthermore, the en-
hanced antioxidant enzyme activity in P-treated plants may be associated with reduced
Cd in plants. These findings suggest that P-mediated stimulation of the antioxidant de-
fense system and suppression of ROS production may constitute an essential tolerance
mechanism against Cd-induced oxidative stress in cotton.

Under stress conditions, plants accumulate MDA, a marker of lipid peroxidation,
which significantly damages cell membranes [67]. Thus, MDA serves as a reliable indicator
of oxidative stress. In the current study, Cd stress led to elevated MDA concentration
levels and antioxidant enzyme activities (Figures 6 and 7). The increase in MDA content in
Cd-stressed plants was likely due to excessive ROS accumulation. Previous studies have
reported that abiotic stress disrupts ROS equilibrium, leading to enhanced photooxida-
tive damage to the photosynthetic apparatus and membrane lipid peroxidation [68]. To
maintain normal photosynthesis, plants must regulate ROS concentration levels [69] and
maintain redox equilibrium in the cells [70]. One of the most critical mechanisms to achieve
this balance is the antioxidant defense system [71].

In this study, cotton genotype Jimian169 exhibited a strong capacity to counter ox-
idative stress damage (Figure 6). Elevated antioxidant defense system and reduced ROS
and MDA accumulation under normal P indicate that Jimian169 possesses a robust redox
defense system against stress. Similarly, nitrogen application has been shown to enhance
maize’s soluble protein and antioxidant enzyme activities under stress [72]. Thus, while
Cd stress regulates antioxidant enzyme activity, its effectiveness largely depends on the
presence of P.

Excessive ROS production and accumulation can lead to severe cellular damage
resulting in cell death [7]. In this study, Cd-stressed plants exhibited significantly higher
ROS concentration levels compared to control plants. Furthermore, combined low P and
Cd stress exacerbated ROS and MDA accumulation, indicating that P application plays
a crucial role in suppressing ROS production under Cd stress. The observed increase
in ROS levels under Cd stress may be associated with reduced photosynthetic activity
(Figure 3), consistent with previous findings [73]. To counteract oxidative stress, plants
activate antioxidant defense mechanisms that help alleviate ROS-induced damage. Notably,
Jimian169 exhibited higher antioxidant enzyme activities under Cd stress, suggesting a
more effective antioxidant defense system compared to DES926 genotype. These findings
indicate that DES926 has a weaker antioxidant response to Cd stress, whereas Jimian169
demonstrates a stronger capability to mitigate oxidative damage.

In response to Cd stress, plants accumulate various osmolytes to enhance osmotic
potential, thereby maintaining cellular turgidity and physiological processes [74]. Cd stress
also affects osmo-protectants, including free amino acids, total soluble proteins, and soluble
sugars, which are critical for osmotic adjustment under stress conditions. Cotton seedlings
modulate these osmo-protectants to maintain cellular osmoregulation, an essential trait
for stress tolerance [49]. Changes in free amino acid levels in response to stress show
its production, acting as a stress indicator [75]. Among these osmo-protectants, amino
acids play a crucial role in sustaining cell turgidity and preventing dehydration [76]. The
higher concentration levels of osmo-protectants in Jimian169 tissues contributed to osmotic
adjustment, reducing osmotic potential and maintaining cell turgidity. These findings
suggest that Jimian169 has a superior capacity to maintain free amino acid levels, thereby
enhancing Cd stress tolerance.
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Soluble proteins and sugars play a crucial role as cellular components that enhance
plant resilience to stress [77]. Research has consistently shown that various plant species
accumulate osmo-protectants when exposed to stressful conditions [36,78,79]. Consistent
with these findings, our study revealed that Jimian169 seedlings subjected to Cd stress
exhibited a significant increase in osmo-protectant production and accumulation. This
response contributed to improved osmotic potential, sustained cell turgidity, and reduced
tissue dehydration. As a result, Jimian169 demonstrates a more efficient osmo-protective
mechanism, enhancing its tolerance to Cd stress.

5. Conclusions

In conclusion, Cd-induced stress had a profound impact on the growth and metabolic
processes of contrasting low-P tolerant genotypes, as evidenced by reduced dry matter
accumulation, photosynthetic activity, chlorophyll content, PUE, and antioxidant enzyme
activity, along with an increase in MDA concentration levels. However, Jimian169 exhibited
greater tolerance to Cd stress across both P conditions compared to DES926. Its enhanced
growth, well-developed root system, higher photosynthetic efficiency, improved PUE,
stronger antioxidant defense, and greater osmo-protectant accumulation contributed to
its superior stress resilience. These findings highlight the critical role of P in alleviating
Cd-induced toxicity and suggest that Jimian169 is a more suitable genotype for cultivation
in Cd-contaminated soils with normal P.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antiox14060686/s1, Table S1. Principal component analysis (PCA) biplot
of various studied traits of Jimian169 and DES926 under LP + Cd (0.01 mM KH2PO4 + 0.5 mM
CdCl2), LP + CK (0.01 mM KH2PO4 + 0 mM CdCl2), NP + Cd (1 mM KH2PO4 + 0.5 mM CdCl2),
NP + CK (1 mM KH2PO4 + 0 mM CdCl2). SL; shoot length, RDM; root dry matter, SDM; shoot dry
matter, TDM; total dry matter, RL; root length, RSA; root surface area, RD; root diameter, RV; root
volume, Pn; photosynthetic rate, gs; stomatal conductance, E; transpiration rate, Ci; intercellular CO2

concentration, Chl a; chlorophyll a content, Chl b; chlorophyll b content, chlorophyll a + b, CAR;
carotenoid contents, RP; root phosphorus concentrations, SP; shoot phosphorus concentration, RPA;
root phosphorus accumulation, SPA; shoot phosphorus accumulation, PUpE; phosphorus uptake
efficiency, PUtE; phosphorus utilization efficiency, RMDA; root malondialdehyde content, SMDA;
shoot malondialdehyde content, RO2; root superoxide anion, SO2; shoot superoxide anion, RH2O2;
root hydrogen peroxide, SH2O2; shoot hydrogen peroxide, RSOD; root superoxide dismutase, SSOD,
shoot superoxide dismutase, RPOD; root peroxidase, SPOD; shoot peroxidase, RCAT; root catalase,
SCAT; shoot catalase, RFAA; root free amino acids, SFAA; shoot free amino acids, RTSP; root total
soluble proteins, STSP; shoot total soluble proteins, RTSS; root total soluble sugars, and STSS; shoot
total soluble sugars.
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Abstract: Sulfate transporters (SULTRs) are key players that regulate sulfur acquisition and
distribution within plants, thereby influencing cellular redox hemostasis under pathogen
attacks, such as Alternaria brassicicola (Ab). In this study, a total of 23 BolSULTR (Brassica
oleracea SULTR) genes were identified from the Brassica genome. These BolSULTRs are
distributed across nine chromosomes, with all collinear BolSULTR gene pairs undergoing
purifying selections. Phylogenetic analysis reveals that the SULTR family is evolutionarily
conserved among plant kingdoms. qRT-PCR analysis demonstrated that the expression
of BolSULTRs varies across different plant organs and is modulated by hormonal signals.
Furthermore, transcriptome analysis identified several BolSULTRs whose expression levels
were depressed in Ab-challenged leaves in broccoli. Among them, the BolSULTR2;1 gene
emerged as a key player in the plant’s response to Ab. Virus-induced gene silencing (VIGS)
of BolSULTR2;1s resulted in elevated glutathione (GSH) levels and enhanced tolerance to
Ab. Taken together, these findings underscore the role of BolSULTR2;1 in maintaining redox
homeostasis and enhancing plant disease resistance, suggesting its potential as a target for
genome editing to develop broccoli varieties with improved pathogen tolerance.

Keywords: sulfate transporters; evolutionary analysis; bioinformatics; Alternaria brassicicola;
BolSULTR2;1; glutathione

1. Introduction

Sulfur is one of the essential elements in all living organisms, and it plays a fundamen-
tal role in various biochemical processes in higher plants [1]. The leaves and roots of plants
are essential tissues for the acquisition of external sulfur (S), playing a crucial role in the
plant’s overall nutrient uptake and metabolism. Plants actively absorb hydrogen sulfide
(H2S) through their leaves as a source of sulfur. The sulfur-deprived Brassica plants can be
more easily restored to the level of plants grown in the presence of sulfate with H2S [2].
Plant roots take up sulfur from the soil mainly in the form of sulfates (SO4

2−), which is
commonly mediated by several integral membrane proteins, namely sulfate transporters
(SULTRs) [3,4]. Once imported into root cells, sulfate is translocated to plastids in leaves
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and also via SULTRs, where sulfate is converted to adenosine 5′-phosphosulfate (APS) [5].
Subsequently, APS undergoes two consecutive enzymatic reactions and is sequentially
reduced to sulfite and sulfide by APS reductase (APR) and sulfite reductase (SiR), respec-
tively. Finally, sulfide is incorporated into the carbon skeleton of O-acetylserine (OAS), and
the resulting product cysteine is the first reduced sulfur donor involved in the biosynthesis
of other sulfur biomolecules, such as methionine, sulfolipides, vitamins, glutathione (GSH),
and glucosinolates [6–9].

It is reported that the typical SULTR proteins are generally H+/SO4
2− co-transporters

with 12 transmembrane domains (TMDs), a Sulfate_transp domain in the N-terminal re-
gion, and an anti-sigma antagonist (STAS) domain in the C-terminal region [10,11]. Thus,
the SULTR genes can be identified from the plant genome according to the sequences of
conserved domains. For example, the model plant Arabidopsis thaliana contains 12 SULTR
genes in its genomes [12,13]. Based on sequence similarity, the SULTR gene family can
be divided into four groups. In Arabidopsis, Group I includes SULTR1;1, SULTR1;2, and
SULTR1;3, known as high-affinity transporters distributed in the root surface cell layer
of the roots [14,15]. However, Group II includes SULTR2;1 and SULTR2;2, which are
low-affinity transporters responsible for sulfate transport from root to stem. It has been
accepted that SULTRs in Group II mainly participate in long-distance transport, maintain-
ing sulfur metabolite levels between the aerial parts [16]. Group III is the largest group
with preferential expression in leaves, but their exact roles remain under investigation. It is
proposed that SULTR3s facilitate SO4

2− uptake into chloroplasts and consequently influ-
ence downstream sulfate assimilation [17,18]. Interestingly, a yeast-based complementation
experiment suggested that SULTR3;5 could directly interact with SULTR2;1, enhancing
the transporter ability of SULTR2;1 under sulfur deficiency [19]. SULTR4;1 and SULTR4;2
belong to Group IV, and these SULTR4s are localized to the vacuolar membrane, where
they actively export SO4

2− from the vacuole to the cytoplasm [20]. Thus, these functionally
diversified SULTRs play central roles in the absorption and distribution of sulfate within
different plant organs, cell types, and subcellular compartments.

Intensive studies have demonstrated the critical roles of SULTR genes in plant growth
and development. In Arabidopsis, sulfur starvation strongly activates the expression of
SULTR1;1, whereas under normal sulfate supply, SULTR1;2 is the major transporter [14,21].
Sulfate translocation from roots to shoots is largely mediated by microRNA395 (miR395) [22],
which affects sulfate transport from root to stem and from old leaves to new leaves via
direct suppression of SULTR2;1. The Arabidopsis sultr2;1 mutant exhibits an early flowering
phenotype while keeping plant biomass unchanged [23], whereas several sultr3 mutants
display stunted growth to varying degrees, resulting in a smaller thallus and shorter roots
due to the reduced sulfate uptake to chloroplasts [17,24]. The SULTR4;1 and SULTR4;2
transporters are associated with sulfate transport in the vacuole, fulfilling the S require-
ments in young leaves and seeds [25,26]. Vacuoles isolated from callus of the sultr4;1
and sultr4;2 double knockout showed excess accumulation of sulfate [27]. However, our
knowledge about their functions under abiotic and biotic stresses is still scarce. In rice,
the miR395-OsSULTR2s module also regulates sulfate accumulation in leaves, resulting
in broad-spectrum resistance to bacterial pathogens [28]. In the model legume Medicago
truncatula, the majority of MtSULTR3 genes were strongly upregulated by drought or
salinity [29], implying that they might be a potential target for abiotic stresses. Indeed, the
loss of SULTR3;1 function led to lower ABA levels in Arabidopsis seedlings [30], further
indicating that SULTRs could be the cross-talking point between sulfur metabolism and
stress signaling pathways. Those findings suggest that SULTRs could help plants maintain
sufficient sulfur supply, thereby protecting plants from environmental stresses as well as
pathogen attacks.
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Broccoli (Brassica oleracea L. var. italica) is a cruciferous vegetable that is widely
cultivated worldwide owing to its nutritional value [31,32], and, in 2023, global production
of broccoli (cauliflower included) reached approximately 25.9 million tons (http://faostat.
fao.org/ (accessed on 15 October 2024)). Black spot disease, a necrotrophic pathogen caused
by fungal Alternaria brassicicola (Ab), severely affects broccoli production. So far, fully Ab-
resistant broccoli cultivars have not been reported yet, and, currently, all commercial
varieties are highly susceptible to Ab [33]. Therefore, genetic manipulation is the most
efficient method for the rapid improvement of broccoli resistance to Ab [34]. As sulfur is
implicated in plant immunity, modulation of sulfur transport might benefit plant sulfur
metabolism and consequently confer Ab resistance to broccoli.

Although the SULTR genes have been investigated in several plant species, their
genomic distribution and biological functions in broccoli, to our knowledge, have been
largely unexplored. Therefore, in this study, a genome-wide, comprehensive analysis of
SULTR genes was performed to search for SULTRs associated with broccoli Ab resistance.
In total, 23 SULTR genes were identified from broccoli and further confirmed through
sequencing. The physical and chemical characteristics, genomic structures, chromosomal
locations, evolutionary relationship, and expression profiles of the broccoli SULTR gene
family were examined in detail. Furthermore, the roles of BolSULTR2;1a were analyzed
through the virus-induced gene silencing (VIGS) approach, supporting its critical role in
Ab resistance. Our study provides molecular information regarding the SULTR gene family
in broccoli, providing a theoretical foundation for future genetic engineering to generate
Ab-resistant vegetables.

2. Materials and Methods

2.1. Identification and Characterization of BolSULTRs

The newest Brassica oleracea cv. JZS V2.0 data were obtained from the Brassicaceae
Database (BRAD) (http://brassicadb.cn (accessed on 10 December 2024)) [35]. The genome
CDS sequence data were extracted and transformed into protein sequences using TBtools-II
v2.154. Then, all Arabidopsis thaliana SULTR protein sequences were downloaded from
the Arabidopsis Genome Database (TAIR) using SULTR as a keyword. These sequences
were then used as seed sequences to search the B. oleracea protein database for the can-
didate BolSULTR using BLASTp with an e-value ≤ 1 × 10−5 [36]. In addition, the B.
oleracea protein sequences of SULTR were blasted by using Hidden Markov Models
(HMMs) for Sulfate_transp (PF00916) and STAS (PF01740) domains downloaded from
the Pfam database [37]. Domain structures were verified using NCBI-CDD and the Pfams
database [38,39], yielding 23 SULTR genes. Physicochemical properties were predicted
using ExPASy (http://web.expasy.org/protparam (accessed on 10 November 2024)) [40],
and subcellular localization was predicted using Plant-mPLoc [41].

2.2. Phylogenetic Analysis, Classification, and Evolutionary Analysis

Protein sequences of SULTR genes were retrieved from TAIR and BRAD. Multiple
sequence alignment of broccoli and Arabidopsis SULTR proteins was performed using
MUSCLE in MEGA X. Phylogenetic trees were constructed through the neighbor-joining
method with 1000 bootstrap replicates [42]. Based on their kinship with Arabidopsis, the
broccoli SULTR genes were designated as BolSULTR. Tree visualization and subfamily
classification were performed using iTOL (https://itol.embl.de/login.cgi (accessed on
11 December 2024)). The neighbor-joining tree was constructed based on the alignment
of SULTR amino acid sequences from Chlamydomonas reinhardtii, Physcomitrella patens,
Oryza sativa, Solaunum tuberosum, Solanum lycoperiscum, Brassica oleracea L. var. italica,
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and Arabidopsis thaliana. The percent bootstrap support for 1000 replicates is shown on
each branch.

2.3. Chromosome Location and Homologous Gene Analysis

The chromosome location of BolSULTR genes appeared on the BRAD. The density
of each gene was analyzed in the entire chromosome region. We divided the number of
genes by the region size and then multiplied it by a conversion factor of 1,000,000 to obtain
the number of genes per million base pairs (Mb). Moreover, gene duplication events were
examined using MCScanX with default parameters [43]. The events of gene duplication in
broccoli were revealed through the Advanced Circus tool from TBtools. Meanwhile, the
synonymous mutation rate (Ks), the nonsynonymous mutation rate (Ka), and the ratio of
nonsynonymous to synonymous mutation rates (Ka/Ks) for duplicated BolSULTR genes
were calculated using the Ka/Ks Calculator tool in TBtools. In addition, we downloaded the
genome annotation files for Arabidopsis thaliana and rice from the Ensembl Plants database
(https://plants.ensembl.org/index.html (accessed on 10 November 2024)) to create synteny
maps and analyzed the distribution of homologous genes across these different species by
using the TBtools.

2.4. Analysis of Conserved Motifs and Gene Structures of the BolSULTRs

We conducted a protein motif analysis of BolSULTR family members utilizing the
MEME tool (http://meme-suite.org/tools/meme (accessed on 11 December 2024)) with
default settings. Briefly, motif sites were expected to be distributed in sequences with zero
or one occurrence per sequence, and a maximum of 12 patterns were expected. Other
settings were as follows: the motif E-value threshold: no limit; sites per motif: 16–23; and
motif width: 15–50. The motifs were annotated in the form of amino acid logo plots. The
quantitative structures of exons and introns were determined using the genome annota-
tion file (GFF file format). TBtools was utilized to integrate and visualize phylogenetic
relationships, motif patterns, and gene structures.

2.5. Promoter Cis-Acting Element

We used TBtools to extract promoter sequences of upstream 2000 bp BolSULTR genes,
and the cis-regulatory elements were identified using PlantCAR [44]. The redundant ele-
ments were removed, and, according to its potential functions, all elements were classified.
TBtools was used to visualize element distribution (Figure S3).

2.6. Protein–Protein Interaction Prediction

The BolSULTR protein interactions based on data from Arabidopsis orthologs were
analyzed using the online tool STRING (https://string-db.org/ (accessed on 11 Novem-
ber 2024)). The interacting proteins were functionally characterized through Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses.

2.7. Plant Material and Treatment

Seeds of the susceptible cultivar ‘41-3’ of Brassica oleracea L. var. italica (broccoli) were
germinated in a soil–perlite mixture (2:1) in a plant growth chamber with a photoperiod of
16 h of light and 8 h of darkness at a temperature of 25 ◦C ± 1 ◦C and a relative humidity
of approximately 65%. The 8-week-old broccoli seedlings were used for Ab infection
experiments. The A. brassicicola wild-type strain used in this study was routinely grown
and maintained on potato dextrose agar at 24 ◦C.
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2.8. Expression Patterns of BolSULTR Genes Based on RNA-Seq Data

The concentration of the A. brassicicola conidial suspension was 5 × 105 spores per
milliliter with 0.05% (v/v) Tween 20 was added as a surfactant, which was applied using a
spray bottle directly onto each leaf. The control group received the same volume of Tween
20 as the treatment groups. Additionally, the relative humidity of the environment was
increased to 80%. We selected leaves at different time points (0 days, 1 day, 3 days, 5 days,
and 7 days) after treatment to perform transcriptome sequencing (RNA-Seq); each time
point included three samples, with each sample consisting of four biological replicates.
Additionally, we searched seven RNA-seq datasets of Brassica from the GSE42891 (GEO
database), specifically for the root, stem, leaf, flower, silique, bud, and callus. The BolSULTR
genes were used as a template to screen for highly homologous genes in RNA-seq datasets,
and then the expression pattern of the target gene was extracted based on the FPKM
value. Subsequently, log2 transformation was applied to generate a heatmap using TBtool.
RNA-seq dataset information is presented in Supplementary Tables S4 and S5.

2.9. Expression of SULTR Genes in Broccoli Treated with Different Phytohormones

We used different phytohormones to treat broccoli seedling leaves. The exogenous
hormones were dissolved in a small amount of ethanol and then diluted to the desired
concentration for each treatment with distilled water, including 100 mg/L of Ethephon
(ETH, Solarbio, 16672-87-0, Beijing, China), 1 mM/L of MeJA (Macklin, 39924-52-2, Beijing,
China), and 1 mM/L of SA (Biotopped, 69-72-7, Beijing, China). Working fluids were
applied to the plants through spraying and distilled water was used as a control treatment
while ensuring that the concentration of anhydrous ethanol in the spray solution was the
same. Additionally, 0.1% (v/v) Tween 20 was added as a surfactant. We ensured that each
plant leaf was sprayed thoroughly until it dripped completely. For each treatment, we
selected three samples at different time points (0 h, 4 h, 24 h), and for each sample we used
3 biological replicates. The samples were verified through qRT-PCR. These samples were
then rapidly frozen in liquid nitrogen and stored at −80 ◦C for further experiments.

2.10. RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from young broccoli leaves using the FastPure Plant Total
RNA Isolation Kit (Vazyme, Nanjing, China), with modifications [45]. RNA was then
treated with DNase I to remove genomic DNA in one step, and 3 μg of total RNA was
used for first-strand cDNA synthesis using a cDNA synthesis kit (Transgen, Beijing, China).
The resulting cDNA sequences served as templates for quantitative reverse transcription
real-time PCR (qRT-PCR) using a Roche LightCycler 480 II and the LightCycler 480 SYBR
Green I Master Mix (Toyobo, Shanghai, China), following the manufacturer’s instructions.
Fold changes were calculated from 2−ΔΔCt values, with each assay replicated at least
three times using three biological replicates (independent RNA preparations). The Actin-
2 was employed as a reference gene. The relevant primer sequences are presented in
Supplemental Table S3.

2.11. Virus-Induced Gene Silencing (VIGS) of BolSULTR2;1

We used the tobacco rattle virus (TRV) vector system, consisting of pTRV1 and pTRV2
vectors, to achieve virus-induced BolSULTR2;1 silencing (VIGS). The 315 bp sequence from
CDS was subcloned into the viral vector pTRV2. The Agrobacterium tumefaciens strain
GV3101 harboring the recombinant plasmids pTRV2:BolSULTR2;1 and pTRV1 was used
for in vitro agroinoculation through leaf injection. The Brassica oleracea 15-cis-phytoene
desaturase (PDS) was used as a positive control, and the negative control was the pTRV2
empty vector (TRV:00). The Agrobacterium tumefaciens strain GV3101 carrying the constructs
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was cultured overnight at 28 ◦C and centrifuged to remove culture medium containing
antibiotics when OD600 reached 1.5–2.0. The concentrated bacterial solutions were fully
suspended with 1 mL of 10 mM magnesium chloride solution containing 200 μM of
acetylsyringone and then diluted into a working solution (OD600 = 0.5). Then, a needleless
syringe was used to infiltrate the abaxial surface of the broccoli cotyledons. Each treatment
was inoculated with fifty broccoli seedlings. All of the plants were grown in the same
growth environment at 25/23 ◦C (day/night), with a 16 h light/8 h dark cycle.

When observing a bleached leaf phenotype in seedlings infiltrated with pTRV:PDS, we
performed a qRT-PCR analysis on the selected seedlings (pTRV:BolSULTR2;1). Significant
downregulation of BolSULTR2;1 in the bleached seedlings compared to negative controls
indicated successful silencing. At that moment, we collected a sufficient amount of leaf
tissue for further analysis. Subsequently, the silenced seedlings and control plants with
comparable growth conditions were selected for inoculation with the Ab suspension liquid
(5 × 105 conidia/mL). Determination of the stress-related physiological index contents
of the leaves was performed on the fifth day after inoculation, and ImageJ software (Ver.
1.54k) was used to calculate the area of the lesions. The VIGS experiments were repeated at
least three times, and each treatment was applied to more than 15 plants. The primers used
for vector construction are listed in Supplemental Table S3.

2.12. Measurements of ROS-Related Physiological and Biochemical Parameters

Quantifications of reduced glutathione (GSH), superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX) were conducted using commercial kits (BC1175 for
GSH, BC0175 for SOD, BC0205 for CAT, and BC0225 for APX) purchased from Solarbio
Life Sciences Co., Ltd. (Beijing, China) following the manufacturer’s instructions. The
spectrophotometry was performed with an Agilent BioTek microplate reader (Santa Clara,
CA, USA). Each assay was performed with three biological replicates. The detection of
reactive oxygen species (ROS) was conducted using Coolaber DAB (3,3′-diaminobenzidine)
detection kit (Beijing, China). The leaf staining procedure was conducted as previously
described [46].

3. Results

3.1. Identification of SULTR Genes in Brassica Oleracea Broccoli

In this study, 23 unique BolSULTR members were obtained from broccoli and named
according to their homology with Arabidopsis counterparts (Figure S1 and Table S1). In-
formation on the gene name, loci number chromosomal location, and physicochemical
characteristics of putative proteins of individual BolSULTR genes is listed in Table 1. Of
these, the molecular weight of putative BolSULTR proteins ranged from 43.33 kDa (Bol-
SULTR3;1c) to 108.00 kDa (BolSULTR4;2). Furthermore, the range of isoelectric points
extends from a slightly acidic pI of 5.96 (BolSULTR3;1b) to a more basic pI of 9.63 (Bol-
SULTR3;4b). Notably, except for BolSULTR3;1b protein, which was distinguished by its
hydrophilic character, the other members, which exhibit positive GRAVY values, showed a
generally hydrophobic nature. Consistent with transporter roles, 19 BolSULTR proteins
were predicted to be localized on the cell membrane, while all BolSULTR4 members might
be localized to the chloroplasts or vacuoles. Surprisingly, BolSULTR3;1b could be targeted
to the nucleus, probably reflecting its distinct functions other than as a transporter. Together,
the results reinforced the assumption that these BolSULTRs might functionally diverge and
participate in different biochemical processes under disparate environments.
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Table 1. Physicochemical properties of SULTR protein in broccoli.

Gene_Name a Gene_ID b

Putative Proteins’ Physical and Chemical Parameters c

Predicted
Location(s) dPeptide

Length (aa)
MW

(kDa)
pI

Instability
Index

GRAVY

BolSULTR1.2b BolC02g034190.2J 652 71.64 9.12 33.97 0.410 Cell membrane
BolSULTR1;1 BolC02g019620.2J 648 70.59 9.12 35.14 0.406 Cell membrane
BolSULTR1;2a BolC06g049010.2J 655 71.84 8.81 34.81 0.401 Cell membrane
BolSULTR1;3 BolC05g020480.2J 683 74.96 9.22 34.71 0.456 Cell membrane
BolSULTR2;1a BolC02g004100.2J 677 73.97 9.04 37.58 0.427 Cell membrane
BolSULTR2;1b BolC09g062520.2J 686 75.39 8.86 39.45 0.414 Cell membrane
BolSULTR2;1c BolC09g062540.2J 629 68.97 8.21 37.44 0.473 Cell membrane
BolSULTR2;1d BolC09g062560.2J 624 68.22 8.54 36.2 0.489 Cell membrane
BolSULTR2;2 BolC06g049000.2J 471 51.29 9.43 30.44 0.586 Cell membrane
BolSULTR3;1a BolC07g044940.2J 759 83.77 8.99 33.55 0.263 Cell membrane

BolSULTR3;1b BolC08g036100.2J 876 97.30 5.96 40.41 −0.093 Cell membrane,
nucleus

BolSULTR3;1c BolC04g040390.2J 390 43.33 8.5 40.64 0.407 Cell membrane
BolSULTR3;2 BolC09g002080.2J 650 71.74 8.81 42.51 0.438 Cell membrane
BolSULTR3;3a BolC07g020360.2J 656 72.22 9.1 35.68 0.461 Cell membrane
BolSULTR3;3b BolC05g021440.2J 632 69.42 9.3 36.37 0.425 Cell membrane
BolSULTR3;4a BolC05g050200.2J 656 71.95 9.51 40.83 0.407 Cell membrane
BolSULTR3;4b BolC01g046840.2J 660 72.09 9.63 39.27 0.409 Cell membrane
BolSULTR3;4c BolC03g044170.2J 653 71.60 9.54 37.55 0.44 Cell membrane
BolSULTR3;5a BolC03g010280.2J 636 70.53 8.48 35.85 0.442 Cell membrane
BolSULTR3;5b BolC02g009920.2J 634 70.38 8.85 32.21 0.447 Cell membrane
BolSULTR4;1a BolC03g006540.2J 692 75.88 8.64 45.62 0.324 Chloroplast
BolSULTR4;1b BolC09g059530.2J 693 75.89 8.34 43.5 0.288 Chloroplast

BolSULTR4;2 BolC03g041900.2J 989 108.00 6.03 39.73 0.138 Chloroplast,
vacuole

a, Name refers to systematic designation of members of the BolSULTR family according to the homology against
Arabidopsis. b, Gene accession number in BRAD database. c, The various physical and chemical parameters
calculated from the protein sequences we entered. d, Subcellular localization was predicted using Plant-mPLoc.

3.2. Phylogenetic Analysis of SULTR Gene Family

To investigate the phylogenetic relationship between the members of the BolSULTR
family, a neighbor-joining tree was constructed based on the multiple alignment of SULTR
protein sequences from green algae (Chlamydomonas reinhardtii), bryophyte (Physcomitrium
patens), green algae (Chlamydomonas reinhardtii), rice (Oryza Stativa), tomato (Solanum tubero-
sum), potato (Solanum lycopersicum), Arabidopsis (Arabidopsis thaliana), and broccoli. Among
these subfamilies, subclade III stands out with 34 members, which makes it the largest
group; subclade I includes 26 members, followed by subclade IV (16 SULTRs) and subclade
II (11 SULTRs). Only two and four SULTR proteins were identified from the genome
of green algae and bryophytes, respectively (Figure 1). The reduced number of SULTRs
in lower photosynthetic organisms may reflect evolutionary adaptations to their specific
environmental conditions and physiological requirements. Conversely, in higher plants,
such as Arabidopsis, tomato, and rice, dozens of SULTRs were found in their genomes,
which indicates the expansion of the SULTR gene family in higher plants.
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Figure 1. Phylogenetic analysis of SULTR proteins in algae, liverwort, moss, and selected flowering
plants. The neighbor-joining tree was constructed based on the alignment of SULTR amino acid
sequences from Chlamydomonas reinhardtii (green circle), Physcomitrella patens (empty green circle),
Solanum tuberosum (blue triangle), Solanum lycopersicum (empty blue triangle), Oryza sativa (empty
yellow square), Zea mays (yellow square), Brassica oleracea L. var. Italica (black circle), and Arabidopsis
thaliana (empty black circle). The position of the root was determined from an outgroup consisting of
two SULTR-like sequences from yeast (Saccharomyces cerevisiae). The percent bootstrap support for
1000 replicates is shown on each branch.

3.3. Conserved Domains of BolSULTRs

To better understand the structural similarity of these SULTRs, the Hidden Markov
Models were used to identify the TMD, STAS, and other conserved domains of BolSULTR,
and the predicted domains were visualized in ChiPlot (Figure S2). Almost all BolSULTR
proteins possess the Sulfate_transp domain (PF00916) and the STAS domain (PF01740),
indicating that the BolSULTRs are highly conserved in broccoli. However, SULTR2;2 only
has the intact TMD region, and its STAS domain was abolished. Thus, it is plausible that the
transporter ability of SULTR2;2 could be impaired due to the sequence truncations. Other
domains were identified in some BolSULTRs, which might confer novel functions. For
example, in addition to TMD and STAS, BolSULTR4;2 also contains the Chitin-binding and
glycoside hydrolase family 19 domains in its C-terminal. Similarly, LSm7 RNA-binding and
high mobility group (HMG)-box motifs were found in BolSULTR3;1a and BolSULTR3;1b,
respectively (Table S1).

3.4. Analysis of Conserved Motifs and Gene Structure of BolSULTRs

A total of 12 different motifs were detected among the BolSULTR proteins, with lengths
ranging from 15 to 50 amino acids. The number of motifs varied from 7 to 12 among 23
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BolSULTR proteins. The motifs 1, 2, and 5, containing the Sulfate_transp motif, or motifs 7,
9, and 11, containing the STAS signature motif, were characteristic in all BolSULTR proteins.
These findings are consistent with the domain analysis of the SULTR family (Figure 2B,D).
Additionally, motif 8 was exclusively absent in Group IV, and several motifs were deleted
in BolSULTR2;2, BolSULTR3;1c, implying the different functions of these BolSULTRs.
Additionally, most BolSULTRs within the same subfamily generally exhibit similar genetic
structures in terms of the number and length of introns and exons (Figure 2C). BolSULTR2;1
members might arise from recent duplication events, as evidenced by the extremely high
similarity in gene structure and sequences. In Group III, the number of exons ranged from
8 to 21, exhibiting a complex pattern. The SULTR members in Group IV had 15 to 19 exons,
and BolSULTR4;2 possessed 2 longer exons at the 3′ end due to the additional domains.
Overall, the conserved motifs and complex gene structure might provide more chances of
heredity and variation for BolSULTR genes.

Figure 2. Conserved motifs and gene structural analyses of the BolSULTRs. (A) Creating a phylo-
genetic tree involved arranging 23 BolSULTR conserved motifs. (B) The two conserved domains
are divided into 12 motifs. The specific motifs or sequence patterns are retained across different
BolSULTR proteins due to their functional importance. (C) General gene structure of BolSULTRs.
Black lines and black boxes indicate introns, exons, and UTR, respectively. (D) The functional active
site or binding site corresponds to the motif’s detailed sequence.
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3.5. The Chromosome Localization, Gene Duplication, Ka/Ks, and Synteny Analysis

The results showed that 23 BolSULTR genes were unevenly distributed in nine chromo-
somes (Figure 3A). The majority of BolSULTR genes were mainly located on chromosomes
C02, C03, and C09. Notably, only one BolSULTR3 gene was found on chromosomes C01,
C04, and C08, while most BolSULTR2s were clustered on chromosome C09. In addition,
the collinearity relationships showed BolSULTR1;1, BolSULTR2;2, BolSULTR3;2, and Bol-
SULTR4;2 without associated collinear genes and a high degree of functional conservation
among cruciferous species (Figure 3B). This may be due to biased gene loss in redundant
gene members lacking collinear relationships [47]. Furthermore, consistent with previ-
ous observations, all collinear BolSULTR gene pairs had a Ka/Ks ratio of less than one,
indicating that these genes underwent purifying selection. Interestingly, the genes Bol-
SULTR2;1a and BolSULTR2;1b were involved in segmental duplication, while BolSULTR2;1b,
BolSULTR2;1c, and the BolSULTR2;1d resulted from tandem duplication (Figure 3A and
Table S2).

 

 

Figure 3. Synteny analysis of BolSULTRs in the Brassica oleracea genome and between different
species. (A) Chromosomal locations and synteny analysis of BolSULTRs in broccoli. Gray lines
represent all synteny blocks in the B. oleracea genome, while black lines indicate segmental duplication
genes between BolSULTRs. Chromosome gene density is represented by a hot map (inner circle) and
column map (middle circle), with the outer circle showing the length of chromosomes. (B) Cognate
relationship of BolSULTRs in broccoli, Arabidopsis, and rice; colored lines emphasize the pairs of
syntenic BolSULTRs.
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3.6. Analysis of the Promoter Region of the BolSULTRs

Through PlantCare analytics, we can identify the potential regulatory regime through
the cis elements in the 2 kb upstream of all identified BolSULTR genes. It was clear of
cis-acting element distribution (Figure S3), and we drew on their functional annotations
to categorize three types: plant growth and development, abiotic and biotic stresses, and
phytohormone responses (Figure 4). The results of type I showed that BolSULTR genes
were associated with plant growth and development. This is because there were abundant
optical signal sensing and transduction elements distributed in the promoter region, like
Box-4 (ATTAAT), G-box (TACGTG), and GT1-motif, which can regulate gene expression
related to photomorphogenesis. Important cis-acting elements for the cell cycle and metal
ion response were found, such as CAT-box and MRE. These elements were also related to
responses to environmental changes.

Figure 4. Analysis of cis-acting elements of 23 BolSULTR gene promoters. Cis-acting elements of the
23 BolSULTR gene promoters are grouped, including phytohormone-responsive, biotic/abiotic stress,
and plant growth and development. The different colors and number of boxes indicate different
promoter elements in the BolSULTR genes.

