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Editorial

Advances and Future Directions in Biotic and Abiotic Stress
Responses of Horticultural Plants
Changxia Li 1,* and Yue Wu 2

1 College of Agriculture, Guangxi University, Nanning 530004, China
2 College of Horticulture, Gansu Agricultural University, Lanzhou 730070, China; wuy@gsau.edu.cn
* Correspondence: licx@gxu.edu.cn

1. Introduction
Horticultural plants are fundamental to global nutrition, economic stability, and

ecosystem services. However, their productivity and quality are perpetually threatened by
a complex array of biotic and abiotic stresses. Biotic stresses, including pests and pathogens,
cause substantial pre- and post-harvest losses [1,2], while abiotic stresses such as drought,
salinity, and extreme temperatures, intensified by climate change, pose ever-growing
challenges to sustainable cultivation [3,4]. Understanding the intricate physiological,
molecular, and biochemical mechanisms that underpin plant stress responses is paramount
for developing resilient crop varieties and innovative management strategies. This Special
Issue, “Biotic and Abiotic Stress Responses of Horticultural Plants”, brings together cutting-
edge research and comprehensive reviews that illuminate these mechanisms and present
pathways toward enhanced horticultural sustainability.

2. Biotic Stress Responses: From Pest Management to Molecular Defense
The battle against biotic stressors requires a multi-pronged approach, integrating tra-

ditional management with modern biotechnology. Invasive species like the oriental fruit fly
(Bactrocera dorsalis) continue to devastate fruit production, necessitating advanced control
strategies ranging from biological controls to RNA interference (RNAi) and CRISPR-Cas9
gene editing, as detailed by Jaffar et al. [5]. Similarly, pervasive pests such as aphids,
whiteflies, and spider mites demand constant vigilance and integrated pest management
(IPM) protocols [6]. Beyond pests, pathogens including bacteria, fungi, and viruses trigger
sophisticated plant immune responses. Shamshiri et al. (contribution 1) demonstrated
that infection with Cucumber Mosaic Virus (CMV) and Turnip Mosaic Virus (TuMV)
significantly reduced the yield and quality of saffron by negatively impacting its mor-
phological and physiological traits and altering the biosynthesis of its key apocarotenoid
metabolites and associated gene expression. Zhang et al. (contribution 2) revealed that the
MIR396d-p3 negatively regulated apple resistance to the fungal pathogen Colletotrichum
gloeosporioides by targeting and suppressing the expression of the disease resistance-related
genes MdUGT89A2 and MdRGA3. Ma et al. (contribution 3) reported that resistance to
clubroot disease in radish involved rapid and coordinated activation of defense pathways,
including R gene-mediated recognition, MAPK-Ca2+-ROS signaling, and jasmonic acid reg-
ulation, while susceptibility was characterized by delayed responses and pathogen-induced
metabolic hijacking. Ginger rhizomes activated the plant–pathogen interaction pathway,
including PTI and ETI immune responses, along with ROS and NO signaling, to defend
against Fusarium solani infection during postharvest storage (contribution 4). Jones et al. [7]
synthesized 50 years of research to show that plant immunity, mediated by cell surface
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and intracellular receptors, provides the foundational knowledge for designing durable
resistance, such as stacking immune receptor genes to control crop diseases. Furthermore,
the menace of root-knot nematodes (Meloidogyne spp.) underscores the need for innovative
control measures. Vashisth et al. [8] reviewed the potential of genetic engineering and
RNAi technology to develop nematode-resistant crops, highlighting a promising frontier
in durable resistance breeding.

3. Abiotic Stress Responses: Unraveling Mechanisms for Climate Resilience
Abiotic stresses trigger a cascade of molecular events, from stress perception to the

activation of protective genes and metabolites. Waadt et al. [9] comprehensively synthesized
recent advances in understanding how plant hormones, particularly abscisic acid, mediate
sophisticated sensing, signaling, and response mechanisms to confer tolerance against
major abiotic stresses such as drought, salinity, and flooding. It further highlighted the
critical role of hormonal crosstalk, innovative biosensors for monitoring hormone dynamics,
and the potential for translating these molecular insights into developing climate-resilient
crops. Kumar et al. [10] reviewed how histone acetylation dynamics, regulated by HATs
and HDACs, control plant development and stress responses by modulating chromatin
structure and gene expression. Laloum et al. [11] indicated the critical role of alternative
splicing in fine-tuning plant abiotic stress tolerance, particularly through its regulation
of ABA signaling components and splicing factors. Wang et al. (contribution 5) reported
that specific members of the ABF gene family in kiwifruit (Actinidia chinensis), particularly
AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10, are upregulated under drought stress
and are positively correlated with increased abscisic acid (ABA) levels, suggesting their
crucial role in enhancing drought tolerance through the ABA signaling pathway. Wang et al.
(contribution 6) demonstrated that cucumber seedlings’ tolerance to high-temperature and
high-humidity stress increases with their leaf stage, with four-leaf seedlings being the
most resilient due to less severe photosynthetic inhibition and oxidative damage compared
to the more sensitive one- and two-leaf stages. Red light enhances the salt tolerance
of hydroponically grown pea seedlings by improving chlorophyll content, antioxidant
enzyme activity, ion homeostasis, and reducing oxidative damage under saline conditions
(contribution 7). The application of biochar and hydroretentive polymers mitigated water-
deficit stress in Satureja rechingeri by improving water status and reducing oxidative stress,
as evidenced by decreased antioxidant enzyme activity and malondialdehyde content
(contribution 8).

4. Sustainable Practices and Integrated Future Strategies
The transition to sustainable horticulture is imperative. Practices like intercropping

not only improve resource efficiency but also suppress diseases. Lv et al. [12] found that
intercropping faba bean with wheat suppressed Fusarium wilt by altering the rhizosphere
microbiome and root exudate profile. The integration of multi-omics data—genomics,
transcriptomics, proteomics, and metabolomics—is revolutionizing our understanding.
Gao et al. [13] comprehensively summarized the role of various plant microRNAs in
regulating salt stress tolerance through genetic engineering, highlighting their molec-
ular mechanisms, target genes, and potential applications in developing salt-resistant
crops. Moreover, optimizing irrigation and fertilization management, as evaluated by
Hui et al. [14], remains crucial for improving seed yield by enhancing topsoil nutrient
availability, leaf photosynthetic efficiency, and seed morphological traits.
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5. Conclusions
This Special Issue encapsulates the significant strides made in deciphering how horti-

cultural plants perceive and respond to environmental challenges. The collective works
underscore that solutions lie at the intersection of fundamental discovery and applied inno-
vation. By leveraging advanced biotechnological tools, adopting sustainable agronomic
practices, and fostering interdisciplinary collaboration, we can fortify our horticultural
systems against an uncertain climate future. The journey toward stress-resilient horticulture
is ongoing, and the insights gathered here provide a robust foundation for the research and
actions that will follow.
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Article

Physiological Responses of Cucumber Seedlings to Combined
High-Temperature and High-Humidity Stress at Different
Leaf Stages
Xi’ao Wang 1,2, Yupeng Pan 1, Hanqiang Liu 1, Huanwen Meng 1 and Zhihui Cheng 1,*

1 College of Horticulture, Northwest A&F University, Yangling, Xianyang 712100, China;
chuntian882@163.com (X.W.); yupeng.pan@nwafu.edu.cn (Y.P.); hanqiang0216@nwafu.edu.cn (H.L.);
menghw2005@163.com (H.M.)

2 Spice and Beverage Research Institute, Chinese Academy of Tropical Agricultural Sciences (CATAS),
Xinglong, Wanning 571533, China

* Correspondence: chengzh@nwafu.edu.cn

Abstract: The growth and development of plants are closely tied to growth stages, such as germina-
tion, flower bud differentiation, photosynthesis, water and fertilizer use efficiency, stress resistance,
etc. Previous studies on the stress resistance of plants with different leaf stages have primarily focused
on single-factor environmental conditions. However, there has been a lack of systematic research
on the physiology of plant seedlings under combined high-temperature and high-humidity (HH)
stress, and the relationship between cucumber growth stages and HH tolerance remains unclear.
In this study, we analyzed the phenotype, photosynthetic characteristics, reactive oxygen species
content, and antioxidant enzyme activity of cucumber seedlings at 1-, 2-, 3-, and 4-leaf stages under
control (25 ◦C + 80%RH, CK) and HH (42 ◦C + 95%RH) stress, aiming to clarify the relationship
between growth stage and cucumber HH tolerance. The results indicated that the HH tolerance
of cucumber seedlings increases with leaf stage. Seedlings at 1-leaf and 2-leaf stages were most
sensitive to HH, whereas 4-leaf seedlings showed the greatest tolerance. Under HH stress, the
biomass, chlorophyll content, net photosynthetic rate, and photosynthetic electron transfer rate were
significantly reduced compared to CK. Simultaneously, there was an increase in reactive oxygen
species content and antioxidant enzyme activity. The relative values for dry weight, total chlorophyll
content, net photosynthetic rate, Fv/Fm, qP, ETR, and Y (II) in 1-leaf and 2-leaf seedlings were signifi-
cantly lower, while ROS accumulation and changes in antioxidant enzyme activity were significantly
higher compared to 4-leaf seedlings. This lays a foundation for future studies on the growth and
physiological response of cucumber plants at different growth stages under varying temperature and
humidity combined stresses.

Keywords: cucumber; growth stage; high-temperature and high-humidity stress; dual stress; physiology

1. Introduction

Vegetables are one of the essential foods in people’s daily diets, with high nutritional
and economic value. To meet the market demand for year-round production and balanced
supply, most vegetables are grown in facilities. However, during the growth and develop-
ment of vegetables, they are often subjected to various abiotic stresses within the facility,
such as salt stress [1], nitrate stress [2], drought stress [3], heat stress [4], and heavy metal
stress [5], which greatly affect the yield and quality of vegetables. Meanwhile, HH stress is
also one of the main stresses faced by facility crops, which not only limits their vegetative
growth but also significantly reduces their photosynthesis and production. When seedlings
were subjected to HH stress, the growth of their leaves and roots were inhibited. Similar
results were reported by Weng et al. [6], as well as a significant decrease in plant dry weight
and leaf dry weight [7,8]. Pollen abortion occurred, fruit setting rate decreased, and ovary
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development was restricted [9]. In addition, it was reported that HH stress would make it
easy to cause diseases which seriously threaten the yield and quality of vegetables [10,11].

At present, only a few studies on the HH tolerance of vegetables have been reported.
It was determined that Fv/Fm, Pn, chlorophyll content, leaf length, leaf width, plant height,
MDA, and stem diameter could be used as identification indexes of early tolerance to
HH stress [6]. With the occurrence times and accumulative days of HH stress events,
the growth of tomato was inhibited, the corresponding losses of physiological indexes
of tomato increased, and flower bud differentiation was also affected [12,13]. Moreover,
Zheng et al. [14] found that the activities of sucrose-metabolizing enzymes in young tomato
fruits were changed under HH stress, which reduced fruit soluble sugar content. In
cucumber, researchers found that HH stress has a serious impact on photosynthesis and
yield formation in cucumber [15,16]. In our previous research, HH stress had a significant
inhibitory effect on the vegetative growth, reproductive growth, and physiological status
of cucumber [7]. The strength of cucumber’s HH tolerance may be related to the leaf stage
of seedlings, which should be further studied.

It was concerning that there were significant differences in the HH resistance of
different varieties [17]. The leaf stage of seedlings may also be one of the main factors
affecting the stress tolerance of plants [18], which has been reported in wheatgrass [19],
plantain trees [20], Elymus sibiricus [21], maize [22], etc. Shao et al. discovered that the most
significant effects of waterlogging and high-temperature combined stresses on maize yield
occurred at the third-leaf stage, followed by the sixth-leaf stage and tasselling stage [22]. The
aging process of E. sibiricus was associated with an increase in oxidative stress, indicating
that there was an increase in ABA, particularly in the roots [21]. In our previous study, it
was shown that cucumber plants at the 6-leaf stage were more tolerant than those at the
2- and 4-leaf stages under low-temperature and high-humidity stress [23]. Similarly, we
wondered if there would be similar patterns of cucumber seedlings under HH stress.

In this study, we analyzed the phenotype, photosynthetic characteristics, reactive oxy-
gen species content, and antioxidant enzyme activities of cucumber seedlings at different
leaf stages under HH stress, aiming to clarify the relationship between growth stage and
HH tolerance. This research will lay a foundation for the physiological and molecular
response of plants under HH stress and provide a reference for further studies of other
combined stresses.

2. Materials and Methods
2.1. Plant Materials and Experimental Treatment

The cultivar ‘Jinchun No. 4’ used in this experiment was considered a variety sensitive
to HH, which was purchased from Tianjin Kerun Cucumber Research Institute. The
cucumber seeds were firstly soaked in hot water at 55 ◦C for 15 min, then soaked in
25 ◦C water for 4 h, and germinated in a constant-temperature incubator at 28 ◦C for
24 h. When the cucumber seeds germinated and the buds were 1–2 mm exposed, we
selected the germinated seeds that grew consistently and sowed them in 50-well trays.
They were cultivated in growth chambers (Jiangnan, Ningbo) at 25/18 ◦C (14 h/10 h),
a relative humidity of 80% (80%RH), and daytime photosynthetically active radiation
of 200 µmols−1m−2. When the seedlings grew to the 1-, 2-, 3-, and 4-leaf stages, the
seedlings were subjected to high-temperature and high-humidity stress (42 ◦C + 95%RH,
HH) and the control treatment (25 ◦C + 80%RH, CK). The treatments lasted for 8 h and
temperature and humidity recorders (Jinan, China, Jianda Renke) were used to monitor
the internal environment of the growth chambers in real time during the whole treatment.
Three replicates were set for each leaf stage, with 10 seedlings per replicate. Before this
experiment, cucumber seedlings at the same leaf stage with consistent growth conditions
were selected. The physiology indexes of the seedlings were sampled at 6 h after treatment,
and the phenotypes and growth indexes of the seedlings at different leaf stages were
analyzed when the treatments finished.
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2.2. Biomass

After 8 h of treatment, seedlings at different leaf stages were quickly washed with
clean water, wiped to remove the free water on the leaf surface, and then used for biomass
measurement, including leaf fresh weight, top part fresh weight, and root fresh weight.
Then, all these samples were transferred into envelopes, heated at 105 ◦C for 30 min, and
then dried at 65 ◦C until reaching a constant weight, which lasted about 3 days. After that,
the dry weights of leaves, top parts, and roots were measured and analyzed. Each index of
cucumber seedlings at different leaf stages was measured with three biological replicates.

2.3. Photosynthesis and Chlorophyll Fluorescence

After 6 h of treatment, the first fully spread leaf of each treatment was selected for
photosynthesis and chlorophyll fluorescence determination. The photosynthetic parameters
were measured using a LI-COR6800 plant photosynthesis analyzer (LI-COR, Lincoln, NE,
USA), which included the net photosynthetic rate (A), intercellular CO2 concentration (Ci),
transpiration rate (E), and stomatal conductance (gsw). Before powering on, the CO2 steel
cylinder should be firstly installed, and the desiccant H2O scrub, H2O humidifier, and soda
lime CO2 scrub should also be tested and correctly equipped. When the blade chamber is
closed, the machine performs warmup tests by checking itself for 10 to 15 min. After that,
the parameters of the environment were set as follows: 500 µmol s−1 flow rate, 0.1 kPa
press valve, 10,000 rpm fan speed, and ‘sun + sky’ ambient. We created a new record file,
clamped on the blade, and matched the IRGAs, then logged our remarks in the files.

Leaves were fully adapted to dark conditions which were placed with leaf clamps in a
dark environment for no less than 30 min before this experiment. Chlorophyll fluorescence
parameters were measured using a Dual PAM-100 dual-channel chlorophyll fluorescence
analyzer (Walz, Effeltrich, Germany) under the ‘Fluo+P700’ measure mode, and then
began to test the device by setting the measure light, saturated pulsed light, and actinic
light. When the height of ∆F(Fm’-F) showed between 1/3 and 2/3 of Fv(Fm-Fo) in slow
kinetics, we began to measure all these chlorophyll fluorescence parameters including
PSII maximum photochemical efficiency (Fv/Fm), photochemical quenching coefficient
(qP), electron transfer rate (ETR), non-photochemical quenching coefficient (NPQ), actual
photochemical efficiency of PSII (Y(II)), quantum yield of unregulated energy dissipation
(Y(NO)), and quantum yield of non-photochemical quenching (Y(NPQ)). All the data above
can be downloaded from the report.

2.4. Chlorophyll Content

Samples were taken from the first fully spread leaf at each leaf stage 6 h after treatment.
Three replicates were taken for each treatment and then were stored in a −80 ◦C freezer
for future use. The chlorophyll content indexes, including chlorophyll a, chlorophyll b,
carotenoids, total chlorophyll content, and total pigment content A, were determined by
dissolving a 0.1 g leaf sample in 9 mL of 95% ethanol, and extracting for 24 h in a dark
environment, inverting and mixing every 6 h. Then, we measured the absorbance at 665 nm,
649 nm, and 470 nm using a UV-4802 spectrophotometer (Unico, Shanghai, China) with
95% ethanol as the control. Total chlorophyll content was calculated by the mathematical
expression given below.

Chlorphyll a = 13.95A665 − 6.88A649 (1)

Chlorphyll b = 24.96A649 − 7.32A665 (2)

Carotenoids =
1000A470−2.05Chlorphyll a−114Chlorphyll b

245 (3)

Total chlorphyll = Chlorphyll a + Chlorphyll b (4)
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Total pigment = Chlorphyll a + Chlorphyll b + Carotenoids (5)

2.5. Reactive Oxygen Species and Antioxidant Enzyme Activity

Samples were taken as per the method in Section 2.4, and used for reactive oxygen
species determination, including hydrogen peroxide (H2O2) and superoxide anions (O2

•−).
The activities of antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT), were also measured. The method for determining the indexes
above was also performed with reference to Amin et al. [23] with a little revision.

For H2O2 determination, we added 0.2 g leaf samples to 0.1% trichloroacetic acid, and
then fully ground them. After that, they were subjected to a 4 ◦C centrifuge at 12,000 r/min
for 15 min. Next, 0.5 mL of supernatant was mixed with 0.5 mL 10 mM PBS7.0 and 1 mL
1 M KI, and the data were analyzed at 390 nm after 1 h of dark treatment.

O2
•− was extracted with 65 mM PBS7.8, and we added 1 mL of supernatant to

0.75 mL PBS7.8 and 0.25 mL 10 mM hydroxylamine hydrochloride after being centrifuged
at 10,000 r/min for 10 min. Then, we let the reaction solution stand at room temperature for
half an hour, and extracted 2 mL of the reaction solution into 2 mL 7 mM α-naphthylamine
and 2 mL p-aminobenzene sulfonic acid. After that, the data were measured and recorded
at 530 nm after a 30 min water bath at 30 ◦C.

Leaf samples of about 0.5 g were taken and added to 6 mL 0.05 M PBS 7.8 for the
reaction solution preparation. After that, the reaction solution was centrifuged at 4 ◦C at
11,000 r/min for 20 min, and the supernatant could be extracted for the determination of
SOD, POD, and CAT.

A few kinds of solution were prepared for the SOD preparation, including 0.13 M
methionine (Met), 0.75 mM nitro-blue tetrazolium (NBT), 0.02 mM riboflavin (Rib), and
0.1 mM EDTA-Na2. We took 0.05 mL of the reaction solution and added it to a mixed
solution including 1.5 mL PBS 7.8, 0.3 mL Met, 0.3 mL NBT, 0.3 mL EDTA-Na2, 0.25 mL
dH2O, and 0.3 mL Rib. We placed the reaction solution in a fully illuminated environment
for about 10 min to 20 min until the reaction solution became dark blue, and covered the
reaction solution with a black cloth to terminate it immediately. The data were measured at
560 nm and two tubes without enzyme solution were used as the control, one of which was
in the dark during the whole experiment, and the other was in light.

The reaction solution for POD measurement was prepared with 0.7 mL 0.05 M PBS
7.0, 1 mL 0.2% 2-methoxyphenol, and 1 mL 0.3% H2O2. The enzyme solution was added
into the reaction solution and the absorbance was measured at 470 nm at 30 s intervals for
3 min.

Catalase activity was assayed by measuring a 30% H2O2 reduction; 1.9 mL 0.05 M PBS
7.0 and 1 mL 0.3% H2O2 were mixed and prepared for the reaction, and 0.1 mL was added
to the reaction solution and the 30% concentration of H2O2 at 240 nm was measured at 30 s
intervals for 3 min.

2.6. Data Processing

The relative values of each leaf stage were calculated and the calculation formula was
as follows:

R = XT
XCK

(6)

XT is the treatment value and XCK is the control value in Formula (1), and multiple
comparisons were conducted between different leaf stages using Tukey’s test, p < 0.05.
All the indexes for cucumber seedlings were measured at the same leaf age stages with
3 replicates under treatment and control separately. The relative values were compared in
pairs. In addition, all the data were statistically analyzed using IBM SPSS Statistics 26.0
and presented using GraphPad Prism 6 software.
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3. Results
3.1. Growth of Cucumber Seedlings with Different Leaf Stages Under HH Stress

The sensitivity of cucumber seedlings to HH treatment varied among different leaf
stages. In brief, the tolerance to HH gradually increased with the increase in leaf stages.
At 8 h after HH treatment, all leaves and growth tips of the 1-leaf seedlings were wilted
and the whole plant was dead. For seedlings of the 2-leaf stage, the leaves showed severe
chlorosis, with a curled growth tip, but the seedlings were still upright and not dead. In
comparison, although the growth tips of the 3-leaf seedlings were curled, and parts of the
leaves were damaged, the injured area was significantly smaller than that of the 2-leaf
seedlings. However, there was only a little injury on the leaf edges of the 4-leaf seedlings,
while other parts of those leaves remained dark green, with normal growth pip and normal
plant growth (Figure 1).
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Figure 1. Phenotypes of different leaf-stage cucumber seedlings at 8 h after HH stress.

For biomass, there were significant differences among the seedlings of different leaf
stages under HH stress. Overall, the relative biomass of seedlings increased with the
increase in the leaf stages. However, there was no significant difference in the relative
values of each part of the seedlings between the 3-leaf and the 4-leaf seedlings (Figure 2),
indicating that the 3-leaf and the 4-leaf seedlings had similar HH tolerance. The relative
values of the leaf fresh weight, top part fresh weight, root fresh weight, and whole-plant
fresh weight of the 1-leaf and the 2-leaf seedlings were significantly lower than those of
the 4-leaf seedlings (Table S1), and there was no significant difference between the 1-leaf
and the 2-leaf seedlings (Figure 2A–D). The relative values of leaf dry weight, top part dry
weight, root dry weight, and whole-plant dry weight of the 1-leaf and the 2-leaf seedlings
were significantly lower than those of the 4-leaf seedlings (Table S1, Figure 2E–H). The
relative values of leaf dry weight, top part dry weight, and whole-plant dry weight of the
1-leaf seedlings were also significantly lower than those of the 2-leaf seedlings (Table S1,
Figure 2E,F,H). All of the above indicate that HH stress significantly affected the dry matter
accumulation of cucumber seedlings, and the effect decreased with the increase in the leaf
stages. The relative values of root fresh weight and root dry weight of the 1-leaf seedlings
decreased by 0.15 and 0.13, respectively, compared to the 4-leaf seedlings (Table S1). There
was no significant difference in the relative values of root fresh weight and root dry weight
between adjacent leaf stages (Figure 2C,G).
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Figure 2. Relative biomass of different leaf-stage cucumber seedlings 8 h after treatments. (A) Leaf
fresh weight; (B) top part fresh weight; (C) root fresh weight; (D) whole-plant fresh weight; (E) leaf
dry weight; (F) top part dry weight; (G) root dry weight; (H) whole-plant dry weight. Values are
means ± SD from three biological replicates, ANOVA and Tukey HSD test, p < 0.05. Different letters
on the bars represent significant differences while same letters represent non-significant difference
among treatment.

3.2. Photosynthesis of Cucumber Seedlings with Different Leaf Stages Under HH Stress

Chlorophyll and carotenoids are the main photosynthetic pigments of plants, and the
relative value of chlorophyll content can partly reflect the HH tolerance of cucumbers at
different leaf stages. Overall, the relative values of chlorophyll a, chlorophyll b, carotenoids,
total chlorophyll content, and total pigment content increased continuously with the
increase in cucumber leaf stages. The relative values of different pigments of the 4-leaf
seedlings were significantly higher than those of the 1-leaf seedlings, while there was no
significant difference between the 1-leaf and the 2-leaf seedlings (Table S2, Figure 3). There
was a significant difference in chlorophyll b and total pigment content between the 2-leaf
seedlings and the 3-leaf seedlings, with decreases of 0.08 and 0.09, respectively (Table S2,
Figure 3B,E). Only total pigment content showed a significant difference between the 3-leaf
and the 4-leaf seedlings, while there was no significant difference among other types of
pigments (Table S2, Figure 3E).

There were significant differences in the relative values of photosynthetic parameters
among cucumbers at different leaf stages (Table S3). After HH stress, the relative values of
the net photosynthetic rate of seedlings at all leaf stages were less than 1, indicating the
inhibitive effects, but the decrease in the 4-leaf seedlings was the smallest, only 0.38, and
the net photosynthetic rate of the 4-leaf seedlings was significantly higher than those of the
1-leaf, the 2-leaf, and the 3-leaf seedlings (Table S3, Figure 4A), indicating that the 4-leaf
seedlings had the strongest resistance to HH stress among all leaf stages. For the 1-leaf
and the 2-leaf seedlings, the relative values of stomatal conductance were significantly
higher than those of the 3-leaf and the 4-leaf seedlings (Table S3). It was indicated that the
increase in stomatal conductance of the 1-leaf and the 2-leaf seedlings under HH stress
was significantly higher than that of the 3-leaf and the 4-leaf seedlings compared to the
control condition (Table S3, Figure 4B). The relative values of the intercellular carbon
dioxide concentration for seedlings at all leaf stages were greater than 1 (Table S3). The
relative value of the 4-leaf seedlings was the lowest (1.05) and significantly lower than
that of the 1-leaf and the 2-leaf seedlings (Table S3, Figure 4C), indicating that HH stress
could lead to an increase in the intercellular carbon dioxide concentration in cucumber
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seedlings compared with the control condition, and the increase in the 4-leaf seedlings
was the smallest. In addition, the transpiration rate of seedlings at different leaf stages
significantly increased to varying extents under HH stress, indicating that the transpiration
rate of the 1-leaf seedlings increased the most (0.78), and was significantly higher than that
of the 3-leaf and the 4-leaf seedlings (Table S3, Figure 4D).
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HH stress had a serious and different-degree impact on the photosynthetic electron
transfer process in the PSII of seedlings at different leaf stages (Figure 5). Although the
relative values of Fv/Fm for different leaf-stage seedlings were all less than 1, the 4-leaf
seedlings had the smallest decreased value (0.07), while the 1-leaf seedlings had the largest
decrease (0.47) (Table S4, Figure 5A). qP represented the opening degree of PSII reaction
centers. Although the relative value of qP of the 4-leaf seedlings was less than 1 (0.93) under
HH stress, it was significantly higher than those of the 1-leaf (0.72) and the 2-leaf (0.82)
seedlings (Table S4, Figure 5B). In contrast, the relative value of NPQ of the 1-leaf seedlings
was significantly higher than those of the 2-leaf, the 3-leaf, and the 4-leaf seedlings (Table S4,
Figure 5C), showing that the 1-leaf seedlings consumed the most energy for heat dissipation
under HH stress. The relative values of ETR and Y(II) for seedlings at different leaf stages
showed the same trends of change. Although the ETR and Y(II) of 3-leaf and 4-leaf seedlings
decreased after HH stress, the degree of reduction was significantly lower than those of
the 1-leaf and the 2-leaf seedlings (Table S4, Figure 5D,E). In addition, the relative values
of Y(NPQ) and Y(NO) for the 3-leaf and the 4-leaf seedlings were significantly lower than
those of the 1-leaf and the 2-leaf seedlings, which were close to 1, indicating that the HH
tolerance of the 3-leaf and the 4-leaf seedlings was significantly higher than that of the
1-leaf and the 2-leaf seedlings (Table S4, Figure 5F,G).
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Figure 5. Relative values of chlorophyll fluorescence parameters in different leaf-stage cucum-
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(G) Y(NO). Values are means ± SD from three biological replicates, ANOVA and Tukey HSD test,
p < 0.05. Different letters on the bars represent significant differences while same letters represent
non-significant difference among treatment.
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3.3. Antioxidant Properties of Cucumber Seedlings with Different Leaf Stages Under HH Stress

There were significant differences in the accumulation of reactive oxygen species (ROS)
in seedlings of different leaf stages under HH stress. As shown in Table S5 and Figure 6,
the relative values of O2

•− and H2O2 in different leaf-stage seedlings were both greater
than 1 and gradually decreased with an increase in leaf stages. This indicated that HH
stress significantly increased the accumulation of O2

•− and H2O2 in young seedlings.
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There were significant differences in antioxidant enzyme activities among cucumber
seedlings at different leaf stages. After 6 h of HH stress, the relative values of SOD activity
in seedlings were all greater than 1, while the relative values of POD activity and CAT
activity were both less than 1 (Table S5, Figure 7), indicating that HH stress increased the
activity of SOD, while it lowered the activity of POD and CAT in plants. The relative
values of SOD activity in the 1-leaf and the 2-leaf seedlings were significantly higher than
those in the 3-leaf and the 4-leaf seedlings, while the relative values of POD activity were
significantly lower than those in the 3-leaf and the 4-leaf seedlings (Table S5, Figure 7A,B).
For CAT activity, the relative values in the 4-leaf seedlings were significantly higher than
those in the 1-leaf, the 2-leaf, and the 3-leaf seedlings (Table S5, Figure 7C). All the above
results indicated that the antioxidant enzyme activity changes in the 1-leaf and the 2-leaf
seedlings were significantly higher than those in the 4-leaf seedlings under HH stress.
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4. Discussion

The tolerance of plants to abiotic stress depends not only on the type and duration of
stress, but also on the plant growth stage [24]. The growth stage is a major driving force for
changes in the traits and performance of plants. Wu et al. found that younger garlic plants
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were more sensitive to low temperatures and showed significant inhibition of vegetative
growth [25]. Elder plants always exhibited stronger self-regulation abilities, and were less
sensitive to environmental changes in many traits [26]. Our previous research on cucumber
seedling tolerance to low-temperature and high-humidity conditions found that the fresh
and dry weights of plants at different leaf stages were significantly reduced compared to
the control, while the decrease in the 2-leaf seedlings was significantly higher than that of
the 4-leaf and the 6-leaf plants [23]. Until now, there have only been a few reports on the
growth response of plants to HH stress at a single growth stage [7,27], and studies on trait
responses at different growth stages are scarce. This study found significant differences in
the phenotypes of seedlings at different leaf stages after 8 h HH stress (Figure 1). One-leaf
seedlings wilted and died, while the two-leaf, the three-leaf, and the four-leaf seedlings
still grew upright. After HH stress, the damaged area of leaves decreased with the increase
in leaf stages. In terms of biomass, the relative values of fresh and dry weight, whether
on the top part or root part, were all less than 1, indicating that HH stress inhibited the
accumulation of biomass (Table S1, Figure 2). The relative values of fresh weight and
dry weight increased with the increase in leaf stages, indicating that the higher the leaf
stage of cucumber seedlings, the stronger their water retention capacity and dry matter
accumulation ability, and the stronger their resistance to HH stress.

The chloroplast is one of the main target organs of plants under oxidative stress, and
chlorophyll content is related to the resistance of plants to stress [28]. Pshibytko et al. found
that the total chlorophyll content in leaves of 4-day-old barley plants significantly decreased
after being subjected to high-temperature stress [29]. Amin et al. found that the chlorophyll
content of cucumber seedlings at different leaf stages significantly decreased after low-
temperature and high-humidity stress, and the degree of decrease continued to weaken
with increasing leaf stage [23]. It has been reported that HH stress could significantly
reduce the chlorophyll content of tomato seedlings [27], but the chlorophyll content of
different leaf-stage plants under HH stress was currently unclear. In this study, the degree
of leaf chlorosis varied among seedlings of different leaf stages under HH stress (Figure 1),
which might be related to the decrease in chlorophyll content (Table S2, Figure 3E). This
research also showed that relative values of various chlorophyll indicators in the 4-leaf
seedlings were significantly higher than those in the 1-leaf and the 2-leaf seedlings. Except
for the relative value of pigment content in the 4-leaf seedlings, which was significantly
higher than that in the 3-leaf seedlings, there was no significant difference with other
indicators compared to the 3-leaf seedlings (Table S2, Figure 3). This indicated that the
chlorophyll content of the 1-leaf and the 2-leaf seedlings was more sensitive to HH stress
compared to the 4-leaf seedlings.

The leaves are the main organ of photosynthesis. Their photosynthetic capacity is
greatly influenced by the external environment, and vary with different leaf stages. There
were significant differences in the relative values of net photosynthetic rate, stomatal
conductance, intercellular carbon dioxide concentration, and transpiration rate among
seedlings of different leaf stages (Table S3, Figure 4). Although the net photosynthetic
rate of different leaf-stage seedlings decreased after HH stress, the relative value of the
4-leaf seedlings was significantly higher than that of other leaf-stage seedlings (Table S3,
Figure 4A). Due to the influence of chlorophyll content on light absorption and conversion,
it was believed that this was also the main factor leading to different degrees of net
photosynthetic rate decline among different leaf-stage seedlings (Figures 3 and 4A). Tong
et al. found that the transpiration rate of cucumber seedlings significantly increased after
HH stress [7]. In this study, we further found that the increase in transpiration rate was
related to leaf stages, and the increased degree of transpiration rate of the 3-leaf and
the 4-leaf seedlings was significantly lower than that of the 1-leaf seedlings (Table S3,
Figure 4D). The stomatal conductance and transpiration rate showed the same trend of
change, and the increase in stomatal conductance of the 3-leaf and the 4-leaf seedlings was
significantly smaller than that of the 1-leaf and the 2-leaf seedlings (Table S3, Figure 4B,D).
In addition, although the relative intercellular CO2 concentration of the 4-leaf seedlings

14



Horticulturae 2024, 10, 1369

was significantly lower than that of the 1-leaf and the 2-leaf seedlings, the relative net
photosynthetic rate of the 4-leaf seedlings was significantly higher than that of the 1-leaf
and the 2-leaf seedlings (Table S3, Figure 4A,C). Shang et al. believed that this was because
elder plants stored more energy and carbon sources during growth than younger plants [30],
and therefore they had stronger regulatory ability and were less affected by changes in
environmental factors.

The PSII reaction center is sensitive to HH stress in terms of photosynthetic electron
transfer. Yang et al. found that the Fv/Fm, qP, and ETR of tomato seedlings under HH
stress were significantly reduced compared to the control [31]. Tong et al. showed that there
was no significant difference in Fv/Fm and NPQ between cucumber seedlings under HH
stress and control, while qP and ETR decreased significantly [7], which was not completely
consistent with the results obtained in this study. In our study, we found that the Fv/Fm,
qP, ETR, and Y (II) of seedlings at different leaf stages showed varying degrees of decrease
after HH stress, while NPQ, Y (NO), and Y (NPQ) showed an upward trend (Figure 5).
Furthermore, our analysis also revealed that the decrease in Fv/Fm, qP, ETR, and Y (II) of
the 4-leaf seedlings was significantly lower than that of the 1-leaf and the 2-leaf seedlings
after HH stress, and the increase in NPQ, Y (NO), and Y (NPQ) was also significantly
lower than that of the 1-leaf and the 2-leaf seedlings (Table S4, Figure 5). Therefore, it was
believed that the 4-leaf seedlings had significantly stronger HH tolerance than the 1-leaf
and the 2-leaf seedlings due to their higher PSII reaction center opening ratio, lower energy
dissipation, higher light energy utilization efficiency, and stronger self-regulation ability.

The self-repair ability of different leaf-stage seedlings under abiotic stress gradually
increases with the increase in leaf stages. The activities of SOD, POD, and CAT in cucumber
seedlings were significantly upregulated under low-temperature and high-humidity stress
compared to the control, and the increase was greater with leaf stage [23]. As far as we know,
there is no report on the antioxidant enzyme activities of cucumber seedlings at different leaf
stages under HH stress. Only a few studies found that HH stress could significantly affect
antioxidant enzyme activities. However, the reports on changes in SOD, POD, and CAT
activities were not consistent [7,32]. This study found that the activities of SOD, POD, and
CAT showed different trends under HH stress, with SOD activity significantly increasing
and POD and CAT activities significantly decreasing (Table S5, Figure 7). This might be
closely related to the time point of sampling. During the ROS clearing process, different
antioxidant enzymes had a sequential effect, and these antioxidant enzymes generally
showed a dynamic trend of first increasing and then decreasing after stress. Therefore, to
understand the changes in antioxidant enzyme activities in cucumber seedlings under HH
stress, it is necessary to take samples and measurements at various time points during the
whole process to clarify the biochemical mechanism of cucumber seedlings responding
to HH stress. In addition, there were significant differences in the changes in antioxidant
enzyme activities among seedlings at different leaf stages. The changes in SOD, POD, and
CAT activities in the 4-leaf seedlings were significantly lower than those of the 1-leaf, the
2-leaf, and the 3-leaf seedlings (Table S5, Figure 7), indicating that the 4-leaf seedlings
with strong HH tolerance had stronger self-regulation abilities, which was consistent with
patterns observed in biomass and photosynthetic indicators.

Overall, this study showed that cucumber seedlings with elder leaf stages had stronger
HH tolerance, while seedlings at younger leaf stages suffered more severe damage (Figure 1),
presented much more decline in biomass (Table S1, Figure 2) and photosynthesis ef-
fect (Tables S2–S4, Figures 4 and 5), showed a larger accumulation of reactive oxygen
species (Table S5, Figure 6), and a greater change in antioxidant enzyme activities (Table S5,
Figure 7).

In addition, Kuk and Shin reported that the youngest leaf on the same cucumber plant
at the four-leaf stage was more tolerant than elder leaves to 5 ◦C low-temperature stress [33],
because of less of an increase in lipid peroxidation and H2O2 content, lower photosynthetic
activity and chlorophyll a fluorescence (Fv/Fm), higher induction of antioxidant activity,
and the expression of APX isozymes in response to low temperature. However, Munné-
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Bosch and Lalueza measured oxidative stress markers in leaves and organelles, together
with ABA levels in leaves of 2- and 7-year-old Cistus clusii dunal plants and concluded that
meristematic tissues maintained the capacity to make new leaves with no symptoms of
oxidative stress for several years, the leaves of elder plants show higher oxidative stress
than those of young plants when exposed to adverse climatic conditions, age-induced
oxidative stress occur both in chloroplasts and mitochondria, and newly emerged leaves
accumulate higher amounts of ABA even without environmental stress as plants age [34].
Therefore, further research could be conducted to clarify the effects and mechanism of HH
stress on different-age leaves of the same plant and on different-age plants at the adult
stages of cucumber.

5. Conclusions

High-temperature and high-humidity stress did serious harm to cucumber seedlings.
This study explored the physical effect on seedlings with various leaf stages under HH
stress. It was shown that seedlings at the 1-leaf and the 2-leaf stages were the most sensitive
to HH, and the 4-leaf seedlings were the most tolerant to HH. Compared with the control,
biomass, chlorophyll content, net photosynthetic rate, and photosynthetic electron transfer
rate of cucumber seedlings under HH stress were significantly decreased. At the same
time, reactive oxygen species content and antioxidant enzyme activity were increased.
The relative values of various indicators such as dry weight, total chlorophyll content,
net photosynthetic rate, Fv/Fm, qP, ETR, and Y (II) of the 1-leaf and the 2-leaf seedlings
were significantly lower than those of the 4-leaf seedlings, while the relative values of ROS
accumulation and changes in antioxidant enzyme activity were significantly higher than
those of the 4-leaf seedlings. Our findings contribute to a deeper understanding of seedling
damage under HH stress and provide a piece of important information for further basic
mechanism research towards the HH tolerance of cucumber plants.
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Abstract: The economic value of the saffron stigma is primarily due to three crucial
apocarotenoids: crocin, picrocrocin, and safranal, which contribute to its color, flavor, and
aroma. These compounds make saffron highly valuable in various industries. Plant viruses
like the cucumber mosaic virus (CMV) and turnip mosaic virus (TuMV) are significant
threats to agricultural crops worldwide, causing economic losses. To elucidate the influence
of viral stress on the quality of saffron, morphological, physiological, biochemical, and
molecular indexes were assessed. Under the stress of both viruses, typical viral symptoms
appeared. The lowest contents of leaf pigments, flowering performance, petal anthocyanin,
greenness, and photosynthesis properties were observed in plants infected with CMV and
TuMV. According to high-performance liquid chromatography (HPLC) analysis, CMV
inoculation led to the highest reduction in crocin and safranal content, while inducing
the highest increase in picrocrocin compared to the mock treatment. Gene expression
analysis involved in the biosynthesis of crucial secondary metabolites showed a high
correlation with the content of each metabolite. CMV inoculation resulted in the lowest
expression of CsALDH31l and the highest expression of CsUGT709G1 compared with
the mock treatment. Our findings demonstrate the association between virus stress and
changes in the metabolism of the saffron medicinal plant.

Keywords: Apocarotenoides; CMV: cucumber mosaic virus; Crocus sativus; expression
analysis; HPLC (High performance liquid chromatography); Iridaceae; TuMV (turnip
mosaic virus)

1. Introduction
Saffron (Crocus sativus L.) is a monocotyledonous herbaceous plant belonging to the

Iridiaceae family I [1,2]. Stigmas are the most valuable part of the plant; when dried, they
become saffron, which is the most expensive spice in the world [1,3,4]. Iran is the leading
producer of saffron globally, accounting for almost 90% of the total world production. Other
significant saffron-producing countries include India, Greece, Morocco, and Spain, with
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contributions also from Afghanistan, Italy, Azerbaijan, and Kashmir. The saffron market is
expected to grow with Iran maintaining its dominant position in saffron production [2].

The distinctive qualities of saffron are attributed to its secondary metabolites, par-
ticularly the apocarotenoids crocin, picrocrocin, and safranal, which are responsible for
its red color, bitter taste, and specific aroma, respectively [5,6]. Crocin is the most im-
portant pigment, giving saffron a reddish-yellow-golden color. Picrocrocin is a colorless
monoterpene glycoside and a precursor of safranal, the second most abundant component
of saffron. Safranal, a monoterpene aldehyde, is a significant component of aromatic and
volatile compounds in Iranian saffron [2,6]. The quality of the saffron spice is determined
by the concentration of these compounds according to the International Standardization
Organization (ISO 3632-1:2011) [7], and the National Nutrient Value of the United States
Department of Agriculture (USDA) [6].

Anthocyanins, a type of flavonoid, are natural water-soluble pigments with differ-
ent colors in plants [8], have pleiotropic effects, and might help protect plants against
pathogenic agents by playing a role in pests and disease resistance [9]. They also have
antioxidant functions and play an important role in eliminating reactive oxygen species [8].
Environmental factors and biotic and abiotic stresses can also affect anthocyanin synthesis
in plants [8]. Research has identified key genes involved in the synthesis of the basic
secondary metabolites of saffron. CsALDH31l plays a crucial role in crocin synthesis [10,11],
while CsUGT709G1 is responsible for the synthesis of picrocrocin and safranal [11–13].

Despite saffron’s high economic value and extensive cultivation, the plant is vul-
nerable to several viruses that significantly impact its production and quality. Several
plant viruses cause disease in Crocus spp. cultivars such as C. chrysanthus, C. vernus and
C. sativus [14], including saffron latent virus (SaLV) [15], turnip mosaic virus TuMV [16–18],
cucumber mosaic virus CMV [19], iris sever mosaic virus (ISMV) [20–22], ornithogalum
mosaic virus [23], tomato spotted wilt virus (TSWV) [24], iris mild mosaic virus [25,26] and
bean yellow mosaic virus [27,28] were identified. The impact of viral infection on plant
compounds has been explored in various studies, highlighting the complex interactions
between pathogens and host metabolism. For instance, researchers examined the impact of
SaLV on saffron and TuMV on stem mustard (Brassica juncea var. tsatsai), parsley yellow leaf
curl virus (PYLCV), and sesame curly top virus (SeCTV) on parsley; CMV-Fny on green
basil; co-infection of CMV and beet curly top virus (BCTV) on sugar beet, pepper, and
bean plants; CMV on Passiflora edulis; and CMV on Agastache anethiodora [15,29–34]. Saffron
quality can be influenced by the climatic conditions of different geographical areas and the
presence of viruses, which affect the composition of secondary metabolites [15]. Therefore,
evaluating the responses of virus-inoculated and non-inoculated plants growing in the
same geographical area and under the same environmental conditions will provide relevant
information about the influence of the virus on plant performance and saffron quality.

The present study aims to investigate the effect of two important plant viruses, CMV
and TuMV, on the morphological, physiological, and phytochemical traits, as well as on the
main bioactive secondary metabolites of saffron at the biochemical and molecular levels.
In addition, the interaction of the inoculation period (year) and post-inoculation time on
different parameters related to the performance of saffron were evaluated. Understand-
ing these interactions is crucial for developing strategies to mitigate the impact of viral
infections on saffron.

2. Materials and Methods
2.1. Experimental Design, Plant Material and Growth Conditions

Saffron corms obtained from the saffron production region (Torbat-e-Heydarieh, Kho-
rasan, Razavi Province, Iran) in 2021 were planted in pots filled with a sterilized mixture
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of peat, perlite, and soil (1:1:1 ratio, v/v/v). Plants were grown in a greenhouse under
controlled conditions at a temperature of 10 ± 5 ◦C and a light/dark cycle of 16/8 h. The
experiment was conducted in Research Greenhouses located at the Faculty of Agriculture,
Tarbiat Modares University, Tehran, Iran. The study was arranged in a completely random-
ized design with 335 pots per treatment, each containing 9 plants. We tested three different
treatments: two sets of viral-inoculated plants and a mock treatment. The experimental
procedure was repeated thoroughly over the two growing seasons. Saffron is grown as a
perennial crop under field conditions, and assessing the plant’s responses to viral stress is
inadequate if limited to just the first year. Consequently, the different timing treatments
applied in this study illustrate the effects of the virus throughout the growing season, as
well as the consequences of viral accumulation over a two-year span. This suggests that
the virus had sufficient time to influence plant characteristics. To test the effect of the post-
inoculation period, plants derived from healthy corms potted in 2021 and either inoculated
with the virus or left uninoculated were assessed at the end of each growing season in
2021 (group A) and 2022 (group B). In addition, to study the effect of the inoculation year
in 2022, the experiment was repeated using plants grown from healthy corms from those
sowed in 2021, and these plants were evaluated in 2022 (group C).

2.2. Viral Inoculation and Virus Detection

Two plant viruses with RNA genomes, TuMV-UK1 [35] and CMV-Fny [36], were
separately sap-inoculated into the leaves when the plants reached the leaf stage. Viruses
were transferred from infected pumpkin and turnip plants to saffron plants. The inoculum
was prepared in 0.1 M phosphate buffer (pH 7.4), and for the mock treatment, plant leaves
were treated with phosphate buffer without the virus. Plants were kept in a greenhouse
under previously described conditions. The presence of viruses in leaf samples showing
symptoms was determined using a back-inoculation test on pumpkin, turnip, and canola
as their indicator plants and RT-PCR. The extract from the saffron plants treated with either
TuMV or CMV, as well as from TuMV-mock or CMV-mock, was subsequently inoculated
into its respective indicator plants at the first true leaf stage. The integrity of the total RNA
extracted from fresh saffron leaf tissue using the RNX-Plus kit (SinaClon, Tehran, Iran)
was checked using 1.2% agarose gel electrophoresis. cDNA was synthesized using the
Easy™ cDNA Synthesis Kit (Parstous, Mashhad, Iran) according to the manufacturer’s
protocol and used in PCR reactions with specific primer pairs for TuMV [35] or CMV [37].
For TuMV and CMV samples, PCR reactions generated a 986 bp fragment, including 54 bp
of the 3′-end of the NIb gene, the entire CP gene, and 65 bp of the 3′-UTR, as well as a
625 bp fragment of the CP gene. An internal 18S rDNA gene-specific primer pair [38] was
used as an internal control, amplifying a 459 bp DNA fragment. The primer sequences are
listed in Table S1. Previously, possible background viral infection was randomly tested in
non-inoculated leaf tissue samples. The infection status of saffron samples was evaluated
by RT-PCR using general and specific primer pairs for several important virus families
reported in saffron, including TuMV, CMV, and tospovirus genera [39] (Table S1).

2.3. Determination of Morphological and Physiological Indexes

The response of saffron to virus inoculation was assessed through various morpholog-
ical and physiological traits. Morphological traits included leaf area (cm2) and fresh weight
of flowers (g plant−1). Flowering performance was monitored by recording the daily
number of flowers for each treatment, and the fresh weight of the stigma was measured
upon harvest. Physiological indexes evaluated 30 days after the flowering stage included
greenness (Spad), photosynthesis rate (Photo, µmol CO2 m−2 s−1), transpiration rate (Trm-
mol, mol/m2/s), and instantaneous water use efficiency (WUE, µmol CO2 mmol−1 H2O).
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The leaf greenness index was recorded using a chlorophyll meter (Minolta Chlorophyll
Meter SPAD-502 is manufactured by Konica Minolta, Inc., headquartered in Tokyo, Japan).
The photosynthesis rate, transpiration rate, and instantaneous water use efficiency were
determined using a photosynthesis meter (Li-Cor, Li-6400 XT Portable Photosynthesis
System is manufactured by LI-COR Biosciences, headquartered in Lincoln, Nebraska, USA).
Conditions within the measuring chamber were maintained with photosynthetically active
radiation (PAR) at 1500 µmol m−2 s−1, leaf temperature between 25 ◦C and 35 ◦C, reference
CO2 content at 480 µmol mol−1, and reference H2O content at 1 mmol mol−1. Reference
CO2 and H2O levels were manually adjusted before measurements.

2.4. Determination of Biochemical Indexes

Assessed biochemical indexes included photosynthetic pigments (chlorophyll a,
chlorophyll b, total chlorophyll, and carotenoid content) and anthocyanin content. Pho-
tosynthetic pigments were evaluated using the method described by Lichtenthaler [40].
Absorbance was measured at 665 nm for chlorophyll a, 652 nm for chlorophyll b, and
470 nm for carotenoids. The results were reported as µg mL−1 based on the formulas
provided by Warren [41]. The petal anthocyanin content (mg L−1) was measured using the
differential pH method described by Lee et al. [42]. Absorbance readings were taken at
520 nm and 700 nm, and the petal anthocyanin content was expressed as mg L−1 equivalent
of cyanidin-3-glycoside in the extract. Saffron petal extracts were prepared according to the
method described by Fuleki and Francis [43]. Potassium chloride buffer solution (0.025 M,
pH 1) and sodium acetate buffer solution (0.4 M, pH 4.5) were prepared following the
method of Mónica Giusti and Wrolstad [44].

2.5. HPLC Analysis of Secondary Metabolites

The contents of the secondary metabolites crocin, picrocrocin, and safranal in extracts
from the stigmas of CMV-inoculated, TuMV-inoculated, and mock plants were analyzed
by HPLC.

Ethanol extraction was performed using 10 mg of powdered stigma for picrocrocin and
crocin quantification, and 60 mg was used to determine the safranal content. The samples
were diluted with 10 mL of 80% ethanol and then subjected to 15 min of sonification in
dark conditions. After centrifugation, the supernatant was used for chromatography [45].
HPLC analysis was performed in a KNAUER system equipped with a K1001 binary
pumpchromium well, a multiple wavelength UV-vis diode-array detector (DAD), model
2800, and a KNAUER Eurospher RP C18 column (4.6 × 250 mm, ×55 µm) following the
method described by Kabiri et al., [45]. The mobile phase consisted of acetonitrile (A) and
water (B), using a linear gradient: 90% A for 5 min, decreased to 20% A over 20 min, and
held for an additional 5 min. The flow rate was 1 mL/min. The detection wavelengths were
set at 250 nm for safranal, 308 nm for picrocrocin, and 440 nm for crocin. Each sample was
analyzed in triplicate, and all steps of the experiment were performed at room temperature.
Method validation was based on the International Committee of Harmonization (ICH)
regulations [45]. Parameters such as linearity, band purity, precision, replication, limit of
detection (LOD), and limit of quantification (LOQ) were evaluated. Each component was
identified by comparing the retention times with the reference compound and confirming
with MS spectra. Peak purity was verified using UV spectra between 200 and 700 nm.
Method reproducibility and precision were assessed by calculating the relative standard
division (RSD) of the three replicates for each component.
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2.6. qRT-PCR Assay

Total RNA from leaves of CMV-inoculated, TuMV-inoculated, and mock plants was
extracted using the “FavorPrepTM Plant total RNA Purification Mini Kit” (Favorgen
Biotech corp., Ping Tung, Taiwan). RNA was treated with DNase I (Promega, Madison, WI,
USA) for DNA digestion. Quality and quantity were determined using a NanoDrop spec-
trophotometer 2000c (Thermo Fisher Scientific™,Waltham, Massachusetts, USA), and RNA
integrity was checked by electrophoresis on a 1.2% agarose gel. cDNA was synthesized
from 1 µg of total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. qRT-PCR
was performed in an optical 48-well plate using a Step One Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) and NZYSupreme qPCR Green Master Mix (NZYtech,
Lisboa, Portugal) to monitor dsDNA synthesis. PCR reactions contained 400 µM of each
primer, 1.5 µL of cDNA template (12.5 ng of input RNA), and 2x of NZYSupreme qPCR
Green Master Mix in a final volume of 20 µL. The PCR thermal profile was 95 ◦C for 2 min,
40 cycles of 95 ◦C for 5 s, and 60 ◦C for 30 s. Melt curves were generated at the end of each
run to ensure the uniformity of the product. Selected target genes in the saffron secondary
metabolite pathway included CsALDH31l (MF596165.1), a marker for the biosynthesis of
crocin, and CsUGT709G1 (KX385186.1), which is involved in the biosynthesis of picrocrocin
and safranal. Amplification of Ubiquitin (BM005694.1) was used as an internal control
to normalize the expression data. Primer sequences for target and endogenous genes are
listed in Table S2. Three biological replicates and three technical replicates were assessed
for each sample. Relative gene expression levels were calculated using the Comparative Ct
Method [46] and expressed as relative values to mock samples. Results are presented as
mean ± standard error from three biological replicates. All calculations and normalizations
were performed using the DataAssist v3.0 software (Applied Biosystems, Thermo Fisher
Scientific, Foster City, CA, USA).