The abiotic and biotic stress response elements were divided into the second category,
which is associated with stress responses, particularly those related to defense against
pathogens and other environmental stresses. Among them, the elements responding to abi-
otic stress were widely distributed, including MYB (CCAAT), MYC (CACATG), ARE (anaer-
obic response element), MBS (drought inducibility), and LTR (low-temperature-responsive)
binding sites. The second was the functional element in response to biological stress,
including TC-rich-repeat, W-box (WRKY-box), WUN-motif, and STRE (Stress-Responsive
Element). These elements are involved in the activation of BolSULTR genes that are part
of the plant’s response to various biotic stresses. The phytohormone response elements
were grouped into the third category, which mainly included ABRE (ABA-responsive
element), CGTCA-motif (MeJA-responsiveness), TGACG-motif (cis-acting regulatory el-
ement involved in MeJA-responsiveness), as-1element, and TCA-element (salicylic acid
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responsiveness). Additionally, ERE (Ethylene Response Element), TGA-element (auxin-
responsive element), and P-box (gibberellin-responsive element) were identified in those
BolSULTR promoters. These motifs are crucial for the regulation of genes involved in
secondary metabolite production, defense compound biosynthesis, and other protective
responses. Together, cis-element analyses indicate that BolSULTRs might be regulated by
light, hormones, stress responses, and developmental cues.

3.7. BolSULTR Interaction Prediction

As interacting objects, amino acid transporter AVT1E (the amino acid/polyamine
transporter 2 family), LHCB5 (Chlorophyll a-b binding protein), PSAO (Photosystem I
subunit O), and PSAG (Photosystem I reaction center subunit V) were predicted to be the
potential partners of BolSULTRs (Figure 5 and Table S6), which suggests that sulfur assimi-
lation is closely associated with the antioxidant defense mechanisms of photosynthesis [48].
As expected, the BolSULTR proteins could interact with some proteins related to sulfur
metabolism, including APS4 (ATP sulfurylase 4) and SIR (assimilatory sulfite reductase).
This shows that BolSULTR proteins could form complexes with other proteins involved in
the sulfur assimilation pathway to enhance efficiency and regulation.

 
Figure 5. Interactions between BolSULTR proteins and other proteins. Line color indicates the type of
interaction evidence; edges represent protein–protein associations.

3.8. Expression Patterns of the BolSULTR Genes

The expression profiles of BolSULTR were obtained from transcriptome analysis. Ex-
pression patterns of BolSULTR genes in different organs and under the Ab are shown in
Figure 6A,B. The seven RNA-seq datasets of Brassica told us that BolSULTR3;1a and Bol-
SULTR4;1b were ubiquitously expressed throughout the different organs, whereas other
genes exhibited organ-preferential patterns. Specifically, BolSULTR2;1a was highly ex-
pressed in the stem. BolSULTR3;1b, BolSULTR2;2, and BolSULTR3;3b were highly expressed
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in flowers and the silique, and BolSULTR3;5b was predominantly expressed in the callus
and roots. In contrast, BolSULTR3;1c, BolSULTR1;3, BolSULTR1;1, and BolSULTR3;4a dis-
played relatively lower expression levels across all organs. In summary, the expression
of BolSULTR genes could be detected in diverse tissues and organs. The transcriptome
datasets showed that initial gene expression levels (BolSULTR2;1a, BolSULTR3;1a/b, and
BolSULTR4;1b and BolSULTR3;3b, BolSULTR3;4b, and BolSULTR3;5b) exhibited much higher
expression levels than the other BolSULTRs. After the broccoli plants were challenged
with Ab, their gene expression levels were robust biology stress responses and remained
low until a correction occurred later in the course of the disease, particularly for Bol-
SULTR2;1a. But, the homologous genes of BolSULTR2;1b/c/d did not respond. This suggests
that BolSULTR2;1a may be important in early infections. Furthermore, the expression of
BolSULT3;1b reached its maximum at 7 dpi, implying that it might be late-responsive genes
during Ab infections.

Figure 6. Expression patterns of the BolSULTR genes. (A) Different tissues’ and organs’ expression
of BolSULTR genes; RNA-seq datasets belong to the GSE42891 (GEO database). (B) Expression of
the BolSULTR genes under Ab challenges at different points in time (0, 1, 3, 5, and 7 days). The
transcriptome data were averaged through log2 transformation and TBtools software to generate a
heatmap. The FPKM values are from three independent biological replicates.

3.9. Expression of BolSULTR Genes Under the Phytohormone Treatments

To further investigate the potential roles of the BolSULTR gene family in response
to the effects of different hormones on BolSULTR expression in broccoli, we selected and
examined the relative expression levels of twelve BolSULTR genes after various hormone
treatments for 0 h, 4 h, and 12 h using qRT-PCR (Figure 7). The results indicate that the
expression of most BolSULTR genes was upregulated robustly under exogenous MeJA
treatment conditions, suggesting that MeJA could induce plant resistance to saprophytic
pathogens [49–51]. Interestingly, the BolSULTR2;1a gene was downregulated in response to
various hormones.
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Figure 7. The expression levels of BolSULTRs in different hormones using qRT-PCR analysis. In total,
100 mg/L of Ethephon, 1 mM/L of MeJA, and 1 mM/L of SA were sprayed onto seedling leaves.
The leaves of mature broccoli were selected at different time points (0 h, 4 h, 24 h) and three from
independent biological replicates. Capital letters indicate significant differences (p < 0.01). Error bars
represent the standard deviation.

3.10. Silencing of BolSULTR2;1 Resulted in Reduced Leaf Spot Stress

To further verify the functions of the BolSULTR2;1a gene in broccoli immunity, we
obtained 25 independent silent plants of pTRV:BolSULTR2;1 via the VIGS approach. The
qRT-PCR analysis suggested that the genes’ expression of BolSULTR2;1 was specifically
downregulated in silent plants compared with the control group, and glutathione syn-
thetases2 (GSH2) gene expression was upregulated (Figures 8C and S5B). Then, these silent
plants were subjected to phenotypic analysis and physiological parameter measurements.
After 5 days of A. brassicicola inoculation, the silent plants exhibited local necrosis, and
the areas of the necrotic spots were significantly smaller than those of the control plants.
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DAB staining revealed less extensive lesions of reactive oxygen species (ROS) in the silent
plant leaves (Figure 8A). As glutathione (GSH) is the major antioxidant molecule in plants,
we measured the GSH (glutathione) content in the leaves’ tissue surrounding the lesion.
Consistent with the observed phenotypes, the GSH levels in silent plants were much higher
than those of the control. And, with the development of the disease, the activity of various
antioxidant enzymes in the silenced plants increased to a higher level than that of the
control group (Figure 8D). Thus, these results illustrated that the repression of BolSULTR2;1
could lead to enhanced tolerance under Ab infections.

 

Figure 8. Physiological parameter measurements of BolSULTR2;1-silencing and control plants.
(A) DAB reactive oxygen species staining in leaves. Bars = 2 cm. (B) Analysis of infection site area;
BolSULTR2;1 was specifically downregulated in silent plants. (C) Analysis of expression level of
glutathione synthetases gene. (D) Physiological parameters of GSH, APX, SOD, and CAT with
comparison between 0 days and 5 days under Ab stress in BolSULTR2;1-silencing plants. The mean
values were derived from three independent biological replicates. Letters above each column indicate
significant differences (p < 0.05 and p < 0.01). Error bars represent the standard deviation.
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4. Discussion

4.1. The Paradox Between Genome Complexity and SULTR Copy Number in Broccoli

Plants use sulfate (SO4
2−) as a primary sulfur source to produce a wide range of sec-

ondary organic metabolites that have imperative roles in plant development, metabolism,
and stress responses [52]. Once sulfate is acquired from the rhizosphere, it is assimilated
to biosynthesize cysteine and other sulfur-containing metabolites in the leaf chloroplasts.
Thus, higher plants need to translocate the sulfate from underground to aerial organs,
which is accomplished by SULTR transporters [4,53,54]. The sulfate movements between
organs, cells, and organelles are strictly regulated by internal and external signals. In the
last two decades, the SULTR gene family has been studied much more intensively in model
plant Arabidopsis and, to varying degrees, in other plant species, such as rice, maize, and
cabbage [12,55–57]. In this study, a total of 23 BolSULTR genes were identified where 2, 4,
15, 15, 9, and 12 SULTRs were found in the genomes of green algae, moss, tomato, potato,
maize, and rice, respectively. The results suggested that SULTRs might be encoded by a
moderate-sized gene family.

Regardless of the variable size of their genome, the number of SULTRs is comparable in
the species investigated. Among them, Zea mays B84 has the largest genome of 2.1 gigabases
(Gb), while only nine ZmSULTRs were reported in the maize genome. However, the
Arabidopsis with the smallest genome of 130 megabases (Mb) contains 12 SULTRs. As a close
relative of Arabidopsis, broccoli belongs to the Brassicaceae family. Due to several rounds
of whole genome duplication (WGD) events [47,58,59], the broccoli genome (613 Mb) is
nearly five times larger than its Arabidopsis counterpart. Interestingly, the members of
BolSULTR only slightly doubled compared to their Arabidopsis counterparts because the
phylogenetic analysis did identify duplication events within the BolSULTR gene family.
It seems that the increased complexity of the genome has little effect on the expansion of
the SULTR gene family in these plants. Accordingly, the observations might provide a
plausible hypothesis for the paradox between the increased genome complexity and the
relatively stable copy number of SULTRs in diverse species. In this scenario, although
several WGD events during Brassicaceae evolution technically increase the copy number of
SULTRs in the genome, the duplicated SULTRs are eventually lost through natural selection
that favors the deletion of redundant copies unless the duplicated SULTR can acquire new
functions [47,60]. Indeed, Ka/Ks ratio analysis indicated that the majority of BolSULTRs
have undergone strongly purifying selection in their evolutionary history. However, we
are unable to deny other possibilities. For instance, other plant ion transporters, instead of
SULTRs, might also have the ability to absorb sulfate from the environment, which might
eliminate the need for more SULTRs in these higher plants with more complex genomes.
Moreover, Group III represents the largest subfamily of SULTRs according to our analysis,
which is in good agreement with previous findings. Although the functional identities of
BolSULTR members in Groups II and III have not been determined in broccoli, the increase
in BolSULTR copies might contribute to the sulfur assimilations and the biosynthesis of
glucosinolates and their derivatives because broccoli can accumulate glucosinolates, a
group of sulfur-rich secondary metabolites abundantly found in broccoli.

4.2. Group II and III SULTRs Might Represent Flowering-Plant-Specific Transporters Associated
with Long-Distance Movement of Sulfate

The SULTRs are widely distributed across the kingdom Plantae. In previous studies,
two and four SULTRs were reported in Chlamydomonas reinhardtii and moss Physcomitrium
patens, respectively. According to the phylogenetic trees, two green algae SULTRs were
present only in Group IV, implying that SULTR duplication predated the divergence
of unicellular and multicellular life, suggesting that they may represent the ancestral

135



Antioxidants 2025, 14, 496

precursors of SULTR found in land plants. Likewise, four bryophyte SULTRs were found in
Groups I and IV, suggesting that the SULTR family diverged into at least two groups in the
common ancestor of bryophytes. It is noteworthy that all SULTR members in Groups II and
III belong to flowering plants, which leads to the suggestion that they might be associated
with the long-distance transport of sulfate in plants. In support of this concept, Arabidopsis
SULTR2;1 is specifically expressed in the pericycle and xylem parenchyma cells, controlling
the amount of sulfate to be transported from the rhizosphere to the aboveground organs.
Similarly, Arabidopsis SULTR3;5 was found to be preferably expressed in root vasculature,
and the sultr3;5 mutant displayed a severe decrease in root to shoot sulfate movement [19].
Hence, it is not surprising that Group II and II SULTRs are absent in the non-vascular
plants moss and algae. Therefore, we hypothesize that the expansion of two groups of
SULTRs might have evolved in the vascular lineage as the multicellular land plants need
long-distance sulfate transport from root to shoot.

4.3. BolSULTR2 Might Be Involved in Plant Defense Against Alternaria brassicicola (Ab),
Presumably Through the Regulation of Glutathione Biosynthesis

It has been widely recognized that a sufficient sulfur supply is a prerequisite for plant
responses to biotic stresses [29,61]. Because SULTRs are the major contributors to sulfate
distributions within plants, they should theoretically impact plant immunity. In our study,
the expression levels of several BolSULTR genes, including BolSULTR2;1a/b, BolSULTR3;1a/b,
BolSULTR3;3b, and BolSULTR3;4b/c, were decreased at early stages, although some of them
gradually returned to initial levels. Our results support the notion that some BolSULTRs
might be repressed during the early stage of Ab attack, presumably altering the sulfate
movements that favor plant immunity. Accordingly, promoter analysis of these BolSULTRs
revealed the existence of the cis elements related to the MeJA, SA, and ethylene signaling
pathways that are implicated in biotic stresses. Consistent with our findings, the expression
levels of OsSultr2;1/2;2 and OsSultr3;1 were significantly reduced in the rice challenged by
the fugal Magnaporthe grisea [28]. Similarly, the accumulation of StuSULTR2 transcripts was
reduced significantly when potato leaves were inoculated by the oomycetes Phytophthora
infestans [62]. Thus, these findings indicate that plants could control sulfate transport
through the regulation of SULTR genes, particularly at the early stage of pathogen infections.
Similarly, we also observed that transient silencing of BolSULTR2;1a resulted in enhanced
tolerance to Ab in broccoli, implying that BolSULTR2;1a might be a negative regulator of
Ab resistance. However, stable transgenic lines are still needed to further determine how
sulfur metabolism and plant resistance are regulated by BolSULTR2;1a. In the future, we
will generate the bolsultr2;1 knockout line through a gene editing method and investigate
the distribution of sulfate in bolsultr2;1 lines.

Glutathione (GSH) is an important sulfur compound and a key cellular redox-
buffering tripeptide with irreplaceable roles in plant defense mechanisms. It has been
well-established that glutathione is oxidized by reactive oxygen species (ROS) as the
antioxidant barrier that ameliorates oxidative stress imposed on sensitive cellular com-
ponents [63–65]. GSH acts as a non-enzymatic antioxidant that directly removes reactive
oxygen species (ROS) and works in concert with enzymatic antioxidant systems, such as
the ASA–GSH cycle. For example, ascorbate peroxidase (APX) relies on GSH to regenerate
ascorbic acid (ASA), and elevated levels of GSH may enhance APX activity, facilitating
the co-removal of hydrogen peroxide (H2O2) [66]. In our study, the GSH content of the
BolSULTR2;1-silencing in the leaves was much higher in comparison to the wild-type and
TRV:00 lines. As expected, elevated levels of GSH can enhance antioxidant enzymes’ activ-
ity to work together to remove ROS, thereby protecting cells from oxidative stress, which
provides an explanation for the BolSULTR2;1-silencing broccoli’s increased resistance to Ab.
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The SULTR2.1 gene is involved in long-distance sulfate transport between leaves in
Arabidopsis, and it is likely that BolSULTR2;1s might have similar capabilities in controlling
sulfate movement. Therefore, our results perhaps show that upon Ab attack, broccoli
leaves reduce the expression of BolSULTR2;1s, which transitorily reduces sulfate movement
to non-infected counterparts. It is thus reasonable to assume that the accumulation of
intracellular sulfate is conducive to elevated GSH biosynthesis during early infection, thus
conferring increased tolerance to oxidative injuries imposed by Ab attack.

5. Conclusions

Sulfur is an essential element in plant growth resistance, and plant sulfur transporters
play an essential role in the acquisition and distribution of sulfur. In this study, we
identified 23 BolSULTR genes from the Brassica oleracea genome, classified and named
them, studied the evolutional relationship, gene structure, and cis-regulatory elements of
BolSULTRs in detail, and predicted the interaction proteins of the BolSULTR families. We
characterized the expression patterns of BolSULTRs in different tissues and under different
biological stresses. The VIGS experiment confirmed that silencing of BolSULTR2;1 resulted
in enhanced tolerance to Ab by regulating GSH biosynthesis. These findings provide
new insights into broccoli sulfate transporters in plant disease tolerance. Furthermore,
functional studies are needed to reveal the molecular mechanism of BolSULTRs in sulfate
transport and Ab infections.
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Abstract: Mulberry (Morus alba L.), a species of significant ecological and economic impor-
tance, is widely cultivated for sericulture, soil conservation, and environmental restoration.
Despite its remarkable resilience to environmental stresses, the combined impact of el-
evated CO2 (eCO2) and drought stress on aboveground–root–soil interactions remains
poorly understood, particularly in the context of global climate change. Here, we investi-
gated the effects of eCO2 and drought on physiological leaf and root indicators, nutrient
absorption and allocation, and soil properties in mulberry seedlings. Mulberry seedlings
were grown in environmentally auto-controlled growth chambers under ambient CO2

(420/470 ppm, day/night) or eCO2 (710/760 ppm) and well-watered (75–85% soil rela-
tive water content, RWC), moderate-drought (55–65% RWC), or severe-drought (35–45%
RWC) conditions. Results showed that both above- and below-ground plant biomass
production were significantly promoted by eCO2, particularly by 36% and 15% under
severe drought, respectively. This could be attributed to several factors. Firstly, eCO2

improved leaf photosynthesis by 25–37% and water use efficiency by 104–163% under
drought stresses while reducing negative effects of drought on the effective quantum yield
of PSII photochemistry and the photochemical quenching coefficient. Secondly, eCO2 sig-
nificantly decreased proline accumulation while increasing soluble sugar contents, as well
as peroxidase and superoxide dismutase activities, in both leaves and roots under drought
stress. Lastly, eCO2 promoted soil sucrase, urease, and phosphatase activities, as well as
plant nitrogen, phosphorus and potassium uptake while facilitating their allocation into
roots under drought stress. These findings demonstrate that eCO2 enhanced the drought
tolerance of mulberry plants through improvements in photosystem II efficiency, water use
efficiency, antioxidative defense capacity, and nutrient uptake and allocation, providing
critical insights for sustainable mulberry plantation management under future climate
change scenarios.

Keywords: antioxidant mechanisms; chlorophyll fluorescence; leaf photosynthesis; nutrient
uptake; oxidative stress; plant biomass
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1. Introduction

Ambient CO2 (aCO2) concentrations have increased from 280 ppm at the beginning
of the industrial revolution to the current ~420 ppm, primarily due to anthropogenic
activities such as extensive utilization of fossil fuels, deforestation, etc. According to the
IPCC (2018), aCO2 could potentially reach to 550 ppm or higher by the end of this century,
with significant implications for global climate patterns and plant responses [1]. Elevated
CO2 (eCO2) contributes to temperature increases through the greenhouse effect, inducing
spatially heterogeneous precipitation frequencies and patterns on a global scale, eventually
leading to regional droughts under future climate change [2,3]. Additionally, eCO2 is
commonly practiced in controlled environments such as greenhouses to enhance plant
growth and productivity, making it relevant for both natural and agricultural systems.
Drought stress typically affects various cellular and physiological processes, such as protein
degradation, changes in membrane fluidity, and the inhibition of leaf photosynthesis,
ultimately resulting in a decrease in crop yield by 25–30% and deteriorated quality [4–6].
However, it is worth noting that the growth-stimulating effect of eCO2 can partially offset
the impacts caused by drought stress, particularly in C3 species [7–9]. Therefore, it is crucial
to consider the abovementioned effects when assessing the overall impact of climate change
on plant growth.

To comprehend the potential mechanism of agricultural production in response to
eCO2 and drought stress, it is imperative to investigate alterations in the physiological pro-
cesses and biochemical components of plants that are sensitive to both eCO2 and drought
stress, such as leaf photosynthesis, chlorophyll fluorescence, soluble sugars, proline, and
antioxidative ability [9–12]. Plant photosynthesis is a drought-sensitive process, and water
deficit usually leads to a significant decline in leaf photosynthesis [5,10,13]. The decrease
in leaf photosynthesis under water deficit may be associated with reduced stomatal con-
ductance [14], nitrogen (N) and chlorophyll contents [15], and 1,5-bisphophate carboxy-
lase/oxygenase (Rubisco) activity [16]. It has been observed that drought stress decreases
the effective quantum yield of PSII photochemistry in wheat while also causing increased
accumulation of proline and soluble sugar contents in barley and buckwheat [17,18]. Addi-
tionally, antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT) were found to be highly activated in soybean under drought stress in order to
adapt and scavenge the free radicals induced by drought stress, accompanied by increased
accumulation of malondialdehyde (MDA) [19,20]. Therefore, drought stress limits crop
growth and grain yield by reducing aboveground biomass and modifying the shoot-to-root
ratio through the development of deeper roots capable of acquiring more water [21].

The increase in atmospheric CO2 concentration, the primary C source for plants, exerts
significant CO2 fertilization effects on crops [22–24] because the Rubisco enzyme in C3

plants is not saturated at the current atmospheric CO2 concentration [25,26]; thus, eCO2

can stimulate leaf photosynthesis and enhance plant growth and grain yield by facilitating
C3 the uptake of more CO2 molecules by plants [27]. Previous studies have revealed that
eCO2 can mitigate the adverse effects of drought stress on plant growth and physiological
functioning by increasing the intercellular CO2 concentration (Ci), improving water use
efficiency (WUE) while reducing transpiration rates [28–31]. A meta-analysis showed
that eCO2 significantly increases both the net photosynthetic rate (37.2–46.3%) and WUE
(84.2–88.9%) [9] while decreasing evapotranspiration by ~10% [32]. The increased WUE
under eCO2 implies that plants may exhibit tolerance to future high CO2 concentrations
under drought conditions [8,33]. Moreover, enhanced photosynthesis under eCO2 leads to
an accumulation of carbohydrates under drought stress, resulting in increased cell osmotic
potential and promoting osmotic adjustment [34]. Concurrently, the formation of reactive
oxygen species (ROS) was also found to be mitigated under eCO2 due to increased electron
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consumption in C fixation processes [7,35]. However, the capacity of the CO2 fertilization
effect to alleviate drought stress may vary not only among different plant species [36,37]
but also depending on the levels of water deficit [30,38]. For instance, some studies
have reported that eCO2 can effectively mitigate drought stress by enhancing WUE and
photosynthesis in certain species, such as coffee [21] and soybean [19,33]. In contrast, other
investigations have revealed that eCO2 did not significantly improve drought tolerance or
even exacerbated water stress in species like wheat and sorghum, particularly under severe
drought conditions [39,40]. These inconsistent findings may be attributed to differences
in species-specific traits, experimental conditions, and the severity of the applied drought
stress. For example, C4 plants, which have a different photosynthetic pathway, may not
benefit as much from eCO2 as C3 plants under drought stress [41,42]. Thus, there is
currently no consistency regarding the specific physiological mechanisms by which the
eCO2 concentration can affect plant growth and crop yield under drought stress.

In addition to its impact on plant physiology, drought also significantly affects the
uptake, accumulation, and distribution of soil nutrients (particularly nitrogen (N), phospho-
rus (P), and potassium (K)). A recent meta-analysis revealed that drought stress generally
decreases nutrient absorption from soil and leads to decreased N and P concentrations in
plant tissue [43–45]. In contrast, eCO2 can alter the shoot-to-root ratio by stimulating deeper
root growth, thereby enabling better water and nutrients uptake [9,30]. In general, plants
under eCO2 store more C in their above- and below-ground biomass compared to those
under aCO2 [35], leading to changes in their contents of N, P, and K and other nutrients in
both plants and soil [46]. Meanwhile, eCO2 increases fluxes of organic compounds into
soil due to a higher rate of plant litterfall and rhizodeposition, resulting in changes in soil
organic carbon (SOC) content [47], the availability of soil nutrients [44], composition and
activities of the microbial community [48,49], and activities of soil enzymes involved in C
and N cycling [47,50]. Such changes in soil are predicted to result in stronger but uncertain
feedback at the ecosystem level to eCO2. However, most studies have explored the individ-
ual effects of focusing on either eCO2 or drought stress on a plant–soil–microbe system,
with limited studies addressing their combined effects on plant nutrient distribution and
accumulation, soil nutrient availability, and enzyme activity.

Mulberry (Morus alba L.), a rapidly growing multipurpose cash plant, is extensively
cultivated in southwest China, accounting for approximately 70% of China’s total plan-
tations (~758,200 hectares) due to its significant economic value. However, this region is
currently experiencing reduced precipitation and increased aridity, leading to a scarcity of
freshwater resources for agricultural production [51]. These climatic changes pose a signifi-
cant threat to mulberry cultivation, especially during prolonged drought periods [10,52].
Despite its sensitivity to extreme drought, mulberry exhibits remarkable adaptability to
moderate environmental stressors, making it an ideal model for studying climate change
adaptation [53,54]. Its high plasticity, deep root system, and efficient water use mechanisms
enable it to thrive in arid and semi-arid regions, positioning it as a critical crop for sustain-
able agriculture in water-limited environments [55,56]. Additionally, mulberry leaves are
the primary food source for silkworms, which are integral to the sericulture industry, a
major economic driver in many developing regions [57]. The plant’s ability to produce
high levels of biomass under moderate stress conditions, coupled with its role in carbon
sequestration, further underscores its importance in mitigating climate change impacts [58].
Although studies have reported the morphological, physiological, and biochemical re-
sponses of mulberry plants to drought stress [10,52,59,60], most of these studies primarily
focused on different mulberry cultivars and/or altered soil–water gradients without con-
sidering the potential effect of CO2. We previously observed a significant 33–40% increase
in leaf biomass production of mulberry when the CO2 concentration was elevated from
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410 to 710 ppm [61,62]. Leaf photosynthesis and WUE were enhanced by 550–800 ppm
eCO2 in various mulberry cultivars, including Selection-13, Kanva-2, ‘Qinglong’ mulberry,
Gui-sang-you 62, Qiangsang-1, and Nongsang-14, under well-watered conditions [61–65].
However, understanding regarding how eCO2 affects drought-induced changes in pho-
tosynthesis, PSII function, antioxidant defense mechanisms, and nutrient acquisition and
partitioning, as well as soil enzyme activities. By understanding how mulberry responds to
combined drought and eCO2 conditions, we can develop strategies to enhance its resilience
and productivity, thereby supporting both economic and environmental sustainability.
Here, we hypothesized that eCO2 might have a positive impact on mulberry performance
under drought conditions. Specifically, the objectives were to investigate (1) the combined
effects of eCO2 and drought stress on mulberry biomass accumulation; (2) the correlations
between drought tolerance, physiological traits, and nutrient acquisition under eCO2; and
(3) the potential mechanisms through which eCO2 could mitigate negative effects induced
by drought stress via alterations in photosynthetic characteristics, antioxidant defense
systems, nutrient uptake/distribution, and soil enzyme activities. Therefore, the following
physiological traits of mulberry were investigated: leaf gas exchange, PSII efficiency, CAT,
POD, SOD, MAD, and contents of proline and soluble sugar at both the leaf and root levels.
Meanwhile, the uptake and partitioning of N, P, and K, along with soil enzyme activity.
The anticipated findings will contribute to the development of effective water management
strategies by elucidating the physiological responses of plants to future drought stress
induced by elevated atmospheric CO2 levels.

2. Materials and Methods

2.1. Growth Chamber Experiments

This experiment was conducted in 12 environmentally controlled plant growth cham-
bers that were located at the National Monitoring Base for Purple Soil Fertility and Fertilizer
Efficiency (29◦48′ N, 106◦24′ E, 266.3 m above the sea level) on the campus of South-
west University, Chongqing, China. The rectangular structure of each chamber measures
1.5 × 1.0 × 2.5 m and is supported by a steel frame suspended 50 cm above a cement floor.
The bottom floor of the growth chamber consists of polyvinyl chloride panels, while the
four side walls and top roof are lined with by tempered glass (10 mm thick) with trans-
parency allowing approximately 90% of natural sunlight to pass through. Humidity and
temperature inside and outside the growth chamber were automatically maintained within
±0.5 ◦C air temperature and ±5% humidity using electronic control systems. When the
humidity inside a chamber was higher than that outside, the inside air was pumped out
using pump controlled by a mini-computer and filtered with solid anhydrous calcium
chloride. The temperature was automatically maintained at 0.5 ◦C variation between inside
and outside using an air conditioner controlled by a mini-computer. To maintain a targeted
CO2 concentration (±30 ppm) inside each chamber, 90% pure CO2 gas was injected using a
solenoid valve controlled by a mini-computer [42].

The experiment was conducted using a split-plot design consisting two factors
(CO2 and water or drought), with CO2 as the main factor and drought as the sub-factor.
Based on previously observed daytime and night-time atmospheric CO2 concentrations
at the study site, two different CO2 concentrations were applied: ambient CO2 (aCO2,
420 ppm daytime/470 ppm nighttime) for six growth chambers and eCO2 (710 ppm
daytime/760 ppm nighttime) for other six growth chambers. Daytime was defined as
07:00 a.m. to 19:00 p.m., while nighttime was defined 19:00 p.m. to 07:00 a.m. The experi-
mental designs and the procedures are illustrated in Figure 1.
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Figure 1. A schematic diagram showing the experimental designs and procedures. aCO2: ambient
CO2 (420/470 ppm, day/night); eCO2: elevated CO2 (710/760 ppm).

One-year-old, uniformly growing mulberry seedlings (Morus multicaulis Perr. QiangSang-1)
were used as experimental materials. Two seedlings were planted in a plastic pot (32 cm
in diameter and 20 cm in height). The pots were filled with 11 kg air-dried soil (Eutric
Regosol, FAO Soil Classification System). The soil was sieved (2 mm) and had a pH of 6.8,
organic carbon content of 7.03 g kg−1, available N content of 31.21 mg kg−1, available P
content of 11.47 mg kg−1, and available K content of 127 mg kg−1. Three pots were placed
into each growth chamber. Mulberry seedlings were transplanted on 16 April 2021. During
the first four months, all of the seedlings were regularly watered two or three times per
week with 400 mL of tap water for each pot so that soil relative water content (RWC) was
maintained at 75–85%. Meanwhile, 2.2 g N, 0.77 g P2O5, and 1.1 g K2O were applied per
pot to meet the plants’ nutrient requirements.

After the four-month experimental period, three pots from each CO2 chamber were
subjected to three different water treatments: well-watered (WW), moderate drought
stress (MS), and severe drought stress (SS). Under the well-watered condition, plants
were consistently irrigated as described above to maintain an RWC of 75–85%. Plants
experiencing moderate drought stress received irrigation twice weekly with 200 mL of
water per pot in order to maintain an RWC of 55–65%. Plants exposed to severe stress
were irrigated twice weekly with 100 mL of water per pot to maintain an RWC of 35–45%.
Soil volumetric water contents were measured using a soil moisture sensor (JXBS-3001,
Qingdao, China), then converted to gravimetric water contents. Soil relative water content,
which was calculated as the ratio of gravimetric water to saturated moisture content. These
three water treatments were performed in each chamber; thus, there were six replicated
chambers and six replicate pots for each CO2 concentration treatment. Additionally, pots
were relocated among different chambers once fortnightly to minimize any potential effect
of environmental variations across different growth chambers.

2.2. Determination of Photosynthetic Parameters

Measurements of photosynthetic parameters were conducted prior to harvest between
9:00 and 11:00 a.m. on sunny days, specifically on 25, 30 September and 5 October 2021
(data averaged for these three days). The third fully expanded leaf from the top was
selected for determination of the net photosynthetic rate (Pn), stomatal conductance (gs),
transpiration rate (E), and intercellular CO2 concentration (Ci) using a Li-6800 portable
photosynthesis system (LICOR, Lincoln, NE, USA). Throughout the measurement, the
saturated photosynthetically active radiation was maintained at 1600 μmolm−2 s−1 using
an integrated LED light source (Model 6800-01A, LI-COR Inc.) within the leaf chamber
(Model 6800-02A Large Leaf Chamber, LI-COR Inc.). This light intensity was selected based
on preliminary light-response curve experiments, which confirmed that it was sufficient
to achieve light-saturated photosynthetic rates in the studied mulberry leaves [64]. The
LED source provides uniform light distribution and stable intensity, ensuring accurate and
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reproducible measurements. Meanwhile, the leaf temperature in the leaf chamber was set
at 25 ± 1 ◦C. For plants growing under eCO2 and aCO2, the leaf cavity’s CO2 concentration
was maintained at 700 ppm and 420 ppm, respectively. The vapor-pressure deficit at the
leaf surface was consistently maintained at 1.2 ± 0.2 kPa. Water use efficiency (WUE) was
calculated as the ratio of Pn to E. The intercellular CO2 and ambient CO2 concentrations
were used to the calculate Ci/Ca ratio.

2.3. Determination of Chlorophyll Fluorescence

The chlorophyll fluorescence was also determined using the Li-6800 fluorescence leaf
chamber (LI-COR, Lincoln, USA) connected to an Li-6800 portable photosynthesis system
on the same leaves used for photosynthetic leaf gas exchange measurements on 25 and
30 September and 5 October 2021 (data averaged for these three days). To ensure that all
photosystem-II (PS-II) reaction centers were open, the leaves were wrapped with tin foil
and darkened for 30 min. The following parameters were measured: initial fluorescence
yield (F0) and maximum fluorescence yield (Fm) in the dark-adapted stage, minimum
fluorescence yield (F0’) and maximum fluorescence (Fm′) in the light-adapted stage, and
steady-stage fluorescence yield (Fs). Subsequently, the effective quantum yield of PSII
photochemistry (ΦPSII), maximal quantum yield of PSII photochemistry (Fv/Fm), actual
photosynthetic efficiency of PSII under illumination (Fv′/Fm′), photochemical quenching
coefficient (qP), non-photochemical quenching coefficient (NPQ), and PSII electron trans-
port rate (ETR) were calculated using the aforementioned measured parameters. The calcu-
lation formulas are expressed as follows: ΦPSII = (Fm′ − Fs)/Fm′, NPQ = (Fm − Fm′)/Fm′,
qP = (Fm′ − Fs)/(Fm′ − F0’), and ETR = 0.8 × ΦPSII × PPFD [66].

2.4. Plant and Soil Sampling

The plants were harvested on 13 October 2021, and the leaves used to measure
photosynthetic parameters were collected, immediately frozen in liquid nitrogen, and
subsequently stored in a −80 ◦C freezer for determination of enzyme activity and osmo-
modulators. The plant tissues were divided into leaves, stems, and roots. The fresh roots
were thoroughly washed with tap water, followed by rinsing with deionized water. A
portion of the fresh roots was immediately frozen in liquid nitrogen after collection and
stored at −80 ◦C until analysis of enzyme activity and osmomodulators. The remaining
portion of the roots, leaves, and stems was dried at 105 ◦C for 30 min initially, then further
dried at 75 ◦C for ≥ 48 h until reaching a constant weight to determine the biomass and
N, P, K, etc. Soil samples from each growth pot were collected after thorough mixing and
removal of debris and fine roots and subsequently air-dried (2 mm sieved) to determine
their chemical properties and enzyme activities.

2.5. Determination of N, P, and K in Plants and Soils

The dried leaf, stem, and roots of each sample were finely ground into a powder
before being subjected to digestion with 98% sulfuric acid and 30% hydrogen peroxide.
Tissue N, P, and K concentrations were determined by the trace Kjeldahl method, vanadium
molybdate yellow colorimetry, and flame photometry [67], respectively. Soil available N
(AN) was measured using the micro-diffusion technique after alkaline hydrolysis. Soil
available P (AP) was extracted with 0.5 M NaHCO3, followed by measurement using the
Mo-Sb anti spectrophotometric method. Soil available K (AK) was extracted with 1.0 M
ammonium acetate, then determined by flame photometry [67].

2.6. Determination of Osmomodulators

The soluble sugars were determined using anthrone colorimetry [57]. Briefly, 0.5 g of
fresh samples was extracted with 10 mL H2O in boiling water for 20 min. The extraction
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was mixed with 0.5 mL of anthrone ethyl acetate and 5 mL of sulfuric acid, followed by in-
cubation in boiling water for 10 min. The absorbance was measured spectrophotometrically
at a wavelength of 620 nm.

The determination of proline was conducted using the sulfosalicylic acid method [68].
Briefly, 0.5 g of fresh sample was extracted with 5 mL of 3% sulfosalicylic acid in boiling
water for 10 min. Then, 2 mL of filtrate was mixed with 2 mL glacial acetic acid and 2 mL
of acid ninhydrin. The mixture was then subjected to a boiling water bath for 30 min. After
cooling, 4 mL toluene was added into the mixture. The absorbance was measured at a
wavelength of 520 nm.

MDA was determined using the thiobarbituric acid (TAB) method [68]. Briefly, 0.5 g
of fresh sample was homogenized with 5 mL of 5% TAB solution. Then, 2 mL of the
extracted solution was mixed with 2 mL of 0.67% TAB solution and boiled for 15 min.
The absorbance of the incubated supernatant was spectrophotometrically measured at
wavelengths of 450 nm, 532 nm, and 600 nm.

2.7. Determination of Enzyme Activity in Leaves and Roots

The activity of POD was determined using the guaiacol method and expressed in
terms of enzyme units per gram fresh weight (U g−1 FW) [68]. Briefly, 0.5 g of fresh
sample was extracted with 10 mL of 0.1 mM phosphate buffer (PBS, pH 6.0), followed
by centrifugation at 4000 rpm for 15 min. The supernatant was collected in a 100 mL
volumetric flask. Subsequently, the reaction mixture contained 1 mL of enzyme extraction,
2.5 mL guaiacol (0.1 M), and 0.5 mL 30% H2O2. The change in absorbance at 470 nm,
measured as 1.0 per min, was considered one unit of POD activity.

The activity of SOD was determined using the nitrogen blue tetrazolium (NBT) assay
method [68]. Briefly, 0.5 g of fresh sample was extracted with 10 mL of 0.05 mM PBS
(pH 7.8), then centrifuged at 10,000 rpm for 10 min. The supernatant was collected in a
100 mL volumetric flask. Subsequently, the reaction mixture contained 0.3 mL of enzyme
extraction, 1.5 mL of 0.05 mM PBS, 0.3 mL of 130 mM Met solution, 0.3 mL 750 μM NBT
solution, 0.3 mL 100 μM EDTA-Na2 solution, and 0.3 mL 20 μM riboflavin. The reaction
mixture was exposed to fluorescence under 4000 luxes for 20 min; then, the absorbance
was measured at a wavelength of 560 nm. The SOD activity was defined as the amount of
enzyme required to inhibit 50% of NBT reduction per g fresh weight (U g−1 FW).

The activity of CAT was determined by potassium permanganate titration [57]. Briefly,
0.5 g of fresh sample was extracted with 10 mL of 0.2 mM PBS (pH 7.0), then centrifuged
at 4000 rpm for 10 min. The supernatant was collected in a 100 mL volumetric flask.
Subsequently, 5 mL of the extraction was added to 2.5 mL of 0.1 M H2O2 and placed in a
30 ◦C water bath for 10 min; then 2.5 mL of 10% sulfuric acid was added, and the mixture
was titrated with 0.1 M KMnO4 until a pink color was achieved, followed by 30 s without
color change. CAT activity is expressed as mg of hydrogen peroxide decomposed per
minute per g fresh weight of sample.

2.8. Determination of Soil Enzyme Activity

The soil invertase activity was determined using the 3,5-dinitrosalicylic acid colorime-
try method [69]. Briefly, 1.0 g of air-dried soil was incubated with a mixture containing
0.2 of ml toluene, 3 mL of 8% (w/v) sucrose, and 1 mL of PBS (pH 5.5) at 37 ◦C for 24 h.
After incubation, 1 mL extraction with 3 mL 3,5-dinitrosalicylic acid was incubated in
boiling water for 5 min. Subsequently, the absorbance was measured at a wavelength of
508 nm. Results are expressed as mg of glucose released per g dry soil per h.

The soil urease activity was determined using sodium phenol–sodium hypochlorite
colorimetry [69]. Briefly, 1.0 g of air-dried soil was incubated with 0.2 mL of toluene, 2 mL
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of 10% urea solution, and 4 mL of citrate buffer (pH 6.7) at 37 ◦C for 24 h. After incubation,
the reaction mixture contained 1 mL enzyme extraction, 4 mL sodium phenol solution,
and 3 mL sodium hypochlorite solution. The absorbance of the reaction solution was
measured at a wavelength of 578 nm. Results are expressed as mg of NH4

+–N released
per g soil per h.

The neutral phosphatase activity was determined using disodium benzene phosphate
colorimetry [69]. Briefly, 1.0 g of air-dried soil was incubated with 0.2 mL of toluene and
5 mL of 0.5% disodium phenyl phosphate solution for 24 h at 37 ◦C. After incubation, 1 mL
extraction with 0.5 mL of citrate buffer (pH 7.0), 1 mL of 8% potassium ferrocyanide (w/v),
and 1 mL of 2% 4-aminoantipyrine were thoroughly mixed. Subsequently, the absorbance
of the reaction solution was measured at a wavelength of 510 nm. Results are expressed as
mg of phenol per g soil per 4 h.

2.9. Statistical Analysis

Statistical analysis was performed using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA).
Results (means ± SE, n = 6) between treatments were analyzed by two-way analysis of
variance (ANOVA), and significant differences were compared with the Duncan multiple
range test at p < 0.05 unless mentioned otherwise. Structural equation modeling (SEM) was
employed in the Amos 21.0 software package to investigate potential causative relationships
among measured factors (Smallwaters Corporation, Chicago, IL, USA). Figures were
generated using Origin Pro 2018 software (OriginLab Corp., Northampton, MA, USA).

3. Results

3.1. Effects of eCO2 and Drought on Photosynthetic Parameters of Leaves of Mulberry Plants

Compared to well-watered conditions, drought stress significantly decreased the net
photosynthetic rates, stomatal conductance, transpiration rates, intercellular CO2 concen-
tration, and Ci/Ca ratio of mulberry plants, regardless of CO2 concentrations (Figure 2).
However, eCO2 significantly mitigated these effects. Under eCO2, the net photosynthetic
rates increased by 27%, 25%, and 37% (p = 0.001, Figure 2A), while stomatal conductance
decreased by 38%, 41%, and 48% (p = 0.001, Figure 2B) and leaf transpiration rates decreased
by 26%, 51%, and 48% (p = 0.001, Figure 2C) under well-watered conditions, moderate
drought, and severe drought stress, respectively. As a result, leaf WUE was dramatically
enhanced by 96%, 104%, and 163%, respectively (p = 0.001, Figure 2E), under the same
conditions. Meanwhile, mulberry plants under eCO2 exhibited higher Ci values than those
grown under aCO2, regardless of soil water status (Figure 2D). Nevertheless, the Ci/Ca
ratio was significantly lower under eCO2 than under aCO2 under both well-watered and
moderate-drought-stress conditions (Figure 2F). Two-way ANOVA revealed significant
interaction effects between eCO2 and drought on leaf WUE (p = 0.020), Ci (p = 0.004)
and Ci/Ca ratio (p = 0.001) but not on the net photosynthetic rate (p = 0.37), stomatal
conductance (p = 0.78), or transpiration rate (p = 0.94) (Figure 2).
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Figure 2. Net photosynthetic rate (Pn, A), stomatal conductance (gs, B), transpiration rate (E, C),
intercellular CO2 (Ci, D), leaf water use efficiency (WUE, E), and the ratio of Ci to ambient CO2

(Ci/Ca, F) of the fully expanded upper leaf of 18-month-old mulberry plants under ambient CO2

(aCO2, 420/470 ppm, day/night), elevated CO2 (eCO2, 710/760 ppm), and varying water regimes
(well-watered, WW; moderate drought stress, MS; severe drought stress, SS). Data (means ± SE,
n = 6) followed by different letters indicate significant differences between CO2 treatments for the
same water regime (a, b) and among water treatments for the same CO2 concentration (x, y, z) at
p < 0.05. Statistical comparisons (two-way ANOVA) between water regimes and CO2 treatments, as
well as their interaction (water × CO2), are presented for each variable.

3.2. Effects of eCO2 and Drought on Leaf Chlorophyll Fluorescence of Mulberry Plants

Compared to well-watered conditions, drought stress significantly decreased ΦPSII and
ETR under eCO2 and aCO2, as well as qP under aCO2, while increasing NPQ, regardless of
CO2 concentrations (Figure 3). The qP was 21.9% lower in eCO2 than in aCO2 under well-
watered conditions but 33.3% higher under severe drought (Figure 3C). Similarly, eCO2

also decreased ΦPSII by 11.1% under both well-watered and moderate-drought conditions
(Figure 3E) and decreased the ETR by 27.0% and 12.9% under well-watered and severe-
drought conditions, respectively (Figure 3F). Conversely, eCO2 significantly increased NPQ
by 7.1%, 4.1%, and 13.4% under well-watered, moderate-drought, and severe-drought
conditions, respectively (Figure 3D). Neither Fv/Fm nor Fv′/Fm′ was affected by eCO2 or
drought stress (p > 0.05, Figure 3A,B). Two-way ANOVA revealed significant interaction
effects between eCO2 and drought on qP (p = 0.001), NPQ (p < 0.05), ΦPSII (p < 0.05) and
ETR (p = 0.001) but not on Fv/Fm (p > 0.285) or Fv′/Fm′ (p > 0. 5, Figure 3).
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Figure 3. Fv/Fm (A), Fv′/Fm′ (B), qP (C), NPQ (D), ΦPSII (E) and ETR (F) of the fully expanded
upper leaf of mulberry plants under ambient CO2 (aCO2, 420/470 ppm, day/night), elevated CO2

(eCO2, 710/760 ppm), and varying water regimes (well-watered, WW; moderate drought stress,
MS; severe drought stress, SS). Data (means ± SE, n = 6) followed by different letters indicate
significant differences between CO2 treatments for the same water regime (a, b) and among water
treatments for the same CO2 concentration (x, y, z) at p < 0.05. Statistical comparisons (two-way
ANOVA) between water regimes and CO2 treatments, as well as their interaction (water × CO2), are
presented for each variable.

3.3. Effects of eCO2 and Drought on Osmotic Regulators of Mulberry Plants

In comparison to well-watered conditions, leaf MDA concentration was substantially
increased by 25.0% and 38.1% under moderate and severe stresses at aCO2 (p < 0.05, Fig-
ure 4A), while no significant changes were observed ateCO2 (p > 0.05, Figure 4A). Drought
stress significantly increased root MDA, irrespective of CO2 concentrations (p < 0.001,
Figure 4D). In contrast, eCO2 decreased leaf MDA by 12.4% and 13.0% under moderate
and severe stresses, respectively, and root MDA by 10.2% and 13.2% under well-watered
and severe stress conditions, respectively (p < 0.05, Figure 4D). Similarly, eCO2 significantly
reduced proline concentrations in leaves by 11.2%, 13.3%, and 26.7% and in roots by 9.4%,
21.2%, and 22.0% under well-watered, moderate stress, and severe stress conditions, re-
spectively. However, both leaf and root proline concentrations were obviously increased
with declining soil water under aCO2 (p < 0.05, Figure 4B,E). Conversely, eCO2 significantly
enhanced soluble sugar concentrations in leaves by 27.1%, 15.0%, and 6.7% and in roots
by 43.9%, 71.8%, and 62.3% under well-watered, moderate stress, and severe stress con-
ditions, respectively (p < 0.05, Figure 4C,E). Two-way ANOVA results showed significant
interaction effects between eCO2 and drought on leaf soluble sugar (p = 0.03) and leaf
malondialdehyde (p = 0.02) but not on root soluble sugar (p = 0.33), root malondialdehyde
(p = 0.13), leaf proline (p = 0.23), or root proline (p = 0.23, Figure 4).
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Figure 4. Malondialdehyde (MDA, A,D), proline (B,E), and soluble sugar (C,F) in leaves and
roots of mulberry plants under ambient CO2 (aCO2, 420/470 ppm, day/night), elevated CO2

(eCO2, 710/760 ppm), and varying water regimes (well-watered, WW; moderate drought stress,
MS; severe drought stress, SS). Data (means ± SE, n = 6) followed by different letters indicate sig-
nificant differences between CO2 treatments for the same water regime (a, b) and among water
treatments for the same CO2 concentration (x, y, z) at p < 0.05. Statistical comparisons (two-way
ANOVA) between water regimes and CO2 treatments, as well as their interaction (water × CO2), are
presented for each variable.

3.4. Effects of eCO2 and Drought on Antioxidant Enzyme Activities in Mulberry Plants

The activities of CAT, POD, and SOD in both leaves and roots consistently increased
as soil water declined under both aCO2 and eCO2 (Figure 5). Elevated CO2 significantly
increased CAT activity in leaves by 18.3% under well-watered conditions, and in roots by
44.5%, 188.2%, and 100.4% under well-watered, moderate-drought, and severe-drought con-
ditions, respectively (p < 0.05, Figure 5A,D). Similarly, POD activity increased in leaves by
15.5% under severe drought, and in roots by 20.6%, 12.4%, and 10.3% under well-watered,
moderate-drought, and severe-drought conditions, respectively (p < 0.05, Figure 5E). SOD
activity exhibited a similar pattern, with higher activity under eCO2 compared to under
aCO2 under well-watered and moderate-drought conditions, but no significant changes
were observed under severe-drought (p < 0.05, Figure 5C,F). Two-way ANOVA results
showed a significant interaction effect between eCO2 and drought on CAT activity in leaves
(p < 0.001) and roots (p = 0.003), POD activity in roots (p = 0.037), and SOD activity in leaves
(p = 0.050) and roots (p < 0.001) but not on POD activity in leaves (p = 0.354) (Figure 5).

3.5. Effects of eCO2 and Drought on Tissue N, P, and K in Mulberry Plants

Compared to well-watered conditions, drought stress significantly decreased the stem
N concentration under both aCO2 and eCO2, as well as the root N concentration under
aCO2, but increased the leaf N concentration under aCO2 (Table 1). Under eCO2, leaf N
decreased by 6.1%, 10.1%, and 13.0% (p = 0.001) and stem N decreased by 10.5%, 15.9%, and
2.2% (p = 0.042) under well-watered, moderate-drought, and severe-drought conditions,
respectively (Table 1), while root N remained unaffected (p > 0.05, Table 1).
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Figure 5. Catalase (CAT: A,D), peroxidase (POD: B,E), and superoxide dismutase (SOD: C,F) activi-
ties in leaves and roots of 18-month-old mulberry plants under ambient CO2 (aCO2, 420/470 ppm,
day/night), elevated CO2 (eCO2, 710/760 ppm), and varying water regimes (well-watered, WW;
moderate drought stress, MS; severe drought stress, SS). Data (means ± SE, n = 6) followed by
different letters indicate significant differences between CO2 treatments for the same water regime
(a, b) and among water treatments for the same CO2 concentration (x, y, z) at p < 0.05. Statistical com-
parisons (two-way ANOVA) between water regimes and CO2 treatments, as well as their interaction
(water × CO2), are presented for each variable.

Table 1. Variations in tissue nitrogen (N), phosphorus (P), and potassium (K) concentrations of
mulberry under ambient (aCO2) and elevated CO2 (eCO2) under well-watered, moderate-drought,
and severe-drought conditions.

Variable

p-Value

CO2 Treatment

Water Treatment Moderate
Water Deficit

Effect (%)

Severe
Water Deficit

Effect (%)CO2 Water C*W Well-Watered
Moderate
Drought

Severe
Drought

Leaf N
concentration

(mg g−1)
0.001 0.055 0.276

aCO2 34.5 ± 0.6 y,a 35.0 ± 1.1 y,a 38.0 ± 0.1 x,a +1.3 +10.1
eCO2 32.4 ± 0.7 x,b 31.4 ± 0.6 x,b 33.0 ± 1.4 x,b −3.2 +1.8

CO2 effect (%) −6.1 −10.1 −13.0

Stem N
concentration

(mg g−1)
0.042 0.001 0.159

aCO2 16.2 ± 0.4 x,a 13.3 ± 0.5 y,a 13.4 ± 0.8 y,a −17.9 −17.2
eCO2 14.5 ± 0.4 x,b 11.3 ± 0.5 y,b 13.11 ± 0.8 x,a −21.7 −9.6

CO2 effect (%) −10.5 −15.9 −2.2

Root N
concentration

(mg g−1)
0.308 0.526 0.045

aCO2 16.5 ± 0.6 x,a 14.0 ± 0.9 y,a 14.6 ± 0.3 y,a −15.6 −11.2
eCO2 13.9 ± 0.5 x,b 15.0 ± 0.9 x,a 14.5 ± 0.3 x,a +8.3 +4.8

CO2 effect (%) −15.9 +7.6 −0.9

Leaf P
concentration

(mg g−1)
0.007 0.136 0.283

aCO2 1.30 ± 0.06 x,a 1.18 ± 0.04 y,a 1.28 ± 0.04 x,a −9.1 −0.9
eCO2 1.08 ± 0.08 y,b 1.10 ± 0.03 y,b 1.20 ± 0.03 x,b +3.2 +8.2

CO2 effect (%) −16.7 −6.6 −5.8

Stem P
concentration

(mg g−1)
0.012 0.010 0.226

aCO2 0.99 ± 0.04 x,a 0.84 ± 0.02 y,a 0.86 ± 0.04 y,a −15.1 −13.1
eCO2 0.85 ± 0.04 x,b 0.72 ± 0.04 y,b 0.85 ± 0.06 x,a −14.7 −0.8

CO2 effect (%) −14.5 −14.2 −0.9

Root P
concentration

(mg g−1)
0.044 0.039 0.005

aCO2 0.95 ± 0.04 x,a 0.74 ± 0.05 y,a 0.95 ± 0.06 x,a −22.0 −0.4
eCO2 0.70 ± 0.03 y,b 0.84 ± 0.06 x,a 0.87 ± 0.02 x,b +20.8 +26.1

CO2 effect (%) −26.6 +12.6 −8.4

Leaf K
concentration

(mg g−1)
0.294 0.003 0.271

aCO2 20.0 ± 0.4 y,a 19.2 ± 0.8 y,a 21.6 ± 0.3 x,a −3.7 +8.4
eCO2 18.8 ± 0.3 z,b 19.7 ± 0.3 y,a 21.15 ± 0. 6 x,a +4.8 +10.2

CO2 effect (%) −6.1 +2.7 −2.7
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Table 1. Cont.

Variable

p-Value

CO2 Treatment

Water Treatment Moderate
Water Deficit

Effect (%)

Severe
Water Deficit

Effect (%)CO2 Water C*W Well-Watered
Moderate
Drought

Severe
Drought

Stem K
concentration

(mg g−1)
0.677 0.106 0.785

aCO2 7.6 ± 0.6 x,a 6.0 ± 0.2 y,a 7.2 ± 0.7 x,a −21.1 −5.6
eCO2 7.2 ± 0.8 x,a 6.3 ± 0.1 x,a 6.8 ± 0.6 x,a −12.7 −6.0

CO2 effect (%) −5.3 +4.5 −5.8

Root K
concentration

(mg g−1)
0.802 0.150 0.108

aCO2 8.3 ± 0.6 x,a 6.5 ± 0.7 y,a 8.2 ± 0.1 x,a −22.2 −1.1
eCO2 7.5 ± 0.4 x,a 7.3 ± 0.5 x,a 7.6 ± 0.5 x,a −2.0 +1.8

CO2 effect (%) −10.0 13.1 −7.2

Data (means ± SE, n = 6) followed by different letters indicate significant differences between CO2 treatments
for the same water regime (a, b) and among water treatments for the same CO2 concentration (x, y, z) at p < 0.05.
Statistical comparisons (two-way ANOVA) between water regimes and CO2 treatments, as well as their interaction
(water × CO2), are presented for each variable.

Similarly, P concentrations in leaves, stems, and roots were consistently lower under
eCO2 than under aCO2 across all water treatments (all p < 0.05, Table 1), except for stem P
under severe drought and root P under moderate drought, which showed no significant dif-
ferences. Compared to the well-watered treatment, moderate drought and severe drought
reduced stem P by 15.1% and 13.1%, respectively, under aCO2, and by 14.7% and 0.8%, re-
spectively, under eCO2. Conversely, the root P concentration increased significantly under
moderate drought and severe drought under eCO2 but not under aCO2 (p = 0.044; Table 1).

In addition, only the leaf K concentration exhibited a consistent increase with declining
soil water, regardless of CO2 conditions (p = 0.003; Table 1). In contrast, eCO2 had no
significant effect on K concentrations in leaves, stems, or roots (all p > 0.05, Table 1). Two-
way ANOVA revealed significant interactions between eCO2 and drought for both N and
P concentrations in roots (p < 0.05; Table 1).

3.6. Effects of eCO2 and Drought on Tissue Accumulations and Allocation of N, P, and K in
Mulberry Plants

In general, drought stress significantly decreased the accumulation of N, P, and K
in the leaves, stems, roots, and total plant under both aCO2 and eCO2, except for leaf
P accumulation (Figure 6). Severe drought resulted in reductions in N, P, and K accu-
mulation in the total plant of 26.7%, 31.0%, and 24.3% under aCO2 and of 20.7%, 13.5%,
and 14.4% under eCO2, respectively. Nevertheless, eCO2 significantly increased N, P,
and K accumulation in leaves, stems, roots, and the total plant subjected to well-watered,
moderate-drought, and severe-drought conditions. Compared to aCO2, eCO2 significantly
increased total-plant N accumulation by 13.3%, 18.8%, and 22.6% (p = 0.007, Figure 6D)
and total-plant K accumulation by 16.1%, 36.0%, and 31.3% under well-watered, moderate-
drought, and severe-drought conditions, respectively (p < 0.001, Figure 6L). Similarly, eCO2

also increased total-plant P accumulation by 30.7% and 25.9% under moderate drought and
severe drought, respectively (p = 0.016), but had no significant effect under well-watered
conditions. Two-way ANOVA revealed significant interaction effects between eCO2 and
drought on stem N and stem and root P accumulation (p < 0.05, Figure 6). Furthermore,
severe drought significantly enhanced the allocations of N, P, and K to the leaves but de-
creased their allocations to the stems and roots of mulberry, regardless of CO2 concentration.
Conversely, eCO2 decreased N, P, and K allocations to the leaves and stems but increased
their allocations to roots under well-watered and severe-drought conditions (Figure 7).
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Figure 6. Accumulation of nitrogen (N: A–D), phosphorus (P: E–H), and potassium (K: I–L) in leaves,
stems, roots, and in total plants in 18-month-old mulberry under ambient CO2 (aCO2, 420/470 ppm,
day/night), elevated CO2 (eCO2, 710/760 ppm), and varying water regimes (well-watered, WW;
moderate drought stress, MS; severe drought stress, SS). Data (means ± SE, n = 6) followed by
different letters indicate significant differences between CO2 treatments for the same water regime
(a, b) and among water treatments for the same CO2 concentration (x, y, z) at p < 0.05. Statistical com-
parisons (two-way ANOVA) between water regimes and CO2 treatments, as well as their interaction
(water × CO2), are presented for each variable.

Figure 7. Leaf, stem, and root distribution of nitrogen (N: A–C), phosphorus (P: D–F), and potassium
(K: G–I) in mulberry plants under ambient CO2 (aCO2, 420/470 ppm, day/night), elevated CO2

(eCO2, 710/760 ppm), and varying water regimes (well-watered, WW; moderate drought stress, MS;
severe drought stress, SS).
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3.7. Effects of eCO2 and Drought on Soil Nutrients and Soil Enzyme Activities

The response of soil AN, AP, and AK to decreasing soil water status exhibited an
increasing trend under both aCO2 and eCO2 (Figure 8). Soil AN showed an asymmetric
response to CO2 concentration along the soil water gradient, where it was significantly
lower under eCO2 than under aCO2 under the well-watered condition but higher under
eCO2 than under aCO2 under moderate-drought and severe-drought conditions (p = 0.018,
Figure 8A). Soil AP and AK were significantly lower under eCO2 than under aCO2 along
the soil water gradient (p < 0.05, Figure 8B,C).

Moreover, regardless of soil water status, eCO2 generally significantly increased the
activities of soil sucrase and phosphatase, although these enzyme activities obviously de-
creased with declining soil water content under both aCO2 and eCO2 (p < 0.05, Figure 8D,F).
In contrast to the observed trends in soil sucrase and phosphatase activities, urease activity
exhibited a different pattern: it decreased along the soil water gradient under aCO2 but
slightly increased under moderate-drought conditions under eCO2 (p < 0.05, Figure 8E).
Two-way ANOVA showed significant interaction effects between eCO2 and drought on
soil AN (p = 0.023), AP (p = 0.027), and sucrase (p < 0.001, Figure 8).
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Figure 8. Available nitrogen (AN, A), available phosphorus (AP, B), available potassium (AK, C)
in soil, as well as soil sucrase (D), urease (E), and phosphatase (F) activities of mulberry plants,
under ambient CO2 (aCO2, 420/470 ppm, day/night), elevated CO2 (eCO2, 710/760 ppm), and
varying water regimes (well-watered, WW; moderate drought stress, MS; severe drought stress,
SS). Data (means ± SE, n = 6) followed by different letters indicate significant differences between
CO2 treatments for the same water regime (a, b) and among water treatments for the same CO2

concentration (x, y, z) at p < 0.05. Statistical comparisons (two-way ANOVA) between water regimes
and CO2 treatments, as well as their interaction (water × CO2), are presented for each variable.

3.8. Effects of eCO2 and Drought on Biomass Production in Mulberry Plants

Compared to the well-watered treatment, drought stress significantly decreased the
biomass production in leaves, stems, roots, and total plants, regardless of CO2 concentration.
Moderate drought and severe drought resulted 14.7% and 31.8% reductions in total biomass
production, respectively, under aCO2 and 11.3% and 22.8% reductions, respectively, under
eCO2. Conversely, a very strong effect of CO2 fertilization on mulberry growth was
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observed under both well-watered and drought stress conditions, with the effect more
pronounced as soil water status declined. Specifically, eCO2 increased the leaf, stem, root,
and total plant biomass production by 26.1%, 20.1%, 20.4%, and 23.1%, respectively, under
well-watered conditions; by 32.0%, 29.4%, 18.8%, and 28.0%, respectively, under moderate
drought; and by 35.7%, 83.7%, 15.3%, and 39.2% (all p ≤ 0.01), respectively, under severe
drought (Table 2). Additionally, eCO2 significantly decreased the root/shoot ratio under
severe drought. Two-way ANOVA showed a significant interaction effect between eCO2

and drought on stem biomass production only (p = 0.037, Table 2).

Table 2. Variations in plant tissue biomass production of mulberry plants under ambient CO2 (aCO2);
elevated CO2 (eCO2); and well-watered, moderate-drought, and severe-drought conditions.

Variable

p-Value

CO2 Treatment

Water Treatment Moderate
Water Deficit

Effect (%)

Severe
Water Deficit

Effect (%)CO2 Water C*W Well-Watered
Moderate
Drought

Severe
Drought

Leaf biomass (g
plant−1) 0.002 0.000 0.981

ACO2 37.5 ± 1.8 x,b 32.9 ± 1.0 y,b 28.6 ± 2.9 z,b −12.4 −23.8
ECO2 47.3 ± 0.4 x,a 43.4 ± 0.5 y,a 38.8 ± 2.7 z,a −8.3 −18.0

CO2 effect (%) +26.1 +32.0 +35.7

Stem biomass
(g plant−1) 0.000 0.000 0.037

ACO2 20.3 ± 0.9 x,b 16.5 ± 0.9 y,b 10.0 ± 0.6 z,b −18.9 −50.6
ECO2 24.4 ± 1.4 x,a 21.3 ± 0.8 y,a 18.4 ± 0.9 z,a −12.6 −24.4

CO2 effect (%) +20.1 +29.4 +83.7

Root biomass
(g plant−1) 0.000 0.001 0.574

ACO2 19.8 ± 0.9 x,b 16.9 ± 0.8 y,b 14.3 ± 1.2 z,b −14.8 −27.8
ECO2 23.9 ± 0.4 x,a 20.1 ± 0.8 y,a 16.5 ± 0.8 z,a −16.0 −30.9

CO2 effect (%) +20.4 +18.8 +15.3

Total biomass
(g plant−1) 0.000 0.000 0.876

ACO2 77.7 ± 3.4 x,b 66.2 ± 1.3 y,b 53.0 ± 3.8 z,b −14.7 −31.8
ECO2 95.6 ± 2.1 x,a 84.8 ± 1.1 y,a 73.8 ± 14.2 z,a −11.3 −22.8

CO2 effect (%) +23.1 +28.0 +39.2

Root : shoot
ratio 0.027 0.164 0.080

ACO2 0.34 ± 0.01 x,a 0.34 ± 0.01 x,a 0.37 ± 0.04 x,a −0.3 +9.4
ECO2 0.33 ± 0.01 x,a 0.31 ± 0.02 x,b 0.28 ± 0.02 x,b −6.8 −13.1

CO2 effect (%) −2.9 −9.2 −22.9

Data (means ± SE, n = 6) followed by different letters indicate significant differences between CO2 treatments
for the same water regime (a, b) and among water treatments for the same CO2 concentration (x, y, z) at p < 0.05.
Statistical comparisons (two-way ANOVA) between water regimes and CO2 treatments, as well as their interaction
(water × CO2), are presented for each variable.

3.9. Multivariate Analyses

To explore the potential mechanisms underlying the impact of eCO2 on plant response
to drought stress, particularly in terms of changes in biomass production, we employed
structural equation modeling (SEM) to analyze the relationships between eCO2 concen-
tration, drought treatments, gas exchange, chlorophyll fluorescence, osmotic regulators,
antioxidant enzyme activities, plant nutrient uptake, soil properties, and biomass produc-
tion. The SEM analysis showed that drought had significant direct, positive effects on
osmotic substances and soil nutrients while exerting significant direct, negative effects on
photosynthesis, total biomass production, and soil enzyme activities. In contrast, eCO2 had
significant direct, positive effects on photosynthesis, total biomass, and soil enzyme activi-
ties and significant direct, negative effects on chlorophyll fluorescence; osmotic substances;
and plant N, P, and K (Figure 9).
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Figure 9. Structural equation model (SEM) showing relationships among CO2 concentration; soil
water regime; photosynthetic parameters; PSII efficiency; antioxidant enzyme activities; osmotic
substance concentrations; N, P, and K concentrations; soil nutrients; soil enzyme activities; and total
biomass production of mulberry plants. Numbers above arrows are path coefficients. Bold and
dashed lines indicate significant (p < 0.05) and non-significant (p > 0.05) paths, respectively. *, ** and
*** significant at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively.

4. Discussion

Mulberry plants growing in the majority of southwest China frequently experience
a moderate drought due to a progressive reduction in soil water availability [10,70,71].
Drought stress has been widely reported to significantly reduce both photosynthesis and
biomass accumulation in mulberry plants [72], in agreement with our study findings
(Figure 2A, Table 2). In addition, mulberry production faces future challenges due to
increases in , drought frequency, and atmospheric CO2 concentration. This study expands
upon previous knowledge regarding how mulberry plants can cope with water scarcity
and discusses the dynamics through which eCO2 mitigates the effects of prolonged drought
stress by enhancing CO2 uptake and biomass production, altering nutrient uptake and
partitioning while decreasing oxidative pressure.

4.1. eCO2 Alleviates Adverse Effects of Drought on Plant Biomass Production and Photosynthesis

Under drought conditions, 710 ppm eCO2 significantly stimulated the above- and
below-ground biomass of mulberry, resulting in a substantial mitigation effect on mul-
berry productivity (Table 2). This finding agrees with previous studies conducted on
coffee plants, Picea abies, Pinus halepensis, and Populus tremula under 700–867 ppm eCO2

in open-top chambers or free-air CO2 enrichment experiments [7,30,73,74]. The increase
in plant biomass production due to eCO2 can be primarily attributed to biochemical and
photochemical processes such as photosynthesis and respiration [75,76]. Specifically, plants
grown under eCO2 typically exhibit a 30–60% greater leaf photosynthetic rate due to in-
creased Rubisco carboxylation while competitively suppressing plant photorespiration
and dark respiration [41,77]. In this study, eCO2 directly stimulated photosynthesis in
mulberry through increased CO2 uptake (Figure 2A). A considerably greater intercellular
CO2 concentration was observed under eCO2 (Figure 2D), indicating that the carboxylation
rate of Rubisco was constrained by CO2 diffusion into the carboxylation sites under aCO2.
Consequently, eCO2 favored the carboxylation reaction of Rubisco over its oxygenation
reaction (Figure 5), thereby enhancing carbon assimilation by increasing Ci for Rubisco car-
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boxylation. These results are consistent with findings reported by Kelly et al. (2019) [78] and
Fan et al. (2020) [38]. The enhanced photosynthetic rates under eCO2 directly contribute
to higher carbon assimilation, which is a key driver of biomass accumulation and overall
productivity in mulberry. This is particularly evident in the significant increase in above-
and below-ground biomass observed in our study (Table 2). The greater carbon fixation
under eCO2 provides more resources for growth and development, enabling mulberry
to maintain productivity, even under drought stress. Additionally, the increased carbon
assimilation not only supports biomass production but also enhances the plant’s ability
to cope with drought stress. By maintaining higher photosynthetic rates, mulberry can
accumulate more carbohydrates, which are essential for osmotic adjustment and energy
metabolism under water-limited conditions [79]. This explains the mitigation of drought
stress observed in our study.

Despite the significant impact of eCO2 on leaf photosynthesis, its effects may be
partially mitigated by drought stress. This is evidenced by a greater decline in net pho-
tosynthetic rate observed in plants experiencing moderate drought and severe drought
compared to well-watered plants (Figure 2A). Such a reduction in the net photosynthetic
rate under drought stress could be attributed to both diffusive limitations (such as gs
and Ci, as shown in Figure 2B,D) and non-diffusive limitations related to biochemical
processes [80]. These observations were supported by decreased leaf N, P, and K levels
and their correlations with leaf photosynthesis in mulberry plants (Figure 9). Despite the
partial mitigation of photosynthetic rates under drought stress, the overall enhancement of
carbon assimilation under eCO2 still plays a critical role in sustaining mulberry growth
and productivity. The ability of mulberry to maintain higher photosynthetic rates under
combined eCO2 and drought conditions highlights its potential as a resilient crop for
sustainable agriculture in regions affected by climate change.

However, it is important to critically assess potential limitations and trade-offs as-
sociated with long-term exposure to eCO2. One potential limitation is the acclimation
response, where plants may exhibit reduced photosynthetic efficiency over time due to
downregulation of Rubisco and other photosynthetic enzymes [62,81]. This acclimation
response could diminish the initial benefits of eCO2 in terms of carbon assimilation and
growth, particularly under prolonged exposure [82]. Future studies should investigate
whether mulberry exhibits similar acclimation responses under long-term eCO2 exposure.

4.2. eCO2 Mitigated the Negative Effects of Drought by Improving Water Use Efficiency

Stomatal responses to eCO2 exhibit considerable variability and are influenced by
environmental conditions. In this study, lower stomatal conductance and transpiration
rates were observed under eCO2 compared to aCO2 under both well-watered conditions
and drought stresses (Figure 2B,C). These findings are consistent with previous studies on
various herbaceous and woody species [30,83,84]. The reduction in stomatal conductance
under eCO2 can be an adaptive mechanism for water conservation while maintaining
high levels of photosynthesis, which is associated with decreased stomatal density and
an altered stomatal aperture [8]. The Ci/Ca ratio reflects the relationship between stom-
atal conductance and photosynthetic capacity. Our results showed that Ci/Ca values
decreased with declining soil water status under aCO2 but remained unchanged under
eCO2 (Figure 2F), indicating that stomata were sensitive to drought stress under aCO2 but
exhibited reduced sensitivity or physiological adaptation to eCO2. These results indicate
that stomatal conductance is not the limiting factor for the increase in the net photosyn-
thetic rate under eCO2. Instead, eCO2 compensates for the decrease in CO2 caused by
stomatal closure during drought stress, thereby alleviating the adverse effects of drought
stress on plants [85,86]. Plants typically minimize water loss by reducing their leaf tran-
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spiration rate as a key adaptive strategy under short-term drought stress [87]. Our results
demonstrate that eCO2 dramatically improved leaf WUE in mulberry plants subjected
to well-watered, moderate-drought, and severe-drought conditions (Figure 2A,C,E). The
enhancement in WUE under eCO2 can be attributed to the combined effects of reduced
stomatal conductance and increased photosynthetic efficiency. Elevated CO2 concentra-
tions reduce the stomatal aperture, thereby minimizing water loss via transpiration while
ensuring sufficient CO2 uptake for photosynthesis. This stomatal regulation is mediated by
alterations in guard-cell turgor pressure and the signaling pathways involving abscisic acid
and other phytohormones [31]. Furthermore, eCO2 enhances the carboxylation efficiency
of Rubisco, allowing plants to achieve higher photosynthetic rates with lower stomatal
conductance [26]. These physiological adaptations enable mulberry to optimize water
use and sustain growth under drought stress, highlighting the critical roles of stomatal
behavior and photosynthetic efficiency in improving WUE.