2.7. Statistical Analysis

Statistical analyses were performed using SAS 9.4 software (SAS Institute, Cary, NC,
USA). Residual normality was checked using the univariate procedure before the analysis
of variance. A combined ANOVA was conducted using a general linear model (GLM).
Means were compared using the least significant difference test (LSD) at p ≤ 0.05. Prin-
cipal component analysis (PCA) was applied to illustrate the relationships between the
dependent and independent variables using XLSTAT 2019.2.2 software.

3. Results
3.1. Assessment of the Virus Infection

Saffron samples inoculated with CMV and TuMV showed mosaic patterns and leaf
curling 8–10 days post-inoculation (dpi). Additionally, the flowers exhibited deformities,
asymmetrical shapes, and occasional stigma curling (Figure 1). The back-inoculation test
confirmed the presence of CMV and TuMV in pumpkin, turnip, and canola as their indicator
plants (Figure 2). Screening by RT-PCR with specific primers successfully amplified 625 bp
and 986 bp fragments for CMV-inoculated and TuMV-inoculated plants, respectively
(Figure 3). No background amplification of CMV, TuMV viruses, or tospovirus genera was
observed in reactions performed with RNA samples isolated from non-inoculated plants,
except for a 459 bp fragment corresponding to the 18S internal gene (Figure 4).
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3.2. Effect of Virus Infection on Morpho-Physiological Traits of Saffron Plants

To test the effect of virus infection on morphological characteristics, leaf area and
flowering were measured in plant organs from mock and virus-inoculated plants (Table 1).
The mean leaf area dropped significantly in CMV- and TuMV-inoculated plants, with
reductions of 33% and 38%, respectively, compared to mock plants (Table 1). The lowest
leaf area (6.79 cm2) was recorded in TuMV-treated plants, followed by CMV-inoculated
plants (7.52 cm2), with values significantly lower than those of mock plants (11.25 cm2).
Regarding fresh flower weight, a significant decrease (−29%) was observed in CMV- and
TuMV-treated plants compared to the mock treatment (Table 1).

Table 1. The effect of viral treatments on different traits of saffron. CMV: CMV-inoculated plants
TuMV: TuMV-inoculated plants. Mock: mock plants. WUE: water use efficiency. Values are presented
as the mean ± standard error. For each parameter, values with different letters are significantly
different (p < 0.05) according to the LSD test.

Virus
Treatment

Petal
Anthocyanin

(mg L−1)

Leaf Area
(cm2 plant−1)

Fresh Weight
of Flower

(g plant−1)

Photo
(µmol CO2
m−2 s−1)

Trmmol
(mol/m2/s)

WUE
(µmol CO2

mmol−1 H2O)

Greeness
Index
(Spad)

Mock 3.22 ± 0.06 a 11.25 ± 0.30 a 0.52 ± 0.01 a 4.26 ± 0.50 a 0.53 ± 0.08 a 9.20 ± 1.04 b 64.73 ± 0.24 a

CMV 2.20 ± 0.03 b 7.52 ± 0.15 b 0.37 ± 0.01 b 2.26 ± 0.25 b 0.25 ± 0.03 b 11.24 ± 2.03 b 44.04 ± 0.27 c

TuMV 2.30 ± 0.03 b 6.97 ± 0.17 b 0.37 ± 0.01 b 3.91 ± 0.52 a 0.28 ± 0.04 b 14.84 ± 1.42 a 48.51 ± 0.19 b

Virus-inoculated plants exhibited a significant decrease in greenness compared to
the mock treatment, with a greater reduction (−32%) in CMV- than in TuMV-treated
plants (−32% versus −25%) (Table 1). All analyzed physiological indexes, including
photosynthesis rate, transpiration rate, and instantaneous water use efficiency, showed a
significant downward trend in virus-inoculated plants compared to the mock treatment.
Specifically, CMV infection significantly reduced the photosynthesis rate (−47%) and
transpiration rate (−52%) of host plants. A significant reduction in the transpiration rate
(−46%) and WUE (−61%) was also detected in TuMV-infected plants.

The effect of the virus inoculation year (2021 and 2022) on the physiological indexes of
the saffron plants was assessed at the end of both growth seasons (2021, group A and 2022,
group C) to evaluate the consequences of viral accumulation over the two growing seasons.
In addition, the effect of elapsed time after starting the experiment and data collection on
these indices was estimated by comparing the data collected after the first (group A) and
second year (group B) of treatments. As shown in Table 2, the anthocyanin content and
photosynthesis rate significantly decreased in groups B and C, regardless of the beginning
of the experiment. In group B plants, the transpiration rate significantly decreased, whereas
WUE significantly increased (+70%), with no significant differences in these parameters
between groups B and C.
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Table 2. Effect of virus inoculation year and post-inoculation period on different traits of saffron
plants. Plants inoculated in 2021 and evaluated at the end of the growing season in 2021 (group A)
and 2022 (group B). Plants inoculated in 2022 were evaluated at the end of the growing season
(group C). CMV: CMV-inoculated plants. TuMV: TuMV-inoculated plants. Mock: mock plants.
WUE: water use efficiency. Values are presented as the mean ± standard error.

Time Effect Petal Anthocyanin
(mg L−1)

Photo
(µmol CO2 m−2 s−1)

Trmmol
(mol/m2/s)

WUE
(µmol CO2 mmol−1 H2O)

Group A 2.69 ± 0.16 a 4.57 ± 0.37 a 0.45 ± 0.05 a 10.84 ± 0.90 b

Group B 2.54 ± 0.12 b 2.40 ± 0.45 b 0.14 ± 0.02 b 18.41 ± 2.21 a

Group C 2.49 ± 0.14 b 2.50 ± 0.39 b 0.35 ± 0.07 a 8.06 ± 1.14 b

Values with different letters are significantly different (p < 0.05) according to the LSD test.

Virus infection adversely affected the flowering of saffron plants, and a significant
decrease in this parameter was observed in virus-inoculated plants compared to the mock
(Figure 5A). Virus-induced flowering inhibition ranged from 52 to 60% in CMV-infected
plants and from 55 to 62% in TuMV-inoculated plants. The greatest reduction (−60%
and −62%) was detected in CMV- and TuMV-inoculated plants in 2021 (group A) and
was evaluated after the second growth season (group B). Mock plants of groups B and C
showed a significant reduction in flowering regardless of the year at the beginning of the
experiment. Similarly, virus-inoculated plants in groups B and C exhibited a significant
decrease in flowering in comparison to group A, with the greatest inhibition in the second
growth season (Figure 5A).

3.3. Biochemical Indexes

The impact of the year of treatment, elapsed time after treatment, and virus infection
on plant photosynthetic pigments were analyzed. The interaction effect of these factors was
significant, showing notable differences in the chlorophyll content between virus-treated
and mock plants at the three analyzed time points, as well as for each treatment between
the evaluated periods (Figure 5B–D). Mock plants in groups B and C showed a significant
decrease in chlorophyll a content compared to that in group A, without differences between
groups B and C (Figure 5B). Chlorophyll a content significantly decreased (−52%) after
virus inoculation in plants of group A. Similarly, TuMV-treated plants of groups B and C
showed a reduction in chlorophyll a, ranging from 63 to 61%, respectively, with the lowest
value (−74%) detected in CMV-treated plants of group B. Overall, for each treatment, the
chlorophyll a content followed a similar trend in groups B and C (Figure 5B). Regarding
chlorophyll b content, mock plants of groups B and C showed the highest and most
significant decrease (Figure 5C), indicating a similar performance of plants growing in
2022 (groups B and C). In CMV- and TuMV-inoculated plants, chlorophyll b content
significantly decreased compared to mock plants, with the highest reduction (−67%) in
group A compared to the mock treatment. The negative effect of virus inoculation on this
parameter was less evident in groups B (−28% in CMV-treated plants) and C (−35% in
TuMV-treated plants). However, CMV-treated plants of group B, as well as CMV- and
TuMV-treated plants of group C, showed a significant decrease in chlorophyll b compared
to their respective mock plants (Figure 5C). The total chlorophyll content followed a similar
trend to that of chlorophyll a (Figure 5D). In mock plants, carotenoid content significantly
decreased in groups B and C compared to that in group A (Figure 5E). A significant
reduction in carotenoids was detected in CMV- and TuMV-inoculated plants compared
to mock plants, regardless of the evaluation period. The highest reduction for CMV- and
TuMV-treated plants (−54% and −43%, respectively) was detected in plants of group C.
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Figure 5. Effect of the virus inoculation year and post-inoculation period on performance of saffron
plants. Plants inoculated and not inoculated (mock) with CMV or TuMV in 2021 were evaluated in
2021 (group A) and 2022 (group B). Plants inoculated or not (mock) in 2022 were evaluated at the end
of the growing season (group C). (A)—Flowering performance (B)—Chlorophyll a (C)—Chlorophyll
b (D)—Total chlorophyll content and (E)—Carotenoid. According to the least significant difference
(LSD) test, for each parameter, bars with different letters are significantly different (p < 0.05). Values
are means ± standard error of three independent replicates.

Table 1 shows a significant decrease in anthocyanin content in saffron flower petals
after inoculation of plants with CMV (−32%) or TuMV (−28%). The overall anthocyanin
content of plants over time decreased significantly in groups B and C compared to that in
group A (Table 2).

3.4. Effect of Viral Infection on Main Secondary Metabolites of Saffron

The effect of virus infection on the content of the main secondary metabolites (crocin,
picrocrocin, and safranal) was evaluated over one and two growing seasons in mock
plants and CMV- and TuMV-inoculated plants of groups A and B. As shown in Figure 6A,
there was a significant decrease in crocin content in virus-inoculated plants of group A
(−6%), with the greatest reduction detected in infected plants of group B (−91% for CMV
and −56% for TuMV). Moreover, crocin content showed a significant decrease in mock
plants in group B (Figure 6A). In contrast, picrocrocin content significantly increased in
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CMV- and TuMV-inoculated plants in group A, with the highest content in CMV-treated
plants (Figure 6B). During the second growth season), picrocrocin increased significantly in
mock plants of group B, whereas it decreased in CMV-treated plants or remained stable in
TuMV-treated plants compared to those of group A. Virus inoculation negatively affected
the safranal content, with the lowest level achieved in CMV-treated plants of group A
(Figure 6C). In the TuMV-treated plants of groups A and B, safranal levels remained steady
during the two growing seasons. In contrast, in mock plants, the growing season strongly
affected safranal content, with values four times higher in the second year of growth. These
data suggested a distinct effect of the growing season in mock plants and virus-inoculated
plants. Figure 6D illustrates the HPLC chromatograms of crocin, picrocrocin, and safranal
of saffron.
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Figure 6. Impact of Virus Inoculation (CMV or TuMV) Year on Saffron Secondary Metabolites. This
figure illustrates the influence of the year of inoculation with either CMV or TuMV on the secondary
metabolites of saffron. Saffron plants were inoculated with CMV, TuMV, or left uninoculated (mock)
in 2021 and subsequently assessed in both 2021 (A) and 2022 (B). The components analyzed include:
(A) Crocin; (B) Picrocrocin; (C) Safranal content; (D) The comparative HPLC chromatograms depict
various saffron samples analyzed for crocin, picrocrocin, and safranal at wavelengths of 440 nm,
250 nm, and 308 nm, respectively. The color coding in the chromatograms is as follows: Black: MOCK-
A; Light Green: MOCK-A; Light Blue: TuMV-A; Dark Blue: CMV-A; Pink: MOCK-B; Brown: TuMV-B;
Red: CMV-B. According to the least significant difference (LSD) test, for each parameter bars with
different letters are significantly different (p < 0.05). Values are mean ± standard error of three
independent replicates.

3.5. Relative Expression Analysis of CsALDH31l and CsUGT709G1genes

The expression patterns of two key genes involved in the biosynthesis of crocin and
picrocrocin in saffron stigmas, CsALDH31l and CsUGT709G1, were analyzed in response
to CMV and TuMV inoculation. CsALDH31l was significantly downregulated under
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CMV and TuMV treatments, with the lowest relative expression level observed in CMV-
inoculated plants, with two times lower values (Figure 7A). Although there were no
significant differences in CsUGT709G1 relative expression between inoculated plants and
the mock treatment, a slight upregulation of the gene was observed in CMV-infected plants,
while relative expression levels in TuMV-inoculated and mock-treated plants were similar
(Figure 7B).
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(B)—Relative gene expression of CsUGT709G1. Data were analyzed by one-way ANOVA, and
values are the mean ± standard error of three independent replicates. Bars with different letters are
significantly different (p < 0.05).

3.6. Morphological, Physiological, Phytochemical, and Molecular Indexes Assessment by PC

To analyze the relationships between the parameters evaluated after one or two
growing seasons and the effects of virus inoculation (CMV and TuMV) on saffron plants,
PCA was conducted using 12 morphological, physiological, and phytochemical parameters
(Figure 8). PCA revealed that the data could be divided into two principal components
(PCs), capturing approximately 88% of the total variation. The first PC accounted for 76.22%
of the variation, while the second PC accounted for 11.41% of the variation. The mock
plants (11, 21, 31) were clearly separated from the viruses (CMV and TuMV)-inoculated
plants, regardless of the evaluation date. The mock plants evaluated in the first growing
season (11) showed the most positive values in terms of the first component. In contrast,
CMV-treated plants evaluated after two growing seasons (22) exhibited the most negative
effects among all traits. Mock plants presented the highest flowering performance and
carotenoid and chlorophyll content. Meanwhile, the photosynthesis rate and transpiration
showed a very high positive correlation with chlorophyll b. Conversely, spad and leaf areas
were highly correlated with each other, but not with photosynthesis and chlorophyll b
(Figure 8).

Based on PCA related to gene expression and content of secondary metabolites, the
first component explains approximately 80% and the second component approximately
20% of the changes in Figure 9. In other words, these changes are justified and reliable
by almost 100%. As shown in Figure 9, it is clearly seen that the three treatments are
completely separated from each other and placed in three different regions of the figure.
In fact, the three treatments worked completely differently with respect to the level of
gene expression and the content of metabolites. In the case of TuMV, the level of gene
expression and metabolite content decreased, while CMV and mock showed a higher level
of gene expression and the corresponding metabolite content. As shown in Figure 9, high
expression levels of CsUGT709G1 and high picrocrocin content are associated with CMV
infection. Moreover, high expression of CsALDH31l and, consequently, high production of
crocin content were observed in the mock treatment. On the other hand, the expression of
CsUGT709G1 could affect the amount of safranal production, but it cannot be stated because
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the ratio of the effect of CsUGT709G1 expression on the production rate of picrocrocin was
much higher than the ratio of its effect on safranal. In other words, the genes that had a
more direct effect on the production of a particular metabolite are clustered together. PCA
showed a correlation between the mock plants and secondary metabolite content (Figure 9).
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Figure 8. Principal component analysis (PCA) biplot visualizing the relationship between different
morphological, physiological and phytochemical traits, including: LA: Leaf area (cm2 plant−1);
Flower FW: Fresh weight of flower (g plant−1), Fperform: flowering performance (%), Photo:
Photosynthetic rate (µmol CO2 m−2 s−1), Trmmol: Transpiration rate (mmol H2O m−2 s−1),
WUE: Instantaneous water use efficiency (µmol CO2 mmol−1 H2O), Spad: Greenness index (Spad),
Chla: Chlorophyll a (mg g−1 FW plant), Chlb: Chlorophyll b (mg g−1 FW plant), TChl: Total chloro-
phyll (mg g−1 FW plant), Carten: Carotenoid (mg g−1 FW plant), Petalant: Petal anthocyanin content
(mg g−1 FW plant), 11: Mock-group A, 12: CMV-group A, 13: TuMV-group A, 21: Mock-group B,
22: CMV-group B, 23: TuMV-group B, 31: Mock-group C, 32: CMV-C, 33:TuMV-C.
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4. Discussion
Plants are continuously interacting with various biological organisms, including

viruses, which can impact plant metabolism both positively and negatively. Plant viruses,
as obligate biotrophic pathogens, alter the physiological and metabolic processes of their
hosts to support their own replication and spread. This often results in severe damage to
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important plant products. These interactions induce physiological, phytochemical, and
molecular changes in plants, enriching their defense signaling pathways [47,48]. Secondary
metabolites are small organic compounds that play vital biological roles during biotic
and abiotic stress in plants. To thoroughly assess the impact of the virus on this plant
over an adequate period of time, various indices were evaluated at multiple time points.
Therefore, we studied the effect of two important plant viruses, CMV and TuMV, on the
morphological, physiological, phytochemical, and molecular properties of saffron over two
years, evaluating the effect of the post-inoculation period (one or two years), as well as the
effect of the inoculation year.

Our findings demonstrated that viral infections, particularly by CMV and TuMV, have
a detrimental impact on the morphological characteristics of saffron plants. The infection
of parsley plants with CMV significantly impacted their morphological characteristics,
resulting in a reduction in plant biomass [30]. CMV caused severe mosaic and yellowing of
leaves, while TuMV induced leaf curling, mosaic patterns, zigzag leaf shapes, and gradual
changes in the leaf tip color, alongside stigma-curling symptoms. These symptoms were
correlated with a notable reduction in leaf area and fresh flower weight, consistent with
previous studies on biotic and abiotic stress responses in saffron and other crops [49,50].
The decrease in leaf area likely represents a defensive plant response to reduce water loss
and enhance survival under stress conditions [51]. Similar effects have been observed in
other studies, where viral infections led to reduced plant growth and altered morphological
traits, such as those recorded in CMV-infected Bambara groundnut and TuMV-infected
stem mustard [29,52].

Our results indicated a direct relationship between leaf area and fresh weight of
flowers, with the highest values for both parameters in mock plants, whereas the fresh
weight of flowers decreased when virus-induced leaf area reduction occurred. Subsequently,
the photosynthesis rate, leaf pigment content, and flowering performance are negatively
affected by virus infection.

Photosynthesis and pigment content were adversely affected by viral infections. CMV-
inoculated plants exhibited the lowest levels of chlorophyll a, b, and total chlorophyll,
consistent with findings in different crops under abiotic stresses [50] and viral infections,
leading to decreased chlorophyll levels and disrupted photosynthesis. The appearance of
symptoms associated with CMV in various plants has led to reduced greenness, disrupted
photosynthesis, and, consequently, a decline in photosynthetic pigments. [29–32,53]. This
disruption is likely due to virus-induced alterations in chloroplast structure and function,
affecting energy production and photosynthetic efficiency [54–57]. We found that the
flowering performance of saffron plants was negatively affected by biotic stress induced
by CMV and TuMV, but this parameter has also been reduced under abiotic stress, like
storage period at low temperatures and drought [49]. The saffron plant behavior in terms
of flowering performance and chlorophyll and carotenoid content changed throughout
the evaluation period, not only by the virus inoculation treatments but also by the post-
inoculation period and inoculation year. In mock plants, these parameters decreased
significantly in group B compared to group A, without relevant changes between groups B
and C derived from corms established in 2021 and 2022, respectively. These data suggest
possible changes in the quality or decay of corms from 2021 to 2022, leading to alterations
in the development and properties of plants generated from daughter corms that have
undergone a dormant phase. Therefore, the lower performance of plants in group B than in
group A might be due to physiological status decay of corms in the second growing season.
The effects of uncontrolled abiotic stresses, which altered plant yields in 2022, cannot be
ruled out.
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Our study highlights that viral stress significantly alters the secondary metabolism
of saffron, affecting crocin, picrocrocin, and safranal levels. Viral treatment (CMV in-
fection in particular) led to the highest reduction in crocin and safranal content, while
increasing picrocrocin levels. These results align with previous research indicating that
viral infections can reprogram plants’ secondary metabolism to enhance defense mecha-
nisms [47]. These changes are associated with the altered expression of genes involved
in the biosynthesis of these metabolites [13]. Specifically, CMV infection resulted in the
lowest expression of CsALDH31l, which is crucial for crocin synthesis, and the highest
expression of CsUGT709G1, which is involved in picrocrocin synthesis. This regulatory
shift further supports the core link between viral stress, gene expression, and metabolic
responses, highlighting the complex nature of plant-virus interactions [58].

Furthermore, viral treatments reduce anthocyanin content in saffron petals, suggest-
ing that viral stress affects flavonoid biosynthesis, which is crucial for plant defense [9].
Anthocyanins are known to decrease under stress conditions, and their reduced levels in
viral treatments suggest a potential defense response against viral pathogens [59]. Previous
studies have shown the vital role of anthocyanins in plant defense against biological stress
factors [8,9,60].

PCA analysis revealed strong correlations among various indexes, indicating that
morphological and physiological indexes are interconnected. With the increase in leaf
area, the amount of greenness also increased, and the decrease in greenness under viral
treatment was not only because of the leaf area, but also because of the virus-induced
effects on chlorophyll. Despite sufficient chlorophyll levels, plants under viral stress
redirected resources towards strengthening their defense pathways rather than maximizing
photosynthetic potential, converting chlorophyll a to chlorophyll b.

Overall, our research provides compelling evidence that viral stress significantly
influences the metabolism and physiological processes of saffron plants, leading to reduced
growth, altered photosynthesis, and changes in secondary metabolite production. The
correlation between gene expression, secondary metabolite levels, and other physiological
and morphological indexes highlights the complex interplay between viral infection and
plant metabolic responses. Understanding these interactions can help to develop strategies
to mitigate the adverse effects of viral infections on economically important crops, thereby
ensuring better yield and quality.

5. Conclusions
The study highlights the detrimental effects of CMV and TuMV on saffron, demon-

strating significant reductions in leaf area, flower fresh weight, and overall flowering per-
formance. Inoculated plants exhibited typical viral symptoms, including leaf mosaic and
stigma curling. Notably, CMV treatment resulted in the lowest chlorophyll and carotenoid
levels, alongside a marked decrease in crocin and safranal content, while picrocrocin levels
peaked in 2021. A strong correlation was found between secondary metabolite content
and the expression of key biosynthetic genes (CsALDH31l and CsUGT709G1), although no
correlation existed for safranal synthesis. Additionally, viral treatments adversely affected
anthocyanin levels, greenness, photosynthesis rates, stomatal transpiration, and water use
efficiency. Taken together, according to our results, it can be stated that viral infection
diminishes the quality of saffron stigma and petals and the quantity of saffron from the
viewpoint of flowering performance. Future studies should investigate the molecular
mechanisms of saffron’s secondary metabolite production in response to viral infections
and develop strategies to improve its resilience against CMV and TuMV.
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Abstract: Light quality is an important variable affecting plant growth, so we aimed to
explore the impact of light quality on plants under salt stress. The salt tolerance of pea
(Pisum sativum L.) seedlings illuminated by LED red light and 4:1 of red/blue light in a
hydroponic system was evaluated at three salinity levels (0, 50, and 100 mmol/L of NaCl)
for their morphological and physiological parameters and their root growth characteristics
in response to salt stress. Results demonstrated that, as salt stress intensified, the plant
height, aboveground fresh/dry mass, root growth indices, and chlorophyll content of pea
seedlings exhibited a decreasing trend, while the malondialdehyde (MDA) content and the
activity of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) in leaves
increased. Also, more sodium (Na+) but less potassium (K+) ions were detected due to
the change in electrolyte balance. Compared with pea seedlings under no salt stress, the
growth rate, plant height, and K+ ion content significantly increased with the red light
treatments, but both lights did not affect the aboveground fresh/dry mass, chlorophyll
content, or root growth index. Under medium salt stress (50 mmol/L), red light helped
generate more chlorophylls by 17.06%, accelerate leaf electrolyte exudation by 23.84%,
accumulate more K+ ions by 46.32%, and increase the K+/Na+ ratio by 45.45%. When
pea seedlings were stressed by 100 mmol/L salinity stress, red light was able to maintain
the leaf chlorophyll level by 114.66%, POD enzyme activity by 157.78%, MDA amount by
14.16%, leaf and stem electrolyte leakage rate by 38.76% and 21.80%, respectively, K+ ion
content by 45.47%, and K+/Na+ ratio by 69.70%. In conclusion, the use of red light has
proven to enhance the salt tolerance of pea seedlings in a hydroponic system, which can
and should be a promising approach to prime pea seedlings for more salt tolerance.

Keywords: pea; LED red light; salt stress; physiological responses; growth indicators

1. Introduction
Salt stress is one of the most important factors inhibiting plant growth [1]. Seed

germination and the seedling stage are the periods most sensitive to soil salinity. If plant salt
stress occurs at these early and vulnerable stages, the entire growth and later development

Horticulturae 2025, 11, 150 https://doi.org/10.3390/horticulturae11020150
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can be severely hindered [2]. Understanding mechanisms involved in crop salt tolerance is
of great importance and can lead to finding ways to enhance crop tolerance against salt
stress in modern agricultural production. Many attempted, endeavoring, and encouraging
approaches in this area include breeding for salt-tolerant varieties [3], adversity exercises
(including cross-adaptation) [4,5], use of exogenous substances [6], and lighting modulation
and priming [7]. Among these, the approach of adjusting light quality is a novel technology
to change physiological responses or adjust key metabolisms for enhanced salt tolerance
in crops, having the advantage of being fast, safe, and without limitation by various
development stages, and therefore has become one of the most researched fields.