4.3. eCO2 Mitigated the Negative Effects of Drought by Improving Photosystem II Efficiency

Chlorophyll fluorescence was employed to assess the extent of damage to the pho-
tosynthetic apparatus—in particular, to photosystem II (PSII). Under drought stress, im-
pairment of PSII reaction centers impedes primary photochemistry, thereby affecting the
process of photosynthetic electron transport. In this study, we observed a reduction in
PSII efficiency in mulberry plants due to drought stress, as evidenced by decreased ΦPSII,
ETR, and qP values (Figure 3). Importantly, the detrimental effects of severe drought on
ΦPSII, ETR, and qP were more pronounced under aCO2 compared to under eCO2 (ΦPSII,
33% and 25% lower than the control; ETR, 35% and 13% lower; qP, 44% and 4% lower;
Figure 3). There was a significant interactive effect between drought stresses and eCO2 on
ΦPSII, ETR, and qP (p < 0.05, Figure 3), which partially mitigated the damage caused by
drought stress. Similar findings have been reported with respect to cucumber [88], coffee
plants [30], and wheat [89]. The reduction in PSII efficiency under drought stress directly
impacts the photosynthetic electron transport chain, leading to lower energy conversion
efficiency and reduced carbon assimilation. This, in turn, limits biomass accumulation and
overall productivity in mulberry [90,91]. However, the partial mitigation of PSII efficiency
under eCO2, as indicated by higher ΦPSII, ETR, and qP values, suggests that mulberry
can maintain better photochemical efficiency and energy utilization under combined eCO2

and drought conditions. This enhanced photochemical efficiency likely contributes to the
observed increase in biomass and productivity under eCO2 (Table 2) [41]. Furthermore,
a slight decrease in Fv/Fm under eCO2+SS indicates that mulberry plants exposed to
drought conditions may not have undergone photoinhibition. Therefore, mulberry plants
activate non-photochemical quenching and reduced drought-induced PSII efficiency under
eCO2 (Figure 3). The activation of NPQ under eCO2 and drought stress is a protective
mechanism that dissipates excess light energy as heat, thereby preventing damage to
the photosynthetic apparatus [92]. This mechanism allows mulberry to maintain higher
photosynthetic activity and carbon assimilation levels under stress conditions, which are
critical for sustaining growth and productivity [93]. The ability of mulberry to optimize
energy utilization and protect PSII under combined eCO2 and drought stress highlights its
potential as a resilient crop for cultivation in water-limited environments [94].

4.4. eCO2 Mitigated the Negative Effects of Drought by Boosting Mulberry’s Defenses

Drought stress significantly reduces the efficiency of the photosynthetic electron trans-
port chain, leading to a decline in photosynthetic efficiency and an increased electron flow
towards molecular oxygen and production of superoxide radicals [95]. The accumulation
of ROS is detrimental to biomolecules such as nucleic acids, proteins, chloroplast pigments,
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etc. [96,97]. In response to drought-induced oxidative stress, plants develop a complex
antioxidant system to regulate cellular redox status. CAT, POD, and SOD serve as the
first line of defense against reactive oxygen species. In this study, the activities of CAT,
POD, and SOD were significantly increased in both leaves and roots under drought stress,
which is consistent with previous results [10,98]. Furthermore, eCO2 further improved
the activities of CAT, POD, and SOD in leaves and/or roots under drought stress con-
ditions (Figure 5), in line with other studies [12,76]. The impact was more pronounced
for SOD under moderate drought and for POD under severe drought, indicating distinct
responses in antioxidant metabolism. The mitigation of ROS formation under eCO2 can
be attributed to increased electron consumption in C fixation, reducing the diversion of
electrons towards ROS-generating pathways such as photorespiration or the Mehler re-
action [99,100]. Enhanced carbon assimilation under eCO2 provides more resources for
the synthesis of antioxidant enzymes and osmoprotectants, thereby mitigating oxidative
damage and supporting cellular functions under drought stress. Soluble sugars, acting
as osmolyte and metabolite signaling molecules, play a crucial role in modulating plant
responses to stress [82]. The elevated concentration of soluble sugars under eCO2 observed
in this study (Figure 4C,D) indicates enhanced C assimilation, which improves turgor
pressure through osmotic adjustment. This finding is consistent with a previous study
showing that soluble sugars (such as glucose and sugar alcohols) contributed to increased
root biomass in Sorghum bicolor and alleviated drought stress under eCO2 [101]. The ac-
cumulation of soluble sugars under eCO2 not only supports osmotic adjustment but also
provides energy for growth and stress responses [79]. Proline serves as both a stress marker
and an osmoprotectant, implying that plants may accumulate more proline under drought
stress or less proline when experiencing reduced stress levels [102]. Our data demonstrate
that eCO2 decreased proline content in both leaves and roots under drought stress (Fig-
ure 4A,B). Hence, the reduced accumulation of proline in plants exposed to eCO2 suggests
that excessive proline buildup is not necessary to withstand drought stress [103]. The
reduced proline accumulation under eCO2 indicates that mulberry experiences less severe
drought stress due to improved water use efficiency and antioxidant defense. This allows
the plant to allocate more resources towards growth and productivity rather than stress
mitigation [104]. These changes in antioxidant metabolites and osmolytes clearly indicate
that mulberry plants modify their biochemical system to counteract the detrimental effects
of drought stress under eCO2.

4.5. eCO2 Mitigated the Negative Effects of Drought by Regulating NPK Partitioning

Drought stress can inhibit plant growth by reducing nutrient uptake and affecting
the relocation of N, P, and K in plants [105,106]. A meta-analysis revealed that drought
stress results in decreased levels of N and P in plant tissues, as well as reduced nutrient
absorption from soil [39]. In this study, the concentrations of N, P, and K in stems and
roots were significantly lower under drought stress compared to well-watered conditions
under aCO2, and a greater decrease was observed under moderate drought than under
severe drought (Table 2). The impacts of drought on N, P, and K concentrations were more
pronounced in roots and stems compared to leaves, indicating that soil drought negatively
affected the nutrient uptake capacity of roots and stems. The decline in nutrient levels could
be attributed to decreased photosynthesis and transpiration rates under drought conditions,
resulting in reduced nutrient uptake (Figures 2 and 8). This coincided with an increase in
the allocation of N, P, and K to leaves and a decrease in their allocations to stems and/or
roots (Figure 7). However, these findings are inconsistent with studies suggesting drought
may accelerate N transfer from green leaves to sink tissues such as roots or grains [107]. The
increased allocation of N, P, and K to leaves observed in this study could be a mechanism
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of drought avoidance through the synthesis and accumulation of osmoprotectants and
antioxidant enzymes, which are predominantly found in higher concentrations in leaves
than in roots (Figures 5 and 6), as further supported by a significantly positive correlation
between plant N, P, and K concentrations and antioxidant enzyme activities (Figure 9).

Fortunately, the detrimental impacts of drought on the concentrations of N, P, and K
in stems and roots were mitigated under eCO2 compared to under aCO2, and even drought
stress increased root P concentrations under eCO2 (Table 1). Previous studies have reported
a decline in plant-tissue N due to CO2 enrichment [46,61,62,108], which subsequently
affects other components involved in N metabolism, such as proline levels [109]. Similar
results were observed in this study (Table 1 and Figure 4B,E). Under both well-watered
and severe-drought conditions, eCO2 led to decreases in N and P contents in mulberry
tissues, but the reduction was less pronounced under severe drought than under well-
watered conditions (Table 1). This phenomenon may be attributed to the nutrient dilution
effect, where increased biomass production under eCO2 leads to lower concentrations of
essential nutrients such as N and P in plant tissues [110]. This nutrient dilution could have
implications for the nutritional quality of mulberry leaves, which are critical for silkworm
feeding and sericulture productivity. Future research should explore strategies to mitigate
nutrient dilution effects, such as optimized fertilization practices or genetic improvements
in nutrient use efficiency.

Furthermore, eCO2 induced allocations of N, P, and K to root tissues under drought
stresses (Figure 8). This adaptation to eCO2 facilitates greater allocation to the expanded
root system rather than the photosynthetic apparatus of green tissues, optimizing en-
ergy costs [111]. Thus, eCO2 and drought stress may increase nutrient use efficiency by
regulating nutrient reallocation [112].

4.6. eCO2 Mitigated the Negative Effects of Drought by Improving Nutrient Uptake and
Stimulating Soil Enzyme Activities

Most studies on eCO2 and/or drought have primarily focused on plant characteristics,
with limited research conducted on the feedback between plant nutrient uptake and soil
nutrient supply. It is widely acknowledged that soil nutrient reserves play a crucial role
in determining plant growth. However, the impacts of eCO2 and/or drought on the soil
nutrient pool and plant requirements remain unpredictable. Our results demonstrate that
plants exhibited reduced uptake of N, P, and K when subjected to decreased soil moisture
(Figure 6), resulting in higher contents of available forms of these nutrients in soil (Figure 8).
Reduced nutrient uptake during drought may be attributed to factors such as diminished
mineralization-mediated nutrient supply, as well as reduced nutrient diffusion and mass
flow in soil [113]. Additionally, altered dynamics of root nutrient uptake induced by
drought can also contribute to decreased acquisition of essential elements by plants [114].
In contrast, our results indicate that eCO2 significantly enhanced N, P, and K accumulation
in mulberry plants under both well-watered and drought-stressed conditions (Figure 6),
leading to decreased levels of AN, AP, and AK in soil, except for AN under drought stress
(Figure 8). These findings suggest that eCO2 ameliorated the adverse impacts of drought by
improving nutrient uptake. Consistent with our findings, previous studies have displayed
similar effects; for example, 700 ppm eCO2 upregulated gene expression related to nutrient
uptake proteins, enhancing the rates of N and P assimilation [110].

The activities of soil enzymes indicate microbial functions in decomposing organic
matter and mobilizing nutrients [48]. In this study, we observed significant decreases
in sucrase, urease, and phosphatase activities under drought conditions (Figure 8D–F),
consistent with previous studies that have reported negative correlations between soil
moisture and enzymatic activities [45,51,115]. The reduction in enzyme activities could
also be attributed to the low microbial biomass and physiology [116] or decreased enzyme
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production and turnover rates [117]. Drought-induced inhibition of plant growth and
reductions in rhizodeposition result in decreased substrate availability. However, our
study revealed significantly higher activities of soil sucrase, urease, and phosphatase under
eCO2 than under aCO2 as soil water content declined (Figure 8D–F), indicating a positive
correlation between eCO2 levels and soil enzyme activities (Figure 9). Similar increases in
enzyme activities have been reported in herbaceous and woody soils under 550–700 ppm
eCO2 [47,49,118]. A two-year FACE study conducted in a semi-arid grassland at the United
States Department of Agriculture’s Agricultural Research Service High Plains Grasslands
Research Station demonstrated that 600 ppm eCO2 had a positive effect on soil C, N, and
P cycling by increasing the abundance of microbial functional genes, which were closely
correlated with the increase in soil moisture [119]. The increase in soil enzyme activities
is directly related to the plant root exudates [120]. Therefore, eCO2 could accelerate C
turnover in the rhizosphere and stimulated soil enzyme activities, thereby influencing the
microbial biomass and microbial activity that was not tested in this study, which might
ultimately have potential to ameliorate the adverse impacts of drought.

However, the long-term sustainability of eCO2 effects on mulberry growth and pro-
ductivity remains uncertain. While eCO2 can enhance nutrient uptake and soil enzyme
activities in the short term, prolonged exposure to elevated CO2 may alter soil nutrient
dynamics and microbial activity, potentially affecting nutrient availability and plant health
over time [121]. For example, increased carbon inputs under eCO2 may accelerate soil
organic matter decomposition, leading to changes in nutrient cycling and microbial com-
munity composition [122]. Future studies should investigate the long-term impacts of eCO2

on mulberry growth, nutrient cycling, and ecosystem interactions to fully understand its
potential benefits and limitations.

5. Conclusions

We conducted a comprehensive study on the responses of mulberry plants to drought
under eCO2. As shown in Figure 10, eCO2 promotes mulberry’s photosynthesis and
WUE under drought. It also mitigates the adverse effects of drought on ETR and ΦPSII,
thereby decreasing damage to photosystems and ROS accumulation in mulberry under
drought stress. Moreover, eCO2 enhanced the tolerance of mulberry to drought stress
by increasing activities of antioxidant enzymes such as SOD, POD, and CAT, and the
contents of osmolytes such as proline, malondialdehyde, and soluble sugars in both leaves
and roots. Furthermore, eCO2 stimulated the activities soil enzymes under such as soil
sucrase, urease, and phosphatase, under drought, improving soil fertility. This stimulation
facilitated nutrient uptake of soil N, P, and K, leading to their increased accumulation
in mulberry tissues while promoting their allocation to an expanded root system under
drought. The enhanced photosynthetic capacity, reduced oxidative stress, and increased
nutrient absorption induced by eCO2 can effectively mitigate the detrimental impact of
drought on mulberry growth by augmenting both above- and below-ground biomass
production. Our findings provide crucial insights to guide water management strategies in
mulberry plantations while increasing leaf growth and productivity through the regulation
of N, P, and K nutrition under future conditions of elevated CO2 and drought.
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Figure 10. Comparative schematic model showing how mulberry plants can respond to drought
and elevated CO2 concentrations. PSII, photosystem-II; Pn, net photosynthetic rate; gs, stomatal
conductance; E, transpiration rate; WUE, water use efficiency in leaves; N, nitrogen; P, phosphorus;
K, potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; ROS,
reactive oxygen species; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; MDA, malon-
dialdehyde; Pro, proline. An upward arrow represented an increase, whereas a downward arrow
signified a reduction.
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Abbreviations

The following abbreviations are used in this manuscript:

aCO2 Ambient CO2

eCO2 Elevated CO2

Ci Intercellular CO2 concentration
N Nitrogen
P Phosphorus
K Potassium
WW Well-watered
MS Moderate drought stress
SS Severe drought stress
WUE Water use efficiency
ROS Reactive oxygen species
CAT Catalase
POD Peroxidase
SOD Superoxide dismutase
MAD Malondialdehyde
TAB Thiobarbituric acid
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NBT Nitrogen blue tetrazolium
EDTA-Na2 Ethylenediaminetetraacetic acid disodium salt
KMnO4 Potassium permanganate
SOC Soil organic carbon
AN Soil available nitrogen
AP Soil available phosphorus
AK Soil available potassium
F0 Initial fluorescence yield under the dark-adapted stage
Fm Maximum fluorescence yield under the dark-adapted stage
F0′ Minimum fluorescence yield under the light-adapted stage
Fm′ Maximum fluorescence under the light-adapted stage
ΦPSII Effective quantum yield of PSII photochemistry
Fv/Fm Maximal quantum yield of PSII photochemistry
Fv′/Fm′ Actual photosynthetic efficiency of PSII under illumination
qP Photochemical quenching coefficient
NPQ Non-photochemical quenching coefficient
ETR PSII electron transport rate
SEM Structural equation modeling
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Abstract

Abiotic stresses disrupt redox homeostasis and reduce crop productivity. Antioxidant net-
works support resilience by limiting excess reactive oxygen species (ROS) and maintaining
redox signalling for stress perception, gene expression, and metabolic reprogramming.
We summarize advances (2000–2025) in ROS generation, detoxification mechanisms, and
signalling across organelles, including chloroplasts, mitochondria, peroxisomes, and the
apoplast. This includes compartmentalized enzymes—superoxide dismutase (SOD), cata-
lase (CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX), and glutathione
reductase (GR)—as well as the peroxiredoxin–thioredoxin system and non-enzymatic
buffers like ascorbate, glutathione, tocopherols, carotenoids, and flavonoids. We uniquely
synthesize these findings in a compartment-resolved “redox rheostat” model, linking ROS
concentration–time windows (signaling vs. damage) to antioxidant network design (kinetic
tiers, compartmentation, and trade-offs) and identifying intervention points for breeding,
genome editing, and field-scale priming. We emphasize constraints, such as NADPH
supply and antioxidant recycling capacity, that lead to context-dependent outcomes. We
evaluate omics, transgenic strategies, genome editing (CRISPR and Cas systems), exoge-
nous applications, and plant–microbe associations. This synthesis clarifies how antioxidant
systems protect photosynthetic and respiratory machinery while supporting signalling,
thus outlining routes to climate-resilient, yield-stable crops across varied environments
and stresses.

Keywords: abiotic stress; reactive oxygen species; redox signalling; ascorbate–glutathione
cycle; peroxiredoxin–thioredoxin; NADPH; genome editing; crop resilience

1. Introduction

Agriculture is the cornerstone of global food security, yet it increasingly faces diverse
climatic threats [1]. Rapid shifts in climate patterns, rising temperatures, altered precipi-
tation, intensifying droughts, soil salinization, and recurrent heatwaves represent some
of the toughest challenges to crop stability and productivity worldwide [2]. Quantitative
data underscore these effects: abiotic stresses cause yield losses in major crops such as

Antioxidants 2026, 15, 337 https://doi.org/10.3390/antiox15030337
170



Antioxidants 2026, 15, 337

wheat (Triticum aestivum L.), rice (Oryza sativa L.), and maize (Zea mays L.), with magnitude
varying by stress type, severity, timing, genotype, and environment [3,4]. Empirical models
show that warming results in about 3–7% yield loss per 1 ◦C in major cereals, with dispro-
portionate losses in vulnerable tropical and subtropical regions [5,6]. By mid-century, many
projections indicate that combined climatic stresses could greatly reduce cereal productivity
without adaptation, increasing pressure on global food security as populations grow [7].
Thus, it is essential to broaden our understanding of plant physiological and molecular
responses to abiotic stress and boost crop resilience for sustainable agriculture [8–10].

A common feature among different abiotic stressors is their strong disruption of cellu-
lar redox homeostasis [1–4]. Under normal conditions, plants naturally produce reactive
oxygen species (ROS). These act as metabolic switches within organelles such as chloro-
plasts, mitochondria, and peroxisomes [11]. ROS, which include superoxide radicals (O2

•−),
hydrogen peroxide (H2O2), hydroxyl radicals (−OH), and singlet oxygen (1O2), usually
exist at low basal levels. They serve important roles as secondary messengers in processes
like development, hormone signalling, stomatal regulation, and pathogen defence [12,13].
When abiotic stress occurs, this balance is disrupted by excess ROS production [8]. For
example, drought stress can rapidly increase hydrogen peroxide levels in leaf mesophyll
cells, whereas saline exposure triggers oxidative bursts primarily in roots [12]. Though
ROS are critical for signalling, excessive amounts lead to oxidative damage. This affects
membrane lipids, protein complexes (including those for photosynthesis), and nucleic
acids [13]. Thus, ROS are both vital messengers and potential cytotoxins. Their regulation
is crucial for plant survival under stress [14,15].

Plants fight oxidative damage through a complex antioxidant defence network that
includes both enzymatic and non-enzymatic components. This network maintains redox
balance and supports adaptive signalling [4,6,16]. Enzymatic antioxidants include super-
oxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX). These enzymes
detoxify ROS efficiently and specifically [17]. For instance, SOD converts superoxide radi-
cals into H2O2 at a very rapid rate. This allows enzymes like CAT to further break down
H2O2 into harmless water and oxygen, preventing the formation of dangerous hydroxyl
radicals [8,13]. Alongside these are non-enzymatic antioxidants. These include ascorbic
acid (vitamin C), glutathione (GSH), carotenoids, tocopherols, and various phenolic and
flavonoid compounds. They help buffer ROS levels and support redox-sensitive signaling
pathways critical for stress acclimation [18–20]. Genetic studies show the importance of
antioxidants. Rice plants that overexpress chloroplast-targeted SOD or APX show better
stress tolerance. In contrast, GSH biosynthesis mutants are more susceptible to oxidative
stress [21]. Thus, antioxidants are dynamic regulators that shape cellular signalling, stress
memory, and flexibility during adaptation to abiotic stress [22].

Despite progress in recent decades, we still lack a full understanding of how antiox-
idant systems integrate with broader cellular stress networks. Crosstalk between ROS
signalling and phytohormonal pathways, such as abscisic acid (ABA), salicylic acid (SA),
jasmonates, and ethylene, is only partly understood, especially with respect to timing and
feedback. Moreover, while applying antioxidants like APX or GSH externally can boost
tolerance in controlled settings, their effectiveness in the field is unpredictable. Results
vary across studies and depend on the form of application, including foliar, seed, and
soil treatments [1,20]. Additionally, maintaining chronically high antioxidant activity has
metabolic costs. This leads to trade-offs between stress tolerance and achieving optimal
growth or yield [16,17]. Taken together, these challenges show the need for research that
combines mechanistic detail with practical applications. Such approaches must link molec-
ular biology to agronomy to realize the promise of antioxidants for crop improvement. In
this review, we focus on causal evidence, genetic changes, targeted interventions, and yield
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validation, and note when claims rely mainly on short-term or inconsistent field results.
Antioxidant-based strategies succeed only if they balance ROS signalling and prevent on-
going oxidative overload. This lesson should guide breeding and management decisions.

Abiotic stress tolerance depends on more than just antioxidant abundance. Rather,
it is governed by the way these networks are organized across cell compartments. These
networks act as a quantitative rheostat, keeping ROS within beneficial signalling ranges and
preventing oxidative damage. This review addresses four main questions: (i) where and
when ROS are produced under stress (Section 3); (ii) how compartmentalized antioxidant
systems buffer redox signals (Section 4); (iii) how this regulation adapts under drought,
salinity, temperature extremes, and heavy metals (Section 5); and (iv) which interventions
can realistically adjust this rheostat in crops (Sections 6 and 7), considering trade-offs,
feasibility, and field constraints. Importantly, we assess antioxidant strategies in light of
agronomic results, yield, stability, and quality, focusing on performance under combined
or sequential stresses as the real test for field utility. By linking biological mechanisms to
practical actions, our framework highlights recurring challenges, such as limited NADPH
supply, insufficient recycling, and trade-offs between growth and defence. These issues
explain why many antioxidant modifications do not translate to field success. Therefore,
we discuss omics, transgenic, CRISPR, and field interventions only when they directly
affect the ROS–antioxidant network and show real improvements in stress tolerance. Topics
not central to redox regulation are not covered in detail.

2. Research Methodology

A structured literature search and evidence synthesis were conducted to examine
antioxidant function in plants under abiotic stress. We searched databases (Web of Science,
Scopus, PubMed, SpringerLink, ScienceDirect, and Google Scholar) for studies published
from January 2000 to July 2025. Boolean combinations of terms covered abiotic stress,
ROS/redox processes, antioxidant systems, and major stress classes (drought, salinity,
temperature extremes, and heavy metals). We applied filters for translational approaches
(transgenics, CRISPR/Cas, nanoparticles, and agronomic interventions). To address field
relevance, we prioritized studies that reported agronomic outcomes (yield components,
yield stability, or crop quality traits). We included evidence from combined or sequential
stress designs (e.g., drought–heat, salinity–nutrient limitation) and multi-environment
validation where available. Studies were screened for relevance and methodological
quality, prioritizing recent advances (2015–2025) while retaining seminal work. The final
synthesis is organized around four themes: ROS dynamics under stress; compartmentalized
antioxidant network logic; stress-specific reparameterization; and intervention classes,
including their feasibility, trade-offs, and field relevance.

3. Compartment-Specific ROS Dynamics Under Abiotic Stress (What
Changes vs. Normal and Why It Matters)

Abiotic stresses such as drought, salinity, temperature extremes, and heavy metal
toxicity disrupt plant metabolism. They quickly disturb cellular redox homeostasis and
change ROS production, accumulation, and signalling [1,3,7,23], [Figure 1]. Under normal
conditions, ROS are produced continuously as by-products of aerobic metabolism. During
stress, ROS can build up faster than the cell can detoxify them [24]. ROS serve as signalling
messengers, but can also cause oxidative damage. How cells respond depends on the
type of ROS, where they are produced, their amount, and how long they persist [20,24].
Understanding stress tolerance requires a detailed, compartment-specific view of ROS
dynamics, rather than assuming more ROS is always harmful.
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Figure 1. Reactive oxygen species (ROS) balance shifts from controlled signalling (normal) to harmful
stress (abiotic stress). Under normal conditions, cells naturally produce ROS. Antioxidants keep these
levels in check. This balance allows ROS to send helpful signals. Under abiotic stress, the balance
breaks down. Antioxidants run low, and/or too much ROS builds up (red ↑). This disruption spreads
as chloroplasts, mitochondria, and peroxisomes interact with one another. Chloroplasts (excited
chlorophyll/PSII) make singlet oxygen (1O2) and superoxide radicals (O2

•−). Superoxide dismutase
(SOD) changes O2

•− into hydrogen peroxide (H2O2). Iron or copper helps make •OH. Mitochondria
mainly make O2

•− via their electron transport chains (ETCs). SOD then converts O2
•− to H2O2 and

generates more •OH. In peroxisomes, oxidases generate H2O2, leading to more •OH. These changes
between cell parts slow growth and lower yield. Stress-linked ROS are radicals (like O2

•−, •OH, RO•)
and non-radicals (like H2O2, 1O2, O3); all rise under stress (red ↑). The red arrows indicate that stress
reduces photosynthesis and respiration. This increases cell injury and lowers overall stress tolerance.
Abbreviations: ROS, reactive oxygen species; SOD, superoxide dismutase; PSII, photosystem II; ETC,
electron transport chain.

3.1. Sources of ROS in Plant Cells

Plant cells contain multiple ROS-generating sites that are interconnected through redox
and Ca2+ signalling networks [6–8]. ROS produced in one compartment can influence
dynamics in other compartments, illustrating an integrated cellular redox system rather
than isolated organelle events [11–13].

3.1.1. Chloroplasts: The Photosynthetic Hub of ROS

Chloroplasts are major sources of ROS under abiotic stress. Photosynthetic electron
transport is highly sensitive to disruptions in CO2 assimilation and energy balance [25,26].
Drought, salinity, and heat often limit CO2 availability and carbon fixation. This leads
to over-reduction in the electron transport chain and promotes O2

•− formation at PSI
(Mehler-type reactions) [10–12], [Figure 1]. Stromal SOD rapidly converts O2

•− to H2O2.
This links superoxide formation to downstream peroxide signalling and detoxification [27].
Excess excitation energy generates 1O2 at PSII. 1O2 acts locally due to its high reactivity and
short lifetime [28]. H2O2 is more stable and diffusible. This enables chloroplast-to-nucleus
retrograde signalling and transcriptional reprogramming during stress acclimation [29].
At physiological levels, chloroplast-derived ROS participate in photoprotective regulation
(such as NPQ and antenna adjustments). Sustained ROS accumulation promotes photoin-
hibition, lipid peroxidation, and cell death [30]. Chloroplast ROS homeostasis provides a
sensitive readout of the photosynthetic “redox budget” during stress.
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3.1.2. Mitochondria: Balancing Respiration and ROS

Mitochondria generate ROS mainly by electron leakage from complexes I and III
of the respiratory electron transport chain during oxidative phosphorylation [Figure 1].
Under steady-state conditions, leakage is limited. Drought, chilling, and heavy metals slow
downstream electron flow and increase electron transfer to O2, raising O2

•− formation [31].
Mn-SOD converts mitochondrial O2

•− to H2O2 in the matrix, and peroxidases detoxify it to
support ROS homeostasis [32]. The alternative oxidase (AOX) pathway is a key adaptation.
It relieves over-reduction in the ETC and reduces ROS generation, but decreases ATP yield.
This supports survival under stress [33]. Mitochondrial H2O2 also functions in retrograde
signalling and influences nuclear gene expression programmes. These programmes adjust
antioxidant capacity and increase stress acclimation [34–36].

3.1.3. Peroxisomes: Hotspots of Hydrogen Peroxide

Peroxisomes are prominent H2O2-producing organelles due to oxidative pathways.
These include photorespiration (via glycolate oxidase), fatty acid β-oxidation, and purine
catabolism [37], [Figure 1]. Photorespiration increases strongly under conditions that
lower internal CO2, such as drought, high light, or salinity. This makes peroxisomes
major contributors to cellular peroxide load and redox signalling [38]. H2O2 can diffuse
and participate in inter-organelle communication. Thus, peroxisome-derived H2O2 can
influence chloroplast and mitochondrial redox states and integrate stress signalling across
compartments [39].

3.1.4. Plasma Membrane NADPH Oxidases (RBOHs): Deliberate ROS Producers

Plasma membrane NADPH oxidases (RBOHs) generate ROS deliberately as part of
signal transduction, unlike organelle-derived “leak” ROS [40]. RBOHs transfer electrons
from cytosolic NADPH to apoplastic oxygen, producing O2

•−, which is converted to
H2O2 and then triggers downstream signalling. Their activity is tightly controlled by
Ca2+ binding, phosphorylation, and interactions with regulatory proteins. This enables
rapid, localized ROS production in response to stress cues [41]. For example, ABA-induced
RBOH activation in guard cells promotes apoplastic H2O2 accumulation and Ca2+ influx.
This contributes to stomatal closure [38]. In roots, RBOH-driven ROS bursts regulate ion
transport and mediate stress-induced root architectural changes. They can also propagate as
systemic ROS waves that coordinate whole-plant acclimation with Ca2+ signalling [30–32].

3.1.5. Integration Across Organelles: A Redox Communication Network

ROS production is coordinated across compartments through amplification loops
and signalling crosstalk. It is not confined to isolated sites [24]. Chloroplast ROS can
influence mitochondrial ROS generation, a process called “ROS-induced ROS release.”
This reinforces stress signalling. RBOH-mediated apoplastic ROS and Ca2+ waves support
long-distance communication from local stress sites to distant tissues [38]. Peroxisomal
H2O2 can connect photorespiratory flux with organellar redox status. This helps coordinate
stress responses at the systems level [25]. The compartment of origin and the timing of
ROS are decisive for cell fate. This balance enables plants to signal for acclimation while
limiting oxidative damage.

3.2. ROS Homeostasis: The Fine Balance

ROS embody a central biological paradox: at controlled levels, they serve as indis-
pensable messengers. When they exceed cellular buffering capacity, however, they become
damaging oxidants [10–12]. This balance is determined by three interacting variables:
ROS amplitude, subcellular distribution, and duration. Together, these determine whether
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ROS acts as a signal or a stressor [39]. Plants maintain ROS homeostasis via coordinated
enzymatic and non-enzymatic antioxidants, redox-sensitive transcriptional regulation, and
crosstalk with hormonal pathways [18–20]. Here, we use these control variables to formal-
ize a compartment-resolved “redox rheostat.” This framework distinguishes signalling
transients from damaging overload, providing a unifying logic for interpreting antioxidant
responses across stresses.

3.2.1. Beneficial Thresholds and the Signaling Role of ROS

At low-to-moderate levels (often in the low micromolar range for H2O2, ROS act
as second messengers. Their biological specificity comes from their limited lifetime and
spatial confinement [40]. In guard cells, for example, transient H2O2 elevations activate
Ca2+-dependent kinase cascades. These cascades drive stomatal closure during drought
responses [1,5,9,10]. In photosynthetic tissues, 1O2 generated at PSII is short-lived and
locally restricted. Yet, it can initiate retrograde signalling pathways that induce nuclear pro-
tective programmes and acclimation [15,20]. Similarly, localized apoplastic H2O2 gradients
contribute to root growth and cell-wall remodelling. These instances show that ROS convey
spatial and temporal information, not functioning solely as metabolic by-products [23,25].

3.2.2. Harmful Thresholds: The Switch to Oxidative Stress

When ROS accumulation becomes sustained and exceeds antioxidant capacity, the
signalling regime collapses. For example, high cytosolic H2O2 in the tens to hundreds
of micromolar range drives direct cellular injury [32,36]. The •OH, produced via Fenton
chemistry, is particularly destructive. It reacts with DNA, proteins, and membrane lipids at
the site of formation, causing irreversible oxidative damage [15,20]. Downstream conse-
quences include lipid peroxidation, accumulation of cytotoxic aldehydes (e.g., MDA), and
impairment of protein function. If ROS remain elevated, they activate programmed cell
death and accelerate senescence [23,34,41]. Thus, ROS intensity and persistence act as a
cell-fate switch. Transient, buffered pulses support acclimation, while sustained overload
promotes cytotoxicity and tissue decline [34].

3.2.3. Crosstalk Between ROS and Hormonal Networks

ROS homeostasis is tightly integrated with hormone signalling. Hormones shape ROS
production and help interpret ROS signals in a context-dependent manner [34–36]. ABA
promotes RBOH-dependent apoplastic ROS generation in guard cells, amplifying Ca2+

signalling and enabling rapid stomatal closure. ROS can also enhance ABA sensitivity, rein-
forcing drought responses [15,38]. Salicylic acid increases ROS accumulation by modulating
ROS production and suppressing detoxification pathways, such as CAT, thereby amplifying
defence signalling and priming loops [8,23]. Jasmonates frequently balance these responses
by inducing antioxidant enzymes that keep ROS within a signalling-competent window
during wounding or salinity responses [42]. Ethylene links ROS dynamics to development
and ageing. Transient ROS can support adaptive growth responses, while chronic ROS
contributes to senescence [43]. Hormone–ROS coupling encodes both the amplitude and
meaning of ROS signals.

3.2.4. ROS as Systemic Signals: ROS Waves and Whole-Plant Communication

ROS signalling does not stay confined to local production sites. RBOH-driven ROS
waves can propagate through tissues and along vasculature, often coupled to Ca2+ waves.
This enables rapid long-distance communication of stress status across the plant [20,44].
Such systemic signalling lets unstressed organs pre-activate protective programmes, an-
ticipating stress spreading through the plant [40]. Antioxidant systems do not eliminate
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these waves. Instead, they shape signal amplitude and prevent escalation into uncontrolled
oxidative damage, preserving communication while keeping redox safety [25].

Overall, ROS behaviour under abiotic stress is a balance between adaptive signalling
and oxidative injury. This balance is quantitative and compartment-dependent. When
ROS are produced as transient, spatially restricted pulses within buffering capacity, they
coordinate gene expression, metabolic adjustments, and developmental acclimation. But
when ROS production becomes sustained or widespread, they drive lipid peroxidation,
protein dysfunction, and cell death. The main determinants of this equilibrium are organelle
electron-transport kinetics, antioxidant recycling capacity, hormone–ROS integration, and
systemic signalling. These factors shape whether plants acclimate or succumb under stress.
They represent central leverage points for developing climate-resilient crops.

4. Antioxidant Systems in Plants

4.1. Enzymatic Antioxidants

Plants rely on a sophisticated enzymatic defence system to maintain ROS homeostasis,
with each enzyme playing a distinct yet interconnected role [1,15,20]. By detoxifying
ROS and integrating into redox signalling pathways, these enzymes ensure that ROS are
channelled into adaptive functions rather than unchecked damage [23,32,38], [Figure 2].
This interconnectedness lays the groundwork for understanding how individual enzymes
operate within the broader network.

 

Figure 2. Chloroplast electron transport links stress-induced ROS (reactive oxygen species) to detoxi-
fication networks that maintain redox balance. In non-stressed chloroplasts, light-driven electron
flow moves from PSII (P680) to PSI (P700) through PQ, cyt, and PC. This process helps form NADPH
via FNR and generates a proton gradient for ATP synthesis. During environmental stress, excess
electrons leak to O2, increasing ROS like O2

•− and H2O2, which can damage the photosystems
if not controlled. Chloroplasts manage ROS through antioxidant systems. SOD converts O2

•− to
H2O2, which is then broken down by CAT, peroxidases (POX; cwPOX), or the ascorbate–glutathione
cycle (APX, MDHAR, DHAR, GR). GST helps buffer redox changes and aids detoxification. Green
↑ indicates increased activity of protective antioxidant systems. Abbreviations: PSII/PSI, photo-
systems II/I; PQ, plastoquinone; cyt, cytochrome complex; PC, plastocyanin; Fd, ferredoxin; FNR,
ferredoxin–NADP+ reductase; FLV, flavodiiron proteins; APX, ascorbate peroxidase; MDHAR, mon-
odehydroascorbate reductase; DHAR, dehydroascorbate reductase; GR, glutathione reductase; GST,
glutathione S-transferase; ASA, ascorbate; GSH/GSSG, reduced/oxidized glutathione.
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4.1.1. Superoxide Dismutase (SOD)

Superoxide dismutase (SOD) is the primary enzymatic barrier against O2
•−. It serves

as the first defence against uncontrolled radical accumulation under stress [44]. O2
•−

is generated mainly by photosynthetic and respiratory electron transport. This radical
is highly reactive and can damage Fe–S clusters in metabolic enzymes, disrupt carbon
fixation, and promote the formation of more toxic ROS through redox cycling [5,23,45].
SOD rapidly converts O2

•− into H2O2 and molecular oxygen according to 2O2
•− + 2H+ →

H2O2 + O2. It operates at near diffusion-limited rates (~109 M−1 s−1) [44]. This reaction is
protective, stopping local superoxide damage and forming H2O2, which is more stable and
can be detoxified or used in signalling [46,47]. Plants express several SOD isoforms, placing
them in key ROS-producing sites for “interception at the source.” Cu/Zn-SOD is usually in
the cytosol and chloroplasts [Figure 2]. It buffers O2

•− produced during photosynthetic
stress and helps maintain photosystem performance and carbon assimilation steady when
CO2 fixation declines [46]. Mn-SOD is found in the mitochondrial matrix. It protects
respiratory complexes during stresses that increase electron leakage, such as drought,
chilling, or heavy metal exposure [10]. Fe-SOD, present in the chloroplasts of species such
as maize and Arabidopsis, maintains chloroplast redox balance during stress that involves
photorespiratory and photochemical ROS [23]. Compartment-specific deployment is es-
sential because O2

•− is short-lived and poorly diffusible. Effective scavenging must occur
near its generation site [45]. Experimental evidence shows SOD is quantitatively important
for stress tolerance. Salinity stress strongly induces mitochondrial Mn-SOD activity, which
coincides with reduced O2

•− accumulation and improved respiratory performance [44].
Transgenic tobacco (Nicotiana tabacum L.) lines overexpressing chloroplast Cu/Zn-SOD
show better photosynthesis and less photoinhibition under high light [25]. Arabidopsis
mutants lacking Fe-SOD have more lipid peroxidation under drought, highlighting this
isoform’s role in protecting membranes and photosynthetic integrity during stress [22,37].
SOD also shapes redox signalling. It channels O2

•− into H2O2, allowing downstream
processing by catalase, peroxidases, and the ascorbate–glutathione cycle. This enzyme also
supports organelle-to-nucleus communication, which is needed for acclimation [46–48]. So,
SOD acts not only as a detoxification enzyme but also as a gatekeeper. It turns a reactive
radical into a regulated peroxide signal in compartment-specific antioxidant networks.

4.1.2. Catalase (CAT)

Catalase is a major enzyme that removes H2O2 and maintains redox equilibrium
under basal and stress conditions [44]. CAT catalyzes the breakdown of H2O2 to water
and oxygen (2H2O2 → 2H2O + O2) without using reductants, making it an efficient route
for peroxide detoxification [49]. Predominantly found in peroxisomes, CAT manages the
high H2O2 flux produced during photorespiration and oxidase-dependent pathways [23].
Without rapid CAT activity, peroxisomal peroxide can exceed the capacity of lower-capacity
peroxidases, increasing the risk of oxidative injury [38]. CAT’s high turnover rate (kcat
~107 s−1) makes it effective for detoxification, though its substrate affinity is low (Km in
the millimolar range) [50]. Thus, CAT acts as a high-capacity, low-affinity “safety valve”
during peroxide surges. APX and peroxiredoxins are more efficient at lower (micromolar)
H2O2 levels needed for signalling [51]. These combined properties establish a hierarchy:
peroxidases fine-tune H2O2 levels at the cellular level, while CAT responds to sharp in-
creases in H2O2 during stress. CAT activity often increases under abiotic stress, supporting
oxidative protection. For example, drought-stressed maize shows a substantial rise in CAT
activity, reflecting greater H2O2 detoxification [52]. In salt-stressed wheat, CAT induction
correlates with reduced lipid peroxidation and better chlorophyll retention, supporting
photosynthesis [46]. Besides detoxification, hormonal regulation influences CAT’s role in
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redox signalling. Salicylic acid (SA) can transiently inhibit CAT, allowing localized H2O2

buildup to initiate defence gene expression and priming [23,48,53]. Mechanistically, CAT
acts as both a peroxide scavenger and a signalling gatekeeper: it prevents harmful H2O2

overload but permits controlled, localized H2O2 signals as needed [49–51,54]. This dual
function places CAT at the centre of peroxide homeostasis and stress adaptation in plants.

4.1.3. Ascorbate Peroxidase (APX)

Ascorbate peroxidase (APX) is a high-affinity peroxide scavenger. It fine-tunes H2O2

levels at low, signalling-relevant concentrations. In this role, APX complements CAT, which
is optimized for bulk peroxide removal [5,15,34]. Specifically, APX reduces H2O2 to water
(H2O2 + Asc → 2H2O + DHA) using ascorbate (Asc) as an electron donor. This enzyme
operates efficiently in the micromolar range due to its relatively high substrate affinity
(Km ≈ 20–50 μM for H2O2) [55]. Thanks to this kinetic property, APX can remove excess
H2O2 without abolishing ROS-dependent signalling. Consequently, APX helps maintain
redox homeostasis during stress acclimation [27,53]. Notably, APX comprises multiple
isoforms tailored to distinct cellular compartments, which aligns with the need for localized
peroxide control [56]. For instance, cytosolic APX buffers H2O2 near signalling hubs and
membranes. Similarly, chloroplast isoforms (stromal and thylakoid-bound APX) protect
the photosynthetic apparatus from light-driven oxidative bursts [57]. In addition, peroxi-
somal APX complements catalase by processing micromolar levels of H2O2, while CAT
handles higher-flux peroxide surges [58]. Mitochondrial APX also contributes by protecting
respiratory function, detoxifying peroxide during oxidative phosphorylation, especially
when electron flow is perturbed by stress [27]. Supporting the functional importance of
APX, genetic and physiological studies have shown that Arabidopsis mutants lacking
thylakoid APX exhibit increased lipid peroxidation and impaired PSII performance under
high light. This evidence highlights APX’s role in photoprotection [43]. Conversely, APX
overexpression in crop systems has been associated with reduced H2O2 accumulation, im-
proved membrane integrity, and enhanced stress survival under salinity or drought [21,59].
Mechanistically, APX operates within the ascorbate–glutathione (AsA–GSH) cycle. The
DHA produced by APX is recycled back to ascorbate by DHAR, using reduced glutathione
(GSH) as a cofactor. This process links peroxide detoxification to cellular redox buffering
and NADPH-dependent recycling [23,59]. Through this coupling, APX acts as both a
detoxification enzyme and a signal-preserving modulator, maintaining H2O2 within a
physiological window that supports acclimation while preventing escalation into oxidative
damage [54,56,57].

4.1.4. Glutathione Peroxidase (GPX)

Glutathione peroxidases (GPXs) detoxify H2O2 and, importantly, organic hydroper-
oxides (ROOH). They play a key role in limiting lipid hydroperoxides that accumulate in
membranes under stress [44]. Plant GPXs are usually selenium-independent cysteine-based
enzymes. This differs from many animal selenoprotein GPXs. They are distributed across
chloroplasts, mitochondria, and the cytosol. These are sites where ROS generation intersects
with peroxidation-prone lipids [55,60,61]. GPX uses reduced glutathione as an electron
donor to reduce ROOH to the corresponding alcohol (ROH) (ROOH + 2GSH → ROH +
GSSG + H2O). This interrupts lipid peroxidation chain reactions. Without this, the integrity
of the thylakoid and mitochondrial membranes could be compromised, impairing photo-
synthesis and respiration [55,61]. Stress-responsive induction of GPX supports a protective
role for membrane function. Basal activities are typically measurable in healthy tissues
and often increase under drought, salinity, or heavy-metal exposure. This is consistent
with inducible antioxidant defence [62,63]. In transgenic rice, GPX overexpression has been
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associated with reduced lipid peroxidation (lower MDA), improved membrane stability,
and better maintenance of chlorophyll under salinity stress [64]. Similarly, increased GPX
activity in Arabidopsis has been linked to reduced electrolyte leakage under cadmium (Cd)
stress. This is consistent with improved membrane protection [65]. Functionally, GPX activ-
ity is integrated with glutathione recycling. The GSSG formed during peroxide reduction
is converted back to GSH by glutathione reductase (GR) in an NADPH-dependent reaction.
This couples the GPX function to the broader cellular redox economy and sustains turnover
during stress [65,66]. Within the antioxidant hierarchy, GPXs complement APX and CAT
by targeting peroxide species that directly threaten membranes, especially lipid hydroper-
oxides. They help preserve photosynthetic efficiency, mitochondrial energy metabolism,
and overall cellular viability under abiotic stress [60,61]. This membrane-focused special-
ization makes GPX a critical component of oxidative stress tolerance, especially where lipid
peroxidation is a dominant damage pathway.

4.1.5. Glutathione Reductase (GR)

Glutathione reductase (GR) is a central enzyme in redox homeostasis. It regenerates
reduced glutathione (GSH) from oxidized glutathione (GSSG) using NADPH (GSSG +
NADPH → 2GSH + NADP+) [66,67]. This reaction sustains the AsA–GSH cycle. It enables
continuous peroxide detoxification via APX, GPX, and associated recycling enzymes such
as DHAR [68]. Without efficient GR-mediated recycling, GSH becomes depleted. GSSG
accumulates, leading to a collapse of peroxide-scavenging capacity. The intracellular
redox environment destabilizes under stress [69]. GR is present in multiple compartments.
These include chloroplasts, mitochondria, cytosol, and peroxisomes. This distribution
aligns with the widespread production of ROS and the demand for antioxidants. In
chloroplasts, GR supports ascorbate turnover. It protects photosystems under high light and
photooxidative stress [70]. Mitochondrial GR helps buffer ROS generated when electron
transport is constrained. It preserves respiratory efficiency under adverse conditions [44].
In peroxisomes, GR aids detoxification of photorespiration-derived H2O2. It works with
peroxidase systems [23]. GR’s stress responsiveness further highlights its role. GR activity
often increases under abiotic stress. This maintains GSH pools and a high GSH/GSSG ratio.
This ratio strongly associates with reduced lipid peroxidation and improved photosynthetic
performance in stressed plants [15,71,72]. Mechanistically, GR links antioxidant function
to cellular energy metabolism. It does this by coupling glutathione recycling to NADPH
availability from photosynthetic reactions, the oxidative pentose phosphate pathway, and
mitochondrial metabolism [73]. GR does not directly remove ROS. Instead, it acts as the
redox “recycler.” GR determines the throughput and resilience of glutathione-dependent
detoxification pathways during prolonged stress exposure [74].

4.1.6. Peroxiredoxins and Thioredoxins

Peroxiredoxins (Prxs) and thioredoxins (Trxs) form an interconnected thiol-based
redox system. This system combines peroxide detoxification with redox regulation and
signalling [75]. Prxs are cysteine-dependent peroxidases that reduce H2O2 and organic
hydroperoxides. In some contexts, they also reduce reactive nitrogen species. This reduction
occurs via a conserved catalytic cysteine, which is oxidized during peroxide reduction and
then restored by Trx via disulfide reduction [75,76]. Prxs typically exhibit high affinity
for H2O2, often in the low micromolar range. They are well-suited to buffer signalling-
range peroxide concentrations below the CAT efficient operating range. This supports
fine control of basal redox status across compartments [77]. Prxs are widely distributed in
chloroplasts, mitochondria, peroxisomes, and the cytosol, enabling localized regulation
of ROS production and interpretation [5,38]. Beyond detoxification, Prxs can function as
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redox sensors and stress-responsive switches. Under stronger oxidative conditions, Prxs
can become overoxidized at the catalytic cysteine. This transiently reduces peroxidase
activity and, in some cases, promotes chaperone-like functions that support proteostasis
during stress [78]. Trxs complement these roles as broad protein disulfide reductases.
They relay reducing equivalents from NADPH (via thioredoxin reductase) to diverse
targets [79]. In chloroplasts, Trx activity is also linked to light-driven electron flow through
the ferredoxin–thioredoxin system. This couple’s photosynthetic energy status regulates
the Calvin–Benson cycle enzymes and redox-sensitive metabolic steps [75]. This integration
helps synchronize carbon metabolism, antioxidant capacity, and stress acclimation [23,34].
Genetic and physiological evidence support the importance of the Prx–Trx module in
stress tolerance and photosynthetic stability. Perturbation of chloroplast Prx systems can
increase peroxide accumulation and sensitize plants to high-light stress and photoinhibition.
Enhanced Trx capacity has been associated with improved maintenance of photosynthesis
and stress resilience in multiple systems [76–78,80]. Collectively, Prxs act as peroxide buffers
and sensors. Trxs translate redox changes into reversible protein regulation, connecting
ROS control to metabolic reprogramming during stress [81].

Collectively, enzymatic antioxidants function as a hierarchical, coupled network. SOD
converts O2

•− to H2O2. Catalase removes high-flux peroxide. APX and GPX, together
with the AsA–GSH cycle, regulate micromolar H2O2 and hydroperoxides. This regulation
is relevant to signalling and membrane protection. GR sustains glutathione-dependent
turnover through NADPH-driven recycling. The Prx–Trx module links peroxide buffering
to redox regulation of metabolism and stress signalling. Through these interlinked tiers,
plants maintain ROS within adaptive bounds. This preserves signalling while preventing
oxidative damage across diverse abiotic stress conditions.

4.2. Non-Enzymatic Antioxidants

While enzymatic antioxidants provide highly regulated, compartmentalized ROS
detoxification, plants also rely on diverse non-enzymatic antioxidants. These act as rapid
scavengers, redox buffers, and essential cofactors [1,20]. Their metabolites help prevent
ROS from exceeding damaging thresholds while preserving signalling functions. They
integrate tightly with enzymatic pathways such as APX/GPX systems and thiol-based
redox circuits, forming overlapping layers of redox control [23,34], [Figure 2].

4.2.1. Ascorbic Acid (Vitamin C)

Ascorbic acid (Asc) is the dominant water-soluble antioxidant in plant cells. It serves
as a central hub of redox metabolism [44]. Asc often accumulates in chloroplasts to high
millimolar levels, typically 1–20 mM, and to higher concentrations in stress-acclimated
tissues. This supports both direct ROS scavenging and turnover of the antioxidant net-
work [81]. Asc directly quenches multiple ROS species, including highly reactive radicals.
It is the preferred electron donor for ascorbate peroxidases (APXs) in H2O2 reduction,
helping link non-enzymatic buffering to enzymatic peroxide control [82]. Beyond detoxifi-
cation, Asc is a cofactor for violaxanthin de-epoxidase in the xanthophyll cycle. It supports
non-photochemical quenching (NPQ) and photoprotection under excess light [83,84]. The
function of Asc depends on pool size and rapid recycling. After donating electrons, Asc
forms monodehydroascorbate (MDHA). MDHA can be reduced back to Asc by MDHAR
using NAD(P)H or can disproportionate to dehydroascorbate (DHA) [82,85]. DHA is then
reduced to Asc by DHAR in a GSH-dependent reaction. This integrates Asc turnover
into the broader AsA–GSH cycle, linking Asc status to glutathione pools, GR activity, and
NADPH supply [86]. This recycling capacity enables sustained APX turnover and stabilizes
redox homeostasis across compartments, including chloroplasts, cytosol, mitochondria,
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and the apoplast [87]. Physiological and genetic evidence show Asc’s importance for
stress resilience and photosynthetic stability. Asc-deficient mutants exhibit increased lipid
peroxidation and accelerated photoinhibition under salinity or high light, indicating com-
promised ROS buffering and impaired NPQ [88,89]. Enhancing Asc recycling, for example,
by DHAR overexpression, can sustain larger Asc pools and improve tolerance to drought
and salinity. This supports the idea that recycling throughput is a key determinant of stress
performance, not just Asc abundance [82]. In summary, Asc is both a direct antioxidant and
an enabling cofactor. It coordinates photoprotection, peroxide detoxification, and redox
signalling in response to abiotic stress.

4.2.2. Glutathione (GSH)

Glutathione (GSH; γ-glutamyl-cysteinyl-glycine) is the most abundant non-protein
thiol in plants and acts as a central “redox currency.” It supports detoxification, redox
buffering, and signalling [90,91]. GSH typically occurs at millimolar concentrations in most
tissues. Levels can rise further in chloroplasts, especially during stress acclimation [90].
Functionally, GSH controls ROS through several coupled pathways. It donates electrons
for GPXs and glutathione S-transferases (GSTs), which reduce H2O2 and ROOH and limit
lipid peroxidation in membranes [90–94]. GSH is also essential for the AsA–GSH cycle.
In this cycle, DHAR uses GSH to regenerate Asc from DHA. This process sustains APX-
dependent H2O2 detoxification and keeps peroxide levels within ranges compatible with
signalling [95,96]. The ratio of reduced to oxidized glutathione (GSH/GSSG) sensitively
reflects cellular redox status. This ratio often shifts under stress, indicating oxidative
pressure and triggering antioxidant gene expression [94,96]. Stress often increases total
GSH and induces GR, which reduces GSSG back to GSH using NADPH. These responses are
frequently associated with improved redox buffering and reduced oxidative damage [97].
Genetic studies highlight GSH’s centrality. Mutants with impaired GSH biosynthesis show
heightened sensitivity to oxidative and metal stress. Elevated GSH biosynthetic capacity
commonly improves tolerance to salinity, ozone, and heavy metals [98–100]. Beyond
buffering, GSH also participates in redox signalling through reversible S-glutathionylation.
This process modulates protein activity and stability during stress responses [94,101]. In
summary, GSH integrates detoxification, NADPH-dependent recycling, and signalling
regulation, making it a core determinant of redox resilience under abiotic stress.

4.2.3. Tocopherols (Vitamin E)

Tocopherols are lipophilic antioxidants enriched in plant membranes. The most abun-
dant and biologically active isoform in many tissues is α-tocopherol [102]. Tocopherols
are especially concentrated in chloroplast thylakoid membranes. In these locations, they
protect polyunsaturated fatty acids from lipid peroxidation initiated by ROS (notably 1O2)
and lipid peroxyl radicals formed during oxidative stress [102–104]. Tocopherols terminate
peroxidation chain reactions by donating a hydrogen atom to lipid radicals. This pro-
duces a relatively stable tocopheroxyl radical, which can be recycled back to α-tocopherol
by ascorbate and other reductants. This process functionally links tocopherol defence
to the broader cellular antioxidant network [105,106]. Stress-responsive induction and
mutant phenotypes demonstrate the importance of tocopherols for membrane stability
and photoprotection. In Arabidopsis, α-tocopherol levels increase during drought, high
light, and chilling, supporting its protective role during oxidative stress [107]. In contrast,
tocopherol-deficient mutants (e.g., vte1) show pronounced lipid peroxidation, chlorosis,
and accelerated senescence under high-light stress. This demonstrates that tocopherols are
needed to restrain membrane oxidative cascades under high excitation pressure [105,108].
Tocopherols limit lipid peroxide amplification and stabilize membrane properties, pre-
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serving photosystem function and sustaining photosynthetic performance under abiotic
stress [104,107,109]. Thus, tocopherols act as specialized membrane-phase antioxidants.
They complement soluble redox buffers by protecting thylakoid integrity during stress.

4.2.4. Carotenoids

Carotenoids are isoprenoid pigments serving two critical roles: as light-harvesting
cofactors and as chloroplast antioxidants, making them central to photoprotection under
abiotic stress [110]. By quenching triplet chlorophyll, they prevent ROS formation, and
they also dissipate excess excitation energy that would otherwise produce 1O2. When
oxidative load rises, carotenoids can chemically react with ROS [110–112]. β-carotene,
located near reaction centres, is particularly important for suppressing 1O2 formation; it
intercepts excited chlorophyll states, thereby protecting photosystem cores from oxidative
damage [113,114]. In addition, carotenoids drive the xanthophyll cycle, a system that regu-
lates non-photochemical quenching (NPQ) through rapid interconversion of violaxanthin,
antheraxanthin, and zeaxanthin under fluctuating light and stress [115,116]. Accumulation
of zeaxanthin is strongly associated with increased NPQ and reduced photoinhibition
during high light or drought-related excitation pressure [117,118]. Genetic evidence further
supports these functions. For example, mutants impaired in zeaxanthin formation (such
as Arabidopsis npq1, deficient in violaxanthin de-epoxidase) exhibit enhanced photoinhibi-
tion and oxidative damage under high-light stress, which demonstrates the necessity of
carotenoid-dependent energy dissipation for redox stability [119,120]. If oxidative stress
exceeds buffering capacity, carotenoid oxidation can produce apocarotenoids, which act
as signalling molecules linking chloroplast redox state to downstream acclimation pro-
grammes [104,121]. In sum, carotenoids coordinate ROS prevention, energy dissipation,
and stress signalling, thus sustaining photosynthetic efficiency and chloroplast integrity
under abiotic stress.

4.2.5. Flavonoids, Phenolics, and Secondary Metabolites

Flavonoids and phenolic compounds comprise a diverse class of secondary metabolites
that contribute to stress tolerance by combining direct antioxidant activity with photopro-
tection and modulation of signalling [5,15]. These compounds accumulate primarily in
vacuoles, epidermal tissues, and the apoplast, positioning them at cellular interfaces where
ROS exposure is high (e.g., under UV, drought, salinity, and oxidative bursts) [34]. Their
polyhydroxylated structures enable them to donate electrons or hydrogen atoms to reactive
species such as O2

•− and •OH, forming resonance-stabilized radicals and thereby limiting
oxidative chain reactions, particularly when enzymatic systems become saturated [122,123].
A significant additional function is UV screening and photoprotection. Flavonols such as
quercetin and kaempferol absorb UV-B and reduce photooxidative excitation in underlying
tissues, indirectly lowering chloroplast ROS formation and helping preserve photosynthetic
capacity under high irradiance [124,125]. Phenolic acids (e.g., ferulic and caffeic acids) can
further contribute by reinforcing cell walls through cross-linking and lignification-related
chemistry, affecting both oxidative diffusion dynamics and stress resilience at the tissue
level [123]. Genetic and physiological evidence support their protective role: mutants
impaired in flavonoid biosynthesis (e.g., Arabidopsis tt4) exhibit elevated ROS levels and
reduced tolerance to drought and UV stress, consistent with a loss of this peripheral antiox-
idant buffer [126]. Beyond scavenging, flavonoids can modulate hormone-linked growth
programmes, for example, by affecting auxin transport, thereby integrating redox status
with developmental adjustments under stress [122,127]. Thus, flavonoids and phenolics
function as inducible, spatially targeted redox buffers that extend antioxidant protection be-
yond core organelles and couple oxidative cues to adaptive growth and defence responses.
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4.3. Compartment-Specific Antioxidant Networks

ROS are generated in most plant compartments, but their effects depend on local
production rates, diffusion, and strength of compartment-specific antioxidants [128]. To
balance ROS’s dual role as toxic and signalling molecules, plants use spatially organized
antioxidants tailored to each organelle’s metabolic needs [129]. Chloroplasts are especially
vulnerable because photosynthesis produces O2

•− and 1O2 at PSI/PSII, particularly under
excess light or CO2 shortage [130]. To cope, chloroplastic defences are both redundant
and layered: SOD isoforms quickly convert O2

•− to H2O2. Stromal and thylakoid APXs
keep H2O2 at signalling-friendly micromolar levels [131]. High ascorbate and glutathione
pools support the AsA–GSH cycle and constant recycling via GR [15]. Membrane-phase
antioxidants like tocopherols and carotenoids reduce lipid peroxidation and quench 1O2 in
thylakoids [34]. Genetic data show this compartmental need: Arabidopsis tapx mutants have
higher lipid peroxidation under high light, while tocopherol-deficient vte1 lines display
chlorosis and faster senescence, highlighting the vital role of chloroplast antioxidants in
photoprotection and photosynthetic stability [61,71].

Mitochondria generate ROS mainly at complexes I and III of the ETC. ROS leakage
rises when electron flow is limited by drought, chilling, or heavy metals [88]. Mitochon-
drial Mn-SOD limits O2

•− buildup, while APX/GPX and thiol systems detoxify H2O2

and regulate redox-sensitive metabolism needed for respiration [35,132]. Stress-induced
increases in these defences often lower oxidative damage and improve stress tolerance,
supporting mitochondria’s central role in linking redox balance to energy metabolism [81].
Peroxisomes also act as high-flux peroxide organelles, making large amounts of H2O2

during photorespiration and other oxidase reactions [25]. Their antioxidant setup focuses
on capacity: catalase rapidly clears H2O2 surges, while peroxisomal APX and Prxs fine-tune
lower-level peroxide signals and support redox communication between organelles [132].
Peroxisomal antioxidant activity often increases under stresses that increase photorespira-
tion, suggesting an adjustment to peroxide load [39].

The cytosol acts as an integration hub. It buffers ROS from organelles and maintains
redox balance using soluble antioxidants and enzymes such as Cu/Zn-SOD, APX, and
large ascorbate/glutathione pools [39,97]. Cytosolic scavenging shapes signalling precision
by controlling H2O2 influx from the apoplast, partly by diffusion through aquaporins [133].
The apoplast, by contrast, often produces ROS intentionally via RBOHs during stress
sensing and signalling. These temporary oxidative pulses are limited by apoplastic per-
oxidases and redox-active phenolics or flavonoids, which prevent excess ROS yet keep
signal integrity [134–136]. Together, these compartment-specific antioxidant systems form
a connected redox network: chloroplasts protect from light stress, mitochondria manage
respiration, peroxisomes handle peroxide surges, the cytosol buffers ROS traffic, and the
apoplast enables ROS-based signals [137,138]. This setup allows plants to balance their
protective and signalling roles as conditions change.

5. Antioxidant-Mediated Tolerance to Specific Abiotic Stresses

Plants face a wide range of abiotic stresses, non-living environmental factors such as
drought, salinity, and extreme temperatures, that disrupt cellular redox homeostasis, or the
balance between antioxidants and reactive molecules in cells, by triggering excessive pro-
duction of ROS [20,23]. ROS can cause cellular damage but also serve as crucial signalling
molecules [1,38]. To counterbalance ROS overaccumulation, plants rely on sophisticated
antioxidant systems. These systems mitigate oxidative stress, a harmful condition resulting
from an imbalance between ROS and antioxidants, and facilitate acclimation [15,34]. An-
tioxidant defences operate through distinct yet often interconnected mechanisms. They
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are tailored to modulate ROS levels and maintain cellular equilibrium under diverse stress
conditions (Table 1).

Table 1. Enzymatic antioxidant responses contributing to oxidative stress mitigation in plants exposed
to diverse environmental stresses.

Type of Stress Plant Name
Experimental

Conditions
Key Findings References

Drought stress
(20% PEG) Arabidopsis Controlled growth

chamber conditions

AgAPX1, an ascorbate peroxidase gene
from celery, is upregulated under drought

stress and encodes a protein optimally
active at pH 7.0 and 55 ◦C. Transgenic
Arabidopsis overexpressing AgAPX1

display increased AsA content (~1.4-fold),
enhanced total antioxidant capacity
(+21–29%), and improved drought

tolerance.

[139]

Drought stress
(15% PEG) Soybean Hydroponic

experiment

SOD activity increased notably under
severe drought by about 15%, while CAT
and APX contents were elevated during

drought stress, reflecting enhanced
enzymatic antioxidant defense during

water limitation

[140]

Drought stress
(20% PEG) Rapeseed Hydroponic

experiment

MDHAR and DHAR activities decreased
under drought stress, while GSH levels
increased by 31–26%, respectively. APX
and AsA contents rose at lower stress

levels, with GR remaining stable initially
but increasing by 30% at drought stress.

[141]

Drought stress
(20% PEG) Rapeseed Hydroponic

experiment

Drought significantly increased oxidative
stress (MDA + 82%, H2O2 + 131%), while
proline pretreatment lowered them by up

to 34% and 29%. Drought also boosted
antioxidant enzymes, but osmolytes

modulated responses differently (e.g.,
proline: MDHAR +15%, GR −12%; glycine

betaine and trehalose varied). Overall,
treatments improved glutathione redox
status (↑GSH, ↓GSSG by 35–47%) and

strengthened methylglyoxal detoxification
via higher glyoxalase activity (up to +53%).

[142]

Drought stress
(30% field
capacity)

Tampala Controlled growth
chamber conditions

Key antioxidant enzymes such as SOD,
CAT, APX, and GR are upregulated,

helping to detoxify harmful ROS like
superoxide radicals and hydrogen

peroxide. Non-enzymatic antioxidants,
including ascorbic acid and glutathione,

also accumulate to maintain redox balance

[143]

Salinity stress
(99 mM NaCl) Tomato Controlled growth

chamber conditions

FeSOD overexpression strengthened
antioxidant defences in tomato roots,

stabilizing ROS levels and maintaining
ordered microtubule structure under

NaCl stress.

[144]
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Table 1. Cont.

Type of Stress Plant Name
Experimental

Conditions
Key Findings References

Salinity stress
(300 mM NaCl) Sweet potato Petri dishes

experiment

Overexpression of the swpa4 peroxidase
gene and CAT in sweet potato enhanced

class III peroxidase activity (3–13×),
significantly improving oxidative stress

tolerance under H2O2 and
salinity conditions

[145]

Salinity stress
(100 mM NaCl) Arabidopsis Controlled growth

chamber conditions

Overexpression of AtGPXL5 (glutathione
peroxidase-like 5) enhanced salt tolerance in

Arabidopsis by maintaining lower H2O2
and MDA levels, elevating GSH content,

and sustaining a more negative redox
potential (≈−251 mV).

[146]

Salinity stress
(200 mM NaCl) Mustard Controlled growth

chamber conditions

Overexpressing cytosolic APX (AtApx1) in
mustard improved salt tolerance (200 mM
NaCl) by boosting ROS scavenging: H2O2

and MDA dropped ~2.8- and ~2.5-fold,
while APX and GPX activities rose ~1.9-

and ~1.5-fold. This strengthened the
ascorbate–glutathione cycle, maintained

redox balance, and reduced oxidative
damage.

[147]

Salinity stress
(100 mM NaCl) Tomato Hydroponic

experiment

SlMDHAR expression, activity, and
S-nitrosylation increase under salt stress,
boosting ROS detoxification and redox

balance. Transgenic plants overexpressing
SlMDHAR show up to 48% higher

germination, 2.3-fold longer roots, reduced
ROS, and elevated antioxidant activities

(SOD, CAT, POD, DHAR, APX, GR),
enhancing salt tolerance effectively.

[148]

Salinity stress
(400 mM NaCl)

Sugar beet
and

Arabidopsis

Controlled growth
chamber conditions

BvM14-MDHAR from sugar beet is
upregulated under salt stress, enhancing

ascorbic acid regeneration and
maintaining redox homeostasis.

Overexpression in Arabidopsis improves
salt tolerance by increasing MDHAR and

DHAR activities, chlorophyll content, root
growth, and AsA/DHA ratio, while

reducing membrane damage.

[149]

Salinity stress
(150 mM NaCl) Kiwifruit Controlled growth

chamber conditions

Actinidia chinensis cytosolic APXs
(AcAPX1/AcAPX2) are salt-induced
antioxidants; when overexpressed in
Arabidopsis, they improve salinity
tolerance by raising APX activity

(+31–39%), lowering H2O2 (−23 to −37%),
and increasing total ascorbate and

glutathione to strengthen
redox homeostasis.

[150]
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Table 1. Cont.

Type of Stress Plant Name
Experimental

Conditions
Key Findings References

Salinity stress
(150 mM NaCl)

Broad beans
(Hassawi-3

and ILB-4347)

Controlled growth
chamber conditions

Oxidative stress indicators (H2O2, MDA,
electrolyte leakage) rose 60–120%, but their

accumulation was 25–30% lower in
ILB-4347 than in Hassawi-3. Antioxidant

activities—SOD, CAT, GR, and
AsA—increased by 25–85%, with ILB-4347

exhibiting 1.5–2 times higher enzyme
levels than Hassawi-3.

[151]

Salinity stress
(100 mM NaCl)

Wheat
(Suntop and

Sunmate)

Hydroponic
experiment

Under salinity, the sensitive cv. Sunmate
showed the highest MDA (greater

oxidative damage), whereas tolerant lines
(Suntop, CM72) had 1.5–2.2× higher SOD,
POD, CAT, APX, and GR with earlier leaf

peaks, improving ROS scavenging and
cutting lipid peroxidation ~40–50% to

maintain redox stability.

[152]

Salinity stress
(8.55 mM

NaCl)
Tomato Controlled growth

chamber conditions

AsA levels decreased, along with reduc-
tions in both reduced and oxidized glu-

tathione (GSH and GSSG), lead-
ing to a lowered GSH/GSSG ratio. Concur-

rently, APX and GR activities in-
creased by 28% and 14%, respectively.

[153]

Salinity stress
(200 mM NaCl) Common bean Controlled growth

chamber conditions

Under salt stress, key antioxidant enzymes
rise strongly in tolerant genotypes (CAT
up to +400%, APX +600–700%, GR +60%,

with higher SOD), reducing lipid
peroxidation (MDA −44–56%).

Non-enzymatic antioxidants also increase
(ascorbate +26–33%, flavonoids +47–70%),

strengthening overall defense.

[154]

Heat stress
(40 ◦C

temperature
for 5 h)

Arabidopsis Controlled growth
chamber conditions

Overexpression of BcAPX genes from
Brassica campestris in Arabidopsis enhanced

heat tolerance through increased APX
activity and reduced oxidative damage.
Specific transgenic lines (e.g., BcAPX1-3,

2-1, 3-5) showed 2–4× higher APX activity
and lower H2O2 and MDA levels at 40 ◦C,
indicating improved ROS detoxification

and heat resilience.

[155]

Heat stress
(40 ◦C

temperature
for 48 h)

Mung bean Controlled growth
chamber conditions

MDHAR and DHAR enzyme activities
decline under stress, whereas APX and GR
activities increase, contributing effectively
to ROS detoxification and enhancing stress

tolerance.

[156]

Heat stress
(42 ◦C

temperature
for 12 h)

Tomato Controlled growth
chamber conditions

Under heat stress, tomato seedlings
showed oxidative injury with MDA and

H2O2 increasing by 48% and 60%,
respectively. Antioxidant enzymes acted as
the main defence, where SOD, POD, CAT,
and APX activities rose by 11%, 47%, 75%,

and 26% compared with control plants.

[157]

https://doi.org/10.3390/antiox15030337
186



Antioxidants 2026, 15, 337

Table 1. Cont.

Type of Stress Plant Name
Experimental

Conditions
Key Findings References

Heat stress
(45 ◦C

temperature
for 12 h)

Rice Controlled growth
chamber conditions

Under 45 ◦C heat stress, rice seedlings
showed severe oxidative damage, with

MDA and electrolyte leakage rising >60%.
This was mitigated by increased SOD and

POD activity (~1.4–1.6-fold), which
reduced H2O2 and O2

− by 30–35%. The
upregulation of OsCATB, Fe-SOD, and

OsAXP1 genes confirmed enhanced
antioxidant defence.

[158]

Cold stress
(4 ◦C

temperature
for 48 h)

Potato Controlled growth
chamber conditions

Overexpression of StSOD1 in potato
enhanced antioxidant defence under cold
stress. SOD activity in overexpressing lines
rose 1.38-fold versus non-transgenic plants,
while RNAi lines showed reduced activity.
Increased SOD correlated with lower MDA

content, and elevated POD (~1.24-fold)
and CAT (~1.37-fold) activities.

[159]

Cold stress
(4 ◦C

temperature
for 48 h)

Hardy orange Controlled growth
chamber conditions

Overexpression of CsPIF8 enhanced cold
tolerance in orange and transgenic tomato
by activating SOD-mediated antioxidant
defence. CsPIF8 bound the E-box of the

CsSOD promoter, elevating SOD
expression and activity and reducing ROS

and MDA accumulation.

[160]

Cold stress
(4 ◦C

temperature
for 192 h)

Arabidopsis Controlled growth
chamber conditions

Overexpression of AtSOD and CmSOD in
Arabidopsis thaliana markedly enhanced

cold tolerance through stronger
antioxidant defence. Transgenic lines

showed 2–3 fold higher SOD activity and
reduced superoxide accumulation, leading

to lower oxidative damage after 4 ◦C
exposure. Cold-responsive genes AtCBF2,
AtRD29A, and AtRD29B were upregulated,

with AtRD29A also induced by ABA,
suggesting ABA-linked regulation.

[161]

Cold stress
(4 ◦C

temperature
for 24 h)

Hardy orange Controlled growth
chamber conditions

Overexpression of PtrbHLH in orange
enhanced cold tolerance by improving

ROS detoxification. Transgenic lines
showed lower ROS, electrolyte leakage,

and MDA levels, along with higher CAT,
POD, and SOD activities.

[162]

Cold stress
(5 ◦C

temperature
for 24 h)

Rice Controlled growth
chamber conditions

Overexpression of wheat CAT in rice
enhances cold tolerance by efficiently

detoxifying H2O2, resulting in markedly
higher CAT activity—especially under

cold stress—while SOD and APX remain
unchanged, confirming strengthened

antioxidant defence and improved
stress resilience.