Light quality refers to the composition of light wavelengths and their proportions. It
can be divided into ultraviolet light, visible light, and infrared light. Among them, the two
kinds of light that have the most important influence on plant photosynthesis are blue light
(with a wavelength of 450–495 nm) and red light (with a wavelength of 620–760 nm) in
visible light. Plants perceive changes in light quality through photoreceptors and adapt
to a series of environmental conditions. For example, blue light is mainly absorbed by
phototropin and cryptochrome, affecting plant photosynthesis, phototropism, and pho-
toperiodism. Red light is mainly absorbed by phytochrome, influencing seed germination
and flowering, along with seedling morphogenesis and photosynthesis [8]. Goins et al. [9]
found that red LED light caused less main stem development but longer main stem length
during wheat vegetative growth than white light, while red LED light supplemented with
some blue light helped produce larger plants and more grains at harvest. Liu et al. [10]
treated ‘Miaoxiang 7’ strawberry with red light and found enhanced photosynthesis in the
leaves and high soluble solids and vitamin C in the fruits. Li et al. [11] found that red/blue
(3:1) light proved to significantly increase the net photosynthetic rate, gas exchange, pho-
tosynthetic electron transfer capacity, photochemical efficiency, and aboveground and
root biomass accumulation in pepper seedlings compared with white light. Chrysanthe-
mums exposed to blue and far red light demonstrated a longer internode length than
those exposed to red light [12], probably due to the fact that red light significantly affects
photosynthesis through generating more chlorophylls but simultaneously inhibiting car-
bohydrates from moving out of source organs, specifically leaves [13,14]. In the context
of physiological development, the application of red light promoted cell division and
elongation, along with stem elongation [14,15]. Cultivated lily plants under exposure to
a high percentage of red (80%) and blue light (20%) as background have been used as
an effective way to promote extensive stem elongation [16]. While red light positively
enhanced the K+ uptake in cucumber and spinach [17,18], blue light hindered it. However,
blue light enhanced the K+ uptake in leek and garlic [19].

Under salt stress, different red/blue light ratios have been reported to affect gene ex-
pressions such as VvLhcs and light harvesting chlorophyll genes found in Vitis vinifera [19]
and increase the aboveground biomass of lettuce. When red light is combined with blue,
the bluer wavelength usually reduces lettuce plant growth, but, compared with dichromatic
light, both blue and red light increases leaf size and epidermal cell area but reduces root
dry mass, SPAD index, stomatal density, and leaf thickness [20]. In addition, changes in the
ratio of red/far-red light can affect plant salt resistance by modulating the production of
different physiological metabolites in plants [19,20]. Moreover, a pretreatment of red light
has proven to promote the activity of antioxidant enzymes, accumulation of the biomass in
healing tissues, and UV-A tolerance in lettuce photosynthetic cells [21–25]. In summary, red
light plays an important role in plant growth and development, photosynthesis, maturation
and senescence, fruit quality, and plant resistance to various stresses.

Legumes are economically important crops and pea sprouts are favored by consumers
as fresh for their nutritional value and health benefits [26]. No study has been reported
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on the salt tolerance of pea sprouts or seedlings through modulating lighting quality.
Therefore, the aim of this experiment was to investigate the effect of LED red light on
pea salt tolerance at its germination and seedling stages in a hydroponic system through
investigating its growth and physiological parameters. The effect of red light on the salt
tolerance of pea seedlings may shade some light on the potential impact of red light on the
salt tolerance of mature pea plants or other field crops.

2. Results and Analyses
2.1. Effect of Salt Stress on Seed Germination

The germination rate of pea seeds with all treatments increased during the 3-day
assessment. However, a higher salinity level seemed to hinder seed germination in the
first two days, while there was no difference in the seed germination rate on the third day
(Figure 1). Compared with CK, the germination rate of pea seeds with the 50 mmol/L
and 100 mmol/L salt treatments was 31.1% and 48.7% on day 1, and 8.8% and 33.9% on
day 2 post sowing, respectively. There was no significant difference in the germination
rate between treatments (99.7%, 97.6%, and 96.0% respectively) on day 3 post sowing,
suggesting that high salinity up to a 100 mmol/L level delayed seed germination but did
not reduce the final germination rate in 3 days.
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Figure 1. Seedling emergence under different concentrations of salt solutions. Different lowercase
letters represent differences between treatments on the same day at the 0.05 level of significance.

2.2. Effect of Red Light on Aboveground Mass of Pea under Salt Stress

In the first 6 days after seed germination, under the same light conditions, the plant
height of seedlings with the F1, F2, R1, and R2 treatments decreased by 42.82%, 58.42%,
36.57%, and 40.08%, respectively, compared with their corresponding F0 or R0 treatments
(Figures 2 and 3a). Twelve days after seed germination, the plant height of these seedlings
with the F1, F2, R1, and R2 treatments decreased by 67.09%, 78.14%, 50.86%, and 57.88%,
respectively, compared with their CKs (F0 and R0). For the same salinity levels, the plant
height of seedlings with the R0 treatment increased by 26.47% and 15.15% in 6 and 12 days
after seed germination, respectively, compared with that of seedlings with the F0 treatment.
There was no significant difference in the plant height of seedlings between the R1 and
F1 treatments 6 days after germination. However, 12 days after seed germination, the
plant height of seedlings with the R1 treatment increased by 47.73% compared with those
with the F1 treatment. Also, at 6 and 12 days after seed germination, the plant height of
seedlings with the R2 treatment increased by 34.62% and 93.75%, respectively, compared
with that of the seedlings with the F2 treatment. Evidently, red light enhances the growth
of pea seedlings whether there is salt stress or not compared with the control.
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As shown in Figure 3b, the aboveground fresh mass of seedlings with the F1, F2, R1,
and R2 treatments was 54.21%, 77.22%, 51.11%, and 60.79% lower than that of seedlings
with the F0 or R0 treatment, respectively, under the same light conditions 6 days after seed
germination. Twelve days after seed germination, the aboveground fresh mass of seedlings
with the F1, F2, R1, and R2 treatments was 61.83%, 75.47%, 51.33%, and 52.12% lower than
that of seedlings with the F0 or R0 treatment, respectively. For the same salinity levels, there
was no significant difference in the aboveground fresh mass of seedlings between the R0
and F0 treatment at both 6 and 12 days after seed germination. However, the aboveground
fresh mass of seedlings with the R1 treatment increased by 33.70% and 24.37%, respectively,
compared with that of seedlings with the F1 treatment. And the aboveground fresh mass
of seedlings with the R2 treatment increased by 15.91% and 56.70%, respectively, compared
with that of seedlings with the F2 treatment. It was evident that, in the absence of salt stress,
red light did not change the aboveground fresh mass. But, when pea seedlings were under
salt stress, the redlight treatment was more effective than red/blue light in increasing the
aboveground fresh mass of pea seedlings.

Under the same light conditions, the aboveground dry mass of pea seedlings with the
F1, F2, R1, and R2 treatments decreased by 49.32%, 72.97%, 50.00%, and 64.56%, respectively,
6 days after seed germination compared with that of seedlings with their respective F0 or
R0 treatments. Twelve days after germination, the aboveground dry mass of F1 and F2
treatments decreased by 60.26% and 75.17%, respectively, and that of R1 and R2 treatments
decreased by 43.70% and 49.61%, respectively, compared with that of F0 (Figure 3c). Also,
at 12 days after germination, the aboveground dry mass of F1 and F2 treatments decreased
by 60.26% and 75.17%, and that of R1 and R2 treatments decreased by 43.70% and 49.61%,
respectively, compared with that of R0 treatment. For the same salinity levels, there was
no significant difference in aboveground dry mass between R0 and F0 and R1 and F1
treatments at 6 days and 12 days after germination. However, at 12 days after germination,
the aboveground dry mass of R2 treatment was 70.67% higher than that of F2, which was a
significant increase. It can be seen that, under no/low salt stress, red light did not affect
aboveground dry mass in the same way as the control, but, under high salt stress, red light
treatment promoted an increase in aboveground dry mass in comparison with the control.
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Figure 2. Growth of pea seedlings under different light quality and salt stress at 6 days after
germination (a) and 12 days after germination (b).
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Figure 3. Evaluation of aboveground growth of pea seedlings: (a) plant height, (b) aboveground
fresh mass, (c) aboveground dry mass with different treatments. Different uppercase letters indi-
cate significant differences in different salt concentrations of the same light quality (p < 0.05), and
different lowercase letters indicate significant differences in different light qualities of the same salt
concentration (p < 0.05).

2.3. Effect of Red Light on Root Growth of Pea Seedlings Under Salt Stress

Table 1 presents the total root length (cm), total root surface area (cm2), total root
volume (cm3), average root diameter (mm), and root fresh/dry weight (g) of pea. For the
total root length, under the same light quality, at 6 d after germination, it was reduced by
84.35% and 85.00% in F1 and F2 treatments compared with F0 treatment, respectively, and
was reduced by 73.09% and 82.01% in R1 and R2 treatments compared with R0 treatment,
respectively. At 12 d after germination, the total root length in F1 and F2 treatments was
88.08% and 89.11% lower compared with F0 treatment, respectively, while that of R1 and R2
treatments was reduced by 81.48% and 87.85% compared with R0 treatment, respectively.
Under the same salt treatments, there was no significant difference in total root length
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between R0 and F0 treatments at 6 d and 12 d after germination. However, the total root
length of R1 treatment increased significantly by 57.66% and 65.53% over F1 treatment at 6
d and 12 d after germination, respectively, and R2 treatment had no significant difference
in total root length compared with F2 treatment. This indicates that the redlight treatment
favored the increase in total root length to some extent under light salt stress compared
with the control.

Table 1. Comparison of growth parameters of pea roots on different days between various light and
salinity treatments.

Days After
Sowing (d) Treatments Total Root

Length (cm)
Total Root

Surface Area
(cm2)

Total Root
Volume (cm3)

Average Root
Diameter (mm)

Root Dry Mass
(g)

6

F0 58.00 ± 12.84 Aa 9.83 ± 1.21 Aa 0.134 ± 0.016 Aa 0.547 ± 0.022 Aa 0.017 ± 0.002 Ba
F1 9.08 ± 0.72 Bb 1.22 ± 0.15 Bb 0.013 ± 0.002 Bb 0.428 ± 0.009 Bb 0.006 ± 0.001 Ba
F2 8.70 ± 0.24 Ba 1.16 ± 0.12 Bb 0.012 ± 0.002 Bb 0.425 ± 0.011 Ba 0.004 ± 0.001 Cb
R0 53.19 ± 14.55 Aa 8.38 ± 2.45 Aa 0.105 ± 0.033 Aa 0.500 ± 0.004 Aa 0.018 ± 0.002 Aa
R1 14.31 ± 2.01 Ba 2.04 ± 0.34 Ba 0.023 ± 0.005 Ba 0.463 ± 0.013 Ba 0.005 ± 0.001 Ba
R2 9.57 ± 0.53 Ba 1.40 ± 0.05 Ca 0.017 ± 0.001 Ba 0.44 ± 0.009 Ba 0.005 ± 0.001 Ca

12

F0 85.72 ± 7.99 Aa 15.05 ± 1.38 Aa 0.210 ± 0.020 Aa 0.559 ± 0.005 Aa 0.027 ± 0.003 Aa
F1 10.22 ± 0.34 Bb 1.30 ± 0.19 Bb 0.013 ± 0.004 Ba 0.405 ± 0.023 Ba 0.009 ± 0.001 Ba
F2 9.33 ± 0.59 Ba 1.05 ± 0.14 Ba 0.010 ± 0.003 Ba 0.360 ± 0.017 Ca 0.003 ± 0.001 Ca
R0 91.3 ± 19.19 Aa 15.62 ± 2.9 Aa 0.213 ± 0.037 Aa 0.548 ± 0.010 Aa 0.029 ± 0.001 Aa
R1 16.91 ± 2.09 Ba 1.73 ± 0.13 Ba 0.014 ± 0.002 Ba 0.328 ± 0.012 Ba 0.007 ± 0.001 Ba
R2 11.09 ± 0.73 Ca 1.10 ± 0.15 Ca 0.009 ± 0.002 Ca 0.316 ± 0.011 Ba 0.006 ± 0.001 Ba

Note: Different uppercase letters indicate significant differences in different salt concentrations of the same light
quality (p < 0.05), and different lowercase letters indicate significant differences in different light qualities of the
same salt concentration (p < 0.05).

Regarding the total root surface area, under the same light quality, at 6 d after germina-
tion, that of F1 and F2 treatments was 87.55% and 88.16% lower than that of the F0 treatment,
respectively; that of R1 and R2 treatments was 75.59% and 83.24% lower than that of the R0
treatment, respectively. Under the same salt treatments, there was no significant difference
in total root surface area between R0 and F0 treatments at 6 d and 12 d after germination.
The total root surface area of R1 treatment increased significantly by 67.11% and 33.29%
over F1 treatment at 6 d and 12 d after germination, respectively. At 6 d after germination,
the total root surface area of R2 treatment increased by 20.63% compared with F2 treatment,
which was a significant increase, but, at 12 d after germination, the difference between R2
and F2 treatments was not significant. It suggests that the red light treatment favored the
increase in total root surface area under salt stress compared with the control.

In terms of the total root volume, under the same light quality, at 6 d after germination,
the total root volume of F1 and F2 treatments was reduced by 90.13% and 90.71%, respec-
tively, and that of R1 and R2 treatments was reduced by 77.78% and 84.13%, respectively,
compared with the R0 treatment. At 12 d after germination, it was reduced by 93.60%
and 95.45% in F1 and F2 treatments, respectively, and by 93.38% and 95.88% in R1 and R2
treatments, respectively, compared with F0 treatment. Under the same salt treatment, there
was no significant difference in total root volume between the R0 and F0 treatments at 6 d
and 12 d after germination. At 6 d after germination, the total root volume of the R1 treat-
ment increased by 76.47% over the F1 treatment, which was a significant increase, while, at
12 d after germination, the differences between R1 and F1 treatments were not significant.
At 6 d after germination, the total root volume of R2 treatment increased significantly by
33.93% compared with F2 treatment, and, at 12 d after germination, the difference between
R2 and F2 treatments was not significant. It indicates that the red light treatment favored
the increase in total root volume under salt stress compared with the control.

Concerning the average root diameter, under the same light quality, at 6 d after
germination, the average root diameter of F1 and F2 treatments decreased by 21.80% and
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22.29%, respectively, and that of R1 and R2 treatments decreased by 7.27% and 12.01%,
respectively, compared with the R0 treatment. At 12 d after germination, the mean root
diameters of the F1 and F2 treatments were reduced by 27.51% and 35.56%, respectively,
and the mean root diameters of the R1 and R2 treatments were reduced by 40.17% and
42.24%, respectively, compared with the R0 treatment. Under the same salt stress, at 6 d
after germination, the average root diameter of R1 increased significantly by 8.26% over
that of F1 treatment, while, at 6 d and 12 d after germination, the differences between
R0 and F0 and R2 and F2 treatments were not significant. It suggests that the red light
treatment under light salt stress favored the increase in mean root diameter to some extent
compared with the control.

For the root dry mass, under the same light quality, at 6 d after germination, the root
dry mass of the F1 and F2 treatments was reduced by 64.36% and 76.24%, respectively, and
that of the R1 and R2 treatments was reduced by 73.58% compared with that of the R0
treatment. At 12 d after germination, the root dry mass of the F1 and F2 treatments was
reduced by 67.68 g and 87.80 g, respectively, compared with the F0 treatment, and the root
dry mass of the R1 and R2 treatments was reduced by 75.86 g and 79.31 g, respectively,
compared with the R0 treatment. At 12 d after germination under the same salt stress, there
was no significant difference in root dry mass between R0 and F0 treatments and between
R1 and F1 treatments, whereas R2 showed a significant increase of 100.00% in root dry
mass over F2. This indicates that prolonged exposure to red light reduces the reduction
in the dry mass of pea roots by salt stress compared with the control light under high salt
stress.

2.4. Effect of Red Light on Chlorophyll Content of Pea Under Salt Stress

The chlorophyll content of hemp pea under salt stress in the control red and blue
light treatments versus the red light treatments is evidently shown in Figure 4. With the
same light quality, compared with the F0 treatment, the chlorophyll content of the F1 and
F2 treatments was reduced by 34.32% and 69.77%, respectively. Compared with the R0
treatment, the chlorophyll content of the R1 and R2 treatments was reduced by 28.40%
and 39.56%, respectively. Under the same salt stress, there was no significant difference in
chlorophyll content between the R0 and F0 treatments. The chlorophyll content of the R1
treatment increased by 17.06% over the F1 treatment, and the chlorophyll content of the R2
treatment increased by 114.66% compared with the F2 treatment, with a significant increase.
It indicates that the red light treatment promotes the increase in chlorophyll content in
hemp pea under salt stress more than the control.

Horticulturae 2025, 11, x FOR PEER REVIEW 7 of 18 
 

 

reduced by 67.68 g and 87.80 g, respectively, compared with the F0 treatment, and the root 
dry mass of the R1 and R2 treatments was reduced by 75.86 g and 79.31 g, respectively, 
compared with the R0 treatment. At 12 d after germination under the same salt stress, 
there was no significant difference in root dry mass between R0 and F0 treatments and 
between R1 and F1 treatments, whereas R2 showed a significant increase of 100.00% in 
root dry mass over F2. This indicates that prolonged exposure to red light reduces the 
reduction in the dry mass of pea roots by salt stress compared with the control light under 
high salt stress. 

Table 1. Comparison of growth parameters of pea roots on different days between various light and 
salinity treatments. 

Days After Sow-
ing (d) Treatments 

Total Root 
Length (cm) 

Total Root Surface 
Area (cm2) 

Total Root Vol-
ume (cm3) 

Average Root Diam-
eter (mm) 

Root Dry Mass 
(g) 

6 

F0 58.00 ± 12.84 Aa 9.83 ± 1.21 Aa 0.134 ± 0.016 Aa 0.547 ± 0.022 Aa 0.017 ± 0.002 Ba 
F1 9.08 ± 0.72 Bb 1.22 ± 0.15 Bb 0.013 ± 0.002 Bb 0.428 ± 0.009 Bb 0.006 ± 0.001 Ba 
F2 8.70 ± 0.24 Ba 1.16 ± 0.12 Bb 0.012 ± 0.002 Bb 0.425 ± 0.011 Ba 0.004 ± 0.001 Cb 
R0 53.19 ± 14.55 Aa 8.38 ± 2.45 Aa 0.105 ± 0.033 Aa 0.500 ± 0.004 Aa 0.018 ± 0.002 Aa 
R1 14.31 ± 2.01 Ba 2.04 ± 0.34 Ba 0.023 ± 0.005 Ba 0.463 ± 0.013 Ba 0.005 ± 0.001 Ba 
R2 9.57 ± 0.53 Ba 1.40 ± 0.05 Ca 0.017 ± 0.001 Ba 0.44 ± 0.009 Ba 0.005 ± 0.001 Ca 

12 

F0 85.72 ± 7.99 Aa 15.05 ± 1.38 Aa 0.210 ± 0.020 Aa 0.559 ± 0.005 Aa 0.027 ± 0.003 Aa 
F1 10.22 ± 0.34 Bb 1.30 ± 0.19 Bb 0.013 ± 0.004 Ba 0.405 ± 0.023 Ba 0.009 ± 0.001 Ba 
F2 9.33 ± 0.59 Ba 1.05 ± 0.14 Ba 0.010 ± 0.003 Ba 0.360 ± 0.017 Ca 0.003 ± 0.001 Ca 
R0 91.3 ± 19.19 Aa 15.62 ± 2.9 Aa 0.213 ± 0.037 Aa 0.548 ± 0.010 Aa 0.029 ± 0.001 Aa 
R1 16.91 ± 2.09 Ba 1.73 ± 0.13 Ba 0.014 ± 0.002 Ba 0.328 ± 0.012 Ba 0.007 ± 0.001 Ba 
R2 11.09 ± 0.73 Ca 1.10 ± 0.15 Ca 0.009 ± 0.002 Ca 0.316 ± 0.011 Ba 0.006 ± 0.001 Ba 

Note: Different uppercase leĴers indicate significant differences in different salt concentrations of 
the same light quality (p < 0.05), and different lowercase leĴers indicate significant differences in 
different light qualities of the same salt concentration (p < 0.05). 

2.4. Effect of Red Light on Chlorophyll Content of Pea under Salt Stress 

The chlorophyll content of hemp pea under salt stress in the control red and blue 
light treatments versus the red light treatments is evidently shown in Figure 4. With the 
same light quality, compared with the F0 treatment, the chlorophyll content of the F1 and 
F2 treatments was reduced by 34.32% and 69.77%, respectively. Compared with the R0 
treatment, the chlorophyll content of the R1 and R2 treatments was reduced by 28.40% 
and 39.56%, respectively. Under the same salt stress, there was no significant difference in 
chlorophyll content between the R0 and F0 treatments. The chlorophyll content of the R1 
treatment increased by 17.06% over the F1 treatment, and the chlorophyll content of the 
R2 treatment increased by 114.66% compared with the F2 treatment, with a significant 
increase. It indicates that the red light treatment promotes the increase in chlorophyll con-
tent in hemp pea under salt stress more than the control. 

 

Aa

Bb

Cb

Aa

Ba
Ca

0

10

20

30

40

50

F0  R0 F1  R1 F2  R2
TreatmentsC

hl
or

op
hy

ll 
co

nt
en

t(
SP

A
D

)

Figure 4. The chlorophyll content of pea seedlings between different light and salinity treatments on
the 12th day after sowing. Different uppercase letters indicate significant differences in different salt
concentrations of the same light quality (p < 0.05), and different lowercase letters indicate significant
differences in different light qualities of the same salt concentration (p < 0.05).
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2.5. Effect of Red Light on Antioxidant Enzyme Activities of Pea Seedlings Under Salt Stress

The MDA content and activities of SOD, POD, and CAT enzymes in the leaves of
pea seedlings significantly increased with the salinity level in the hydroponic solution
(Figure 5). Under the same salinity level, the MDA content in leaves with the R2 treatment
was 14.16% less than that in the F2 treatment, but no such significant differences were
observed between the R0 and F0 treatments, or between the R1 and F1 treatments. A
significantly reduced SOD enzyme activity (by 34.76% and 26.83%) was detected in leaves
with the R0 and R2 treatments, but not with R1. The POD enzyme activity significantly
increased in leaves with both R1 and R2 treatments (by 73.53% and 157.78%, respectively,
p < 0.05). There was no significant difference in the CAT enzyme activity in leaves with the
two light quality treatments. Since SOD and POD enzymes are relatively sensitive to light
quality, the salt-stressed pea seedlings illuminated by red light tended to reduce the MDA
content and SOD enzyme activity but increased the POD enzyme activity significantly in
comparison with those activities in the F treatments.
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Figure 5. Evaluation of antioxidant enzyme activities: (a) malondialdehyde (MDA) content, (b) su-
peroxide dismutase (SOD) activity, (c) peroxidase (POD) activity, and (d) catalase (CAT) activity in
leaves of pea seedlings between different light and salinity treatments on the 12th day after sowing.
Different uppercase letters indicate significant differences in different salt concentrations of the same
light quality (p < 0.05), and different lowercase letters indicate significant differences in different light
qualities of the same salt concentration (p < 0.05).

2.6. Effect of Red Light on the Electrolyte Leakage Rate in Pea Seedlings Under Salt Stress

Under the illumination of the same light quality, the leaf electrolyte leakage rate in
seedlings with the F1 and F2 (compared with F0) and R1 and R2 (compared with R0)
treatments increased by 44.30%, 116.17%, 10.46%, and 33.06%, respectively (Figure 6a).
Under the same salinity level, no significant difference in the leaf electrolyte leakage
rate was observed between R0 and F0, while a significantly reduced rate of 23.84% in
R1 compared with F1 and of 38.76% in R2 compared with F2 was observed. Under the
illumination of the same light quality, the stem electrolyte leakage rate in seedlings with
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the F1 and F2 (compared with F0) and R1 and R2 (compared with R0) treatments increased
by 53.06%, 108.58%, 37.89%, and 36.78%, respectively (Figure 6b). Under the same salinity
level, no significant difference in the stem electrolyte leakage rate was observed between
the R0 and F0 treatments or between the R1 and F1 treatments, while a significantly lower
rate of 21.80% in R2 compared with F2 was observed. Under the illumination of the same
light quality, the root electrolyte leakage rate in seedlings with the F1 and R1 treatments
did not change significantly compared with their respective F0 and R0 treatments, but
increased by 14.24% and 40.57% in roots with the F2 and R2 treatments compared with
their respective F0 and R0 treatments (Figure 6c). There was no such significant difference
in roots between R0 and F0, R1 and F1, and R2 and F2 treatments under the same salinity
levels. Therefore, illumination with red light caused the electrolyte to leak less through the
membranes in the leaves and stems of pea seedlings under salt stress.
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Figure 6. The electrolyte leakage rate of different parts of pea seedlings: (a) in leaves, (b) in stems,
and (c) in roots between different light and salinity treatments on the 12th day after sowing. Different
uppercase letters indicate significant differences in different salt concentrations of the same light
quality (p < 0.05), and different lowercase letters indicate significant differences in different light
qualities of the same salt concentration (p < 0.05).

2.7. Effect of Red Light on the K+ and Na+ Content and K+/Na+ Ratio in Pea Seedlings Under
Salt Stress

Under the illumination of the same light quality, the K+ content decreased by 29.99%,
35.48%, 11.09%, and 18.54% in seedlings with the F1 and F2 (compared with F0) and R1
and R2 (compared with R0) treatments, respectively (Figure 7a). Meanwhile, under the
same salt stress, the K+ content in seedlings with the R0, R1, and R2 increased significantly
by 15.22%, 46.32%, and 45.47%, compared with their respective F0, F1, and F2 treatments,
respectively. Under the illumination of the same light quality, the Na+ content in seedlings
with the F1, F2, R1, and R2 treatments increased by 1668.39%, 2897.81%, 1889.01%, and
2773.05%, respectively, compared with their respective F0 or R0 treatments (Figure 7b).
There was no significant difference in the Na+ content in seedlings when comparing the
R0 to F0 and R1 to F1 treatments. However, seedlings with the R2 treatment showed a
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significant reduction of 14.28% in the Na+ content compared with the F2 treatment. In
terms of the K+/Na+ ratio, there were significant reductions of 96.04% and 97.85% in
seedlings with F1 and F2 (compared with F0), and of 95.53% and 97.16% in seedlings with
R1 and R2 (compared with R0) under the illumination of the same light quality (Figure 7c).
Meanwhile, there were such significant differences of 28.82%, 45.45%, and 69.70% increases
in seedlings when comparing the R0 to F0, R1 to F1, and R2 to F2 treatments, respectively. It
was evident that red light increased the K+ content and the K+/Na+ ratio in pea seedlings
with or without salt stress but reduced the Na+ content in seedlings under severe salt stress.
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Figure 7. Effect of different lights and salinity levels on the K+ (a) and Na+ (b) content and K+/Na+

ratio (c) of pea seedlings on the 12th day after sowing. Different uppercase letters indicate significant
differences in different salt concentrations of the same light quality (p < 0.05), and different lowercase
letters indicate significant differences in different light qualities of the same salt concentration
(p < 0.05).

3. Discussion
3.1. The Impact of Salt Stress on Crops

Salt stress is an inevitable constraint that the environment imposes on crop production,
agricultural development, and ecological conservation, which negatively affects plant
growth, development, and reproduction [27]. Our data analysis demonstrated that the
process of the pea seed germination was delayed at first under salt stress, but, 3 days after
sowing, the final germination rate did not change significantly, suggesting that salt-stressed
pea seeds absorbed less water first due to osmotic stress but quickly adjusted to tolerate an
unlethal salinity (<100 mmol/L) in their final germination, which was basically consistent
with the results reported by Ya et al. [28].

3.2. The Role of Light Quality in Plant Growth and Development

The light environment is crucial for plant growth and development as it influences mor-
phological adjustment, photosynthesis, morphogenesis, root development, metabolisms,
photoperiod modulation, and gene expression in plants [29]. Light quality, being one of the
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core constituents of the light environment and the most significant technical parameter in
supplementary light for facility crops, has always drawn attention. Different wavelengths
of light possess different levels of energy, which can impact plant growth and development
by modulating photoreceptors, transcription factors, and plant hormones [16,17]. Light
quality is capable of affecting the antioxidant capacity of crops, regulating carbon and nitro-
gen metabolism, and enabling crops to adapt to various abiotic stress environments [18,19].
Among them, red and blue light are most essential in promoting photosynthetic effi-
ciency [30–32]. The illustration of mechanisms involved in sensing quality and intensity of
red, blue, or both bended lights by pea seedlings to affect the growth, development, and
metabolism is demonstrated in Figure 8.
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of hydroponically cultivated pea seedlings.

In this experiment, red light has proven to be more effective than red/blue (4:1) light
in enhancing the growth and height of normal pea seedlings. However, neither of the
two lights significantly affected the aboveground fresh/dry mass, chlorophyll content, or
root growth indexes, which is basically in agreement with the findings on the effect of red
light on tomato growth reported by Mansoori et al. [33]. Under the same salt stress, both
growth rate and fresh mass of pea seedlings with the red light treatment were greater than
those of seedlings with the red/blue (4:1) light treatment, while the dry matter mass of pea
seedlings under the illumination of red light was significantly greater than that of seedlings
under the illumination of red/blue (4:1) light treatments only on day 12 with the highest
salinity level (100 mmol/L). Red light shows a less inhibitory effect on root growth and
development whether under salt stress or not and significantly increases the chlorophyll
content of seedlings at different salt stress levels. The difference of growth parameters
measured between two different treatments of light quality may be due to the variations
of physiological and biochemical levels in response to different light quality acquired by
photoreceptors in plants [34,35]. It is generally considered that red light either enhances the
tolerance of pea seedlings against salt stress or makes them more sensitive to light quality
by promoting the chlorophyll synthesis catalyzed by increased enzyme activities, reducing
osmotic damages to cell membranes, improving photosynthetic efficiency, and initiating
more dry matter accumulation [7].
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3.3. The Situation Related to Antioxidant Enzymes

Abiotic stresses disrupt the balance between ROS production and its elimination,
likely resulting in an excessive accumulation of ROS and ultimately leading to oxidative
stress [36]. MDA is an oxidative end product of the free radical-induced lipid peroxidation
and can indirectly reflect the intensity of oxidative stress [37]. SOD, POD, and CAT are
essential antioxidant enzymes that remove excess ROS [38].

Many studies have demonstrated that the activities and efficiencies of antioxidant
enzymes in response to abiotic stresses in plants vary depending on the ratio of red to blue
light, plant species, genotype, and stages of plant growth and development [39–41]. In this
study, all leaves of pea seedlings showed an increasing trend in the SOD, POD, and CAT
activities and the MDA content as salt stress intensified. However, the antioxidant enzyme
activity demonstrated some variation in seedlings under different lights, in which SOD and
POD enzymes showed higher activities and were more responsive to light quality. Under
the same salt stress, the SOD activity and MDA content of the red light treatment were lower
than those of the seedlings illuminated by red/blue (4:1) light, suggesting that the lack of
blue light was unfavorable to increasing the SOD activity, which could be a consequence
of lower superoxide production [42,43]. Additionally, the POD activity of pea seedlings
illuminated by red light was greater than that of seedlings illuminated by red/blue (4:1)
light, which is consistent with the previous findings on the effect of light on antioxidant
enzyme activities [44,45]. It is evident that there are certain synergies and antagonisms
between various physiological metabolisms in pea seedlings under salt stress. Under
illumination by red light, the changes in SOD and POD activities showed an opposite trend,
likely due to a delayed signaling transduction in plants or other interfering factors involved
in the complexity of the enzymatic activities or diversified responses of plants to oxidative
stress and complex regulatory networks [46]. POD and SOD enzyme sensitivity to a certain
type of illumination may be due to the fact that light signal pathways can modulate gene
expression and secondary signal pathways, adjust synthesis and breakdown of enzymes
participating in light-effecting metabolisms, and affect their efficacies [47–51].

3.4. The Situation Related to Ionic Balance

Under NaCl-generated salt stress, the increase in Na+ accumulation and decrease in
K+ uptake by plants break the balance of interior ions, causing ionic toxicity and nutrient
deficits in plants, and ultimately affecting plant growth and development [52,53]. The
results derived from this experiment demonstrated that red light illumination was favorable
to the increase in K+ content and decrease in Na+ content, which indicated that a high
proportion of red light was required to promote the uptake of K+ by plant cells, reduce the
uptake of Na+, and increase the K+-Na+ ratio in order to alleviate the inhibitory effect of
ionic imbalance caused by salt stress on the growth of pea seedlings. In addition, salt stress
increases the electrolyte leakage rate [54], which can be mitigated by red light illumination
on pea seedlings under salt stress, suggesting that red light could alleviate the oxidative
damage to cell membranes through reducing the electrolyte leakage rate in pea seedlings.

Light intensity can affect the salt tolerance of crops. When the light intensity is less
than 500 µmol/m2/s, it is considered to be relatively low for some plants such as peas [55].
Above that light intensity level, a relatively higher light intensity is conducive to increasing
the photosynthetic rate of plants and then alleviating the damage caused by salt stress to
plants through various physiological pathways such as increasing the synthesis of osmotic
regulatory substances, etc. [56]. Therefore, we believe that the slight difference between the
light intensity of the two lamps (390.2 µmol/m2/s and 324.8 µmol/m2/s, respectively) we
used did not affect the results at all at such a low intensity. In the future, research on the
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optimal combination of light quality and light intensity for improving the salt tolerance of
plants should be further explored.

4. Materials and Methods
4.1. Materials

Pea seeds were soaked and germinated and their sprouts were planted in 30 cm ×
22 cm × 3.5 cm trays and placed on a 4-shelf rack (40 cm high, 100 cm long, and 50 cm
wide). Spectra outputs from the various basal lamp/filter combinations were recorded
with a calibrated spectroradiometer (LI-COR 1800, Lincoln, NE, USA) placed horizontally
in the cabinets used for the experiments, with the sensor covered by the glass lid of the
vessel. Different light treatments and salt treatments were carried out at the same time.
Four LED light tubes were fixed on the top of each shelf (four lamps per layer) and the
whole rack was fully covered with black cloth. The test lighting spectrum was set up with
two LED light sources at a 4:1 ratio of red/blue and red light with a photosynthetic active
radiation of 390.2 µmol/m2/s and 324.8 µmol/m2/s (T8 36W Grow Light, Beijing Yasheng
Zengguang Physical Agricultural Technology Development Co., Ltd., Beijing, China), and
the light intensity of 2740 Lx and 2270 Lx, respectively (Figure 9).
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Figure 9. Spectral distribution of red/blue lighting (a) and red lighting (b).

4.2. Methods

The pea variety ‘Green Valley Pea No.2’ was purchased from Beijing Green Valley
Sprouts Co., Ltd., Beijing, China). Pea seeds were soaked in distilled water for 10 h,
then placed in Petri dishes with filter paper moistened with 0, 50, and 100 mmol/L NaCl
hydroponic solution, with 25 seeds in each Petri dish, and 10 Petri dishes under each con-
centration gradient, for a total of 750 seeds. The seeds were placed in a shaded environment
for germination. The germination percentage of each treatment was counted at 1, 2, and
3 d after sowing.

Germination rate (%) = number of seeds germinated/total seeds used × 100% (1)

To test the salt stress-mitigating effect of red light on pea seedlings, germinated seeds
were transplanted in hydroponic cases composed of a plastic box with an internal plastic
grid that was illuminated with red/blue lights or red light. Three NaCl solutions at a
concentration of 0 (CK), 50, or 100 mmol/L were used for hydroponic cultivation under
two light treatments. Each treatment of lighting and salinity combination was replicated
three times, with 125 seeds in each of them. Seedlings cultivated in hydroponic cases in the
fresh nutrient solution were watered with 0, 50, or 100 mmol/L NaCl solution, respectively,
illuminated for 12 h, and kept in the dark for 12 h at 25 ± 1 ◦C throughout the whole
experiment. The hydroponic cases with various light treatments were placed randomly on
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the shelves in a density to avoid any possible shading. Lighting tubes were anchored 36 cm
above the hydroponic cases. Since the red/blue light at a 4:1 ratio has been regularly used
as a supplemental light for leafy vegetables, it was chosen for the three salinity levels as
the control groups designated as F0, F1, and F2, while red light in combination with three
salinity levels were grouped as R0, R1, and R2.

Morphological parameters such as plant height, plant fresh mass and dry mass, and
root characters were measured at 6 and 12 days after seed germination. Five seedlings
per treatment were measured with a ruler for their height each time, then separated into
their aboveground part and roots, and weighed respectively for their fresh mass using
an electronic balance (with an accuracy of ~0.01 g). To obtain their dry mass, both the
aboveground part and roots were dried in an oven at 105 ◦C for 30 min and then kept
at 75 ◦C until they were completely dry. Finally, they were weighed using an electronic
balance with an accuracy of 0.0001 g. Fresh root samples were scanned by a root scanner
(EPSON EXPRESSION 10000 XL, Epson (Beijing, China) Co., Ltd., Beijing, China), and
then analyzed using a root analysis system (WinRHIZO STD4800 LA2400, Regent Co., Ltd.,
Toronto, ON, Canada), for total root length (cm), total root surface area (cm²), total root
volume (cm³), and average diameter of the roots (mm).

Physiological parameters of pea seedlings under each treatment were investigated
on the 12th day after sowing. The SPAD value of the 3rd and 4th unfolded leaves at the
top of each seedling was measured with a chlorophyll meter to determine the chlorophyll
content (TYS-4N Handheld Chlorophyll Analyzer, Beijing Zhongke Weihe Technology
Development Co., Ltd., Beijing, China). The content of K+ and Na+ ions was measured
with the flame photometric method. The rate of electrolyte leakage used to indicate the
permeability and the degree of damage to cell membranes was determined by the protocol
described by Dionisio-Sese et al. [57]. Leaves of pea seedlings were sampled, rinsed with
tap water, and dried by filter paper. Then, 0.3 g of a sample leaf was cut into small pieces,
emerged in deionized water in a 25 mL testing tube, and soaked for 3 h to measure the
first EC (EC1) using a conductivity meter (Thunder Magnetic DDS-307A, Shanghai Yidian
Scientific Instrument Co., Ltd., Shanghai, China). The second EC (EC2) was determined after
the leaf sample in the testing tube was boiled for 30 min and cooled to room temperature.
The permeability rate was calculated by EC (%) = EC1/EC2 × 100%. The third unfolded
true leaves below the growing tip of all remaining seedlings under each treatment were
cut and mixed to determine antioxidant enzymatic activities of superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), and malondialdehyde (MDA). SOD, POD, CAT,
and MDA were determined using the SOD (SOD-2-Y), POD (POD-2-Y), CAT (CAT-2-Y),
or MDA (MDA-2-Y) detection kit, respectively (Comin Biotechnology Co., Ltd. Suzhou,
China) [58]. Briefly, leaf samples maintained under −80 ◦C were ground with liquid
nitrogen. In the Na2HPO4/NaH2PO4 buffer, SOD, POD, CAT, and MDA were extracted
by homogenizing on ice (0.1 g leaf tissues for each SOD, POD, CAT, and MDA assay with
1 mL buffer). After the extraction of SOD, POD, CAT, and MDA, the homogenates were
centrifuged at 8000× g at 4 ◦C for 10 min. For the pro assay, the homogenates were shaken
in a boiling water bath (90 ◦C) for 10 min, cooled, and then centrifuged at 1000× g at 25 ◦C
for 10 min.

SOD activity was determined by measuring its ability to inhibit the photochemical re-
duction of nitroblue tetrazolium (NBT) at 560 nm. One unit of SOD activity (U) was defined
as the amount of enzyme that caused a 50% decrease in the SOD-inhibited NBT reduction.
The reaction mixture consisted of 240 µL potassium phosphate buffer (K2HPO4/KH2PO4)
plus ethylenediaminetetraacetic acid, 510 µL xanthine, 6 µL xanthine oxidase, and 180 µL
NBT. Control and blank tubes were performed in the same manner but contained 90 µL
supernatant and distilled water, respectively. In the control and blank tubes, the solu-
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tions were mixed thoroughly and absorbance levels at 560 nm were determined using a
spectrophotometer (752Pro UV-Vis Spectrophotometer, Lengguang Technology Co., Ltd.,
Shanghai, China). The results were expressed as units (U) of fresh weight (FW, U/g).

POD activity was determined by measuring the oxidation of guaiacol in the presence
of hydrogen peroxide (H2O2) at 470 nm. One unit of POD activity (U) was defined as the
amount of enzyme required to increase the absorbance at 470 nm by 0.01 per min per mL.
The reaction mixture consisted of 15 µL supernatant, 270 µL distilled water, 520 µL sodium
acetate and acetic acid, 130 µL H2O2, and 135 µL guaiacol. The reaction mixture was mixed
immediately, and the increase in absorbance at 470 nm from 30 s (A1) up to 1.5 min (A2)
was determined using a spectrophotometer. POD activity was calculated using the formula
POD = 7133 × (A2−A1)/FW (U/g).

CAT activity was determined by the amount of H2O2 consumption at 240 nm. One
unit of CAT activity (U) was defined as the amount of enzyme catalyzing the decomposition
of 1 nmol of H2O2 per min. The reaction mixture consisted of 100 µL H2O2 and 20 mL
sodium phosphate (Na2HPO4/NaH2PO4) buffer. A 35 µL aliquot of the supernatant was
mixed thoroughly with 1 mL reaction mixture, and then the decrease in absorbance at
240 nm (A1) up to 1 min (A2) was determined using a spectrophotometer. CAT activity was
calculated using the formula CAT = 678 × (A1−A2)/FW (U/g).

To measure MDA activity, the reaction mixture consisted of 0.6 mL trichloroacetic acid
and thiobarbituric acid. A 0.2 mL aliquot of the supernatant was added and the sample
was placed in a boiling water bath (90 ◦C) for 30 min. After cooling, the mixture was
centrifuged at 10,000× g at 25 ◦C for 10 min. The absorbance levels of the supernatant at
532 nm (A532) and 600 nm (A600) were recorded and expressed as U/g FW. The MDA
content was calculated using the formula MDA = 25.8 × (A532−A600)/FW (U/g).

4.3. Data Analysis

The experimental data were processed, analyzed, and plotted using EXCEL software.
ANOVA and significance tests were performed using SPSS 17.0 data processing software
with the LSD method.

5. Conclusions
Under salt stress, red light, compared with red/blue (4:1) light, significantly increased

the height, aboveground fresh mass, aboveground dry mass, root growth indexes, chloro-
phyll content, POD enzyme activity, and K+/Na+ ratio in leaves, but decreased the MDA
content, SOD enzyme activity, Na+ content, and stem and leaf electrolyte leakage rate
in pea seedlings. In summary, red light can be used to improve the salt tolerance of pea
seedlings. The results may provide a theoretical basis for the use of light quality to regulate
plant salt tolerance or enhance the tolerance of crop seedlings against abiotic stresses.
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Abstract: Satureja rechingeri is a valuable medicinal plant, but its growth can be signif-
icantly impacted by water deficit stress. To investigate the effects of biochar (BC) and
hydroretentive polymers (HPs) on various eco-physiological traits of savory under a water
deficit, an experiment was conducted over two consecutive cropping seasons (2017–2019).
A randomized complete block design with a split-plot factorial arrangement and three
replications was used. The treatments consisted of three levels of irrigation (95 ± 5, 75 ± 5,
and 55 ± 5% FC), which were applied to the main plots, and combinations of two levels
of biochar and two levels of HPs, which were applied to subplots. The results show that
a water deficit reduced the relative water content (RWC), chlorophyll content, and dry
matter yield of the shoots. Furthermore, the activity of catalase (CAT), peroxidase (POD),
ascorbate peroxidase (APX), and malondialdehyde (MDA) increased in two-year-old plants.
The MDA content significantly decreased by 15.6% in the second year compared to in the
first year under a water deficit. The application of HPs caused a decrease of 26.4%, 32.5%,
and 27.5% in POD, CAT, and APX enzyme activities, respectively, compared to their control
levels. In the biochar treatment, there was a significant reduction in the activity of POD,
APX, and CAT in the leaves.

Keywords: drought stress; enzymatic antioxidant activities; plant pigments; soil amend-
ments

1. Introduction
Satureja rechingeri Jamzad is a perennial medicinal herb belonging to the Lamiaceae

family. It holds significant value in Iranian flora due to its aromatic properties and therapeu-
tic potential [1]. This herb typically grows up to 20 cm in height, featuring small, strongly
scented leaves. It thrives in rocky, arid environments and exhibits remarkable tolerance to
dry conditions [2]. Research has shown that S. rechingeri biosynthesizes several bioactive
compounds, including essential oils, flavonoids, and phenolic acids, which contribute to its
potential medicinal properties [3–5]. For instance, studies have demonstrated that the essen-
tial oil extracted from S. rechingeri exhibits antimicrobial and antioxidant activities, making
it a promising candidate for treating bacterial infections and preventing oxidative damage
to cells [6]. In addition to its medicinal benefits, S. rechingeri has been suggested to possess
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natural insecticidal properties due to its strong scent and chemical composition. This
characteristic makes it a safer and more environmentally friendly alternative to synthetic
insecticides [7]. The essential oil of S. rechingeri contains biologically active compounds
such as carvacrol and thymol, which are primarily responsible for its therapeutic effects.
Savory species also produce antimicrobial secondary metabolites, including essential oils,
as part of their natural growth and defense mechanisms against pathogens and drought
stress [4].

Plants, including S. rechingeri, undergo various morphological, physiological, and
biochemical changes when exposed to drought stress. These alterations can affect plant
establishment, height, leaf and root characteristics, shoot and root dry weight, and over-
all yield [5]. Additionally, drought stress impacts photosynthetic efficiency, stomatal
conductance, relative leaf water content, respiration, osmotic regulation, carbohydrate
accumulation, proline levels, sugar content, protein synthesis, cell membrane integrity, and
hormonal balance. Plants employ a range of strategies to cope with drought stress, includ-
ing enzymatic and non-enzymatic defense mechanisms [8,9]. Under stressful conditions, an
excessive buildup of reactive oxygen species (ROS) can occur, leading to cellular oxidative
damage [10]. To counteract this, plants activate defense mechanisms such as catalase
(CAT), superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and
polyphenol oxidase (PPO) [11,12]. Additionally, to mitigate the adverse effects of drought
stress, plants employ various physiological, biochemical, and cellular strategies. These
adaptations are crucial for maintaining sustainable growth and productivity, especially in
arid and semi-arid regions [13].

Drought stress remains a significant constraint on plant growth and productivity,
particularly in water-scarce regions [14]. Soil management practices, such as the application
of biochar and hydroretentive polymers (HPs), have been shown to improve soil fertility,
water availability, and root zone conditions, making them effective tools for drought
mitigation [15–17]. Biochar, a carbon-rich material produced through the pyrolysis of
organic materials like biomass and manure, has been widely studied for its ability to
enhance soil fertility and water retention [18–20]. Similarly, HPs are hydrophilic materials
capable of absorbing and retaining large amounts of water, making them valuable for
improving plant water availability in agriculture [21,22]. These polymers are commonly
used in agriculture to enhance plant water availability [23,24].

Numerous studies have evaluated the effects of biochar and hydroretentive polymers
on the eco-physiological characteristics of plants under drought stress [25]. For example,
research has demonstrated that plants treated with biochar exhibit significant improve-
ments in leaf water potential, the photosynthetic rate, and stomatal conductance compared
to untreated plants [26]. Similarly, the application of superabsorbent polymers has been
shown to increase shoot dry weight, root length density, and leaf relative water content
in savory plants under drought stress [4]. Furthermore, the combined use of biochar and
superabsorbent polymers has synergistic effects on plant growth and physiology, enhanc-
ing drought resilience and ultimately improving productivity [27]. In another study, the
combined application of biochar and superabsorbent polymers significantly increased
plant height, shoot and root dry weight, and chlorophyll content compared to individual
treatments [17]. This finding suggests that the combined use of these amendments offers a
more effective strategy for alleviating the adverse effects of drought stress on savory. Such
approaches can enhance the plant water status, improve photosynthetic efficiency, promote
growth, and ultimately lead to higher productivity. The primary aim of this research was
to investigate how the physio-morphological properties of S. rechingeri are influenced by
cow manure biochar, both independently and in combination with HPs, under drought
stress conditions.
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2. Materials and Methods
2.1. Materials

To perform this experiment, savory (S. rechingeri) seeds were collected from their
natural habitats in Ilam province, Iran, from 375 to 915 m above sea level, at the flowering
stage, and they were planted in pots in February 2017. After 70 days, seedlings in the 8-
to 10-leaf stage were transferred to the medicinal plant research farm of the Faculty of
Agriculture, Lorestan University, Khorramabad, Iran (46.21◦ E, 32.3◦ N, altitude), 1100 m
above sea level, with an annual average precipitation and temperature of 461 mm and
18.2 ◦C, respectively. The experiments were conducted during two consecutive cropping
seasons in 2017 and 2019. The monthly temperatures and precipitation at the experimental
farm during the two growing seasons are presented in Table 1.

Table 1. Monthly air temperature and total precipitation at the experimental sites in Khorramabad,
Iran, during the two growing seasons in 2018 and 2019.

Months

Temperature (◦C)

Max Min Total Precipitation (mm)

2018 2019 2018 2019 2018 2019

March 16 18 10 9.6 211 195
April 18.2 18.9 13.2 11.1 153 134
May 21.2 24 17.2 16.9 51.4 70.3
June 37.26 39.4 20.6 18.6 0 0
July 40.1 44 24.9 24.0 0 0
August 46.3 48.1 30.2 27.3 0 0
September 33.3 35 19.1 18.4 0 0
October 21.86 30.8 13.2 12.1 12.6 27.2

2.2. Soil Characterization

Before the experiment, random soil samples were taken from the field site at a depth
of 0–30 cm. Following sampling, the soil was ground, air-dried, and filtered through a
2 mm sieve before routine physicochemical properties were determined. The soil particle
size distribution was measured using sieving and pipette methods [28]. At the test sites,
the soil was a clay loam (43% silt, 39% clay, and 18% sand) with 1.15% organic matter.
The recovery of soil organic carbon was measured by the Walkley–Black method [29]. A
Theta Probe device was used to determine the water-holding capacity (WHC%) (Spectrum
Technology Inc, Hamburg, Germany), and the total nitrogen, phosphorus, and potassium
concentrations were determined by the Kjeldahl method [30]. The chemical properties of
the soil under investigation are summarized in Table 2.

Table 2. Some chemical properties of the investigated soil before the amendment application.

Soil Particle Size
Distribution

TN TC CaCO3 P Available
N K+ Ca2+ Mg2+ ECe pH

% % % mg
kg−1 % mg

kg−1
mg

kg−1
mg

kg−1
dS

m−1 -

43% silt, 39% clay,
18% sand 0.09 1.15 19.8 10.8 0.059 355 0.43 98.4 0.57 8

TN, total nitrogen; TC, total carbon; P, phosphorus; [K+, Ca2+, Mg2+], soluble cation concentrations; ECe, electrical
conductivity of soil saturated paste extract.
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2.3. Experimental Design and Treatments

Treatments were arranged as a split-plot factorial with a randomized complete block
design arrangement, with three replications during two consecutive cropping seasons.
Three levels of irrigation [95 ± 5 (D0), 75 ± 5 (D1), and 55 ± 5 (D2) percent of field capacity],
two levels of biochar (0- and 5-ton ha−1) [BC], and two rates of hydroretentive polymers (0
and 240 kg ha−1) [HPs] (as subplots) were used. Each experimental plot comprised four
rows spaced 50 cm apart, with each row measuring 3 m in length, resulting in a planting
density of 4 plants per square meter. The main plots within each block were separated by
one meter, while the blocks themselves were spaced two meters apart. Seeds were collected
during the flowering stage from natural habitats and sown in pots in February 2017. By
early May 2018, when the plants had reached a height of approximately 6–8 cm, they were
transplanted to the farm. Throughout the growing season, no pesticides were applied,
and weed control was carried out manually. As S. rechingeri is a biennial plant, replanting
was not required. The selection of biochar and HPs should be tailored to the soil type to
optimize their effectiveness. Soil type—whether clay, sandy, or loam—plays a critical role
in influencing water and nutrient absorption and retention, which directly impacts plant
performance [31].

The biochar used in this study had been produced at 450–650 ◦C for 4 h from cow
manure with the following characteristics: a particle size (PS) < 2 mm; a bulk density (BD)
of 0.65 Mg m−3; a total porosity (TP) of 83.4%; a pH of 8.5–8.8; a cation exchange capacity
(CEC) of 12.9–14 cmol kg−1; and an electrical conductivity (EC) of 12.88 ds/m. The biochar
was mixed with soil to a depth of 0–20 cm before planting [21]. A hydroretentive polymer
was used as the superabsorbent in this experiment with the following characteristics: a PS
of 0.2; a BD of 0.7 Mg m−3; a TP of 52.2%; a pH of 7.70; a CEC of 400 mol kg−1; and an EC
of 13.21 ds/m. The HP amounts appropriate for each treatment were placed at a depth of
20 cm beneath the seedlings [27].

2.4. Measurements of Chlorophyll Content and Photosynthesis Parameters

At the end of each stress period (the fifth day after applying the water deficit stress),
the chlorophyll content index of the SPAD (soil and plant analyzer development) value was
determined with a portable chlorophyll meter (SPAD-502 Plus, Konica Minolta, Lincoln,
Japan). Forty to fifty days after the initiation of the watering treatments, the photosynthesis
parameters, which included the net photosynthesis rate (PN), stomatal conductance (gs),
and transpiration (E) of two upper and fully expanded leaves, were measured using a
Li-COR 6400 portable photosynthesis system (Li-COR, Lincoln, NE, USA) on a sunny day
between 10:00 and 11:00 am. During the measurement, the photosynthetic photon flux
density was maintained at 750 µmol m–2 s–1 using an internal red/blue LED light source,
and CO2 concern was set to 400 µmol–1 by mixing external air with CO2 from an attached
source. The leaf temperature was recorded as 27–28 ◦C, with a sample relative humidity
higher than 70%.