[163]
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Table 1. Cont.

Type of Stress Plant Name
Experimental

Conditions
Key Findings References

Heavy metal
stress

(100 μM Cd)
Tobacco Controlled growth

chamber conditions

Overexpression of BjCAT3 in tobacco
improves Cd tolerance by enhancing

CAT-driven ROS detoxification, leading to
higher CAT activity, reduced H2O2 and
MDA accumulation, and increased SOD

and POD activities under Cd stress.

[164]

Heavy metal
stress

(200 μM Al)
Arabidopsis Hydroponic

experiment

Overexpression of AtGR1 in Arabidopsis
thaliana improved aluminum tolerance by

boosting glutathione reductase activity,
maintaining higher GSH levels and

GSH/GSSG ratio, and reducing ROS and
RCS accumulation.

[165]

Heavy metal
stress

(100 μM Pb)
Cotton Controlled growth

chamber conditions

Lead toxicity induces ROS that damage
plant cellular components. In response,
plants upregulate antioxidant enzymes
(SOD, CAT, GPX, APX) to detoxify ROS,
lowering oxidative damage indicators
(MDA, H2O2, electrolyte leakage) and

preserving cellular function under
heavy-metal stress.

[166]

Heavy metal
stress

(300 ppm Pb)
Mustard Controlled growth

chamber conditions

Lead toxicity in plants triggers oxidative
stress by increasing ROS, causing damage

to cellular components. Antioxidant
enzymes such as APX and GR are

upregulated, increasing their activities by
up to 57.84% and 51.97%, respectively,
helping to regulate ROS and maintain

redox balance. Elevated oxidative markers
like H2O2 (up to 303.34%) and MDA (up to

34.82%) impair plant development, but
enhanced antioxidant activity under heavy

metal stress.

[167]

Heavy metal
stress

(600 ppm Cd)
Mustard Controlled growth

chamber conditions

Cd stress elevates H2O2 (up to 203%),
MDA (41.3%), and electrolyte leakage

(468%), indicating severe oxidative
damage; antioxidant enzymes respond
markedly, with CAT activity recovering

and increasing up to 17.2% with treatment,
GR rising up to 151%, and APX up to
192%, collectively protecting cellular

function under Cd toxicity.

[168]

Heavy metal
stress

(1 mM Pb)
Wheat Hydroponic

experiment

Pb stress increased MDA (up to 179%) and
H2O2 (95%) while suppressing antioxidant
enzymes and ascorbate–GSH pools; GSH
supplementation restored CAT and GPX,
enhanced MDHAR (53%), DHAR (55%),

GR (126%), SOD, and glyoxalase I/II (39%
and 48%), reduced methylglyoxal (27%),
improved leaf water content (13%), and

lowered proline accumulation (24%).

[169]

https://doi.org/10.3390/antiox15030337
188



Antioxidants 2026, 15, 337

5.1. Drought Stress

Drought is the most severe abiotic stress affecting global agriculture. It causes yield
losses of 40–70% in key cereals such as maize, wheat, and rice during severe events [139,140].
Water deficit induces stomatal closure, reducing CO2 assimilation by 50–70%. This disrupts
the balance between light absorption and carbon fixation [140]. The imbalance increases
electron leakage from photosystems I and II. This electron leakage generates O2

−- via the
Mehler reaction at rates of up to 2–3% of the total electron flux [141]. Mitochondrial electron
transport is similarly over-reduced, releasing superoxide mainly from complexes I and
III [142]. Concurrently, peroxisomes produce substantial H2O2 during intensified pho-
torespiration. In drought-stressed mesophyll cells, concentrations can exceed 100 μM [143].
These ROS act as signalling molecules to trigger defence pathways but also serve as tox-
icants, causing lipid peroxidation, protein carbonylation, and DNA damage [170]. A
central defence mechanism involves a robust network of antioxidant enzymes to detoxify
ROS. For instance, SODs convert O2

−- to H2O2. This prevents formation of –OH [28]. In
drought-stressed wheat, SOD activity increases 2.5-fold. This increase correlates with a
45% reduction in MDA, a lipid peroxidation marker [59]. Peroxisomal CAT detoxifies
accumulated H2O2. This results in a threefold increase in activity in drought-treated
maize [110]. Similarly, APXs in chloroplasts, mitochondria, and cytosol precisely regulate
H2O2 at signalling levels [138]. Arabidopsis apx1 mutants accumulate 60% more H2O2 under
drought. They suffer earlier PSII photoinhibition and show a 20% survival decline. In
contrast, APX-overexpressing lines maintain Fv/Fm ratios 25% higher, indicating protec-
tive effects [64,139]. The AsA–GSH cycle acts as a pivotal redox amplifier, buffering ROS
fluxes [171]. Drought elevates the GSH/GSSG from ~4:1 to nearly 9:1 in soybean, sustaining
APX activity [140,171]. Wheat exhibits a 3.8-fold increase in GR during prolonged drought.
This change ensures efficient GSH recycling [59]. Metabolomic profiling in barley (Hordeum
vulgare L.) reveals a 2.5-fold rise in ascorbate and a threefold increase in GSH pools. This
confirms synergistic antioxidant engagement [97].

Non-enzymatic antioxidants, such as tocopherols, are also key regulators of drought
stress in maize. They preserve thylakoid membrane integrity and enhance zeaxanthin up
to tenfold via the xanthophyll cycle. This boosts non-photochemical quenching, allowing
excess energy to dissipate [128,135,170]. Compatible solutes–proline, glycine betaine, and
soluble sugars–are accumulated. These solutes modulate osmotic adjustment by maintain-
ing turgor and stabilizing cellular structures [19,27]. In maize during drought, proline rises
from ~3 to 15 μmol g−1 fresh weight. This increase is accompanied by a twofold increase
in APX and a 35% decrease in ROS leakage [171]. Beyond osmoprotection, proline directly
quenches singlet oxygen. It also upregulates antioxidant genes through redox-sensitive
transcription factors [172]. Glycine betaine stabilizes Rubisco activase and thylakoid mem-
branes, thereby indirectly mitigating ROS production in photosynthesis [173]. Drought
elicits ABA-mediated ROS bursts in guard cells via RBOHs at the signaling hub [62]. ABA
induces apoplastic H2O2 accumulation (10-20 μM) within minutes. This activates Ca2+-
dependent kinases and promotes stomatal closure [174]. Antioxidants buffer these transient
ROS elevations, preventing oxidative damage and preserving signal fidelity. Systems-level
analyses identify APX2, 2-Cys peroxiredoxins, and GR as core nodes integrating ROS
detoxification with ABA- and DREB-driven transcriptional programmes [175]. Proteomic
studies reveal that drought induces reversible cysteine oxidation in over 80 proteins, includ-
ing Calvin–Benson and glycolytic enzymes. These proteins are subsequently reactivated
through thioredoxin-dependent reduction [176]. These redox switches exemplify the in-
tertwined regulation of metabolism and stress signaling. Overall, drought-responsive
antioxidant systems do more than detoxify. They orchestrate a nuanced balance between
signalling and oxidative defence. By safeguarding the photosynthetic apparatus, stabilizing
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membranes, coordinating osmotic balance, and modulating hormone crosstalk, antioxi-
dants create a biochemical and molecular framework. This framework underpins crop
resilience under water-limiting conditions.

5.2. Salinity Stress

Soil salinization affects approximately 20% of irrigated croplands and is also increas-
ing in areas of rainfed agriculture, a problem that is expected to worsen with climate
change [54,177]. High sodium (Na+) and chloride (Cl−) concentrations pose two primary
challenges for plants: osmotic stress, which limits water uptake and mimics drought, and
ionic toxicity, where Na+ and Cl− displace essential nutrients such as potassium, calcium,
and magnesium [100,144]. This disrupts ion balance, damages membranes, impairs en-
zyme activity, and reduces photosynthetic efficiency [145]. Mechanistically, salinity stress
limits CO2 assimilation and increases photorespiration, leading to excess excitation energy
directed toward oxygen, producing O2-− in chloroplasts [146]. Additionally, Na+ influx
depolarises membranes which triggers potassium efflux and activates RBOHs, leading to
localized ROS surges that damage lipids, proteins, and DNA [147–151]. For example, rice
seedlings exposed to 150 mM NaCl show a ~60% increase in MDA and a ~40% decrease
in chlorophyll content, indicating membrane damage and a decline in photosynthetic
activity [145].

In salt-tolerant barley, SOD and APX activities increase up to 2.3-fold and 1.9-fold,
respectively, reducing H2O2 accumulation by 45% compared to sensitive genotypes [154].
In rice, APX overexpression improves seedling survival under salinity by 35%, stabilizing
membranes and limiting ROS [178]. The glutathione system maintains redox homeosta-
sis, as GR and GPX regulate the GSH/GSSG ratio, which decreases from ~12:1 to 3–4:1
during salt stress [152,153]. Arabidopsis overexpressing GR sustains higher ratios (~6:1),
delaying senescence and preserving photosystem II efficiency [151,152]. Non-enzymatic
antioxidants, such as ascorbate and glutathione, increase 2–3-fold in tolerant genotypes
driving the ascorbate–glutathione cycle and recycling antioxidant capacity [179,180]. Ion
and redox signalling cross-talk is essential in salinity acclimation [146]. Na+ influx disrupts
K+ homeostasis and fuels ROS production, creating a feedback loop that modulates ROS
waves, regulating ion transporters (e.g., SOS1, NHX) and osmoprotectant synthesis, such
as proline and glycine betaine [181,182]. Application of ascorbate in salt-stressed wheat has
been shown to improve K+/Na+ balance, lowering MDA by 35%, and raise relative water
content by ~20%, enhancing metabolic function and osmotic adjustment [183]. Overall, the
synchronized induction of antioxidant enzymes and metabolites delineates the threshold
between salt-induced damage and adequate acclimation.

Soil salinization affects around 20% of irrigated croplands. It is rising in rainfed
areas, a problem expected to worsen with climate change [54,177]. High sodium (Na+)
and chloride (Cl−) concentrations pose two main challenges for plants: osmotic stress
and ionic toxicity. Osmotic stress limits water uptake and mimics drought. Ionic toxicity
occurs when Na+ and Cl− displace potassium (K+), calcium (Ca2+), and magnesium
(Mg2+) [100,144]. This disrupts ion balance, damages membranes, impairs enzyme activity,
and reduces photosynthetic efficiency [145]. Salinity stress also limits CO2 assimilation and
increases photorespiration. As a result, excess excitation energy is diverted toward oxygen,
producing O2

-− in chloroplasts [146]. Additionally, Na+ influx depolarises membranes,
triggers potassium efflux, and activates RBOHs. This process leads to localized ROS surges
that damage lipids, proteins, and DNA [147–151]. For example, rice seedlings exposed
to 150 mM NaCl show a ~60% increase in MDA and a ~40% decrease in chlorophyll
content. These indicate membrane damage and reduced photosynthetic activity [145]. In
salt-tolerant barley, SOD and APX activities increase up to 2.3-fold and 1.9-fold, respectively.
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As a result, this reduces H2O2 accumulation by 45% compared to sensitive genotypes [154].
In rice, APX overexpression improves seedling survival under salinity by 35%. It stabilizes
membranes and limits ROS [178]. The glutathione system also maintains redox homeostasis.
GR and GPX regulate the GSH/GSSG ratio, which drops from ~12:1 to 3–4:1 during salt
stress [152,153]. Interestingly, Arabidopsis overexpressing GR maintains higher ratios (~6:1),
which delays senescence and preserves photosystem II efficiency [151,152]. Non-enzymatic
antioxidants, such as ascorbate and glutathione, increase 2–3-fold in tolerant genotypes.
This drives the ascorbate–glutathione cycle, recycling antioxidant capacity [179]. Ion and
redox signalling cross-talk is essential in salinity acclimation [146]. Na+ influx disrupts
K+ homeostasis and fuels ROS production, creating a feedback loop. This modulates ROS
waves and regulates ion transporters (e.g., SOS1, NHX). It also drives the synthesis of
osmoprotectants, such as proline and glycine betaine [181,182]. Applying ascorbate to salt-
stressed wheat improves K+/Na+ balance, lowers MDA by 35%, and raises relative water
content by ~20%. These changes enhance metabolic function and osmotic adjustment [183].
Synchronized induction of antioxidant enzymes and metabolites marks the threshold
between salt-induced damage and effective acclimation.

5.3. Heat Stress

Rising global temperatures pose a severe challenge to agricultural productivity by dis-
rupting plant physiological, biochemical, and molecular functions [184]. Heat stress accel-
erates ROS production, leading to protein denaturation and destabilization of membranes
and enzymes [26]. In chloroplasts, this excess thermal energy impairs the photosynthetic
electron transport chain, increasing electron leakage to oxygen and generating O2

-− and
H2O2. H2O2 levels can increase fivefold in heat-stressed leaves, while mitochondrial ROS
output may double due to reduced respiratory efficiency [155,156,184,185]. Heat-induced
increases in membrane lipid fluidity promote lipid peroxidation, with MDA levels rising
40–70% in wheat, maize, and rice, illustrating extensive oxidative damage [155,156,183–
185].

To counteract these effects, plants activate coordinated antioxidant defences [186].
Enzymes such as SOD, APX, and CAT detoxify ROS in chloroplasts, mitochondria, and the
cytosol to maintain photosystem integrity [187]. In rice seedlings at 42 ◦C, Cu/Zn-SOD
activity rises 2.3-fold while APX and CAT increase two- to threefold, reducing MDA by
half [188]. Overexpression of APX in tomato preserves Rubisco activase and photosynthetic
electron transport, highlighting its critical role in heat tolerance [189]. Heat stress also un-
folds and aggregates proteins, but antioxidants act synergistically with heat shock proteins
(HSPs) to stabilize protein structure and maintain enzymatic function [155,156]. The AsA–
GSH cycle buffers redox homeostasis, maintaining high GSH/GSSG ratios to support ATP
synthase and Calvin–Benson cycle enzymes even under thermal stress [190]. Thioredoxins
and peroxiredoxins reverse heat-induced thiol oxidation, as evidenced by Arabidopsis 2-Cys
Prx mutants that exhibit elevated ROS and rapid photosystem II photoinhibition under
heat stress [30,191]. Membrane preservation is critical, as lipid-phase antioxidants such
as tocopherols and carotenoids quench singlet oxygen and lipid radicals [191–193]. Heat
stress induces a two- to threefold increase in α-tocopherol in thylakoid membranes, pre-
serving fluidity and stability [192]. Additionally, β-carotene and zeaxanthin generated via
the xanthophyll cycle dissipate excess thermal energy, thereby protecting photosynthetic
pigments [42]. Arabidopsis mutants deficient in α-tocopherol exhibit accelerated senescence
and lipid peroxidation under heat stress, underscoring the protective role of α-tocopherol
in plants [193].

Heat-induced ROS also act as signalling molecules activating heat shock transcrip-
tion factors (HSFs), especially HSFA2, which induces both HSPs and antioxidant en-
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zymes [194,195]. Hormonal crosstalk involving abscisic acid and ethylene further modu-
lates osmotic regulation, stomatal closure, and water retention, thereby alleviating oxidative
damage [196]. Transient H2O2 increases (~10 μM) directly upregulating SOD and APX,
and establishing a feedback loop that primes antioxidant defences during and after heat
episodes [197]. Field and multi-omics studies have consistently shown that a strong antiox-
idant capacity is correlated with heat tolerance and yield stability [198]. Wheat varieties
with high CAT and APX activities suffer less than 15% yield loss under 38 ◦C compared to
over 40% in sensitive types [157,199]. Heat-tolerant rice varieties accumulate up to 12 mM
glutathione and exhibit 30% less electrolyte leakage, reinforcing the importance of redox
balance in thermal resilience [188]. Overall, integrating enzymatic and non-enzymatic
antioxidants with redox-regulated chaperones and signalling networks provides the ba-
sis for plant adaptation to rising temperatures, a trait crucial for food security under
climate change.

5.4. Cold Stress

Low or chilling temperatures pose a severe metabolic challenge, especially for
plants from warm climates. They disrupt membrane fluidity, impair enzyme function,
and increase ROS levels, thereby exacerbating cellular damage [158]. Sensitive crops,
such as rice, tomatoes, and maize, may suffer yield losses of up to 50–80% after cold
snaps [158–161,200,201]. Cold reduces membrane fluidity by inducing a gel-phase state in
lipid bilayers. This impairs ion transport and destabilizes the chloroplast and mitochondrial
electron transport chains. The result is electron over-reduction and ROS surges [162,163].
For example, maize seedlings at 5 ◦C show a 3.5-fold increase in chloroplastic superox-
ide. Barley and tomato exhibit 40–70% rises in MDA, indicating lipid peroxidation and
membrane injury [158]. Genotypes with higher unsaturation of membrane lipids, notably
linolenic acid, maintain fluidity and reduce ROS leakage during cold stress [160].

Cold triggers the rapid induction of enzymatic and non-enzymatic antioxidants, such
as SOD, which converts superoxide to H2O2 [162]. This is then detoxified by APX and
CAT across cellular compartments [200]. In wheat and rice, SOD activity doubles within
24 h of chilling, whereas in barley, CAT activity increases from approximately 120 to 350
μmol H2O2 decomposed per minute per gram of protein, resulting in a 60% reduction
in H2O2 levels [158]. Thylakoid-bound APX protects photosystem II by regulating H2O2

concentrations; Arabidopsis overexpressing tAPX retain 35% higher photosynthetic efficiency
and 40% less lipid peroxidation under cold conditions [202–204]. The ascorbate–glutathione
cycle balances redox status by regenerating antioxidants; in rapeseed at 4 ◦C, glutathione
pools increase nearly threefold, raising the GSH/GSSG ratio from 3:1 to 8:1 and supporting
APX activity [15,38]. Deficiencies in GR or DHAR lead to cold sensitivity, chlorosis, and
ROS accumulation [23]. Cold acts as both a stress and a signal, with membrane rigidification
activating calcium influx, triggering MAP kinase cascades, and activating the ICE1-CBF-
COR transcriptional pathway [205]. H2O2 pulses (10–20 μM) activate CBF transcription
factors, promoting the accumulation of osmoprotectants, such as proline and sugars, which
stabilize membranes [158]. Exogenous ascorbate upregulates cold-responsive genes and
reduces electrolyte leakage by 30%, improving cold tolerance [206]. However, excess
ROS above 100 μM induces oxidative damage, disrupting thylakoid membranes and
photosynthetic enzymes, underscoring the importance of redox homeostasis for cold
acclimation [207].

Cold stress also disrupts mitochondrial function and carbon metabolism [200]. Mito-
chondrial alternative oxidase serves as an electron sink that limits ROS generation, while
thioredoxins and peroxiredoxins maintain key enzymes in reduced, active states [28,207].
Cold-hardy varieties express up to 4 times more thioredoxins, enabling more flexible
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metabolic regulation [160]. Lipid-soluble antioxidants like tocopherols and carotenoids
protect membranes by quenching singlet oxygen and lipid radicals; α-tocopherol increases
two- to threefold within 48 h of chilling in Arabidopsis, reducing photobleaching and
preserving photosynthesis [203,204]. In summary, antioxidant-mediated cold tolerance
integrates membrane stabilization, rapid antioxidant deployment, and cross-talk between
ROS and hormone signalling, enabling plants to mitigate oxidative bursts and maintain
electron transport. This coordinated defence ensures survival in extreme cold and supports
acclimation, which is critical for cultivation in temperate and high-altitude regions.

5.5. Heavy Metal Stress

Heavy metals (HMs), including cadmium (Cd), chromium (Cr), nickel (Ni), copper
(Cu), and vanadium (V), pose a major abiotic threat. They disrupt metabolic processes and
redox homeostasis, often driving excessive ROS formation (O2

•−, H2O2, •OH). This leads to
oxidative damage to lipids, proteins, and nucleic acids [15,38,208]. Across diverse species,
HM exposure commonly elevates H2O2 and lipid peroxidation (MDA), while reducing
photosynthetic efficiency and growth. For example, Cd stress increases oxidative markers
and impairs photosynthesis in Arabidopsis and cotton (Gossypium hirsutum L.). Cr and Ni
can also compromise PSII performance and carbon assimilation [209–212]. To counter ROS
surges, plants activate a coordinated antioxidant network. SOD converts O2

•− to H2O2 and
CAT or APX remove peroxide, supported by GR-driven recycling within the AsA–GSH
cycle [15,28,208,211]. Enhanced APX and GR activity can stabilize chloroplast redox status
and improve tolerance under Cd or Cu stress. This is consistent with the requirement for
sustained antioxidant turnover—rather than single-enzyme changes [213]. Non-enzymatic
antioxidants (Asc, GSH, tocopherols, flavonoids, phenolics) also buffer ROS and limit
chain reactions. GSH plays a dual role as a substrate for phytochelatin synthesis, linking
redox buffering to its capacity for metal detoxification [214,215]. A key feature of heavy
metal tolerance is chelation and sequestration, which reduces free cytosolic metal ions
and limits Fenton-type ROS amplification. Glutathione-derived phytochelatins bind metal
ions to form HM–PC complexes. These complexes are transported into vacuoles via ABC
transporters, lowering reactive metal availability in sensitive compartments [209,216,217].
Metallothioneins (MTs), rich in cysteine residues, provide binding capacity for metals
such as Cd, Cu, and Zn and contribute to ionic homeostasis [218]. Increased PC produc-
tion under Cd stress reduces free Cd2+ and partially recovers photosynthetic function,
for example, in Brassica juncea L. Coordinated induction of MTs and GSH-dependent
enzymes is linked with improved tolerance to Ni and Cr in crop systems [205,219,220].
Hormonal and redox signalling networks also shape these antioxidant and chelation re-
sponses. SA, JA, NO, and melatonin modulate antioxidant gene expression and redox
capacity. Exogenous treatments (such as melatonin, SA, or silicon) have been reported to
enhance activities of core antioxidant enzymes and associated protective pathways under
metal stress. These treatments often reduce oxidative injury and support photosynthetic
performance [205,207,221–224]. ROS–NO interactions, including redox enzyme modifica-
tions such as S-nitrosylation, can affect enzyme stability and activity. This further reinforces
plant defence outputs [220,222]. In summary, heavy-metal tolerance is an integration of
several defences. Antioxidant systems buffer ROS, chelators restrict metal reactivity and
compartmentalize ions, and signalling networks coordinate these defences across tissues
and organelles. Together, these systems enable plants to maintain metabolism and growth
in contaminated environments [215,220,222].
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6. Genetic and Biotechnological Levers That Tune Antioxidant
Network Balance

Sections 3–5 show that abiotic stress (environmental factors such as drought or extreme
temperatures) disrupts the balance of ROS, and the effect depends on the cell compartment
(specific locations within the cell, such as the chloroplast or mitochondrion). Under normal
conditions, ROS are molecules that work in controlled signalling. But stress can lead to
harmful ROS buildup if antioxidant defences (cellular systems that neutralize ROS) are
overwhelmed. ROS metabolism and defence often overlap and support each other, so
a single-gene fix rarely improves stress tolerance [225–227]. Section 6 outlines genetic
and biotechnological ways to adjust antioxidant networks: (i) limiting ROS production
by managing relevant enzymes and pathways, (ii) boosting detoxification by improving
key enzymes (superoxide dismutase, ascorbate peroxidase/peroxiredoxin, catalase: SOD–
APX/Prx–CAT), (iii) improving antioxidant recycling through the ascorbate–glutathione
(AsA–GSH) and Trx-dependent systems, and (iv) targeting specific cell compartments and
maintaining ROS signalling. These strategies are checked against stress responses and,
where possible, crop yield data (Table 2). Traditional breeding has made some progress, but
newer tools such as omics (comprehensive studies of cell molecules), transgenics (inserted
genes), and genome editing (precise genetic changes) enable more targeted improvements
across the whole network [Figure 3].

 

Figure 3. Integrative pipeline connecting stress-induced redox perturbation to deployable tolerance
via omics, breeding, and antioxidant interventions. Left: Researchers collect samples from differ-
ent developmental stages and contrasting genotypes under normal and abiotic-stress conditions.
This enables multi-layer profiling using genomics, transcriptomics, proteomics, metabolomics, and
phenomics. These approaches help discover candidate loci and biomarkers linked to redox control
and stress tolerance. Right (top): Identified loci are translated into marker development. These
markers are deployed through marker-assisted selection (MAS) for early screening of breeding
populations. Right (middle): Omics-guided targeting of photosynthetic electron transport and re-
lated redox pathways links mechanistic antioxidant capacity to improved stress resilience. Right
(bottom): Antioxidant-based interventions, such as priming or exogenous antioxidants, modulate the
ROS and antioxidant balance. These changes are visualized as improved growth and yield stability
under stress. Green arrows (↑/↓) indicate enhancement or inhibition after adding antioxidants. Red
indicators (↑/↓) mark increases or decreases in response to abiotic stress relative to the normal state.
Abbreviations: MAS, marker-assisted selection; QTL, quantitative trait locus; ROS, reactive oxygen
species; SOD, superoxide dismutase; POX, peroxidase.
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Table 2. Genes used to improve abiotic stress tolerance in different crop plants.

Type of Stress Crops Techniques Key Findings References

Drought Rice CRISPR/Cas9

This study used eleven rice genes—OsPDS, OsPMS3,
OsEPSPS, OsDERF1, OsMSH1, OsMYB5, OsMYB1,

OsROC5, OsSPP, and OsYSA—to assess CRISPR/Cas9
editing efficiency and stress response. OsDERF1,

OsMYB1, and OsMYB5 regulate drought, salinity, and
oxidative stress tolerance; OsMSH1 maintains genomic

stability; and OsROC5 supports adaptive growth.
OsPDS, OsEPSPS, and OsYSA acted as marker genes

confirming successful editing.

[228]

Drought Rice CRISPR/Cas9

CRISPR/Cas9 knockout of SRL1 and SRL2 enhanced
rice drought tolerance by boosting antioxidant defense.

Mutants showed 45% higher survival, lower MDA,
and 1.5–2× higher SOD and CAT activity than wild

type. Proteomic data confirmed enrichment of
antioxidant and stress-response proteins, indicating

improved oxidative stress protection and
drought resilience.

[229]

Drought Rice CRISPR/Cas9

OsAAA-1 and OsAAA-2 genes in rice negatively
regulate drought tolerance; their overexpression

reduces tolerance, while CRISPR-Cas9 knockout or
RNAi silencing significantly enhances drought

tolerance and grain yield without adverse
growth effects.

[230]

Drought Rice CRISPR/Cas9

CRISPR/Cas9-induced mutations in OsERA1 enhance
drought tolerance through accelerated stomatal
closure and increased ABA sensitivity without

affecting leaf growth. OsERA1 acts as a key negative
regulator in ABA-mediated drought response,
indicating its potential as a target for genetic

improvement of drought tolerance and antioxidant
activity in rice

[231]

Drought Rice CRISPR/Cas9

OsPYL9 is an ABA receptor in rice that regulates
drought stress tolerance by enhancing ABA

accumulation and antioxidant enzyme activities (SOD,
POD, CAT), and reducing MDA levels.

CRISPR/Cas9-edited OsPYL9 mutants show altered
protein expression involved in circadian rhythms and

abiotic stress responses, including proteins like
GIGANTEA and pseudo-response regulators, which

are central to ABA-activated signaling and
ROS detoxification.

[232]

Drought Rice CRISPR/Cas9

OsNAC14 is a drought-inducible transcription factor
highly expressed during meiosis and in response to

drought, salinity, ABA, and low temperature. Its
overexpression enhances drought tolerance by

activating genes involved in stress response, defense,
and metabolism, notably directly upregulating

OsRAD51A1, a key DNA repair gene.

[233]
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Table 2. Cont.

Type of Stress Crops Techniques Key Findings References

Drought Rice CRISPR/Cas9

OsPUB67 interacts with E2 enzymes and E3 ligases
such as OsRZFP34 and OsDIS1 to form complexes that

modulate drought response. It regulates
ABA-dependent stress genes and enhances antioxidant
activity, proline accumulation, and membrane stability

during drought stress.

[234]

Drought Rice TALEN

OsDERF1, targeted by TALEN editing, is associated
with enhanced drought resistance and plays a key role

in regulating plant stress response pathways,
including the modulation of antioxidant activity to

improve abiotic stress tolerance.

[235]

Drought Rice ZFNs

A non-coding safe harbor locus on chromosome 3 was
identified in rice using ZFN-mediated transformation,
enabling stable integration of stress-regulatory genes

such as DREB, NAC, WRKY, SOD, CAT, and APX.

[236]

Drought Wheat CRISPR/Cas9

Using CRISPR/Cas9, targeted editing of TaDREB2 and
TaERF3 in wheat protoplasts confirmed their roles in
drought and oxidative stress regulation. Both genes
were efficiently and specifically mutated, and their

upregulation under dehydration indicates key
functions in enhancing stress tolerance and

antioxidant defense in wheat.

[237]

Drought Maize CRISPR/Cas9

Maize ARGOS8 negatively regulates ethylene
sensitivity. Its elevated expression via CRISPR-Cas9
enhances drought tolerance without affecting yield

under normal conditions.

[238]

Drought Tomato CRISPR/Cas9

AITR transcription factors (AITR1, AITR2, AITR3,
AITR4, AITR5, and AITR6) negatively regulate ABA
responses. CRISPR/Cas9 knockout mutants (aitr256,

aitr1256, aitr23456, and aitr123456) show reduced ABA
sensitivity and enhanced drought tolerance without

growth or pathogen resistance trade-offs. Altered
expression of ABA signaling genes PYL4, PYL5, PYL6,
HAI1, and ABF3 underlies improved stress resilience.

[239]

Salinity Rice CRISPR/Cas9

OsbHLH024 acts as a negative regulator of salt
tolerance. It reduces oxidative damage, indicated by
lower ROS and MDA levels, and promotes balanced

antioxidant enzyme activity. Molecularly, it
upregulates OsHKT1;3, OsHAK7, and OsSOS1,
enhancing Na+ exclusion and K+ retention to

maintain redox and ionic balance, while
downregulating OsLEA3.

[240]

Salinity Rice CRISPR/Cas9

CRISPR/Cas9-induced mutations in OsRR22 enhance
salinity resistance by modulating cytokinin signaling,

which improves ion regulation and antioxidant
defense. Mutant lines (WPB106-cas-1 and

WPB106-cas-2) maintain better redox balance and
reduced oxidative damage under salt stress, showing

that loss of OsRR22 activates stress-responsive
pathways for improved tolerance.

[241]
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Table 2. Cont.

Type of Stress Crops Techniques Key Findings References

Salinity Rice CRISPR/Cas9

CRISPR/Cas9 mutants (OsRR9 and OsRR10) showed
improved tolerance, lower oxidative stress, and better

Na+/K+ balance. Transcriptomic data revealed
upregulation of ion transporters and

antioxidant-related genes, indicating that OsRR9 and
OsRR10 suppress stress-responsive pathways
controlling ion homeostasis and redox balance

under salinity.

[242]

Salinity Rice CRISPR/Cas9

The OsNAC041 gene positively regulates salt stress
tolerance in rice. Its expression increases under

salinity, and CRISPR/Cas9 mutants lacking
OsNAC041 show higher ROS and MDA levels with
reduced SOD, POD, and CAT activities, indicating

impaired antioxidant defense. Transcriptome analysis
revealed disrupted MAPK signaling, peroxisome

function, and photosynthesis-related genes.

[243]

Salinity Rice CRISPR/Cas9

OsSPL10 is a nuclear transcription factor that
negatively regulates salt tolerance and positively

controls trichome formation in rice. Knockout mutants
show enhanced salt tolerance and glabrous leaves,

while overexpression increases trichome density but
reduces salt tolerance.

[244]

Salinity Rice
S-

adenosylmethionine
decarboxylase

The SAMDC gene regulates stress and antioxidant
activity by enhancing polyamine biosynthesis under

stress conditions. Its ABA-inducible expression under
NaCl stress increases spermidine and spermine levels,

which act as antioxidants that stabilize cellular
structures and scavenge reactive oxygen species,
thereby protecting plants from oxidative stress.

[245]

Salinity Barley CRISPR/Cas9

The HvITPK1 gene, along with other ITPK genes,
regulates abiotic stress response and antioxidant
defense via inositol phosphate metabolism. Its

expression is induced by ABA and salt, and mutants
exhibit altered stress sensitivity. The gene’s

ABA-responsive promoter suggests it is
transcriptionally regulated by oxidative and osmotic

stress, positioning HvITPK1 as a key regulator of stress
signaling and antioxidant pathways.

[246]

Salinity Barley Overexpression by
using 35S promoter

The gene AVP1 enhances salinity stress tolerance by
increasing shoot biomass and grain yield in transgenic
barley under saline conditions without changing leaf
sodium levels. AVP1 promotes early growth and likely
supports antioxidant activity by maintaining cellular
ion balance and pH, helping plants manage oxidative

stress during salinity.

[247]

Salinity Soybean CRISPR/Cas9

GmAITR genes in soybean are ABA-induced
transcription repressors that regulate ABA signaling

and stress responses. CRISPR/Cas9 mutants of
GmAITRs show increased ABA sensitivity and

enhanced salinity tolerance, with improved
germination, growth, and yield under salt stress.

[248]
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Table 2. Cont.

Type of Stress Crops Techniques Key Findings References

Salinity Tomato CRISPR/Cas9

The SlHyPRP1 gene negatively regulates salt stress in
tomato. CRISPR/Cas9-mediated precise deletion of its

functional domains improved salinity tolerance by
enhancing germination, growth, and survival under

salt stress.

[249]

Cold stress Rice CRISPR/Cas9

CRISPR/Cas9 editing of OsMYB30 enhanced cold
stress tolerance and survival, while combined edits

with OsPIN5b and GS3 improved overall stress
resilience. These gene edits help rice better manage

abiotic stress, likely supporting antioxidant defences
and improving tolerance to cold stress.

[250]

Cold stress Rice CRISPR/Cas9

The gene OsAnn3 is crucial for rice cold tolerance,
with increased expression under cold stress. Its

knockout reduces survival and increases membrane
damage, indicating a role in stress protection. OsAnn3

likely helps stabilize membranes and supports
antioxidant defences during cold stress.

[251]

Cold stress Rice CRISPR/Cas9

OsPRP1 enhances cold tolerance in rice by regulating
antioxidant enzymes and stress-related metabolites. Its

knockout reduces survival, antioxidant activity,
proline, chlorophyll, ABA, and ascorbic acid levels,

leading to increased cold sensitivity.

[252]

Cold stress ArabidopsisCRISPR/Cas9

The SPCP2 gene enhances plant stress tolerance by
regulating senescence and antioxidant responses. Its
expression under salt, drought, and hormonal stress

supports cellular protection, helping maintain
antioxidant balance and improve tolerance to

abiotic stress.

[253]

Heat stress Tomato CRISPR/Cas9

The SlAGL6 is a key regulator of heat tolerance,
enabling fruit set under high-temperature stress.

While not directly linked to antioxidant activity, future
studies could investigate its role in stress resilience,
potentially involving oxidative damage response.

[254]

Heat stress Rice
Overexpression by

using the Maize Ubi1
promoter

Overexpression of Hsp101 enhances thermotolerance
by maintaining protein homeostasis and protecting

cells from heat-induced oxidative damage. Its activity
supports the antioxidant defense network, reducing
cellular stress and improving survival during severe

heat stress.

[255]

Heat stress Rice
Overexpression by

using the Maize Ubi1
promoter

The OsRab7 improves heat tolerance in rice by
boosting antioxidant enzyme activities (CAT, SOD,

APX, POD) and reducing oxidative damage markers
(H2O2, MDA). It also upregulates key ROS-scavenging

genes (OsCATA, OsCATB, OsAPX2, OsSOD-Cu/Zn)
and other stress-responsive genes, enhancing osmotic

adjustment and overall antioxidant defense
under stress.

[256]

Heat stress Rice
Promoter of Rca-a

from Oryza
meridionalis

The heat-stable Rca gene from Oryza australiensis
maintains Rubisco function at high temperatures,
preventing protein denaturation and indirectly

reducing oxidative damage, thereby
enhancing thermotolerance.