2.4.1. Measurement of RWC (%)

The relative water content (RWC) was determined by selecting the youngest developed
leaf from each treatment in each replication. The leaves were weighed immediately after
harvesting to obtain their fresh weight. The leaves were then placed in test tubes with
distilled water and left for 4 h under low-light conditions at room temperature (25 ◦C) to
estimate their turgid masses. After drying the leaf samples in an oven at 72 ◦C for 48 h, the
dry mass of the leaves was measured. The RWC was calculated using Equation (1) [32]:

RWC(%) =

(
Fresh Weight − Dry Weight

Turgid Weight − Dry Weight
× 100

)
(1)
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2.4.2. Measurement of MDA

Malondialdehyde was identified by Buege and Steven [33] as the product of lipid per-
oxidation that reacts with thiobarbituric acid to produce a red species absorbing at 535 nm.
For this purpose, TCA-TBA-HCI stock was prepared by mixing 15% w/v trichloroacetic
acid; 0.375% w/v thiobarbituric acid; and 0.25 N hydrochloric acid. This solution was mildly
heated to assist in the dissolution of the thiobarbituric acid. In this study, the malondialde-
hyde concentration was calculated using the described methods with minor modifications.
In a Chinese mortar, 0.5 g of fresh leaves was ground with 5 mL of a 20% trichloroacetic acid
solution containing 0.5% thiobarbituric acid. The extract was centrifuged, then heated at
80 ◦C for 25 min, cooled, and centrifuged again. To correct for any additional compounds,
the absorbance value of the samples was obtained at a wavelength of 532 nm (A532) and
then subtracted from their absorbance value at a wavelength of 600 nm (A600). The malon-
dialdehyde concentration of the sample was calculated using an extinction coefficient of
1.56 × 10 ~ M−I cm−l (Equation (2)).

MDA (µmol g FW−1) = ⌊ (A532 − A600) ⌋ × 1000 (2)

2.4.3. Enzymatic Antioxidant Activities

To determine the antioxidant activity, a fresh leaf sample weighing 0.3 g was ground
in 1.5 mL of cold 50 mM phosphate buffer (pH 7.8), and the resulting suspension was
transferred to 2 mL microtubes. The microtubes were then placed in a refrigerated cen-
trifuge for 20 min at a temperature of four degrees Celsius with a revolution speed of
14,000 per minute. The method described in [34] was used to measure the activity of
ascorbate peroxidase (APX) [35]. Peroxidase (POD) activity was determined using the
standard method, and absorbance readings were recorded at 470 nm [36]. Catalase (CAT)
activity was measured according to the method described in [37].

2.5. Statistical Analyses

A combined analysis of variances (in randomized complete block split-plot factorial
field experiments with three replications) was performed on the data obtained from the
2-year study using PROC GLM of SAS version 9.1 (SAS Institute, Cary, NC, USA 1990).
Means were statistically compared using LSD (p < 0.05).

3. Results
3.1. Analysis of Variance of Studied Traits

The results of the analysis of variance showed that year had a significant effect on
the malondialdehyde (MDA) concentration (p < 0.05) and biomass production (p < 0.01)
(Table S1). Water stress and the hydroretentive polymer (HP) had a considerable impact on
all traits (p < 0.01). The effects of biochar on SPAD, MDA, ascorbate peroxidase (APX), the
net photosynthesis rate (PN), the transpiration rate (E), stomata conductance (GS), biomass
production (BIO), and the leaf relative water content (RWC) were significant (p < 0.01). The
interaction effect of water deficit × biochar on peroxidase (POD), the transpiration rate,
SPAD, the RWC, MDA, and stomata conductance was significant. Similarly, the interaction
effect of water deficit × HP on SPAD, POX, APX, MDA, and the RWC was significant
(p < 0.01) (Table S1).

3.2. Effects of Biochar, Water Deficit, and Superabsorbent on SPAD

The results indicate that there was a significant difference in the chlorophyll meter
number (SPAD) between the different levels of water deficit (Table S1). The SPAD values
of the leaves in the treatments of 75 ± 5% (D1) and 55 ± 5% (D2) showed an increase
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of 33.2 and 11.8%, respectively, compared to those in D0 (95 ± 5% FC) (Table 3). The
application of biochar (BC) and the hydroretentive polymer (HP) increased the SPAD value
by 1.7% and 46.1%, respectively, compared to the control treatment (without BC and the
HP) (Table 4). A comparison of the mean BC × D interaction effects on SPAD showed
that its value increased with the water deficit levels with the use of biochar. The highest
SPAD value, with an average of 30.5, was obtained from the D0BC1 treatment (95 ± 5%
water requirement +10 t ha−1 BC), and no statistically significant difference was observed
compared to the control. The lowest value of 22.6 was obtained in the D2BC1 treatment (55
± 5% FC + BC), which caused a 25.5% increase in the SPAD value compared to the control
(without BC) (Table 4). These outcomes indicate the positive and more effective role of
biochar over soil quality and nutrient availability in improving the physiological attributes
of Satureja rechingeri. Similarly, the effect of D×HP on the SPAD value decreased in parallel
with the intensification of the water shortage in both conditions, with and without the HP,
but the effect of the application of the HP on its activity level differed depending on the
level of irrigation; no statistically significant difference was observed between the use and
non-use of the HP in D1, but its use at D1 and D2 levels increased the SPAD value by 83.5%
and 47.1%, respectively, compared to the control (without the HP) (Table 5). Nevertheless,
at both levels of application and the non-application of SA, the SPAD value decreased in
parallel with the intensification of the lack of moisture (Table 5).

Table 3. Mean comparisons of the main effects of year, water deficit, biochar, and hydroretentive
polymer on gas exchange parameters and physiological properties in savory.

Traits
Treatment

SPAD MDA POX CAT APX PN E GS BIO RWC

(µmol g
Fw−1)

(Unit mg−1

Protein)
(µmolCO2
m−2s−1)

(Mmol H2O
m−2s−1)

(mol H2O
m−2s−1)

(g
plant−1) %

Years
Y 1 25.7 a 23.7 a 5.00 a 3.51 a 5.10 a 20.5 a 4.99 a 0.468 a 11.9 b 70.0 a
Y 2 26.0 a 20.5 b 5.20 a 3.72 a 4.86 a 20.2 a 4.93 a 0.459 a 24.0 a 71.5 a

Deficit stress
D0 20.3 c 12.9 a 4.52 b 2.11 c 2.75 c 27.2 a 6.71 a 0.559 a 24.8 a 84.2 a
D1 26.8 b 22.1 b 4.61 b 3.82 b 5.61 b 19.6 b 4.91 b 0.449 b 18.1 b 69.6 b
D2 30.4 a 31.4 c 6.18 a 4.91 a 6.58 a 14.4 c 3.10 c 0.382 c 11.0 c 58.5 c

Biochar
BC0 24.9 b 22.8 a 5.17 a 3.41 a 5.31 a 19.0 b 4.12 b 0.432 b 15.7 b 68.6 b
BC1 26.8 a 21.4 b 5.04 a 3.83 a 4.65 b 21.6 a 5.03 a 0.495 a 18.3 a 72.9 a

Hydroretentive
polymer

HP0 20.6 b 24.8 a 5.88 a 4.12 a 5.79 a 19.3 b 4.49 b 0.448 b 16.8 b 66.5 b
HP1 30.1 a 19.4 b 4.33 b 3.11 b 4.20 b 21.5 a 5.33 a 0.479 a 19.1 a 74.9 a

Abbreviations: Y, years; D0, D1, and D2: water deficit at 95 ± 5, 75 ± 5, and 55 ± 5% FC, respectively; BC0, BC1: 0
and 10 t ha−1 biochar, respectively; HP0 and HP1: 0 and 240 kg ha−1 hydroretentive polymer, respectively; SPAD,
photosynthesis index; MDA, malondialdehyde; POX, peroxidase; CAT, catalase; APX, ascorbate peroxidase; PN, net
photosynthesis rate; E, transpiration rate; GS, stomata conductance; BIO, biomass production; RWC, relative water
content. Different letters in each column indicate significant differences among the treatments (p < 0.05, LSD test).

Table 4. The interaction effect of water deficit × biochar on SPDA, MDA, POX, transpiration, stomatal
conductance (gs), and RWC of savory.

Traits
Treatment

SPAD MDA POX E GS RWC

- µmol g
Fw−1

Unit mg−1

protein
mmol H2O

m−2s−1
mol H2O
m−2s−1 %

D0BC0 30.4 a 13.0 d 4.65 cd 5.97 b 0.544 a 84.1 a
D0BC1 30.5 a 12.8 d 4.39 d 7.44 a 0.575 a 84.2 a
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Table 4. Cont.

Traits
Treatment

SPAD MDA POX E GS RWC

- µmol g
Fw−1

Unit
mg−1

protein

mmol
H2O

m−2s−1

mol H2O
m−2s−1 %

D1BC0 26.3 b 23.6 b 4.28 d 4.64 d 0.418 c 68.2 c
D1BC1 27.3 b 20.6 c 4.95 c 5.20 c 0.480 b 71.1 b
D2BC0 18.0 d 31.9 a 6.57 a 2.86 f 0.333 d 53.5 e
D2BC1 22.6 c 30.9 a 5.79 b 3.35 e 0.431 c 63.4 d
LSD5% 2.16 1.61 0.476 0.446 3.21 2.88

Abbreviations: D0, D1, and D2: water deficit at 95 ± 5, 75 ± 5, and 55 ± 5% FC, respectively; BC0, BC1: 0 and 10 t
ha−1 biochar; SPAD, photosynthesis index; MDA, malondialdehyde; POX, peroxidase; E, transpiration rate; GS,
stomata conductance; RWC, relative water content. Different letters in each column indicate significant differences
among the treatments (p < 0.05, LSD test).

Table 5. Interaction effect of water deficit × superabsorbent on SPAD, MDA POX, APX, and RWC
of savory.

Traits
Treatment

SPAD MDA POX APX RWC

- µmol g
Fw−1

Unit mg−1

protein
Unit mg−1

protein %

D0HP0 30.1 b 14.1 e 4.59 c 2.88 c 83.7 a
D0HP1 30.8 b 11.7 f 3.93 d 2.62 d 84.6 a
D1HP0 18.9 d 24.5 c 5.29 b 6.12 b 63.5 c
D1HP1 34.7 a 19.6 d 4.45 c 5.12 c 75.8 b
D2HP0 15.9 e 35.8 a 7.74 a 8.39 a 52.4 d
D2HP1 24.8 c 27.0 b 4.62 c 4.78 c 64.5 c
LSD5% 2.16 1.61 0.476 0.552 2.88

Abbreviations: D0, D1, and D2: deficit stress at 95 ± 5, 75 ± 5, and 55 ± 5% FC; HP0 and HP1: 0 and 6 g
plant−1 superabsorbent; SPAD, photosynthesis index; MDA, malondialdehyde; POD, peroxidase; APX, ascorbate
peroxidase; RWC, relative water content. Different letters in each column indicate significant differences among
the treatments (p < 0.05, LSD test).

3.3. Effects of Biochar, Water Deficit, and Superabsorbent on MDA

Except for malondialdehyde (MDA), no changes were noticed in the other traits
under water deficit stress (Table 3). The content of MDA decreased by 15.6% under the
water deficit in the second year compared to in the first year. This can be attributed
to the sustained stress experienced over the two years. The highest concentration of
MDA (31.4 µmol g Fw−1) was obtained from treatment D2 (55 ± 5% FC) (Table 3). These
results indicate that the water deficit led to a decrease in the RWC and dry matter yield,
while the amount of MDA and soluble sugars increased following drought stress. In
the treatments involving the application of biochar and the hydroretentive polymer, the
process of increasing MDA was slow, resulting in a decrease of 6.2% and 21.8% in the MDA
concentration compared to the control level (without BC and the HP) (Table 3). This result
indicates that the application of biochar creates favorable conditions for plants to maintain
low levels of MDA, thereby preventing the lipid peroxidation of cell membranes caused
by oxidative stress and protecting them from damage due to water deficit. As the level
of membrane fat peroxidation increases, so does MDA production. Also, the results of
this research show that the mutual effects of BC and the water deficit led to a significant
decrease in MDA. This may imply that the release of active oxygen and the destruction
of membrane fat are prevented. The highest concentration of MDA (31.9 mg/g FW−1)
was associated with the D2BC0 treatment, whereas the lowest concentration (12.8 mg/g
FW−1) of MDA was observed in the D0BC1 treatment. There was no statistically significant
difference between the application and control treatment of BC at the water deficit levels of
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95 ± 5 (D0) and 75 ± 5 (D2). However, biochar use at the water deficit level of 75 ± 5 (D1)
resulted in a 12.7% decrease in the MDA concentration compared to the control (without
BC) (Table 4). In fact, by providing water to the plant, BC prevents the degradation of cell
membrane fat and thus inhibits the activity of oxygen radicals. Examining the process
of MDA production during the experiment showed that the MDA amount significantly
increased in proportion to the increase in the field water deficit stress in the HP0 and HP1

treatments (Table 5). The amount of MDA in the three stress treatments (95 ± 5, 75 ± 5, and
55 ± 5% FC) showed a different trend to that in the two HP and HP0 treatments. The MDA
concentration increased regardless of HP application; however, the effect of HP application
differed depending on the water deficit level. So, the use of the HP at the irrigation levels
of 95 ± 5 (D0), 75 ± 5 (D1), and 55 ± 5 (D2) caused a decrease of 0.17, 0.20, and 24.5%
in MDA, respectively, compared to the control level without the hydroretentive polymer
(Table 5), and these values increased under the water stress conditions. By increasing the
ability to hold water, the HP moderated the water deficit conditions in the soil and reduced
the amount of MDA under the stress conditions.

3.4. Effects of Biochar, Water Deficit, and Superabsorbent on Enzyme Antioxidants

A comparison of the average of the simple effects showed that, as the intensity of
the water deficit (D) of the savory plant increased, the activity of antioxidant enzymes
(POX, CAT, and APX) also increased (Table 3). The highest activity levels were observed in
the D2 (55 ± 5% FC of water requirement) treatment. Compared to the D0 (95 ± 5% FC)
treatment, the enzyme activity of POX, CAT, and APX increased by 36.7%, 133%, and 139%,
respectively (Table 3). Although biochar application did not have a statistically significant
effect on the activity of POX and CAT enzymes, its use led to a 14.2% reduction in APX
enzyme activity compared to the control treatment (Table 3). Moreover, the application of
the HP resulted in reductions of 26.4%, 32.5%, and 27.5% in the activity of POX, CAT, and
APX enzymes, respectively, compared to their control levels (Table 3). Interestingly, the
interaction effect between irrigation and the HP on the activities of POX and APX enzymes
differed significantly under the water deficit and non-water deficit conditions. For instance,
in the D2HP1 treatment, the activity of POX increased by 17.6% and that of APX increased
by 82.4% compared to in the D0HP1 treatment. Conversely, applying the superabsorbent
at D0, D1, and D2 levels resulted in a decrease of 0.9%, 16.3%, and 75.5% in APX enzyme
activity, respectively, compared to the control level (HP0) (Table 5).

Although the activity of the POX enzyme increased with the intensification of the
water deficit in both the application and non-application conditions of biochar, the effect
of BC application on POX activity differed depending on the irrigation level. In the D0

treatment, there was no statistically significant difference between the application and
non-application of BC. However, at the D1 and D2 levels of irrigation, the application of BC
resulted in a 15.6% increase and an 11.9% decrease in POX activity, respectively, compared
to the control level (without biochar) (Table 4).

3.5. Effects of Biochar, Water Deficit, and Hydroretentive Polymer on Photosynthetic Parameters

A means comparison revealed a significant decrease in the photosynthetic parameters
(photosynthesis, transpiration, and stomatal conductance) and the RWC of the savory plant
leaves in parallel with the intensity of drought stress. Among the different treatments, the
highest values were observed in the D0 treatment (95 ± 5% FC), whereas the lowest values
were obtained under D2 (55 ± 5% FC) conditions. Specifically, the net photosynthesis
rate, transpiration rate, stomatal conductance rate, and RWC decreased by 0.47%, 53.8%,
31.6%, and 30.5%, respectively, in the 55 ± 5 (D2) treatment compared to at the 90 ± 5
(D0) level (Table 3). The reduction in the RWC and the stomata closure represent the
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initial impacts of drought stress, resulting from disturbances in the photosynthetic material
production system. Furthermore, the response to water stress likely involves the regulation
of carbon dioxide availability in the chloroplast, predominantly controlled by stomatal
conductance. The application of biochar and the hydroretentive polymer resulted in a
significant improvement in various parameters compared to the control group. Specifically,
there was a 13.7% and 11.4% increase in net photosynthesis, a 22.1% and 18.7% rise in
transpiration, a 14.6% and 6.9% elevation in stomatal conductance, and a 6% and 12.6%
improvement in the RWC (Table 3). No statistically significant difference was observed
when comparing the application of BC with that of the control at the D0 (95 ± 5% FC)
level. However, at the 75 ± 5 (D1) and 55 ± 5 (D2) levels, the application of BC resulted
in a significant increase in stomatal conductivity. Specifically, there was a 4.2% and 18.5%
elevation in stomatal conductivity compared to the control (without BC) level, as shown
in Table 4. Additionally, using BC led to an overall increase in the transpiration rate
across all drought stress levels. In D0, D1, and D2, the application of BC caused a 24.6%,
12.1%, and 14.6% rise in transpiration, respectively, compared to the control level (without
BC) (Table 4). Furthermore, the RWC decreased as the water deficit intensified in both
conditions, regardless of biochar application. However, the effect of BC on the RWC varied
depending on the severity of the water deficit levels. In summary, this study revealed
no significant difference in stomatal conductivity between the usage of biochar (BC) and
non-usage of BC at the 95 ± 5% (D0) level. Nevertheless, at the D1 and D2 levels, BC
usage led to a notable increase of 4.2% and 18.5% in stomatal conductivity compared to the
control treatment (without BC) (Table 4). Furthermore, the effect of the HP on the RWC
varied depending on the drought stress level. At the D0 (95 ± 5% FC) level, there was
no statistically significant difference between the application and non-application of SA.
However, at the D1 and D2 levels, the application of the HP resulted in an increase of 19.4%
and 23.1% in the RWC compared to the control level (HP0) (Table 5).

3.6. Correlation Matrix

A clear correlation was identified among all biochemical, enzymatic, and photosyn-
thetic parameters associated with the savory plant. Notably, there was a positive and
significant correlation between biochemical parameters such as peroxidase (POX), catalase
(CAT), and ascorbate peroxidase (APX) and photosynthetic characteristics like the transpi-
ration rate. However, these biochemical parameters exhibited a negative correlation with
net photosynthesis, the photosynthesis index, stomatal conductance, and the relative water
content. Additionally, a significant negative correlation was found among the stomatal
conductance, net photosynthesis rate, photosynthesis index, and relative water content
(Figure 1). The negative correlation between these factors highlights the delicate balance
between water conservation and photosynthesis in plants.
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year-old Satureja rechingeri. POX, peroxidase; CAT, catalase; APX, ascorbate peroxidase; E, transpi-
ration rate; GS, stomata conductance; PN, net photosynthesis rate; SPAD, photosynthesis index; 
RWC, relative water content. 
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stress (Table 1). As illustrated in Table 4, drought stress led to a rise in chlorophyll meter 
readings for the savory plants. This suggests that a higher chlorophyll meter reading un-
der drought conditions may indicate an intensified stress effect on the plant and a subse-
quent reduction in the leaf area. By decreasing the leaf area during stressful periods, plants 
minimize their transpiration surface to conserve water; consequently, while the total chlo-
rophyll content may decline, the concentration of chlorophyll per unit leaf area increases 
(38). Research [38] indicated that the SPAD values of Malva sylvestris L. rose with increas-
ing levels of stress. Drought is a significant factor hindering plant growth by reducing 
photosynthesis [38] and limiting CO2 uptake into leaves, which further decreases photo-
synthetic rates and damages chlorophyll. Studies on cotton [39] confirmed the detrimental 
effects of drought on chlorophyll levels. Afzal et al. [40] noted that variations in chloro-
phyll meter readings could be influenced by leaf thickness, which may vary based on crop 
type, growth stage, cultivar, and environmental factors. In this study’s findings, the green-
ness index improved with the application of 10 t ha−1 of cow manure biochar and 240 kg 
ha−1 of a hydroretentive polymer. The highest SPAD values were recorded with the inter-
action between the D0BC1 and D0HP1 treatments. Yang et al. [41] identified rapid physio-
logical adaptations, such as leaf tubularization, a reduced leaf area, and increased sto-
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Figure 1. The effect of water deficit on the correlation between biochemical mechanisms of two-year-
old Satureja rechingeri. POX, peroxidase; CAT, catalase; APX, ascorbate peroxidase; E, transpiration
rate; GS, stomata conductance; PN, net photosynthesis rate; SPAD, photosynthesis index; RWC,
relative water content.

4. Discussion
Under the conditions of water stress, plants face a decline in photosynthesis, respira-

tion, and nutrient absorption. This can result in stunted growth, reduced chlorophyll levels,
and lower crop yields. Furthermore, drought stress can elevate the production of reactive
oxygen species (ROS), which can damage cellular membranes and adversely affect overall
plant health. Interestingly, the SPAD values of the leaves increased under moisture stress
(Table 1). As illustrated in Table 4, drought stress led to a rise in chlorophyll meter readings
for the savory plants. This suggests that a higher chlorophyll meter reading under drought
conditions may indicate an intensified stress effect on the plant and a subsequent reduction
in the leaf area. By decreasing the leaf area during stressful periods, plants minimize their
transpiration surface to conserve water; consequently, while the total chlorophyll content
may decline, the concentration of chlorophyll per unit leaf area increases (38). Research [38]
indicated that the SPAD values of Malva sylvestris L. rose with increasing levels of stress.
Drought is a significant factor hindering plant growth by reducing photosynthesis [38]
and limiting CO2 uptake into leaves, which further decreases photosynthetic rates and
damages chlorophyll. Studies on cotton [39] confirmed the detrimental effects of drought
on chlorophyll levels. Afzal et al. [40] noted that variations in chlorophyll meter readings
could be influenced by leaf thickness, which may vary based on crop type, growth stage,
cultivar, and environmental factors. In this study’s findings, the greenness index improved
with the application of 10 t ha−1 of cow manure biochar and 240 kg ha−1 of a hydroretentive
polymer. The highest SPAD values were recorded with the interaction between the D0BC1

and D0HP1 treatments. Yang et al. [41] identified rapid physiological adaptations, such
as leaf tubularization, a reduced leaf area, and increased stomatal resistance, as strategies
for coping with drought stress. Jia et al. [42] explored how water deficits affect physiol-
ogy, antioxidant enzymes, and secondary metabolites across various plant species. One
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accelerated reaction due to ROS presence is lipid peroxidation in cell membranes leading
to the production of aldehydes like malondialdehyde [42]. MDA serves as an indicator of
oxidative damage under drought conditions; its elevated levels signify membrane injury.
Jia et al. [42] associated increased MDA concentrations with heightened lipid peroxidation
and the oxidation of membrane fatty acids. The results indicated that a water deficit at
60% field capacity decreased photosynthetic pigments and dry matter production while
increasing MDA levels in aerial parts [43]. The application of biochar can help mitigate
these negative effects, as it can improve the soil structure, enhance the water retention
capacity, and reduce oxidative stress. These factors contribute to the better performance
of plants under drought conditions. The MDA level was consistently higher in the water
deficit stress treatment compared to in the water deficit + biochar treatment [44]. The high-
est MDA concentration was observed under the interaction between the D2BC0 and D2HP0

treatments. When subjected to stress conditions, plants generate substantial amounts of
reactive oxygen species (ROS). Excessive ROS production during drought leads to oxidative
stress within plants [45,46]. In severe cases of drought stress, even though plants activate
their antioxidant systems, excessive ROS formation can trigger lipid peroxidation, along
with damage to pigments, proteins, and other cellular components, ultimately resulting
in harm to the plant [47]. To counteract the detrimental effects of reactive oxygen species
(ROS), plants develop a sophisticated antioxidant defense system that includes superoxide
dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), and peroxidase (POX). The
observed increase in catalase activity in Satureja rechingeri suggests that this plant has a no-
table capacity to withstand drought stress. Recent findings indicate that drought conditions
may significantly enhance the activity of antioxidant enzymes. This study revealed that
the application of biochar notably reduced the levels of POX and APX in savory leaves. In
essence, the use of biochar improved the function of protective enzymes like CAT and POX,
which helped to inhibit active oxygen species and subsequently reduced membrane lipid
peroxidation. In summary, under drought stress, the addition of water through biochar
and hydroretentive polymer treatments increased soil moisture compared to the control
conditions. This improvement in moisture levels helped mitigate soil dryness and led to a
decrease in the activities of enzymes such as POX and APX relative to those in the control
soils. The protective role of antioxidant enzymes against oxidative damage has also been
explored in bermudagrass (Cynodon dactylon L.) [47]. Consistent with our findings, Wang
et al. [48] reported that a water deficit resulted in a reduced relative water content alongside
increased malondialdehyde (MDA) levels and heightened activity of superoxide dismutase
and peroxidase enzymes in rubber plants (Ficus elastica) [49]. Overall, our results indicate
a significant increase in the activity of antioxidant enzymes (CAT, POX, and APX) with
escalating drought stress. Thus, enhancing antioxidant enzyme activity may play a crucial
role in bolstering plant resistance to moisture stress. Although this study did not find a
positive correlation between SOD or CAT activity and a higher RWC under moisture stress
conditions, there is substantial evidence suggesting that, during the early stages of drought,
stomatal closure is a primary limitation on photosynthesis. This closure occurs due to
decreased photosynthetic rates under dry conditions, signaling necessary metabolic adjust-
ments within the leaf [50]. Various studies have documented reductions in photosynthetic
rates due to drought stress across different plant species [51,52], attributing these declines
mainly to stomatal and non-stomatal limitations [53]. To prevent excessive moisture loss
through transpiration during drought stress, plants reduce their stomatal conductance; this
response consequently limits photosynthesis while potentially improving intrinsic water
use efficiency (WUEi) [54]. This aligns with the findings of our study, where we observed
a decline in net photosynthesis, transpiration, and stomatal conductance under drought
conditions. The D2 (60% FC) treatment showed the highest values, while the D0 (100% FC)
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treatment showed the lowest. Lyu et al. [43] noted that biochar application can improve
soil moisture levels, promote water infiltration, and enhance the water retention capacity,
ultimately benefiting agricultural yields. In a comparative study on irrigation and biochar
effects, it was found that, as water scarcity increased, stomatal conductance, transpiration
rates, and the leaf relative water content (RWC) decreased regardless of biochar application.
However, the influence of biochar on these parameters varied with the severity of the water
deficit. Our results indicate that a water deficit negatively impacts plant photosynthesis
rates; however, biochar application can alleviate some adverse effects associated with
reduced water availability. By enhancing electron transfer and protective enzyme activity
in plant leaves, biochar can bolster their defense mechanisms against drought stress [43]. A
higher RWC suggests that amendments like biochar and hydroretentive polymers (HPs)
may help reduce water loss by closing stomatal openings or improving root expansion for
better water absorption. Nanda et al. [55] reported that hydroretentive polymers can en-
hance soil moisture retention and decrease irrigation frequency by up to 50%. Additionally,
research indicates that biochar is particularly beneficial in less fertile soils compared to more
fertile ones, which is consistent with our findings [56]. The total porosity, water-holding
capacity, pH, and electrical conductivity (EC) of the substrate significantly increased with
increasing biochar rates, especially in the substrate without SAP. The values of pH and
EC were significantly lower in the substrate with SAP than in that without SAP at high
biochar application rates (27). Given the comparable performance of biochar and super-
absorbent materials, we can conclude that this aligns with the results of our experiment.
Thus, incorporating cow manure biochar is a strategic approach for soil management in
arid regions. Hydroretentive polymers are macromolecules with hydrophilic components
capable of absorbing and retaining significant amounts of water [57]. They have been
shown to significantly improve moisture storage and capacity in the root zone under stress
conditions [58]. By mitigating the effects of water deficit on plants, they ultimately promote
enhanced growth and photosynthetic activity [50].