[257]
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6.1. Transgenic Overexpression of Antioxidant Genes

Transgenic overexpression of antioxidant enzymes has been widely used to en-
hance tolerance to abiotic stresses by limiting ROS-driven damage to lipids, proteins,
and DNA [258]. However, the effectiveness of this approach depends strongly on the
gene selected, its subcellular targeting, and the specific stress context, given that ROS
production is spatially and temporally structured [259–261]. Among these enzymes, SODs
provide an upstream defence by converting O2

•− to H2O2, thereby reducing radical pres-
sure at photosynthetic and respiratory electron transport sites [226,262]. Reflecting this,
chloroplast-targeted Cu/Zn-SOD overexpression in tobacco improved photosynthetic per-
formance and reduced photoinhibition under high light, while mitochondrial Mn-SOD
in rice improved salinity tolerance by limiting respiratory ROS leakage and supporting
energy metabolism [184,261]. SOD overexpression has also been associated with improved
drought-related performance and symbiotic traits in legumes, underscoring its value as
a buffer at ROS-generating “hotspots” [263]. Because SOD increases H2O2 formation,
downstream peroxide-scavenging capacity becomes particularly important. In this context,
APX operates effectively at signalling-range peroxide concentrations and can improve
stress tolerance when appropriately expressed and targeted [15]. For example, cytosolic
APX overexpression in rice improved salt-stress survival with reduced H2O2 accumula-
tion, and thylakoid-associated APX in Arabidopsis reduced lipid peroxidation under high
light, supporting chloroplast protection [179]. Notably, co-overexpression of SOD and
APX in tobacco can yield additive protection, illustrating the advantage of coordinating
consecutive steps rather than enhancing a single enzyme in isolation [148,262]. Further-
more, catalase provides high-capacity H2O2 removal, particularly relevant in peroxisomes
during photorespiration, and CAT overexpression has been linked to improved drought-
or salinity-related performance in crops such as maize and cotton, including reduced
membrane leakage and better chlorophyll retention [25,43,120,264].

In addition to the enzymes described above, glutathione-dependent enzymes rein-
force whole-cell redox buffering by sustaining recycling throughput. For example, GR
overexpression can maintain a more reduced glutathione pool (a higher GSH/GSSG ratio)
under stress, supporting continued APX/GPX turnover and redox stability, whereas GPX
overexpression can reduce lipid peroxidation (e.g., lower MDA) and protect membranes
under salinity [147,265]. Taken together, these examples show that antioxidant engineering
can improve stress performance when it increases system throughput (detoxification plus
recycling) rather than creating an unbalanced bottleneck. Several mechanistic principles
emerge across studies. First, compartment targeting matters: expression in chloroplasts
or mitochondria often yields stronger benefits than cytosolic expression because ROS
must be intercepted near their sites of origin. Second, balanced pathway engineering is
essential: elevating SOD without matching APX/CAT capacity can increase H2O2 accu-
mulation and shift stress responses toward toxicity rather than acclimation [266]. Third,
constitutive overexpression can impose growth penalties under non-stress conditions due
to metabolic costs and disruption of ROS-dependent developmental signalling, motivat-
ing the use of inducible promoters and stress-responsive designs [267]. Illustrative suc-
cesses, such as improved cold-related performance in potato with Cu/Zn-SOD, enhanced
drought-related root function in chickpea with APX, and delayed senescence/extended
photosynthesis in maize with GR, support the potential of antioxidant transgenics when
these design constraints are respected [268–271]. Overall, the field is moving toward multi-
gene, compartment-targeted, and conditionally regulated strategies that coordinate ROS
metabolism across compartments while preserving productivity.
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6.2. CRISPR/Cas-Mediated Genome Editing to Enhance Antioxidant Capacity

CRISPR/Cas genome editing enables precise modification of endogenous antioxi-
dant and redox-regulatory pathways. This approach offers a complementary route to
classical transgenics for improving stress tolerance [228–230]. Edits can be introduced at
native loci and, in many cases, without stable foreign DNA. CRISPR can adjust antioxidant
network behaviour [231]. It helps reduce problems such as metabolic burden, mislocaliza-
tion, and disruption of ROS-dependent signalling, which are associated with constitutive
overexpression [232–234]. This precision is useful for engineering stress resilience while
preserving yield. ROS detoxification must remain coordinated with development and
signalling. CRISPR strategies for enhancing antioxidant activity generally fall into three
categories. Knockout of negative regulators removes inhibitory constraints on ROS detoxi-
fication. For example, disrupting ROS-repressor genes in rice under salinity increased APX
and SOD activity (≈1.8-fold), reduced lipid peroxidation (~35%), and improved seedling
survival (~20%) [235,236]. In tomato, editing targets affecting ascorbate metabolism in-
creased intracellular ascorbate pools and APX activity. This was accompanied by improved
drought-related performance, including photosynthetic stability and fruit setting under
water limitation [237–239]. These results suggest that relieving regulatory bottlenecks can
shift redox balance toward controlled ROS buffering. However, benefits remain context-
and target-dependent.

Cis-regulatory (promoter) editing provides a route to inducible or tissue-specific ac-
tivation of antioxidant genes. This reduces the costs of continuous expression [240,241].
Coordinated upregulation of SOD/CAT/APX through promoter activation has been re-
ported to reduce H2O2 accumulation under drought-like conditions [242]. Stress-responsive
alleles remain largely silent under non-stress conditions and activate in response to salinity.
This illustrates an attractive design principle: deploy detoxification capacity only when ROS
input rises, minimising growth penalties [243–245]. Allele replacement or optimization can
improve enzyme stability or kinetics under stress, such as heat-sensitive APX variants. This
maintains detoxification when proteins are destabilized or when turnover becomes limit-
ing [272,273]. A further frontier is regulatory rewiring by inserting hormone-responsive
elements, such as ABA- or SA-responsive motifs. This more tightly couples antioxidant ac-
tivation to endogenous stress signalling and preserves signalling fidelity [244,249]. Overall,
CRISPR enables movement from “more antioxidants” toward network tuning. It removes
bottlenecks, builds conditional control, and optimizes enzyme performance. These designs
must consider system constraints such as NADPH supply, AsA/GSH recycling capacity,
and compartment cross-talk [252–257].

6.3. Marker-Assisted Breeding for Antioxidant Traits

Although genome engineering has expanded experimental control over redox path-
ways, conventional breeding remains essential. This is especially true when regulatory
constraints or market acceptance limit the adoption of engineered cultivars [228,231].
Marker-assisted selection (MAS) offers a practical way to exploit natural allelic variation
in antioxidant enzymes and redox-buffering pathways. This approach improves stress
resilience while operating within standard breeding frameworks [272,273]. QTL mapping
and association studies have identified loci linked to antioxidant activities and metabolite
pools. These discoveries enable breeders to track antioxidant-related traits without relying
solely on slow or expensive phenotyping [274]. In rice, QTLs associated with increased
SOD and APX activity under salinity have been reported. These explain a substantial
fraction of phenotypic variation. Tolerant lines carrying these loci show stronger chloro-
plast ROS control and reduced membrane lipid peroxidation compared to susceptible
backgrounds [275,276]. In wheat, drought-associated loci affecting GR activity and glu-
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tathione redox homeostasis have been mapped. Introgression of these loci has been linked
to improved photosynthesis and grain filling under water deficit—traits that connect redox
buffering directly to yield-relevant performance [277,278]. Similar patterns are reported in
other crops. Lines enriched for antioxidant buffering capacity, such as CAT/GPX activity
or higher ascorbate pools, often show improved chlorophyll retention (‘stay-green’) and
better maintenance of productivity under drought or heat stress [279,280]. A consistent
lesson is that antioxidant-associated effects are usually polygenic and network-based. Pyra-
miding multiple loci, for example, combining QTLs linked to both SOD and APX activity,
can provide stronger reductions in oxidative damage markers and more robust biomass
performance than single loci. This reinforces the idea that resilience derives from coordi-
nated antioxidant capacity rather than from isolated enzymes [281,282]. Looking forward,
MAS will be most powerful when integrated with genomic selection, high-throughput
phenotyping, and multi-environment trials. This integration will enable the selection of
redox-associated alleles that remain beneficial across variable field regimes [283].

6.4. Omics-Driven Approaches

A complete understanding of antioxidant function cannot rely on a single enzyme
or metabolite. This is because ROS metabolism is dynamic, interconnected, and strongly
context-dependent [284]. Omics technologies, including transcriptomics, proteomics, and
metabolomics, now provide system-level views of redox regulation. These technologies of-
fer increasing spatial, temporal, and quantitative resolution [285]. Transcriptome profiling
(especially RNA-seq) consistently shows broad remodelling of antioxidant networks during
abiotic stress. For example, salt-stressed soybean induces large sets of redox-related genes
spanning SOD, APX, GST, and GR families. This induction often shows marked tissue
specificity [286,287]. Single-cell transcriptomics further refines this picture by revealing
cell-type specialization. For example, some cells show preferential induction of peroxi-
dase/peroxiredoxin modules in guard cells, while others show glutathione/catalase-linked
programs in mesophyll. This pattern is consistent with compartment- and function-specific
ROS control strategies [288]. Time-course studies add a crucial kinetic dimension. These
studies often show an early induction of core enzymatic detoxification (e.g., SOD/APX).
A later activation of secondary metabolism and the production of protective compounds
usually follows. These findings imply a staged deployment of antioxidant defences, rather
than a uniform response [289,290].

Proteomics complements transcript data by capturing post-transcriptional and post-
translational regulation, which directly controls enzyme activity and signalling [291]. Redox
proteomics has identified many stress-responsive thiol-modified proteins. These include
Calvin–Benson cycle enzymes, photosystem components, and regulatory kinases. This
supports the view that reversible cysteine oxidation acts as a redox “switchboard.” Such a
switchboard connects ROS dynamics to metabolic reprogramming [292,293]. Thioredoxin-
and peroxiredoxin-based systems counterbalance these modifications. This process
links detoxification capacity to regulation of photosynthesis and stress signalling [75].
Metabolomics directly quantifies the sizes of the antioxidant pool and its redox states.
This provides stress-specific biochemical signatures [287]. Drought and related stresses
commonly shift ascorbate and glutathione pools and their redox ratios. These changes
determine the throughput of the AsA–GSH cycle. High light can strongly increase
xanthophyll-cycle components such as zeaxanthin, which support NPQ and photopro-
tection [61,294,295]. Together, these datasets emphasize that stress tolerance depends not
only on component abundance. It also relies on turnover, redox state, and coordination
across pathways.
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The main value of omics lies in integrating datasets. Multi-omics network analyses can
identify regulatory hubs and limiting steps (“bottlenecks”) in ROS detoxification capacity
and reductant recycling. This process prioritizes mechanistically grounded targets for
engineering or breeding [286–288]. Integrated studies in Arabidopsis, for example, have
highlighted nodes such as APX2 and 2-Cys peroxiredoxins. These nodes are central connec-
tors between ROS buffering and heat tolerance [296]. Beyond mechanisms, omics-derived
signatures (transcript modules and metabolite markers) are increasingly used as biomark-
ers. These markers stratify germplasm and predict stress performance. They support
translation into breeding pipelines, especially when combined with multi-environment
validation [296]. In a translational context, omics-driven discovery complements inter-
vention strategies. It provides the system-level constraints needed for rational design.
Transgenics provide proof of concept that ROS damage can be reduced through antioxidant
manipulation. CRISPR enables more precise tuning through promoter editing, allele opti-
mization, and multiplex rewiring [228–230]. Marker-assisted and genomic approaches can
then exploit natural diversity. These approaches deploy antioxidant-associated alleles into
elite backgrounds across agroecological contexts [272]. Moving forward, the most robust
route is likely an integrated framework. In this framework, omics identifies hubs and
trade-offs. Engineering provides targeted perturbations. Breeding, plus field phenotyping,
validates whether the altered redox regulation delivers consistent benefits to yield and
stability under realistic, often combined-stress conditions [297–301].

7. Field-Facing Antioxidant Interventions Linked to Redox Mechanisms
(Evidence and Limits)

This section focuses on field-facing interventions, including foliar antioxidant applica-
tion, soil amendments that influence redox-active compounds, and priming treatments that
modulate redox homeostasis during abiotic stress. We build on the compartment-resolved
framework from Sections 3–5 and the genetic or biotechnological approaches outlined
in Section 6. We discuss antioxidant-related practices only when there is a plausible or
demonstrated mechanistic link to ROS control. We evaluate the evidence by considering
limits that affect real-world performance, such as dose, timing, formulation or delivery,
developmental stage, and genotype-by-environment interactions. Because manipulating
antioxidants can preserve or suppress adaptive signalling, we also highlight situations in
which exogenous inputs or priming strategies yield inconsistent or non-transferable results
outside controlled environments.

7.1. Exogenous Antioxidant Application

The application of antioxidants directly is a fast and straightforward way to increase
the redox buffering capacity of plants during exposure to abiotic stress [302]. These inter-
ventions act through two complementary mechanisms. First, they acutely increase the local
antioxidant pool to quench ROS produced under stress insults before they damage cellu-
lar macromolecules. Second, they prime endogenous defense systems, thus prolonging
protection beyond the treatment period [303,304]. Foliar sprays remain the most com-
monly applied method. They provide direct exposure to photosynthetic organs, where
ROS production is highest [305,306]. Water-soluble antioxidants, such as Asc and GSH,
penetrate leaf tissues through stomata and cuticular pores and scavenge H2O2, O2

•−, and
•OH [55,62–64]. Ascorbate also functions as an electron donor for chloroplastic APX, re-
inforcing enzymatic detoxification [65]. Lipid-soluble antioxidants such as tocopherols
stabilize thylakoid membranes and photosynthetic pigments. They also modulate apoplas-
tic H2O2 signalling that coordinates stomatal closure and defence gene activation [116].
Data available confirm that there is a relevant physiological advantage when the right
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concentration and timing of formulation are used. For example, foliar spraying with 2 mM
ascorbate in drought-stressed wheat increased photosynthetic rate by 25% and grain yield
by 15% [55]. GSH sprays decreased H2O2 accumulation by 30% under Cd stress in rice [307].
Such applications are best before or at the time of early stress to achieve maximum acclima-
tion benefit. This timing helps prevent an oxidative burst [308]. Effective foliar ascorbate
concentrations generally range from 50–200 mg L−1, though millimolar levels are some-
times tested [96,97]. Over-application can induce osmotic stress or economic inefficiency.
This emphasizes the need for calibration [115]. The absorption can be enhanced by using
adjuvants. However, they must be used with caution due to their potential for phytotoxic-
ity [174]. Seed priming is an economical approach to establishing antioxidant “memory”
before germination. Pre-treatment of seeds with antioxidants or osmoprotectants induces a
low-level oxidative signaling. This signaling up-regulates defense enzymes, such as SOD,
APX, CAT, and GR, as well as the synthesis of osmolytes [309]. This metabolic priming
accelerates germination and provides a lasting memory of protection against subsequent
stress [310,311]. In maize, priming seeds with ascorbate or proline enhanced antioxidant
enzyme activity by 1.5–3-fold in seedlings exposed to drought. It also increased vigor and
establishment [312]. The antioxidant concentration and duration must be optimized for
each crop species. Seed priming methods are readily transferable across different cropping
systems [313]. Post-priming drying also needs to be well controlled to avoid contamination
by microorganisms.

Application mediated by nanoparticles is an exciting frontier in sustained antioxi-
dant protection [314]. Modifying SOD and CAT mimetics with engineered nanomaterials,
such as cerium oxide nanoparticles (CeO2-NPs), results in catalytic “nanozymes.” These
nanozymes shuttle between Ce3+ and Ce4+, mimicking SOD and CAT activities [315]. This
redox-cycling is sustained without exhaustion. It allows continued ROS detoxification and,
consequently, long-term protection. A 50 mg L−1 concentration of CeO2-NPs in tomato
and cotton reduced ~40% ROS leakage, maintained chlorophyll content, and increased
fruit or biomass yield under salinity and drought conditions [316,317]. Nanoparticles
offer additional benefits over conventional antioxidants. These include sustained release,
increased stability, and tissue-targeting specificity through surface modification or carrier
matrices [6,192]. Nevertheless, the use of nanomaterials requires careful evaluation of their
environmental risks [167]. Their persistence in soil and effects on the soil microbial commu-
nity, nutrient cycling, and non-target organisms are still poorly understood [315]. Effective
but non-disruptive concentrations should be defined through long-term, crop-specific
trials [32,192]. A comprehensive, locally specific strategy holds the greatest potential for
field resistance [196]. Otherwise, foliar antioxidant sprays provide quick protection dur-
ing acute stress, such as heat spikes or short-term water deficits [318]. Seed priming is
a strategy to promote early vigor and stress tolerance. Nanoparticle formulations can
maintain redox homeostasis over extended growth periods [319]. When combined, such
strategies (for example, antioxidant priming and foliar application at key stages of plant
development) typically result in additive or synergistic effects [320]. In the future, dose–
response optimization in practical field conditions is essential to optimize both application
procedures and cost-effectiveness [321]. Concomitant research on the long-term ecological
impacts, especially those of nanomaterials, is necessary to balance efficacy with sustainabil-
ity. When properly applied, exogenous antioxidant applications can connect mechanistic
redox biology with the practical requirements of crop management. Such applications
provide immediate tools to stabilize yields by minimizing oxidative stress in an increasingly
unstable climate.
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7.2. Plant Growth-Promoting Rhizobacteria (PGPR) and Microbial Elicitors

Soil microorganisms play a key role in regulating plant redox biology. Their influence
on oxidative balance goes beyond nutrient cycling and hormone interactions [322]. Plant
growth-promoting rhizobacteria (PGPR), such as Pseudomonas fluorescens L., Bacillus subtilis
L., and Azospirillum brasilense L., prime the antioxidant defense system and boost abiotic
stress tolerance [323]. These microbes colonize the rhizosphere and root cortex, where they
form a biochemical interface that helps control primary metabolism and maintain redox
homeostasis [324]. The stress relief from PGPR comes from redox-dependent signaling.
PGPR release phytohormones (including IAA, cytokinins, and gibberellins) and volatile
organic compounds that adjust stomatal conductance, stimulate osmolyte synthesis, and
activate antioxidant genes [325]. Under conditions such as drought or salinity, their inocu-
lation consistently increases antioxidant enzyme activity [326]. For example, Pseudomonas
putida L. inoculated into maize increased APX and GR activities by about 2-fold and re-
duced MDA by 50%, thereby improving membrane stability [327]. Bacillus subtilis L. in
salt-stressed wheat increased SOD and CAT activities by 80–120%, which helped maintain
photosynthetic efficiency and Fv/Fm [328]. PGPR also boosts non-enzymatic antioxidants.
In tomato and rice, Pseudomonas fluorescens L. inoculation doubled the ascorbate and glu-
tathione pools, supporting the ascorbate–glutathione cycle and promoting the synthesis
of tocopherols, phenolic acids, and flavonoids [329,330]. This wide-reaching metabolic
reprogramming shows that microbial priming extends beyond enzyme activation and
creates broad redox optimization [325].

Mechanistically, induced systemic tolerance (IST) originates from microbeplant signal-
ing [331]. Recognition of microbial molecules, lipopolysaccharides, flagellin peptides, or
siderophores, by plant pattern-recognition receptors (PRRs) triggers transient ROS bursts
via RBOHs, activating MAPK cascades and transcription of antioxidant genes [331,332].
This early signalling establishes a preemptive defense state that accelerates detoxification
when stress occurs. PGPR also reshapes root architecture and ion balance, indirectly al-
leviating oxidative stress [331]. In saline soils, Bacillus amyloliquefaciens L. improved the
K+/Na+ ratio by 30% and doubled APX and GR activity, sustaining photosynthesis and
biomass. Enhanced nitrogen assimilation and organic acid exudation further contribute
to redox stability [333]. Beyond living bacteria, microbial elicitors such as chitosan, β-
glucans, and fungal metabolites mimic microbe-associated molecular patterns (MAMPs) to
activate defense signaling [334]. These compounds induce systemic resistance through con-
trolled ROS bursts and hormone crosstalk involving jasmonic acid and ethylene [335,336].
For example, foliar chitosan (100 mg L−1) in salt-stressed soybean increased CAT and
SOD activity by 75–90% and phenolic content by 2.5-fold, lowering H2O2 by ~40% [337].
Similarly, β-glucan treatment in rice enhanced APX and peroxidase activity, stabilized
chlorophyll, and reduced ion leakage under drought [338]. Such elicitor-triggered oxidative
bursts serve as priming cues that strengthen antioxidant responses without causing cellular
damage [334–336].

Using PGPR and microbial elicitors provides an environmentally friendly approach
to redox resilience [334]. These biological tools strengthen antioxidant networks, which
reduce stress-induced ROS. This also protects photosynthetic and growth processes [328].
Their effects last through both vegetative and reproductive growth, unlike the short-term
effects of chemical sprays [334]. Future research should identify specific redox signaling
patterns in strains, develop compatible microbial mixtures for different crops and soils,
and combine inoculation with molecular breeding and precision farming [338]. However,
persistence in the field, strong colonization, and environmental changes remain major
challenges [339]. Even with these challenges, microbial priming moves the approach from
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reactive protection to proactive redox management. It forms a science-based plan for
sustainable stress resilience in crops.

7.3. Biofortification Strategies

Biofortification (plant nutritional quality improvement) is a sustainable approach that
increases oxidative stress adaptation and enhances plant nutritive value [340]. Unlike
transient antioxidant sprays, it creates heritable and stable modifications to redox-active
metabolites through genetic engineering, genome editing, and conventional breeding [341].
High pools of ascorbate, glutathione, tocopherols, and carotenoids detoxify ROS during
stress and act as metabolic buffers [116,155,193]. Ascorbate biofortification focuses on
enhancing flux through the Smirnoff–Wheeler and D-galacturonate reductase (GalUR)
pathways [193]. Overexpression of GalUR in tomato increased fruit ascorbate 2.5–3-fold,
improving stress tolerance and post-harvest life [342]. Overexpression of GDP-L-galactose
phosphorylase (GGP) in rice and lettuce enhanced ascorbate content by 60–150% and
protected chlorophyll from salinity-induced destruction [343]. These enhancements are
reflected in the AsA–GSH cycle, which requires continued NADPH turnover and H2O2

detoxification via APX [72,76]. Glutathione biofortification targets key enzymes of the
cysteine and γ-glutamyl pathways [65]. Overexpressing γ-glutamylcysteine synthetase
(GSH1) or GR in Arabidopsis and rice increased glutathione pools 2–3-fold, raising the
GSH/GSSG ratio and reducing membrane lipid damage by 40–50% [340]. These plants
showed better tolerance to Cd, ozone, and salinity, while larger glutathione pools also aided
recycling of ascorbate and tocopherol [73]. Carotenoid pathway engineering is a typical
example [124]. Golden Rice, which contains both the psy and crtI genes, accumulated
30–35 μg g−1 of endosperm β-carotene, a precursor of vitamin A and a strong scavenger
of singlet oxygen [341]. Similar approaches in maize and cassava (Manihot esculenta L.)
resulted in twofold to fourfold increases in carotenoid levels, enhancing stress tolerance and
yield [125,341]. Overexpression of γ-TMT increased tocopherol levels by 35–45% in wheat
and soybeans, reducing seed aging and improving membrane stability during drought and
heat stress [342]. α-tocopherol inhibits lipid oxidation and, with ascorbate, stabilizes redox
states within plastids [343].

Recent innovations in CRISPR/Cas technology make targeted, DNA-free fine-tuning
of antioxidant pathways possible [246]. For example, editing the GGP and GalUR promoters
in tomato and rice has led to 30–70% increases in ascorbate levels. This method does not
require transgene insertion [344]. Additionally, regulating the expression of repressors
such as SlAPX4 or VTC2 can also increase endogenous antioxidant capacity. These plants
show improved heat and drought stress tolerance [345]. Transferring stress-responsive
cis-elements into promoters of antioxidants allows inducible regulation. This strategy
conserves metabolic resources during optimal conditions but enables rapid antioxidant
production during stress [231]. In summary, biofortification creates a win-win outcome. It
enhances plant stress tolerance and improves human nutrition by raising levels of vitamin
C and E, β-carotene, and phenolics [335]. Fresh market tomato lines high in ascorbate
show 25% greater yield stability under drought and 30% firmer post-harvest fruit. These
findings suggest a link between improved antioxidant metabolism and better agronomic
and nutritional performance [346,347]. Combining biofortification with microbial priming,
exogenous application, and CRISPR-based regulation gives plants a multifaceted oxidative
stress defense mechanism [246,346]. The challenge is to refine metabolic fluxes and remove
growth–defense trade-offs. Customizing antioxidant increases to crop physiology and
environment is needed. Advances in systems biology, metabolic modeling, and breeding
technologies will support the development of climate-resilient, nutrient-rich crops. These
crops can sustain productivity and human health under increasing environmental stress.
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7.4. Translating Antioxidant Modulation into Yield and Crop Quality Under Field-Relevant
Stress Regimes

Many studies quantify antioxidants using biochemical proxies such as ROS, MDA,
enzyme activities, and electrolyte leakage. However, these markers often fail to predict har-
vest outcomes. To enable translation, antioxidant interventions must be directly linked to
yield components. These include maintaining photosynthetic duration, optimizing assimi-
late partitioning, improving flowering and fruit set, enhancing grain filling, and increasing
harvest index. Evaluation should also focus on quality traits, nutrient density, firmness,
shelf life, and seed longevity, not just seedling survival under stress. The evidence summa-
rized above demonstrates this linkage in selected systems. For instance, tomato lines with
elevated ascorbate show more stable yields under drought and firmer post-harvest fruit.
Antioxidant capacity tracks with heat-stress tolerance in cereals as well. However, robust
deployment needs both benefits under stress and penalties under non-stress conditions to
be reported. This is due to potential trade-offs between growth and defense. Performance
testing across varied environments and combined or sequential stresses is necessary, since
ROS regimes and resource constraints often interact non-additively. Future antioxidant
engineering and management should make yield and quality primary endpoints. Use
redox measurements to explain and predict these outcomes.

8. Challenges and Knowledge Gaps

Despite progress in identifying antioxidant components and stress phenotypes, trans-
lating findings from controlled studies into the field remains inconsistent. Plant redox
regulation is dynamic and compartmentalized. It also includes feedback loops. Chang-
ing one part can trigger compensatory responses or alter ROS signalling. The key is not
just boosting “antioxidant capacity” but adjusting the redox balance in a predictable way.
This means keeping ROS at helpful levels while avoiding long-term oxidative damage
if environments change. Measurement is the first challenge. ROS and redox states are
highly localized and brief. For example, H2O2 acts for seconds to minutes over micrometre
distances. Hydroxyl radicals react where they are formed. Without compartment-specific
quantitative data, studies rely on endpoint markers to infer ROS patterns. This hinders
comparisons across species, tissues, or stress intensities. While genetically encoded probes,
redox reporters, and multi-omics approaches are advancing, high-resolution mapping of
ROS and antioxidant turnover in intact tissues is still limited. This is especially true in
the field.

Another barrier is network nonlinearity and coupling. Increasing one enzyme’s activ-
ity can change the ROS pattern, not just decrease stress. For example, boosting superoxide
dismutase can raise H2O2 levels. If peroxidase and reductant recycling do not keep up,
defense signals or senescence may change. There is also a metabolic and developmental
cost. Sustained antioxidant increases draw on carbon, nitrogen, and reductants. Excessive
ROS removal can suppress essential developmental or stress signals. These factors explain
why constant overexpression can improve tolerance in labs but lower growth or yield under
non-stress conditions. Regulating antioxidants with stress-responsive, real-time systems
is more promising. Field conditions create extra complexity. Stresses rarely occur alone;
drought may combine with heat, salinity with poor nutrients, and temperature swings with
oxidative bursts. These combinations mean ROS and antioxidant demands are not additive.
Single-stress experiments cannot predict these effects. A key gap is understanding how
the redox balance is reset during combined or sequential stresses. It is still unclear which
intervention points are helpful or harmful under these conditions. Closing this gap needs
factorial or sequential stress tests and compartment-specific redox tracking. Yield and
quality measures are needed across reproductive development.
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Environmental differences and genotype-by-environment interactions still limit trans-
lation. Redox processes differ with genotype, stage, tissue, microclimate, and stress timing.
When and where you sample can change outcomes. To address this, use integrated pheno-
typing pipelines. Methods include non-destructive imaging, remote sensing, and, when pos-
sible, in situ redox reporting. Validate in multiple environments and use predictive models.
These models should link ROS flows, antioxidants, reductant supply, and growth costs. This
lets you assess interventions as whole-system designs rather than just single-gene changes.

9. Future Perspectives

The next frontier in plant redox biology is to convert mechanistic insight into robust,
yield-stable field interventions. This will require moving beyond static “more antioxidant”
strategies. Future work should focus on dynamic control. Regulatory circuits should
activate detoxification and recycling only when ROS exceed physiological thresholds. At
the same time, signalling needed for acclimation and development must be preserved.
Synthetic biology tools, stress-responsive promoters, tunable regulatory modules, and
compartment-targeted designs provide practical ways to implement this control in crops.
Genome engineering is also shifting away from coarse overexpression. The field now uses
precision tuning, including multiplex CRISPR, base editing, and prime editing. These
approaches generate allelic series that adjust enzyme kinetics, localization, and redox-
sensitive residues without adding foreign DNA. Target selection must consider system
constraints, NADPH supply, glutathione/ascorbate recycling, and organelle cross-talk.
This helps avoid stress tolerance that reduces yield under normal conditions. Building
predictive measurement and modelling infrastructure is equally important. Integrating
transcriptomics, proteomics, metabolomics, and redox flux with digital phenotyping and
data-driven models enables clear, testable design rules for shifting the redox rheostat under
changing field conditions. Microbiome-based strategies offer a complementary, potentially
low-input approach. They can stabilize redox buffering via hormone–ROS crosstalk and
metabolite support. However, success depends on colonization stability, soil context, host
genotype, and formulation methods. Translation ultimately requires integrated breeding
pipelines. These must combine natural diversity, genomic prediction, targeted editing,
and multi-environment validation. Only in this way can resilience traits deliver consistent
benefits without hidden yield costs.

10. Conclusions

This review advances a unifying interpretation of antioxidant function in abiotic stress.
Outcomes depend less on absolute antioxidant abundance than on compartment-resolved
network architecture, operating under the constraints of reductant supply and recycling
throughput. Framed as a quantitative redox rheostat, the same ROS species support ac-
climation when restricted to specific concentration–time windows; conversely, they cause
injury if fluxes are sustained or misregulated in space. Thus, inconsistent results from
antioxidant manipulation arise when interventions ignore kinetics, compartmentation,
and system-level coupling. A practical path forward relies on measurement and mod-
els. Priority needs include quantitative, in vivo ROS and redox mapping, identifying
recycling and NADPH bottlenecks across tissues and stress phases, and mechanistically
understanding inter-organelle coupling. Translational strategies are most likely to succeed
with dynamic, conditional control, such as stress-responsive regulation, coordinated multi-
node tuning, and genotype-by-environment validation, rather than with single-component
overexpression. Following these principles, antioxidant biology can shift from reactive
damage control to predictive design, enabling crop resilience strategies that work across
real agricultural environments.
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246. Vlčko, T.; Ohnoutková, L. Allelic variants of CRISPR/Cas9-induced mutation in an inositol trisphosphate 5/6 kinase gene
manifest different phenotypes in barley. Plants 2020, 9, 195. [CrossRef]

247. Schilling, R.K.; Marschner, P.; Shavrukov, Y.; Berger, B.; Tester, M.; Roy, S.J.; Plett, D.C. Expression of the Arabidopsis vacuolar
H+-pyrophosphatase gene (AVP1) improves the shoot biomass of transgenic barley and increases grain yield in a saline field.
Plant Biotechnol. J. 2014, 12, 378–386. [CrossRef]

248. Wang, T.; Xun, H.; Wang, W.; Ding, X.; Tian, H.; Hussain, S.; Dong, Q.; Li, Y.; Cheng, Y.; Wang, C.; et al. Mutation of GmAITR
genes by CRISPR/Cas9 genome editing results in enhanced salinity stress tolerance in soybean. Front. Plant Sci. 2021, 12, 779598.
[CrossRef]

249. Zeng, Y.; Wen, J.; Zhao, W.; Wang, Q.; Huang, W. Rational improvement of rice yield and cold tolerance by editing the three genes
OsPIN5b, GS3, and OsMYB30 with the CRISPR–Cas9 system. Front. Plant Sci. 2020, 10, 478091. [CrossRef]

250. Shen, C.; Que, Z.; Xia, Y.; Tang, N.; Li, D.; He, R.; Cao, M. Knock out of the annexin gene OsAnn3 via CRISPR/Cas9-mediated
genome editing decreased cold tolerance in rice. J. Plant Biol. 2017, 60, 539–547. [CrossRef]

https://doi.org/10.3390/antiox15030337
218



Antioxidants 2026, 15, 337

251. Nawaz, G.; Han, Y.; Usman, B.; Liu, F.; Qin, B.; Li, R. Knockout of OsPRP1, a gene encoding proline-rich protein, confers enhanced
cold sensitivity in rice (Oryza sativa L.) at the seedling stage. 3 Biotech 2019, 9, 254. [CrossRef] [PubMed]

252. Chen, H.; Su, C.; Lin, C.; Huang, G.; Lin, Y. Expression of sweet potato cysteine protease SPCP2 altered developmental
characteristics and stress responses in transgenic Arabidopsis plants. J. Plant Physiol. 2010, 167, 838–847. [CrossRef] [PubMed]

253. Klap, C.; Yeshayahou, E.; Bolger, A.M.; Arazi, T.; Gupta, S.K.; Shabtai, S.; Usadel, B.; Salts, Y.; Barg, R. Tomato facultative
parthenocarpy results from SlAGAMOUS-LIKE 6 loss of function. Plant Biotechnol. J. 2017, 15, 634–647. [CrossRef] [PubMed]

254. Katiyar-Agarwal, S.; Agarwal, M.; Grover, A. Heat-tolerant basmati rice engineered by over-expression of hsp101. Plant Mol. Biol.
2003, 51, 677–686. [CrossRef]

255. El-Esawi, M.A.; Alayafi, A.A. Overexpression of rice Rab7 gene improves drought and heat tolerance and increases grain yield in
rice (Oryza sativa L.). Genes 2018, 10, 56. [CrossRef]

256. Scafaro, A.P.; Atwell, B.J.; Muylaert, S.; Reusel, B.V.; Ruiz, G.A.; Rie, J.V.; Gallé, A. A thermotolerant variant of Rubisco activase
from a wild relative improves growth and seed yield in rice under heat stress. Front. Plant Sci. 2018, 9, 355020. [CrossRef]

257. Baeg, G.J.; Kim, S.H.; Choi, D.M.; Tripathi, S.; Han, Y.J.; Kim, J.I. CRISPR/Cas9-mediated mutation of 5-oxoprolinase gene confers
resistance to sulfonamide compounds in Arabidopsis. Plant Biotechnol. Rep. 2021, 15, 753–764. [CrossRef]

258. Cannea, F.B.; Padiglia, A. Antioxidant Defense Systems in Plants: Mechanisms, Regulation, and Biotechnological Strategies for
Enhanced Oxidative Stress Tolerance. Life 2025, 15, 1293. [CrossRef]

259. Tavleeva, M.M.; Belykh, E.S.; Rybak, A.V.; Rasova, E.E.; Chernykh, A.A.; Ismailov, Z.B.; Velegzhaninov, I.O. Effects of Antioxidant
Gene Overexpression on Stress Resistance and Malignization In Vitro and In Vivo: A Review. Antioxidants 2022, 11, 2316.
[CrossRef]
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Abstract: Potentially toxic elements (PTE), such as cadmium (Cd), lead (Pb), and arsenic
(As), threaten rice (Oryza sativa L.) crop productivity and pose significant risks to human
health when they are present in soil. This review summarizes the current understanding of
soil and rice contamination with As, Cd, and Pb to provide an in-depth understanding of
the dynamics of these contaminants and the mechanisms regulating their flow from soil to
plants. It focuses on the following aspects: (1) these metals’ geochemical distribution and
speciation in soil–rice systems; (2) factors influencing the transformation, bioavailability,
and uptake of these metals in paddy soils; (3) metal uptake, transport, translocation, and
accumulation mechanisms in rice grains; and (4) the roles of transporters involved in metal
uptake, transport, and accumulation in rice plants. Moreover, this review contributes to
a clearer understanding of the environmental risks associated with these toxic metals in
soil–rice ecosystems. Furthermore, it highlights the challenges in simultaneously managing
the risks of As, Cd, and Pb contamination in rice. The study findings may help inspire
innovative methods, biotechnological applications, and sustainable management strategies
to mitigate the accumulation of As, Cd, and Pb in rice grains while effectively addressing
multi-metal contamination in paddy soils.

Keywords: soil–rice systems; uptake; transporters; As; Cd; Pb

1. Introduction

The contamination of agricultural soils with potentially toxic elements (PTE) is a seri-
ous global concern [1–4]. PTE primarily enter agricultural soil ecosystems via atmospheric
deposition from mining and industrial activities; the application of synthetic fertilizers
(e.g., phosphate fertilizers), farmyard manure, and agrochemicals (e.g., pesticides); the
introduction of sewage sludge and wastewater; and irrigation using contaminated ground-
water [2,5,6]. Among PTE, arsenic (As), cadmium (Cd), and lead (Pb) are of particular
concern because they frequently occur in the environment, which increases the likelihood
for human exposure [7]. In fact, the Agency for Harmful Substances and Disease Registry
and the U.S. Environmental Protection Agency list these three toxic elements among the top
10 PTE [8,9]. Their toxicity levels are dose-dependent, and chronic exposure to these PTE
through food consumption has been linked to various health risks, including cancer [10,11].
They are non-biodegradable, persistent, and devoid of biological functions once they enter
the environment.
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Moreover, these PTE significantly degrade soil health and fertility by disrupting soil
ecosystem functions, negatively affecting natural soil microbial communities, and altering
soil chemical and physical properties [12,13]. Upon entering the edible parts of crops, these
PTE interfere with various physiological and biochemical processes, including nutrient
uptake, membrane stability, photosynthesis (through decreased chlorophyll production),
ion homeostasis, and lipid peroxidation, which generate reactive oxygen species, ultimately
leading to decreased plant biomass and grain yield [14–16]. Furthermore, edible crops with
elevated concentrations of PTE pose significant risks to consumers and are unsuitable for
consumption because of compromised food quality and safety.

Therefore, the mechanism behind the transfer of PTE from the soil to edible plant
parts is a critical research area because it is directly related to food safety and security, with
potential implications for human health. For instance, rice, which contains both dietary
calories and toxic metals [17], is the primary staple food for approximately half of the
global human population [18]. Rice-based agroecosystems play a critical role in global food
security. The uptake and accumulation of toxic elements in rice grains is directly related to
food safety and public health. Flooded paddy soils, in particular, create unique chemical
conditions that can increase the mobility and bioavailability of certain PTE, especially As.
According to the World Health Organization (WHO), Food and Agricultural Organization
(FAO), and European Commission legislation, the maximum allowable limits for total As,
Cd, and Pb are 300 μg kg−1, 200–400 μg kg−1, and 100–200 μg kg−1, respectively [19–21].
Therefore, understanding the behavior of PTE in rice-growing environments and their
uptake pathways and accumulation in rice is essential for developing effective strategies to
ensure the safety and sustainability of rice production.

This review focuses on three PTE—As, Cd, and Pb—owing to their high potential
transfer from soil to the food chain. These toxic elements exhibit distinct biogeochemical
behaviors, complicating the development of remediation strategies that can simultaneously
decrease their toxicity and accumulation in agricultural products. Previous studies have
introduced a simple and cost-effective method (chemical immobilization technology with
soil amendments) for reducing metal bioavailability [4,22,23], with detailed explanations
of its mechanisms for the remediation of contaminated arable soils. However, a single
technique is often insufficient for simultaneously and effectively decreasing the bioavail-
ability and uptake of As, Cd, and Pb in plants. Therefore, understanding the mechanisms
of their uptake and translocation mechanisms in plants is essential for developing effective
strategies to decrease their risks in soil–rice systems.

This review summarizes and discusses the geochemical distribution and speciation
of As, Cd, and Pb in the soil, their uptake and transportation mechanisms from the soil
to plant roots, and their subsequent movement into aerial plant parts. Furthermore, this
review provides an in-depth understanding of the dynamics of As, Cd, and Pb in the soil;
their controlling factors; their interactions with other metals, cations, and anions; and the
mechanisms regulating their flow from soil to plants.

2. Literature Search Strategy

This review is based on a comprehensive search of the published literature using sev-
eral electronic databases, including PubMed, Scopus, Web of Science, and Google Scholar.
The search was conducted using a combination of specific keywords and corresponding
terms found in titles and/or abstracts: “arsenic”, “cadmium”, “lead”, “rice”, “paddy soil”,
“metal uptake”, “bioavailability”, “speciation”, and “metal transporters”.

Articles were included if they focused on rice systems and examined the behavior,
transformation, bioavailability, or uptake of these toxic elements (As, Cd, and Pb) in
paddy soils and rice plants. The initial screening process involved removing duplicate
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records, followed by a review of titles, abstracts, and full texts to exclude studies that were
not relevant to the objectives of this review. No formal inclusion or exclusion criteria or
systematic data synthesis methods were applied. Instead, the goal was to provide a broad
overview and a critical discussion of key findings and emerging trends in the literature.

3. Geochemical Distribution and Speciation of As, Cd, and Pb in
Paddy Soils

3.1. As

Arsenic (As) has an atomic weight of 74.9 and a specific gravity of 5.73. This semi-
metallic element exists in the +5, +3, 0, and −3 oxidation states, depending on the pre-
vailing physiochemical conditions of the environment. In soils, As can occur in the form
of inorganic species, such as arsenate oxyanions [As(V)] and arsenite [As(III)], as well as
methylated organic species, such as monomethylarsonic acid (MMA), dimethylarsinic acid
(DMA), and trimethylarsinic acid (TMA) [24,25]. In contaminated soils, As exists primarily
in two inorganic forms: As(V) and As(III). In addition, trace amounts of methylated organic
As species, such as MMA and DMA, are also present in soils, often resulting from extensive
pesticide, herbicide, and defoliant applications, as well as the microbial methylation of
As [26,27]. Under aerobic conditions, As(V) is the predominant As species [28]. It can un-
dergo hydrolysis and bind strongly to iron (oxy)hydroxides through inner-sphere bidentate
and monodentate surface complexes [26]. However, under anaerobic conditions in flooded
paddy soils, As(V) is reduced to As(III) through microbial activity. Moreover, As(III) is
ten times more toxic and soluble than As(V) [29,30]. High concentrations of As(III) are
dissolved in the soil solution under anaerobic conditions, leading to higher As concentra-
tions in rice grains [29,31], as rice is typically cultivated under anaerobic conditions [32].
It was reported that As(V) accounts for approximately 73–96% of the total As content of
aerobic soils [33], whereas As(III) accounts for approximately 87–94% of As in flooded soils.
Although As(V) is less toxic than As(III), it is thermodynamically more stable under normal
conditions and remains a major contaminant, owing to its toxicity and carcinogenicity to
humans. The anthropogenic sources that contribute to elevated As concentrations in the
soil include atmospheric deposition from metal mining; smelting; fossil fuel combustion;
industrial dust and waste accumulation; the irrigation of wastewater and As-contaminated
water originating from geogenic sources; and phosphate fertilizer, manure, pesticide, and
herbicide application [34–37].

3.2. Cd

Cadmium (Cd) is a transition metal that has an atomic number of 48, an atomic weight
of 112.4 g mol−1, and a density of 8.65 g cm−3. It predominantly exists as divalent Cd2+

ions and is mobilized under oxic and acidic conditions. Cd is more mobile and soluble
than other toxic elements in the soil, making it readily available for plant uptake [38]. The
behavior of Cd2+ in soil largely depends on the soil pH. At pH levels below 6.5, Cd2+ tends
to form complexes with inorganic ligands (e.g., Cl−, SO4

2− etc.), while at pH levels above
6.5, it binds to iron oxides [39]. Additionally, a significant portion of Cd2+ binds to humic
acids. In some soil types, CdCO3 is the dominant species; meanwhile, small quantities
of Cd2+ sulfide species may also occur in other soil types. The primary sources of Cd2+

input into agricultural soils include the application of phosphate fertilizers, pesticides,
wastewater irrigation, and biosolids, as well as the atmospheric deposition of dust and
fumes from industrial activities, incineration, and mining [40–44].
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3.3. Pb

Lead (Pb) has an atomic number of 82, an atomic weight of 207.19 g mol−1, and a
specific gravity of 11.34 g cm−3. It primarily exists in the +2 oxidation state rather than
in the +4 oxidation state. Pb2+ ranks second after As in terms of occurrence, human
exposure potential, and toxicity. Inorganic Pb2+ is less mobile and soluble than As and Cd;
therefore, rice absorbs minute concentration of Pb2+ [45,46]. Most of the absorbed Pb2+

ions are deposited in rice roots rather than being translocated to the aerial parts of rice.
Pb2+ strongly binds to humic matter in organic soils and to iron oxides in mineral-rich
soils. In flooded paddy soils, Pb2+ can bind to sulfur to form PbS precipitates; however,
under oxidizing conditions, PbS releases Pb2+ ions. Pb2+ is released into agricultural soil
ecosystems through various anthropogenic activities, including the use of leaded gasoline,
fertilizers, and pesticides; the disposal of municipal solid waste; and the deposition of
industrial dust and fumes [47].

4. Factors Influencing As, Cd, and Pb Distribution in Paddy Soils and
Their Translocation in Rice

Not all PTE in the soil are available for uptake by rice; their availability depends
on the type, concentration, and chemical forms of metals. Additionally, As, Cd, and Pb
exhibit dynamic behaviors in paddy soils. Their bioavailability and uptake mechanisms
are influenced by various factors, including soil physicochemical properties (e.g., soil pH
and redox potential); plant root characteristics; As, Cd, and Pb forms and concentrations
in the soil solution; environmental conditions; plant genotype; growth stages; soil amend-
ment applications; and soil microbial dynamics [48–51]. Such a wide range of factors can
significantly influence the bioavailability and uptake of toxic ions by rice, thereby affecting
their accumulation in edible plant parts [52].

4.1. Soil pH

Soil pH significantly influences the concentrations of available As, Cd, and Pb in the
soil, as well as their translocation to rice roots. As soil pH increases, the adsorption of
cationic metals (Cd and Pb) tends to increase due to hydrolysis and the formation of MOH+

(M = Cd2+ or Pb2+), which, in turn, decreases their solubility and bioavailability. At high
pH levels, several factors contribute to the decrease in bioavailable Cd and Pb in paddy
soils: (1) an increase in negative charges on the soil surface, which enhances the adsorption
of cationic metals (Cd and Pb); (2) the production of M(OH)+ precipitates due to hydrolysis;
and (3) the formation of stable phases that bind to carbonate-bound, phosphate-bound,
and Fe–Mn oxide-bound fractions [53]. It was also reported that increasing soil pH from
5.0 to 6.5 decreased the extractable phase of Cd by approximately 2.6 to 3 times [54]. In
contrast, soil acidification increases the solubility of Cd, transforming it from a stable to a
more bioavailable form [55]. Furthermore, Pb translocates to shoots when Pb ions cannot
precipitate and are retained in plant cell walls due to low pH [56]. Conversely, oxyanionic
As has the opposite solubility pattern. For example, the desorption of As increases with
increasing soil pH, mainly because of proton consumption, which increases the number
of anions on the exchange sites of the soil surface, along with both As(III) and As(V). It
was reported that high soil pH (pH 8.5) increases negative surface charges [57], such as
hydroxyl ions, thereby facilitating the desorption of As from Fe oxides. This, in turn,
increases the mobilization of As at the root surface, leading to greater As accumulation
in rice. Consequently, this condition enhances the desorption and mobilization of As at
the root surface, ultimately increasing As accumulation in polished rice [58]. Therefore,
the contrasting behaviors of oxyanionic As and cationic metals (Cd and Pb) in response
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to soil pH in paddy soils pose a significant challenge for simultaneously controlling the
accumulation of these toxic elements in plants and rice.

4.2. Oxidation–Reduction Reactions (Redox Potential)

Redox potential is also a key driving factor that significantly and directly affects
the solubility of As, Cd, and Pb in flooded paddy soils. Flooding and draining cycles
during rice growing seasons cause substantial fluctuations in the redox potential, pH, and
solubility of these toxic elements. The mobility and toxicity of As are highly dependent
on the soil redox environment. The solubility of As increases dramatically as the redox
potential decreases. For example, reduced redox potential facilitates the transformation of
As(V) into As(III), which is more soluble and bioavailable than As(V) [59], because As(III)
has a lower affinity for the soil solid phase. Conversely, As(V) readily adsorbs onto mineral
components such as iron (hydr)oxides [60]. During drainage, As mobility decreases as
As(V) becomes the predominant species [31].

By contrast, Cd and Pb are redox-insensitive toxic elements that do not change their
oxidation states with respect to their solubility. However, the reductive dissolution of Fe
and Mn hydr(oxide)s under decreasing redox potential in flooded soils can significantly
increase the release and mobility of Cd and Pb through desorption reactions. Additionally,
sulfide-rich conditions in reduced paddy soils promote the precipitation of Cd and Pb with
sulfide minerals. For instance, the solubility of Cd decreases with lower redox potential
due to the formation of CdS [61]. During drainage, increasing redox potential causes the
dissolution of CdS [62] and the formation of water-soluble Cd sulfate (CdSO4), which, in
turn, increases the solubility of Cd2+ in the soil solution, making it more available for rice
roots to adsorb [63].

Sulfate reduction may also decrease the solubility of As, particularly in paddy soils
that significantly produce Fe2+ under reducing conditions, which is likely due to the
co-precipitation or sorption of As(III) by the newly formed FeS minerals [64]. Flooding
conditions can also alter soil pH. Typically, soil pH in flooded paddy soils stabilizes within
a neutral range. In flooded acidic soils, pH increases to a neutral level, owing to proton
consumption during various reduction reactions. By contrast, alkaline soils tend to exhibit
decreased soil pH due to CO2 accumulation during flooding [65]. The solubility of Cd and
Pb decreases markedly as the redox potential decreases under flooded conditions because
an increase in soil pH enhances the sorption of Cd2+ and Pb2+ ions.

Therefore, the solubility of As increases dramatically as the redox potential decreases,
primarily because of the reduction of As(V) to As(III) and the attainment of neutral pH
levels. When paddy soil is drained, the opposite processes occur rapidly, leading to
increased Cd2+ and Pb2+ solubility and decreased As solubility [66–68].

4.3. Fe Plaque Formation and Radial O2 Loss

As rice is a semi-aquatic plant (moist or wet conditions), its roots have extensive
longitudinal aerenchyma (a spongy tissue that forms spaces/air channels in plants) [69],
which facilitates the transport of O2 from the shoots to the root tips, allowing it to thrive
and extend its roots into flooded soils. Oxygen diffusion through the aerenchyma into
the surrounding rhizosphere is referred to as radial O2 loss (ROL). ROL oxygenates the
rhizosphere and promotes the oxidation of ferrous Fe (Fe2+) to ferric Fe (Fe3+). Conse-
quently, yellow Fe (hydr) oxide precipitates, known as iron plaques, form on the root
surface. These plaques primarily comprise amorphous or crystalline Fe (hydr)oxides [70].
As strong sorbents, Fe plaques hinder the uptake of As, Cd, and Pb by rice [70–72]. Several
studies have reported that Fe plaques decrease metal concentrations in rice seedlings,
with a negative correlation observed between As levels in rice grains and amorphous Fe
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oxide-bound As concentrations in the soil [73–75]. The role of Fe plaques in influencing
As, Cd, and Pb concentrations varies depending on several factors, including the extent of
plaque formation on the root surface, which differs among rice genotypes. In addition, Fe
plaque formation is influenced by waterlogging conditions, O2 availability in the soil, the
growth stages of rice plants, and the background concentration of Fe in paddy soils [76,77].

4.4. Rice Root Activity

As the first organ exposed to As, Cd, and Pb in the soil, rice roots serve as the first
barrier against their toxicity. The root hairs and epidermal cells in the mature zone of the
root tip absorb toxic metal ions from the soil. Root activity significantly influences the
concentration and speciation of metal ions in the rhizosphere, thereby affecting the ability
of roots to take up metal ions. To maintain the charge balance resulting from the absorption
of nutrient ions, roots compensate by excreting H+ or OH− ions [78]. For instance, metal
ions are exchanged with H+ and OH− ions that are produced during plant respiration
and are adsorbed onto the surface of root epidermal cells [79]. Additionally, plant roots
produce certain low-molecular-weight compounds and organic (e.g., dissolved organic C)
or inorganic ligands (e.g., NO3

− and Cl−) that form soluble metal–ligand complexes [80].
Consequently, these complexes enhance the mobility of metal ions and facilitate their entry
into the root epidermis as chelates. Other factors, such as root surface area, mycorrhizal
relationships in the rhizosphere, transpiration pull, and the extent of the root system, can
influence the solubility of toxic metal ions in the soil. Moreover, rice cultivars may affect
the solubility of metals in the rhizosphere and their accumulation in grains. Different rice
cultivars exhibit varying capacities for As, Cd, and Pb uptake, transport, and accumulation
in the reproductive tissues [81].

4.5. Interaction with Cations (Ca2+, Mg2+, K+, Na+, and Mn2+) and Anions (NO3
−, SO4

2−,
and PO4

2−)

The transport pathways of Cd and Pb chemically resemble those of other divalent
cations. Consequently, the presence of competing cations, such as Ca2+, Mg2+, or K+, in the
soil medium can alter the amount of Cd2+ or Pb2+ concentrations taken up by rice roots
because they share the same transporter proteins [82]. Na+ has been reported to enhance
Cd uptake by plants [83,84]. Conversely, other metallic elements, such as Ca2+, Mg2+, and
K+, inhibit Cd2+ and Pb2+ uptake by blocking their transport into rice roots [85]. Other
divalent metal ions, such as Mn2+, Fe2+, Zn2+, and Si, also enter rice root cells through ion
channels and carrier proteins and share the same pathways as Cd and Pb. These cations can
inhibit Cd and Pb uptake through competitive interactions with these channels [41,86–90].
For instance, the excessive release of Mn owing to the dissolution of Mn oxides inhibits Cd
absorption by rice roots. Mn oxides, which have strong oxidation and adsorption capacities,
can influence the availability of Cd by interfering with its adsorption onto other metal
oxides [41,91].

By contrast, anionic As primarily interacts with elemental S in paddy soils, especially
under reducing conditions in which reduced S species bind to arsenite [As(III)]. In flooded
soils, sulfate is readily reduced to dissolved sulfide (S2−) by sulfate-reducing bacteria. It
was also reported that reduced S2− immobilizes As through the formation of amorphous
As–sulfide precipitates, such as AsS and As2S3 [92]. For instance, the high-sulfate treat-
ment of rice plants has been reported to decrease the translocation of As from the roots
to the shoots. Additionally, in the presence of Fe, S2− can bind with Fe(II) to form FeS
minerals, such as Fe3S4 and FeS2, thereby enhancing the adsorption of As(III) and reducing
its mobilization [93]. In paddy soils, N predominantly exists in the form of ammonium
(NH4

+), with lower concentrations of nitrate (NO3
−). The release of O2 from rice roots into
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the rhizosphere can promote the microbial nitrification of NH4
+ near the root surface [94].

NO3
− concentrations can enhance the oxidation of As(III) and decrease its mobilization in

paddy soils by increasing the abundance and activity of NO3
−-dependent oxidizers [80,95].

The microbial oxidation of Fe(II) can occur simultaneously, forming insoluble Fe(III) precip-
itates that immobilize As(III) through co-precipitation and adsorption [96]. Furthermore,
denitrification (NO3

− reduction) and Fe(II) oxidation can occur concurrently, facilitated by
specific microbes that enhance As(III) adsorption, thereby decreasing As (III) availability
under flooded conditions [97,98].

5. As, Cd, and Pb Uptake and Transport Mechanisms in Rice

Understanding the uptake and transport mechanisms of As, Cd, and Pb is essential
for producing tolerant rice varieties with low metal accumulation through breeding or
genetic engineering. Various transporter proteins are critical in facilitating the transport of
free As, Cd, and Pb ions from soil solutions into rice. Transporters and intracellular high-
affinity binding sites regulate metal uptake across cell membranes. Several protein families,
including heavy metal P-type ATPases (HMA), natural resistance-associated macrophage
proteins (NRAMP), cation diffusion facilitators (CDF), Zn–Fe permease proteins (ZIP), and
ATP-binding cassettes (ABC), have been implicated in metal ion transport in plants [99].
The transport of As, Cd, and Pb involves five major processes: (i) uptake by the roots;
(ii) translocation to the xylem; (iii) transport to the shoot via the xylem; (iv) redistribution
through intervascular transfer at the node; and (v) transport to rice grains from leaf blades
via the phloem. Additionally, rice plants can absorb metal ions through their aerial parts,
such as leaves. These aforementioned processes determine the accumulation of As, Cd,
and Pb in rice grains [100].

Rice roots act as the primary entry point for metal ion uptake and serve as the first
barrier to the absorption of toxic elements [101,102]. Metal ions adsorbed onto the surface of
the root epidermis enter root cells via rhizosphere interactions, root membrane transporters,
and ion channels. Once inside the root, metal ions move from the epidermis to the cortex,
stele, and xylem for upward transport to the shoots. This movement occurs via two
primary pathways: the apoplastic pathway (via extracellular spaces, including the cell wall,
interstitial spaces, and conduit cavities) and the symplastic pathway (cell-to-cell movement
mediated by polarized influx and efflux transporters) [103,104]. In the apoplastic pathway,
Casparian strips act as barriers in the endodermis, limiting metal ion movement to the
xylem. Meanwhile, the symplastic pathway is slower and involves intracellular flow
through the plasmodesmata. Metal ions cross the endodermis, enter the stele, move
into the parenchyma cells through the pericycle sheath, and finally enter the xylem [105].
During this process, a fraction of metal ions is sequestered into root cell vacuoles via
specific transporter proteins before entering the xylem. Once in the xylem, metal ions are
transported to aboveground plant parts, including leaves, stems, and nodes, driven by
transpiration pull and root pressure. The efficiency of metal ion translocation depends on
the sequestration capacity of the vacuole and efficiency of xylem loading. High levels of
metal ion accumulation in rice grains are primarily associated with phloem transport, as the
phloem redistributes metal ions within the aboveground parts of the plant [106,107]. Thus,
metal ions absorbed by the roots are first translocated to the aboveground parts through
the xylem and are subsequently transported to rice grains via the phloem [108,109]. The
journey of As, Cd, and Pb from soil to rice grain is presented in Figure 1.
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Figure 1. Summary of the distribution and direction of As, Cd, and Pb transportation in soil–rice
systems. (a) Possible anthropogenic sources of As, Cd, and Pb in paddy soil. (b) Summary of the
contribution of transporter genes in As, Cd, and Pb translocation from the roots to the aboveground
parts of rice and, finally, accumulation in the grain. (c) Pathways of As, Cd, and Pb transportation
in rice plant first occurs through root absorption via apoplastic and symplastic routes. Once metal
ions enter the root cells, they are sequestered in root vacuoles or transferred to the xylem and then
transported upward via xylem loading, transferred from the root to the shoot via the xylem, and
redistributed to the grain via the phloem after reaching the node.

5.1. As Transport in Soil–Rice Systems

Under flooded conditions, As(III) is the most dominant As species in the soil, and rice
roots rapidly take up As(III), primarily through the influx transporter OsNIP2;1 [50,101,110].
OsNIP2;1, also known as Si influx transporter (Lsi1), primarily functions as a Si transporter
and serves as the major pathway for As(III) entry into rice roots. Lsi1 is strongly expressed
in rice roots, and mutations in this transporter significantly decrease As(III) influx into rice
roots [110]. Lsi1 is localized in the plasma membrane on the distal side of both endodermal
and exodermal cells, where Casparian strips occur. Although other NIP family members,
such as OsNIP1;1, OsNIP2;2, and OsNIP3;1, are expressed at very low levels, they are
unlikely to play a significant role in As(III) influx [50].

After entering the root cells, a portion of As(III) is detoxified via sequestering into
vacuoles following complexation with thiol compounds, such as phytochelatins (PCs). This
process occurs predominantly in the pericycle and endodermal cells of rice roots [71]. The
transport of As(III)–PC complexes into vacuoles for further detoxification is catalyzed by
Oryza sativa ABC transporter (OsABCC1) [111], which are crucial in limiting As translo-
cation by sequestering As(III)–PC complexes into vacuoles, wherein As is stored and
distributed in plants. As OsABCC1 is expressed in various plant parts, including the
roots, leaves, and nodes, removing it will significantly increase As accumulation in rice
grains [112].
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While Lsi1 is responsible for As(III) uptake into rice roots, the Si efflux transporter
(Lsi2) mediates As(III) translocation to the xylem [110,113]. Lsi2 is localized on the plasma
membrane of exodermal and endodermal cells in the roots; however, unlike Lsi1, it is
situated on the proximal side [114]. The pathway of As from the soil medium to the stele
involves uptake through the aquaporin channel Lsi1 and efflux toward the stele mediated
by Lsi2 [113,114]. Lsi2 mutation significantly decreases As accumulation in rice shoots
by 66–75% [110]. Similarly, knocking out Lsi1 decreases As concentration in the straw,
although it does not significantly affect the grains. By contrast, knocking out Lsi2 leads
to a significant decrease in As accumulation in both the straw and grains compared to
wild-type rice. These findings suggest that Lsi2 is more critical than Lsi1 in regulating
As transport and accumulation in rice shoots and grains. However, Lsi2 disruption also
impairs Si uptake, which negatively affects rice growth and can decrease grain yield by up
to 60% [113].

When paddy soils are flooded, certain concentrations of As(V) are present due to
the oxidation of As(III) coupled with the denitrification and release of oxygen by plant
roots [99]. In this case, the As(V) species is taken up by rice roots through phosphate
transporters, such as OsPT1, OsPT4, and OsTP8. Once inside the root cells, As(V) is rapidly
reduced to As(III) via the activity of transporters such as OsHAC1;1, OsHAC1;2, and
OsHAC4 [110]. The resulting As(III) is transported to the xylem sap via Lsi2. Consequently,
As(III) is the primary form of As in plant cells [115,116]. Notably, the overexpression of
OsHAC1;1, OsHAC1;2, and OsHAC4 significantly increases the efflux of As(III) from the
root cells, thereby reducing As accumulation in rice.

Aside from inorganic As species, several methylated As species, including methylated
As species such as MMA and DMA, are present in the soil. While rice plants lack the As
methylation ability, methylated As species in rice are derived from the soil by microbial
activity after soil flooding and additions of organic matter [117]. Although rice roots
can absorb methylated As species mediated by certain transporters like Lsi1 [118], their
uptake by rice plants is slower than that of As(III). However, organic As species are much
easier and 10 times more efficiently translocated to the shoots and reproductive parts than
inorganic As species via the xylem and phloem [119,120]. Additionally, DMA does not
form complexes with PCs or become sequestered in vacuoles. Consequently, DMA remains
highly mobile within plants [121]. The putative peptide transporter (OsPTR7) in rice has
been identified as being involved in DMA accumulation in rice grains [122].

5.2. Cd Transport in Soil–Rice Systems

Cd is highly mobile in the soil solution, and the root uptake of Cd begins when Cd
ions reach the root surface [123]. Rice roots primarily take up Cd ions in the forms of
Cd2+ and CdCl−. The uptake of Cd2+ is mainly facilitated by the Mn transporter Oryza
sativa NRAMP5 (OsNRAMP5) [79]. The NRAMP family, known as the transporters of
divalent transition metals, is present across all living organisms [124]. OsNRAMP5 is
predominantly expressed in rice roots and is polarly localized to the plasma membranes on
the distal sides of both exodermal and endodermal cells [79]. The expression of OsNRAMP5
promotes Cd2+ uptake, leading to increased Cd accumulation in rice grains [125]. Hence,
knocking out OsNRAMP5 significantly decreases Cd2+ uptake by rice roots and decreases
Cd accumulation in shoots and grains [126]. Other transporters, such as OsNRAMP1, Oryza
sativa iron-regulated transporters (OsIRT1 and OsIRT2), and OsCd1 (a member of a major
facilitator family), are also involved in Cd uptake; however, their contributions are minor
compared to those of OsNRAMP5 [127,128]. Studies have shown that OsIRT1 and OsIRT2
influence the root absorption of Cd [129], whereas OsCd1 also contributes to the uptake of
Cd by rice roots [130].
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After being transported into rice roots, a fraction of the Cd is sequestered into root
vacuoles via the Oryza sativa heavy metal ATPase family protein (OsHMA3) [131]. Vari-
ations in the coding sequence of OsHMA3 across rice cultivars affect Cd sequestration
and transportation, resulting in differences in Cd accumulation among cultivars [132].
OsHMA3, which is predominantly expressed in root cells, sequesters Cd in vacuoles and
regulates its loading into the xylem [131]. Additionally, the ABC family member OsABCC9
contributes to Cd sequestration in root vacuoles [43,133]. As OsABCC9 is localized in the
tonoplast of parenchyma cells, knocking it out results in increased Cd sensitivity in rice
plants and elevated Cd levels in the xylem sap and grains [130,134].

Cd translocation from roots to shoots is facilitated by transporters such as OsHMA2
and OsZIP7. OsHMA2, which is localized in the plasma membrane of the root pericycle and
parenchyma cells of vascular bundles in the nodes, is essential for delivering Cd from roots
to developing tissues [135–137]. Hence, knocking out these genes decreases the inward
flow of Cd [138]. Additionally, OsHMA2 is localized in the phloem of the vascular bundle
and mediates Cd transport through the phloem into growing structures. Knocking out
OsHMA2 significantly decreases Cd translocation to rice grains; moreover, it also disrupts
Zn transport and affects plant growth [139]. Similarly, OsZIP7 is involved in xylem loading
and transporting Cd upward to the phloem [137].

Node-expressed transporters such as OsCCX2 also mediate Cd translocation. OsCCX2,
a plasma membrane-localized Ca2+ transporter, regulates Cd transport between roots and
stems. Thus, knocking out this gene decreases Cd concentrations in rice grains [140].
Additionally, OsCAL1, a defensin-like protein expressed mainly in the root exodermis and
xylem parenchyma cells, chelates Cd for secretion into the extracellular spaces, thereby
reducing cytosolic Cd levels and facilitating root-to-shoot transport via xylem vessels [141].
Cd transport into rice grains occurs primarily via phloem transport, which is regulated
by low-affinity cation transporters (OsHMA2 and OsLCT1). OsHMA2 is responsible for
reloading Cd from parenchymal cells into the phloem of diffuse vascular bundles [125].
OsLCT1, a phloem plasma membrane protein localized in the uppermost node of the
vascular bundle, is involved in Cd translocation through the phloem [142,143]. OsLCT1
expression increases significantly during grain maturity, which is a critical period for Cd
accumulation in rice grains [142].

5.3. Pb Transport in Soil–Rice Systems

Rice roots serve as the initial point for facilitating the entry of Pb into the plant.
Adsorbed Pb passively penetrates the roots and follows the water transport channels [51].
Once Pb is absorbed and passively accumulated in the roots, it utilizes the apoplastic
pathway and is subsequently translocated through the vascular flow system. However, the
specific transport mechanisms, including the roles of the transporter proteins responsible
for stimulating Pb uptake in rice, remain unclear. Some studies have pointed out that
plants can take up Pb via Ca2+-permeable channels [144]. Additionally, similar to divalent
Cd2+, Pb2+ uptake is linked to the NRAMPs family of transporters in rice [90]. OsNRAMP5
has been identified as a major transporter for Pb2+ uptake, similar to its role in Mn2+ and
Cd2+ uptake. Short-term hydroponic studies have shown that knocking out OsNRAMP5
Pb accumulation in rice grains by 50% significantly decreases its accumulation in roots
and shoots. Moreover, studies have confirmed that the expression of transporter genes,
including OsNRAMP5 and OsHMA6, is induced by Pb exposure in rice [145].

HMA facilitates metal detoxification. For example, OsHMA9 is predominantly ex-
pressed in vascular tissues (phloem and xylem) and contributes to Pb uptake and transport
within and from these tissues [90]. Additionally, OsHMA2, OsHMA3, and OsHMA4 are
implicated in Pb loading. These genes exhibit significantly higher expression in rice roots
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than in shoots and leaves, which likely explains increased Pb accumulation in the roots and
decreased translocation to the shoots [146]. Furthermore, the ABCC1 transporter gene is
expressed in rice, particularly in the roots of Pb-stressed plants, where it facilitates PC–Pb
complex formation and vacuolar sequestration [146].

As Pb2+ is a divalent metal cation, it may also enter plant cells through channels or
transporters associated with other divalent transition metals such as Cd, Co, Fe, Ni, and
Zn. However, further studies are required to elucidate the precise mechanisms underlying
Pb uptake in rice. Pb2+ is less mobile in the soil–rice system than Cd and As. Most Pb is
retained in the root tissues, with only a small portion translocated to the aerial parts through
transporters [147]. Several factors limit Pb transport from the roots to the aerial plant parts,
including immobilization by negatively charged pectins in the cell wall [48,148,149], the
precipitation of insoluble Pb salts in intercellular spaces [150], accumulation in the plasma
membrane [151], and sequestration in the vacuoles of rhizodermal and cortical cells.

6. Key Challenges and Future Directions

Several studies have been conducted on the uptake, toxicity, and oxidative stress in
rice exposed to high As, Cd, and Pb concentrations. Additionally, other researchers have
attempted to develop various mitigation strategies, such as incorporating soil amendments
to decrease metal bioavailability and limit plant uptake by modifying the soil environment,
releasing essential plant nutrients, and developing rice varieties that can tolerate or avoid
the accumulation of HM ions by enhancing or modifying transporter proteins. Numerous
studies have demonstrated that agricultural soils are exposed to multiple PTE. Thus, the
toxicological consequences of exposure to a mixture of metals differ significantly from those
of exposure to individual metals. Therefore, the process and need for specific adaptations
that simultaneously minimize metal uptake and translocation to the edible parts of rice
are complicated. Information and research on developing new rice varieties that can
tolerate multi-metal contamination is still lacking, which is one of the future challenges in
mitigation strategies and research.

Metal(loid)s behave differently in the soil, affecting their availability, uptake, and
transport to plants. In plants, the absorption of metal ions is facilitated by their respective
transporters, and once inside the cells, different organelles utilize distinct transport proteins
according to their metal needs and biological functions. Due to the chemical similarities
between PTE such as As, Cd, and Pb and essential minerals, several transporters that
manage nutrient uptake may also inadvertently allow for heavy metal uptake. Thus,
creating or modifying transporter proteins that selectively exclude As, Cd, and Pb without
interfering with the uptake of essential minerals is difficult.

Additionally, the bioavailability of As (metalloid), Cd, and Pb (metals) in flooded
paddy soils varies widely because of factors such as pH, redox potential, organic matter
content, and microbial interactions. A rice variety that is tolerant to metals in one type of
soil may not perform well under different soil conditions. Therefore, specific soil and water
management practices must be selected under metal-enriched conditions.

Effectively addressing multi-metal contamination in soils and preventing harmful
translocation in plants may require a combination of genetic engineering, microbial sup-
port, and soil amendment strategies. Balancing HM tolerance with crop productivity and
nutritional quality is a long-term goal, particularly under diverse environmental condi-
tions. Developing new rice varieties that can tolerate multi-metal contamination presents
significant challenges owing to the complexity of metal uptake and translocation pathways,
environmental variability, and the need to maintain crop yield and quality. One major
hurdle is designing transporter proteins that can exclude toxic metals, such As, Cd, and Pb,
while allowing essential nutrients to enter the plant. Additionally, achieving tissue-specific
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exclusion, in which metals are sequestered in roots or shoots rather than in grains, requires
advanced gene-editing techniques and detailed knowledge of regulatory networks. Multi-
metal tolerance also demands balance; tolerance to one metal may increase sensitivity to
others or decrease nutrient uptake, making it difficult to engineer effective broad-spectrum
resistance. Furthermore, rigorous field trials across diverse environmental conditions are
needed to validate laboratory results, whereas statutory approval and public acceptance
of genetically modified or gene-edited rice can delay development. These complexities
underscore the need for continued research, collaboration, and innovation in breeding
and biotechnological approaches to develop safe, high-yield, and resilient rice varieties for
growth in contaminated soils.

7. Conclusions

The contamination of paddy soils with As, Cd, and Pb, as well as the uptake and
translocation of these PTE to rice, have raised significant environmental and food safety
concerns. This review highlights the complex interactions among soil properties, metal
speciation, and uptake and translocation mechanisms that govern the mobility and ac-
cumulation of As, Cd, and Pb in rice. While considerable progress has been made in
understanding the uptake, translocation, and detoxification of these potentially toxic ele-
ments (PTE), managing multi-metal contamination remains a significant challenge. Future
strategies should integrate soil and water management, the genetic improvement of rice
varieties with selective metal exclusion or sequestration traits, and effective regulations
to decrease the sources of these toxic elements to the rice ecosystems. Advancements in
biotechnology and breeding approaches can offer promising tools for developing resilient
and high-yielding rice varieties suited to contaminated environments, but sustained inter-
disciplinary efforts will be critical to ensure food safety and security under growing soil
environmental pressure.
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