5. Conclusions
This research shows that drought stress negatively affects savory plants by reducing

photosynthesis due to stomatal closure. However, applying biochar (BC) and hydrore-
tentive polymers (HPs) helps mitigate these effects by improving soil properties, water
availability, and nutrient absorption. BC and HPs also enhance plant defense mechanisms
against stress by reducing lipid peroxidation and maintaining low levels of malondialde-
hyde (MDA). The combined use of BC and HPs is more effective in enhancing plant
characteristics under drought stress compared to individual use. The future application of
biochar (BC) and hydroretentive polymers (HPs) in agriculture shows promise in mitigat-
ing the detrimental effects of drought stress on plants by enhancing soil properties, water
availability, nutrient absorption, and photosynthetic pigments. This combined approach
can protect plants from oxidative damage, maintain low levels of malondialdehyde (MDA),
and improve physiological processes under stress conditions.
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www.mdpi.com/article/10.3390/horticulturae11020169/s1, Table S1: Analysis of variance (ANOVA)
of the effects of water deficit, biochar, and hydroretentive polymer on gas exchange parameters and
physiological properties of savory.
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Abstract: Apple (Malus domestica) is an economically important fruit crop, but its pro-
duction is affected by Glomerella leaf spot, a devastating disease caused by the fungal
pathogen Colletotrichum gloeosporioides. MicroRNA (miRNA) is a kind of non-coding RNA
that plays an important role in the process of plant–pathogen interactions. However, lit-
tle is known about the miRNAs that influence apple resistance against C. gloeosporioides.
A novel miRNA, MIR396d-p3, was identified through small RNA sequencing (sRNA-seq).
Functional analyses revealed that MIR396d-p3 negatively regulates apple resistance to
C. gloeosporioides. In addition, MdUGT89A2 and MdRGA3 were confirmed as targets of
MIR396d-p3 using 5′ RACE and heterologous expression assays. We further found that
overexpressing MdUGT89A2 and MdRGA3 induce apple disease resistance to C. gloeospori-
oides, while silencing of MdUGT89A2 and MdRGA3 reduces resistance to C. gloeosporioides.
These results indicate that MIR396d-p3 plays a role in the response to the infection of C.
gloeosporioides through regulating the expressions of MdUGT89A2 and MdRGA3. This re-
search provides a new perspective on the interaction between apples and C. gloeosporioides
and offers possible targets for resistance breeding.

Keywords: MIR396d-p3; apple glomerella leaf spot; UGT89A2; plant immune

1. Introduction
Apple (Malus domestica) is a major fruit crop worldwide but suffers significant yield

losses due to persistent fungal pathogens [1]. Apple glomerella leaf spot (GLS), caused by
Colletotrichum gloeosporioides (C. gloeosporioides), leads to defoliation and a marked decline
in apple yield [2]. The main varieties of apple in the world, such as “Golden Delicious”
and “Gala”, are universally susceptible to GLS, thereby exacerbating the impact of this
disease [3]. High levels of humidity and temperature lead to recurrent outbreaks of GLS
that affect both leaves and fruits [4]. Chemical control continues to be the predominant
approach for managing apple GLS disease at this time, but treatments have negative
repercussions, impacting environmental health and jeopardizing food safety. Deciphering
the resistance mechanisms of apples against C. gloeosporioides, along with cultivating new
resistant germplasm, would be a more effective approach.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression post-
transcriptionally by binding to target mRNAs and inhibiting their translation or promoting
degradation [5]. Mounting evidence has revealed that miRNAs perform critical regulatory
roles in plant–pathogen interactions [6]. In particular, miRNAs play vital regulatory roles
in the response of apple to various fungal pathogens, such as Botryosphaeria dothidea [7–10],
Alternaria alternata [11–13], and C. gloeosporioides [14]. However, the precise mechanisms by
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which miRNAs mediate apple resistance to C. gloeosporioides are still not well understood.
Specifically, the role of miR396 in regulating apple resistance to C. gloeosporioides has not
yet been reported, while the regulation of immune responses to pathogenic infections by
miR396 in Arabidopsis [15], rice [16], tomato [17], and soybean [18] has been documented.

UDP-glycosyltransferases (UGTs) are pivotal biotransformation enzymes that have
developed across a wide range of living organisms, including bacteria, fungi, plants,
and animals [19]. UGTs are essential for the glycosylation of small molecules [20]. This
process can modify the homeostasis of these compounds by influencing their chemical
activity, degradation, and distribution. UGTs are involved in various processes related
to plant growth and defense response [21–23]. For example, UGT73C7 is a pathogen-
induced glycosyltransferase in Arabidopsis that enhances disease resistance by redirecting
phenylpropanoid metabolism and upregulating the expression of the SNC1 gene, a key
component in plant immunity [21]. In addition, UDP-glucosyltransferase HvUGT13248
is conferred type II resistance to Fusarium head blight (FHB) in barley by glucosylating
the mycotoxin deoxynivalenol (DON) to its nontoxic form, DON-3-O-glucoside (D3G),
and demonstrates that mutations in HvUGT13248 increase susceptibility to F. graminearum
infection [22]. Given these findings [21,22], we hypothesize that UGTs may play a pivotal
role in apple resistance to C. gloeosporioides. However, there have been no reports on the
study of UGTs in the disease resistance of apples.

Plant disease resistance genes (R genes) are the most recognized group of resistance
gene analogs (RGAs), playing a vital role in sensing and defending against various plant
pathogens [24]. This typical R gene structure usually comprises three domains: a leucine-
rich repeat (LRR), a nucleotide-binding domain (NBD), and a signaling domain, which
includes the Toll/IL-1 receptor (TIR), RESISTANCE TO POWDERY MILDEW 8 (RPW8),
and the coiled-coil (CC) domain [25]. In addition, R genes and RGAs serve as essential
genetic resources for managing plant diseases and offering immune protection against
significant pathogen-related damage. Therefore, it is essential to dissect the role of RGAs in
the resistance of apples to C. gloeosporioides.

This study used sRNA-seq technology to analyze how apple miRNA responds to the
infection of C. gloeosporioides. At the same time, a novel miRNA, MIR396d-p3, is identified
as the research object of this study. Then we predicted and verified through 5′ RACE
and heterologous expression assays that MdUGT89A2 and MdRGA3 are direct targets
of MIR396d-p3. To further confirm this regulatory relationship, expression profiling of
MIR396d-p3 and its target genes was detected in susceptible and resistant cultivars. In
addition, we found that MIR396d-p3 regulates resistance to C. gloeosporioides by modulating
the expression of MdUGT89A2 and MdRGA3 through functional analyses. Taken together,
this research provides a new perspective on the interaction mechanism between apples and
C. gloeosporioides.

2. Material and Methods
2.1. Plant Material and Pathogen Cultures

The apple cultivars “Royal Gala” (abbreviated as “GL-3”) and “Fuji” (“FJ”) were
maintained in vitro using Murashige and Skoog basal medium containing specific plant
growth regulators: 0.6 mg·L−1 benzylaminopurine (BAP), 0.4 mg·L−1 α-naphthaleneacetic
acid (NAA), and 0.2 mg·L−1 gibberellin A3 (GA3). The plant materials were grown at
25 ± 1 ◦C under controlled conditions and a 16/8 h light/dark cycle with a light intensity
of 120 µmol m−2 s−1 in humidity-controlled chambers maintaining saturated moisture.
For experimental standardization, in vitro-developed apple plantlets at 28 days of maturity
were systematically selected as biological material for subsequent experiments.
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Nicotiana benthamiana were sown in a mix (vermiculite, perlite, and soil in a 1:1:1
ratio). N. benthamiana plantlets were cultivated under controlled environmental conditions,
including a temperature regime of 22 ± 1 ◦C, a 16/8 h light/dark cycle with a light intensity
of 120 µmol m−2 s−1, and 80% relative humidity.

The C. gloeosporioides strain W16, preserved in our laboratory, was grown on potato
dextrose agar (PDA) medium at 28 ◦C for 3 days [26]. A sterilized toothpick was then
employed to abrade the mycelial surface to promote sporulation. After an additional 4 days
of incubation, we rinsed the mycelium and spores on the plate with sterile water. We
filtered the resulting suspension through four layers of sterile gauze to remove mycelial
fragments. We collected the filtrate containing spores and adjusted the spore concentration
to 1 × 106 conidia·mL−1 for the subsequent experiments.

2.2. sRNA-Seqencing and Identification of Differentially Expressed microRNAs (DE-miRNAs)

To investigate whether miRNAs are involved in the response of apple plants to C.
gloeosporioides infection, we performed sRNA-seq analysis using the susceptible cultivar
“GL-3”. Newly emerged apical leaves (3–4 leaves per plant) were inoculated with a
conidial suspension of C. gloeosporioides. Samples were collected 24 h post-inoculation,
with three bottles of leaves pooled as one biological replicate, and three independent
biological replicates were subjected to sequencing analysis. Total RNA from “GL-3” plants,
both inoculated with C. gloeosporioides and uninoculated controls, was extracted using a
column method according to the method reported by Zhang et al. [27]. The quantification
and purity evaluation of total RNA were performed with Nanodrop (Life Technologies,
Carlsbad, CA, USA) and a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).
Subsequently, the small RNA libraries were assembled using the 5′-phosphate-dependent
method and were sequenced on an Illumina HiSeq 2000/2500 platform [28].

The obtained raw data were selected by aligning them against various RNA databases,
including the RFam database and the Repbase database, resulting in valid small RNA
data for subsequent analysis [29]. In order to screen for differentially expressed miRNAs,
we utilized p-values and fold change for selection. The specific criteria were log2|(fold
change)| ≥ 1 and p-value < 0.05.

2.3. Bioinformatics Analysis

The target genes of candidate miRNA and the RNA secondary structure of candi-
date precursor miRNA were predicted using the psRNATarget web server [30] (https:
//www.zhaolab.org/psRNATarget/, accessed on 21 March 2025) and the UNAFold Web
Server (http://www.unafold.org, accessed on 21 March 2025), respectively. To understand
how many plant species contain candidate miRNA families and the evolutionary relation-
ship between candidate miRNA and the reported candidate miRNA family in apple, we
downloaded all relevant information from the miRBase database. Meanwhile, we used
MEGA_12.0.10 software to construct a phylogenetic tree about candidate precursor miRNA.

Similarly, the promoter sequence of candidate miRNA was obtained from the GDR
database by aligning it with the apple genome sequence [28], and cis-acting elements in
the promoter were analyzed using the PlantCARE web server (https://bioinformatics.psb.
ugent.be/webtools/plantcare/html/, accessed on 20 January 2025). Finally, visualization
of the results was performed using TBtools v2.061 [31].

2.4. Rapid Amplification of cDNA Ends Assay

Total RNA was obtained as described above. First strand cDNA was synthesized at
42 ◦C for 90 min and at 70 ◦C for 15 min using 5′ TS Oligo. Then, rapid amplification of
cDNA ends (RACE) was conducted using the 5′ GSP provided in the HiScript-TS 5′/3′

RACE Kit. Nested PCR was then performed for multiple rounds of amplification to obtain
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positive bands. Subsequently, 24 randomly selected clones were sent for sequencing to
a company.

2.5. Plasmid Construction

35S: MIR396d-p3 construct. The sequence of the MIR396d-p3 precursor was introduced
into the pFGC5941 vector at the NcoI/BamHI site.

35S: STTM-MIR396d-p3 construct. A fragment containing two partially complemen-
tary sequences of MIR396d-p3, separated by a 48-base pair short spacer, was artificially
synthesized and introduced into the pFGC5941 binary vector.

35S: MdUGT89A2-GUS construct. The full coding sequence of MdUGT89A2, excluding
the stop codon, was introduced into the pFGC5941 vector at the NcoI/BamHI site.

35S: MdRGA3-GUS construct. The complete coding sequence of MdRGA3, without the
stop codon, was inserted into the pFGC5941 binary vector at the NcoI/BamHI site.

35S: MdUGT89A2 construct. The coding sequence of MdUGT89A2 was introduced
into the pFGC5941 binary vector.

35S: MdRGA3 construct. The gene sequence of MdRGA3 was cloned into the pFGC5941
binary vector.

RNAi construct. Two fragments with the sense and antisense sequences of MdUGT89A2
and MdRGA3 were inserted into the flanking regions of the pFGC5941 intron, respectively.

2.6. Agrobacterium-Mediated Transient Transformation

Transformation of all recombinant constructs was performed in Agrobacterium tume-
faciens GV3101 cells. A single colony of Agrobacterium was grown in LB liquid medium
containing rifampin (50 µg·mL−1) and kanamycin (50 µg·mL−1). Subsequently, the bacteria
were suspended in a buffer solution composed of 10 mM MgCl2, 10 mM MES, and 100 µM
acetosyringone, with a pH adjusted to 5.6. The suspension was incubated at 25 ◦C in the
dark for 2 h prior to its use in transient transformation experiments.

2.7. Histochemical Staining and GUS Activity Quantification

GUS staining assay was conducted on N. benthamiana infiltrated leaves according to
previously reported methods [32]. The N. benthamiana leaves utilized for histochemical
GUS staining were subjected to an incubation at 37 ◦C overnight. Subsequently, they were
placed in a series of ethanol solutions with increasing concentrations (30%, 50%, and 70%)
to facilitate visualization.

To further quantify GUS activity, the fluorometric 4-methylumbelliferyl-β-D-glucuronide
(MUG) method was employed. The specific method should be carried out in accor-
dance with the GUS gene quantitative detection Kit (Coolaber Science & Technology,
Beijing, China). A unit of GUS activity is characterized by the production of 1 nM of 4-
methylumbelliferone per minute for each milligram of soluble protein. In each treatment,
10 leaves corresponding to each construct were collected for detection.

2.8. RT-qPCR Assay

To validate the expression patterns of miRNAs and their target genes, total RNA was
extracted using a column-based method at 4 d post-transfection. For temporal profiling of
miRNA expression, additional samples were harvested at 24 and 72 h post-transfection,
followed by RNA extraction using the same protocol. First-strand cDNA was generated
through the HiScript II 1st Strand cDNA Synthesis Kit (Vazyme Biotech Co., Ltd., Nanjing,
China). The expression level of mature MIR396d-p3 was analyzed using stem-loop real-time
quantitative PCR, with 5S rRNA and MdActin serving as internal controls. RT-qPCR was
conducted in accordance with the instructions provided for ChamQ SYBR qPCR Master
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Mix using CFX Connect TM Real-Time System (BIO-RAD, Hercules, CA, USA). The 2−∆∆CT

method was used to calculate relative expression levels of the corresponding genes [33].
To quantify fungal biomass, fungal and plant DNA extraction kits (Sangon Biotech,

Shanghai, China) were employed to isolate C. gloeosporioides DNA and apple genomic DNA
from leaf samples collected at 48 h post-inoculation, respectively. Subsequently, the fungal
Cgβ-Tubulin gene and the apple MdActin gene were selected as internal reference genes for
biomass quantification. Utilizing the same RT-qPCR reaction conditions and calculation
procedures as described for the RT-qPCR assay, biomass data were obtained.

2.9. Statistical Analysis

The statistical analyses were implemented using GraphPad Prism 10 software. The
data are expressed as the mean ± standard error (SE). One-way ANOVA followed by
Tukey’s test (p < 0.05) was used to analyze significant differences.

3. Results
3.1. Analysis of Apple Small RNA Sequencing Response to C. gloeosporioides

To investigate whether miRNAs of apple are involved in the response to C. gloeospo-
rioides infection, sRNA-seq was conducted, and the clean data were obtained. First, we
removed miRNAs mapped to two positions of the same precursor on the genome; the
unique count of candidate RNAs was obtained. The length distribution analysis of the
above miRNAs is shown in Figure S1B. According to Figure S1B, we found that the most
abundant small RNAs produced in the leaves of “GL-3” apple were 24 nt in length, followed
by 23 nt, 22 nt, and 21 nt. Additionally, 284 conserved miRNAs belonged to 47 miRNA
families (Figure S1A). Among these families, miR156 is the largest, with a total of 37 mem-
bers, followed by the miR166, miR167, and miR159 families, which contain 17, 15, and
14 members, respectively. Furthermore, there are some miRNA families with only one
member, such as miR1510, miR4243, miR7533, miR7125, and miR8775.

To better understand the DE-miRNAs and their target genes, we performed GO (Gene
Ontology) enrichment analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes)
analysis on the predicted target genes. The results are shown in Figure S1C,D. According
to Figure S1C,D, the target genes of the DE-miRNAs are mainly enriched in biological
processes such as defense response, regulation of transcription by RNA polymerase II, cell
differentiation, cellular response to iron ions, and signal transduction. The KEGG analysis
results indicate that the target genes of the DE-miRNAs play significant roles in pathways
related to spliceosomes, plant–pathogen interactions, starch and sucrose metabolism, and
MAPK signaling. Based on the GO and KEGG analyses, it can be concluded that these
target genes of DE-miRNAs play important roles in the response of “GL-3” apple leaves to
C. gloeosporioides infection.

3.2. Validation of sRNA-Seq Data Using RT-qPCR

To investigate the credibility of sRNA-seq, the expression profiles of nine differentially
expressed miRNAs (DE-miRNAs), including miR395a, MIR10994-p5_1ss6TC, MIR10986-
p3_1ss21GT, MIR2916-p5_1ss5AG, MIR390a-p3, miR156e_R+1, MIR395c-p5, miR167a, and
PC-3p-4885_278, were detected through RT-qPCR at 0 h, 24 h, and 72 h post-infection. As
shown in Figure 1, RT-qPCR demonstrated that miR395a exhibited a significant increase
as the infection time increases; this trend is consistent with the sRNA-seq data. Similarly,
the expression levels of MIR10994-p5_1ss6TC and MIR10986-p3_1ss21GT also show an
increase with the increase in the infection time, and the expression levels are also increasing.
Interestingly, most of these miRNAs were upregulated at 24 h or 72 h, except miR167a and
PC-3p-4885_278. In general, the results from RT-qPCR aligned well with the sRNA-seq data.
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Figure 1. RT-qPCR validation of differentially expressed miRNA (DE-miRNA) expression in apple
leaves following Colletotrichum gloeosporioides infection. Comparison with sRNA-seq (miRNA) and
RNA-seq (transcriptome) data is shown. Blue bars represent qRT-PCR expression levels; red lines
indicate RNA-seq and sRNA-seq derived expression. Results are expressed as mean ± SD (n = 3).
Statistical significance was determined by one-way ANOVA followed by Tukey’s post-hoc test.
* (p < 0.05), and ***(p < 0.001) indicate significant differences. ns: not significant.

3.3. Identification and In Silico Analysis of miRNA Response to C. gloeosporioides

To investigate the possible miRNAs response to C. gloeosporioides, we selected a miRNA
of particular interest, MIR396d-p3, based on p-values and fold change (FC). This is because
miR396 is a highly conserved small RNA molecule that has been identified in a wide
range of plant species. According to the miRBase database (version 22.1), information
about the miR396 family has been found in 52 plant species (Figure S2). miR396 may hold
significant research value. Meanwhile, MIR396d-p3 expression significantly increased after
24 h of infection, indicating its response to C. gloeosporioides infection (Figure 2A). First, we
predicted the RNA secondary structure of the MIR396d-p3 precursor through the UNAFold
Web Server. The results were shown as Figure 2B: the MIR396d-p3 precursor can form a
secondary structure, indicating that the miRNA precursor may be stable and capable of
being successfully processed into mature miRNA. Meanwhile, by aligning with the apple
genome, it was found that the MIR396d-p3 precursor is located between positions 2032169
and 2032271 on chromosome 2 (Figure 2C).
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representative almost identical except for one base, green represents the same base.

To understand which environmental factors might influence MIR396d-p3, we predicted
the cis-acting elements in the promoter region of the MIR396d-p3 precursor. The results,
shown in Figure S3, indicate that factors such as pathogen infection, light, jasmonic acid,
and abscisic acid can influence its expression. In addition, by comparing with the existing
apple miR396 in the miRBase database, we found that apple miR396 is highly conserved,
despite some genetic evolution observed in MIR396d-p3 (Figures 2D and S4).

3.4. MIR396d-p3 Cleaves MdUGT89A2 and MdRGA3 Transcripts

To screen the target genes of MIR396d-p3, we conducted a series of computational
predictions through psRNATarget. As shown in Table S1, eight target genes were selected
based on their predicted interactions with MIR396d-p3, including 1-aminocyclopropane-
1-carboxylate synthase 7-like, transcription factor bHLH111-like, receptor protein kinase
ZmPK1, WAT1-related protein, disease resistance protein RGA3, UDP-glycosyltransferase
89A2 (UGT89A2), peroxidase 29, and serine acetyltransferase. Next, we conducted 5′ RACE
experiments on these eight target genes and found that only UGT89A2 and RGA3 interacted
with MIR396d-p3 (Figure 3A). To further clarify that MIR396d-p3 can cleave MdUGT89A2
and MdRGA3 transcripts, we performed heterologous expression in N. benthamiana. First,
we constructed 35S:MIR396d-p3 and the corresponding 35S-UGT89A2:GUS, 35S-RGA:GUS
using the Cloning Kit V2 (Figure 3B). Then, we co-injected them into N. benthamiana to assess
their expression and detected GUS activity to determine if they interacted. Meanwhile,
35S:GUS served as a positive control, and 35S:MIR396d-p3 served as a negative control.
As shown in Figure 3D, 35S-UGT89A2:GUS and 35S-RGA:GUS did not show significant
differences compared to 35S:GUS; however, when they were co-expressed with MIR396d-p3,
their expression levels were significantly reduced, indicating that MIR396d-p3 can cleave
MdUGT89A2 and MdRGA3 transcripts. GUS staining also exhibited a similar phenotype
(Figure 3C).
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replicates. Different letters indicate significant difference p < 0.05 (one-way ANOVA followed by post
hoc Tukey test). All data are shown as means ± SD (n = 9).

To assess the expression pattern of MIR396d-p3 and its target genes MdUGT89A2
and MdRGA3 in the susceptible variety “GL-3” and the resistant variety “FJ”, RT-qPCR
assay was conducted at 0, 24, and 72 h post-C. gloeosporioides infection. As shown in
Figure 4, the expression level of MIR396d-p3 was significantly upregulated in”GL-3”, while
MdUGT89A2 and MdRGA3 were strikingly downregulated. Meanwhile, the expression
level of MIR396d-p3 in “FJ” continuously decreases as the infection time increases, while
MdUGT89A2 and MdRGA3 were upregulated. Collectively, MIR396d-p3 can negatively
regulate the expression of MdUGT89A2 and MdRGA3.
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Figure 4. Analyses of expression patterns of MIR396d-p3 and its target genes MdUGT89A2 and
MdRGA3 in the apple response to Colletotrichum gloeosporioides infection. Expression analysis of
mature MIR396d-p3 in “GL-3” (A) and “FJ” (D) apple leaves at the indicated time points after
inoculation with C. gloeosporioides using stem-loop RT-qPCR. Relative expression of MdRGA3 (B) and
MdUGT89A2 (C) in “GL-3” apple leaves at 0, 24, and 72 h post-C. gloeosporioides infection (qRT-PCR).
Relative expression of MdRGA3 (E) and MdUGT89A2 (F) in “FJ” apple leaves at 0, 24, and 72 h post-
C. gloeosporioides infection (qRT-PCR). A one-way ANOVA was performed, followed by a Tukey’s
test (a post-hoc test used for multiple comparisons after a significant ANOVA result). Significant
differences are marked with asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001. ns: not significant.

3.5. Responsiveness of MIR396d-p3 to C. gloeosporioides Infection

To investigate the involvement of MIR396d-p3 in the apple’s response to C. gloeospo-
rioides, we cloned the MIR396d-p3 precursor into the pFGC5941 vector to construct the
MIR396d-p3 overexpression vector (Figure 5A). Then the overexpressed constructed vector
was transformed into the resistant apple cultivar “FJ” via Agrobacterium-mediated trans-
formation. The expression level of MIR396d-p3 was assessed through RT-qPCR at 4 d
post-inoculation. As shown in Figure 5B, the expression level of MIR396d-p3 was signifi-
cantly higher in the MIR396d-p3 overexpression plants compared to wild-type “FJ” and the
pFGC5941 EV control (EV).

Disease lesion areas were measured at 2 d post-C.gloeosporioides inoculation. The
OE-MIR396d-p3 plants exhibited significantly larger lesions compared to “FJ” and EV
(Figure 5C,D). In addition, C. gloeosporioides biomass in the OE-MIR396d-p3 plants was
significantly higher than in the “FJ” and EV plants (Figure 5E). Based on these results, we
therefore predicted that the MIR396d-p3 is involved in the apple resistance response to
C. gloeosporioides.
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Figure 5. Overexpression of MIR396d-p3 negatively regulates the resistance of apple to C. gloeospori-
oides. (A) Schematic diagrams of constructs used for MIR396d-p3 overexpression. (B) The constitutive
expression of mature MIR396d-p3 (B) in non-infiltrated leaves and leaves infiltrated with different
constructs by RT-qPCR analysis. (C) Representative symptoms in “FJ” leaves infected with C. gloeospo-
rioides. The image is a photograph taken after inoculation at 48 h. (D) Percentage of infected “FJ”
leaves at 48 hpi in different disease level classifications. (E) Relative biomass of C. gloeosporioides
determined by quantitative PCR in infected leaves sampled at 48 hpi. Statistical significance was
assessed via one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Asterisks
denote significant differences (* represent p < 0.05, ** represent p < 0.01, *** represent p < 0.001). ns:
not significant.

To further explore the function of MIR396d-p3 during the C. gloeosporioides infection,
we constructed an MIR396d-p3 silencing (STTM-MIR396d-p3) vector using STTM tech-
nology (Figure 6A). To evaluate the efficiency of silence, the STTM-MIR396d-p3 vector
was introduced into the susceptible apple cultivar “GL-3” via Agrobacterium-mediated
transformation. We found that the expression level of MIR396d-p3 was significantly re-
duced in STTM-MIR396d-p3 plants, indicating that the MIR396d-p3 is successfully silencing
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(Figure 6B). Subsequently, these leaves were inoculated with C. gloeosporioides. After 2 days
of inoculation, disease lesion areas were counted. Compared to the “GL-3” and EV plants,
the STTM-MIR396d-p3 plants displayed significantly reduced lesion areas (Figure 6C,D).
The reduced C. gloeosporioides biomass in STTM-MIR396d-p3 plants, quantified by RT-qPCR,
further supports the observed effect that MIR396d-p3 silencing enhances apple resistance to
C. gloeosporioides. These findings strongly indicate MIR396d-p3 negatively affects resistance
to C. gloeosporioides.

Horticulturae 2025, 11, x FOR PEER REVIEW 11 of 18 
 

 

Asterisks denote significant differences (* represent p < 0.05, ** represent p < 0.01, *** represent p < 
0.001). ns: not significant. 

To further explore the function of MIR396d-p3 during the C. gloeosporioides infection, 
we constructed an MIR396d-p3 silencing (STTM-MIR396d-p3) vector using STTM technol-
ogy (Figure 6A). To evaluate the efficiency of silence, the STTM-MIR396d-p3 vector was 
introduced into the susceptible apple cultivar “GL-3” via Agrobacterium-mediated trans-
formation. We found that the expression level of MIR396d-p3 was significantly reduced in 
STTM-MIR396d-p3 plants, indicating that the MIR396d-p3 is successfully silencing (Figure 
6B). Subsequently, these leaves were inoculated with C. gloeosporioides. After 2 days of 
inoculation, disease lesion areas were counted. Compared to the “GL-3” and EV plants, 
the STTM-MIR396d-p3 plants displayed significantly reduced lesion areas (Figure 6C,D). 
The reduced C. gloeosporioides biomass in STTM-MIR396d-p3 plants, quantified by RT-
qPCR, further supports the observed effect that MIR396d-p3 silencing enhances apple re-
sistance to C. gloeosporioides. These findings strongly indicate MIR396d-p3 negatively af-
fects resistance to C. gloeosporioides. 

 

Figure 6. The C. gloeosporioides resistance of STTM-MIR396d-p3 apple “GL-3” leaves. (A) Schematic
structure of the construct for silencing MIR396d-p3. Relative expression levels of (B) MIR396d-p3
in transiently transformed leaves of STTM-MIR396d-p3, “GL-3”, and empty vector (EV) controls.
Photographs of representative leaves with median lesion diameter in STTM-MIR396d-p3, “GL-3”,
and EV controls at 48 h after inoculation with C. gloeosporioides (C) are shown. (D) Determination of
lesion diameter for different transformants inoculated with C. gloeosporioides were determined and
analysed in STTM-MIR396d-p3, “GL-3”, and EV plants. (E) Relative biomass of C. gloeosporioides was
determined by qPCR. Statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc
test. Significant differences are indicated by asterisks: * (p < 0.05), *** (p < 0.001). ns: not significant.

79



Horticulturae 2025, 11, 351

3.6. MdUGT89A2 and MdRGA3 Are Involved in the Resistance to C. gloeosporioides in Apple

We next examined the impact of MdUGT89A2 and MdRGA3 on apple’s resistance to
C. gloeosporioides. Full-length MdUGT89A2 and MdRGA3 sequences were amplified and
cloned into the pFGC5941 vector to generate overexpression constructs (Figure S5). The
construct was subsequently introduced into “GL-3” by Agrobacterium-mediated infiltration.
RT-qPCR analysis confirmed successful overexpression of MdUGT89A2 and MdRGA3 in
the OE-MdUGT89A2 and OE-MdRGA3 plants at 4 d post-transformation, respectively
(Figure 7A). Lesion areas were measured 2 days following C. gloeosporioides inoculation.
The OE-MdUGT89A2 and OE-MdRGA3 plants displayed a significantly reduced lesion area
compared with the “GL-3” and EV plants. This similar result was further confirmed by the
relative biomass (Figure 7D). These results indicated MdUGT89A2 and MdRGA3 positively
regulate apple resistance to C. gloeosporioides.

Figure 7. Transient overexpression (OE) of MdUGT89A2 and MdRGA3 enhances resistance to C.
gloeosporioides. (A) Relative expression levels of the target genes in different plant lines (“GL-3”, EV,
OE-MdUGT89A2, OE -MdRGA3). Error bars represent standard deviations, and significance levels are
indicated by asterisks (** indicated p < 0.01, *** represented p < 0.001, ns: not significant). (B) Phenotypes
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of leaves from different plant lines, showing the differences in disease-related symptoms. (C) Disease
severities of different plant lines, expressed as a percentage. Error bars represent standard deviations,
and significance levels are indicated by asterisks. (D) Quantification of fungal DNA in different
plant lines, indicating the accumulation of fungi. Statistical significance (one-way ANOVA, Tukey’s
post-hoc): ** p < 0.01, *** p < 0.001.

We used RT-qPCR to detect the expression level of MdUGT89A2 and MdRGA3 in the
corresponding RNAi-silenced plants and found that MdUGT89A2 expression was reduced
by approximately ~76.74%, while MdRGA3 expression was reduced by ~69.2%, relative
to control plants (Figure 8A). Following inoculation with C. gloeosporioides, the lesion size
was assessed on RNAi-MdUGT89A2, RNAi-MdRGA3, “FJ”, and EV plants at 2 d post-
inoculation. Silencing of MdUGT89A2 and MdRGA3 resulted in significantly larger lesions
compared to “FJ” and EV plants. Consistent with the larger lesion sizes, C. gloeosporioides
biomass was significantly elevated in plants with RNAi-mediated silencing of MdUGT89A2
and MdRGA3 (Figure 8D). Collectively, MdUGT89A2 and MdRGA3 function as positive
regulators of apple resistance to C. gloeosporioides.

Figure 8. Silencing MdUGT89A2 and MdRGA3 comprises disease resistance against C. gloeosporioides.
(A) The expression of the three treatments “FJ”, EV, RNAi-MdUGT89A2, and RNAi-MdRGA3 was
detected using RT-qPCR. (B) Four days after Agrobacterium injection, “FJ”, EV, RNAi-MdUGT89A2,
and RNAi-MdRGA3 were inoculated with C. gloeosporioides. These phenotypes as well as lesion
area two days after inoculation with C. gloeosporioides. (C) Lesion area was analyzed statistically as
shown. (D) Relative C. gloeosporioides biomass was determined by RT-qPCR. Comparisons between
groups were analyzed using one-way ANOVA and Tukey’s post-hoc test. Asterisks mark significant
differences: * (p < 0.05), ** (p < 0.01), *** (p < 0.001). ns: not significant.
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4. Discussion
In this study, we investigated the role of microRNA (miRNA) in apple’s response to C.

gloeosporioides, the causal agent of GLS. Through sRNA sequencing, a novel miRNA, MIR396d-
p3, was identified. Bioinformatic analysis of MIR396d-p3 target genes and its promoter region
indicated that MIR396d-p3 may regulate key aspects of biological processes, including plant
defense, signal transduction, plant–pathogen interactions, and light-mediated responses.
Previous studies have reported the involvement of Arabidopsis miR396 in mediating immune
responses against fungal pathogens [15]. Therefore, we hypothesize that MIR396d-p3 may
also play a role in apple’s defense against C. gloeosporioides infection.

MiR396-mediated cleavage of growth-regulating factors (GRFs) has been observed in
diverse plant species, including switchgrass (Panicum virgatum) [34], rice (Oryza sativa) [16],
Arabidopsis (Arabidopsis thaliana) [15], and poplar (Populus spp.) [35], tomato (Solanum
lycopersicum) [36], and soybean (Glycine max) [18]. The miR396-GRF regulatory module
represents a novel and efficient mechanism for modulating plant growth, development,
and responses to environmental stresses. Interestingly, our integrated analysis of bioin-
formatics prediction and experimental validation identified two novel MIR396d-p3 target
genes, MdUGT89A2 and MdRGA3. These previously unreported targets significantly ad-
vance our understanding of the miR396-mediated regulatory mechanisms underlying plant
stress responses.

Plants have independently evolved UDP-glycosyltransferases (UGTs) with specific
substrate specificities, enabling fine-tuned regulation of defensive secondary metabolites
and thereby resisting pathogen infection. They work by attaching glucose to various
substances, such as toxins, hormones, and other metabolites [20]. This process usually
helps detoxify harmful substances, protecting the plant from damage. In relation to
fungal pathogens, UGTs can alter mycotoxins produced by the fungus, making them
less harmful and impeding the pathogen’s ability to cause infection [23]. We found that
overexpressing MdUGT89A2 enhances resistance to C. gloeosporioides. This discovery opens
new avenues for developing disease-resistant apple varieties by manipulating this crucial
regulatory pathway. However, we have not yet studied the potential substrates of UGTs
and what immune responses are activated in response to pathogen infection. On the other
hand, MdRGA3 belongs to the family of R genes, which are essential for recognizing
and defending against pathogen attacks [37,38]. Overexpression of MdRGA3 significantly
increases the resistance to C. gloeosporioides infection. This further supports the notion that
MdRGA3 is crucial for apple resistance to C. gloeosporioides.

miRNAs, as key regulatory molecules, orchestrate a complex network of gene expres-
sion in response to pathogen infection, including in apples [39]. For example, Md-miR156ab
and Md-miR395 target WRKY transcription factors, thereby affecting resistance to Alternaria
alternata by modulating the expression of pathogenesis-related (PR) genes [13]. Similarly,
Md-miR482 has been confirmed to regulate the expression of NBS-LRR genes, with overex-
pression of miR482 attenuating disease resistance by inhibiting MdTNL1 expression [12].
To our knowledge, there is no report about the involvement of miR396 in the interaction
between apple and pathogenic fungi. This study is the first to reveal the regulatory role of
MIR396d-p3 in apple–fungal interactions. In addition, RGA3 (a member of the R gene fam-
ily) and UGT89A2 (a key regulator of secondary metabolism) were reported as MIR396d-p3
target genes for the first time. This highlights the complexity of plant immune responses,
which are mediated by both R genes and the regulation of secondary metabolite biosynthe-
sis. This study not only fills the research gap regarding miRNA in apple—C. gloeosporioides
interactions but also enriches the molecular basis of apple disease resistance mechanisms
through integrating various regulatory networks.
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In addition, several strategies can be employed to enhance disease resistance in
plant breeding, including traditional breeding methods, marker-assisted selection, and
various genetic engineering techniques. One particularly promising approach focuses on
manipulating small RNA pathways. This involves either suppressing small RNAs that
inhibit defense responses or boosting the expression of genes that confer resistance, thereby
enhancing the plant’s immune response and the ability to resist pathogenic bacteria.

5. Conclusions
In summary, this study reveals that MIR396d-p3 negatively regulates apple resistance

to C. gloeosporioides by suppressing the expression of MdUGT89A2 and MdRGA3. Functional
analyses demonstrated that overexpressing MdUGT89A2 or MdRGA3 enhances tolerance
to C. gloeosporioides, while silencing MdUGT89A2 or MdRGA3 increases susceptibility to
C. gloeosporioides. This study identifies a novel MIR396d-p3-MdUGT89A2/MdRGA3 regu-
latory axis, deepening the understanding of the mechanism of miRNA in the interaction
between apples and pathogenic fungi, and also provided references for potential resistance
breeding sites.
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Abstract: Scallions are a highly valued leafy vegetable and are enjoyed worldwide due to
their appealing taste and nutritional benefits. A combination of short cultivation cycles
and high market demand not only enhances food security but also offers a profitable
opportunity for growers. In our study, we aim to evaluate the effect of increasing boron
(B) applications, specifically 0, 0.2, 0.4, 0.8, 1.2, and 1.6 mM B supplied as boric acid
(H3BO3) in the nutrient solution, on several key physiological and agronomic parameters in
scallions. Results showed that the effects of increasing B levels on biomass production were
insignificant, but the root fresh weight (FW) significantly decreased with all B levels. Higher
B levels (1.2 and 1.6 mM) caused decreases of 22.9% and 29.6%, respectively. The effects of
all B levels on photosynthetic pigment contents [chlorophyll (Chl) a, b, a + b, and carotenoid
(Car)], root and shoot membrane permeability (MP), and root, shoot, and leaf nutritional
status [phosphorus (P), potassium (K), calcium (Ca), and sodium (Na) concentrations]
were found insignificantly. However, all B levels caused a significant increase in the B
concentrations of the root, shoot, and leaf of scallions and plants translocated the majority
of applied B into their leaves. The translocation factor (TF) of B from the root to the
leaf was found to be 138.2%, 133.3%, and 107.3% with 0.8, 1.2, and 1.6 mM B levels,
respectively. Moreover, plants exposed to high levels of B showed no significant response
or toxicity symptoms. We concluded that B is a phloem mobile element in onion, a non-
graminaceous monocotyledonous plant, and therefore accumulates in the upper organs
but illustrates partial toxicity symptoms in leaves. Studies with higher B concentrations
could be recommended to determine critical B levels for green onion production in B-
contaminated areas.

Keywords: boron toxicity; chlorophyll; green onion; membrane permeability; nutri-
tional imbalance

1. Introduction
Although it has been known for nearly a century that boron (B) is an essential micronu-

trient for plants, its role in plant metabolism can still not be clearly defined. Recent studies
show that B plays important roles mainly in synthesizing the cell wall and maintaining its
structure and integrity. The amount of B in the cell wall may vary depending on the species
of plant, its organs, and the amount of B in the growing medium [1]. Although there are
differences between species, plants grown in soils containing extractable B in hot water,

Horticulturae 2025, 11, 450 https://doi.org/10.3390/horticulturae11050450
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generally above 5 mg kg−1, could exhibit toxicity symptoms [2]. The toxicity mechanism
of B is not clear yet; however, it has been suggested that toxicity may be related to the B
forms in plants and that soluble B is more effective than total B [3].

The absorbed B by roots, as boric acid (H3BO3) or a small amount of borate (H3BO4
−),

can reach all cells by easily moving through lipid bilayers due to its characteristic feature (a
small, water-soluble, un-dissociated, and uncharged molecule). Both B compounds tend to
complex easily with different sugars and other compounds with cis-hydroxyl groups [4]
that are primarily involved in the formation of cell walls. It forms di-ester bridges between
two RG-II molecules and cross-links cell wall pectin. The RG-II-pectins are major B-binding
fractions and they influence cell wall porosity and plant morphogenesis [5]. Information
on how plants localize B to RG-II is still limited [6], but it is believed that as a result of
an abnormal decrease in the amount of this cross-linking, there may be a decrease in
intercellular binding, causing stunting in plants [7,8]. The main dimerization reaction
involved in the B-bridging of RG-II is illustrated in Figure 1. Briefly, two monomeric
neutral apiose residues (RG-II molecules), which resist the electrostatic repulsion important
for B-bridging, approach each other, and a dimeric RG-II is formed. This dimerization
reaction introduces an additional negative charge onto the previously neutral B atom, and
three molecules of water and a positive charge are also released.
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the charges of the neighboring anionic sugar residue) [6,9].

The dimeric RG-II is often associated with upright growth, and it has been observed
that a higher concentration of borate-cross-linked RG-II in cell walls has contributed to the
evolution of lignified secondary walls in higher plants [8]. One of the important functions
of B in plants is to form a covalent bridge [RG-II–(B−)–RG-II] between pectin molecules [7].
These bridges can reduce cell wall porosity [10]. It is accepted that species with high cell
wall pectin content, such as onion, require more B for cell wall construction than other
species and that pectin in the cell wall forms an insoluble complex with B, thus reducing
the toxic effect of B [11].

Generally, B is known to be immobile in the phloem in most plant species. However,
researchers have reported that B is mobile in some species that use polyols (simple sugars)
as primary photosynthetic metabolites and can then transport B to active accumulation
sites in the phloem, e.g., vegetative or reproductive organs [12].

Some plant species’ ability to move B around depends on how it binds to polyols (sugar
alcohols), which are the main byproduct of photosynthesis. Brown and Hu [13] found
that a polyol–B–polyol complex is made in the leaves of these species and moved to the
active sites by the phloem. It is significantly mobile in species where polyols (e.g., sorbitol,
mannitol, etc.) are the primary products of photosynthesis. These species include onions,
celery, carrots, olives, beans, peas, and cauliflower [14].

Onion is among the non-graminaceous monocots, like asparagus, and unlike other
monocots, it has pectin-rich cell walls [15,16]. Therefore, the tissue B requirements of
species such as onion are equal to those of dicotyledonous species. However, some species,
such as asparagus, have higher tissue B requirements than dicotyledonous species [17].
B plays a crucial functional role in the formation of pectic networks within the plant
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cell wall, primarily through its interaction with rhamnogalacturonan II (RG-II), a pectic
polysaccharide. This cross-linking contributes to the structural integrity and porosity of
the cell wall, thereby enhancing its extensibility [6]. Such extensibility is crucial for cell
wall loosening, a process that enables cell expansion and promotes overall plant growth.
Consequently, B is not only vital for maintaining cell wall architecture but also acts as a
key regulator of plant developmental processes by influencing cell elongation and tissue
differentiation [18].

Scallions are one of the most important leafy vegetables and are widely cultivated in
various climatic conditions, both in fields and greenhouses, for bunch consumption [19].
They also provide significant profits to producers due to their ease of vegetative propa-
gation, short growth cycle, tolerance to abiotic stress conditions, and longer shelf life [20].
However, research on this widely produced and consumed crop remains limited, which is
why this study was planned.

We aim to identify the critical B concentrations that may induce stress in scallions in this
study. In addition, our aim is to enhance the understanding of plant nutrition by investigating
the mechanisms of B transport and accumulation, ultimately supporting the development of
more effective agricultural practices and environmental management strategies.

2. Materials and Methods
2.1. Experimental Design

We performed this study in a semi-controlled climate room with a temperature of
24 ± 3 ◦C and a humidity of 50 ± 15 percent in the summer. We used small bulbs (Allium
cepa L. var. Kartopu) purchased from the local seed market, with a 1.5–2.0 cm diameter.
We compacted the perlite-filled plastic pots well with a volume of 1.5 L, and equalized
their weights. We saturated the pots with distilled water and allowed them to flow freely
under the influence of gravity for 24 h. After draining the excess water, we weighed them
to determine the approximate amount of solution. We planted the tiny bulbs in an inert
medium (sterile perlite) with three plants per pot. To ensure a gradual acclimation of
the test plants to the nutrient environment, we initially applied a quarter-strength and
a half-strength modified Hoagland solution during the first week and the second week,
respectively. By the third week, once the first true leaves of the plants had reached a length
of 3–4 cm, we began applying the full-strength modified nutrient solution until the end of
the study. Throughout the experiment, we monitored surface evaporation daily and added
the lost water with the nutrient solution accordingly to maintain consistent moisture levels.

We applied to the related pots the B levels [0 (B-free), 0.2, 0.4, 0.8, 1.2, and 1.6 mM B
(from H3BO3)] by mixing them with nutrient solution and approximately 50–100 mL of
B-supplemented full-strength nutrient solution to the related pots daily, depending on their
water consumption.

The modified Hoagland solution contains 5 mM calcium nitrate tetrahydrate
[Ca(NO3)2 × 4H2O], 5 mM potassium nitrate (KNO3), 2 mM magnesium sulfate heptahy-
drate (MgSO4 × 7H2O), 1 mM potassium di-hydrogen phosphate (KH2PO4), 44.7 µM
iron sulfate heptahydrate (FeSO4 × 7H2O), 30 µM sodium chloride (NaCl), 9.1 µM
manganese sulfate monohydrate (MnSO4 × H2O), 0.77 µM zinc sulfate heptahydrate
(ZnSO4 × 7H2O), 0.32 µM copper sulfate pentahydrate (CuSO4 × 5H2O), 0.10 µM ammo-
nium molybdate tetrahydrate [(NH4)2Mo7O24 × 4H2O], and 54.8 µM disodium EDTA
dihydrate (Na2EDTA × 2H2O) [21]. We adjusted the pH of the medium to 6.0–6.5 during
the experimental period.
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2.2. Sampling and Harvest of Plants

After 54 days, we harvested the green onions and separated them into roots, shoots,
and leaves. We weighed all parts for fresh biomass. Then, to remove any particles that
might have adhered to the plant surfaces, we washed these parts under running tap
water and rinsed them three times with deionized water. We dried all samples in an
air-pressurized oven at 70 ◦C until a constant mass was obtained. We weighed the dried
samples to determine their DW and ground them into powder for ion analysis.

2.3. Determination of Photosynthetic Pigments

Before harvest, for photosynthetic pigment analysis in healthy, fresh leaves, we ex-
tracted 250 mg of fresh leaf samples in 10 mL of acetone (90% v/v) with a homogenizer
and filtered the extract. Then, we measured the absorbance of the extract at 663, 645, and
470 nm using a spectrophotometer (UV-1201, Shimadzu, Kyoto, Japan) as described by
Lichtenthaler [22].

2.4. Determination of Membrane Damage

We measured the MP in fresh leaves using the electrical conductivity (EC, %) method
as described by Yan et al. [23]. For this purpose, just before the harvest, we washed leaves
and then took out a standard sample using a disc, cut it into 1 cm pieces, and placed it in a
beaker containing 10 mL of deionized water. We immersed the leaf samples at 30 ◦C for
3 h, and then we measured the EC of the solution. After boiling the samples for 2 min, we
measured their conductivity again when the solution was cooled to room temperature. We
calculated the percentage of MP as follows:

MP (EC, %) = C1/C2 × 100

where C1 and C2 are the electrolyte conductivities measured before and after boiling,
respectively.

2.5. Determination of Nutrient Ion Concentrations

We determined nutrient ion concentrations using the dry-ashed method. For this
purpose, 500 mg of each of the shoot and root samples was dry-ashed in a muffle furnace
at 500 ◦C for 6 h, and then the cooled ash was dissolved in a 10 N nitric acid (HNO3)
solution [24]. The B and phosphorus (P) concentrations were measured using a spectropho-
tometer (Shimadzu UV-1201, Kyoto, Japan). The potassium (K), calcium (Ca), and sodium
(Na) concentrations were analyzed using a flame photometer.

2.6. Determination of Bio-Concentration, Translocation, and Accumulation

The bio-concentration factor (BCF) is the ratio of ions in plant organs (root, shoot, or
leaf) to the ion concentration in the nutrient solution and was calculated according to the
formulation of Equation (1). The translocation factor (TF) is the ratio of ion concentrations
in the shoots or leaves to those at the roots, and the net accumulation (NA) of ions is the
rate of total ion amounts in the whole plant to dry biomass in the roots and they were
calculated using the formulation of Equations (2) and (3), respectively [25]

BCF of ion = [ion]root, shoot, or leaf/[ion]nutrient solution (1)

TF of ion = [ion]shoot or leaf/[ion]nutrient solution (2)

NA of ion via roots (mg kg−1 dry biomass) = [ion]shoot or leaf/dry biomass root (3)
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where [ion]shoot/root/leaf is the ion concentration in shoots, roots, or leaves; [ion]nutrient solution

is the ion concentration in the nutrient solution; dry biomassroot is the dry biomass of roots.

2.7. Statistical Analysis

We carried out this study in three replications according to the randomized plot
design. We evaluated the normality of the data distribution using the Shapiro–Wilk test,
and according to the test results, we performed the statistical analysis of the experimental
data using ANOVA with the MINITAB (version 16) package program. We also used the
Pearson correlation coefficient (r) test to show the correlations among all parameters in
the root, shoot, and leaves of scallions. We analyzed the multiple comparisons of means
among B levels using Tukey’s honestly significant difference (HSD) at the significance level
(α: 0.05). We showed the significance levels as (*) p < 0.050, (**) p < 0.010, (***) p < 0.001,
and (ns) not significant.

3. Results
3.1. Vegetative Growth

All B applications had a significant influence on the FW and DW of roots and shoots,
but they had a non-significant influence on the FWs and DWs of shoots (Figure 2). Com-
pared to the control, the FW of roots decreased with all B levels (0.2, 0.4, 0.8, 1.2, and
1.6 mM) by 12.0%, 14.4%, 16.4%, 22.9%, and 29.6%, respectively. The FW of shoots showed
a declining tendency with all B applications. In addition, the FW of leaves decreased by
5.7%, 6.0%, and 5.0%, respectively, with high B levels (0.8, 1.2, and 1.6 mM) in contrast to
low B levels (Figure 2a). On the other hand, the DW of roots decreased at 0.2, 0.4, 0.8, 1.2,
and 1.6 mM B levels by 10.1%, 8.1%, 7.9%, 16.7%, and 22.4%, respectively. Decreases in the
DW of shoots were non-significant. We observed that the DW of leaves significantly in-
creased with low B applications (0.2 and 0.4 mM) by 10.1% and 7.4%, respectively; however,
there were non-significant changes with high B applications (Figure 2b).

Horticulturae 2025, 11, x FOR PEER REVIEW  5  of  16 
 

 

TF of ion = [ion]shoot or leaf/[ion]nutrient solution  (2)

NA of ion via roots (mg kg−1 dry biomass) = [ion]shoot or leaf/dry biomass root  (3)

where [ion]shoot/root/leaf is the ion concentration in shoots, roots, or leaves; [ion]nutrient solution is 

the ion concentration in the nutrient solution; dry biomassroot is the dry biomass of roots. 

2.7. Statistical Analysis 

We carried out this study in three replications according to the randomized plot de-

sign. We evaluated the normality of the data distribution using the Shapiro–Wilk test, and 

according to the test results, we performed the statistical analysis of the experimental data 

using ANOVA with the MINITAB (version 16) package program. We also used the Pear-

son correlation coefficient  (r)  test  to show  the correlations among all parameters  in  the 

root,  shoot,  and  leaves  of  scallions. We  analyzed  the multiple  comparisons  of means 

among B  levels using Tukey’s honestly significant difference  (HSD) at  the significance 

level (α: 0.05). We showed the significance levels as (*) p < 0.050, (**) p < 0.010, (***) p < 

0.001, and (ns) not significant. 

3. Results 

3.1. Vegetative Growth 

All B applications had a significant influence on the FW and DW of roots and shoots, 

but they had a non-significant influence on the FWs and DWs of shoots (Figure 2). Com-

pared to the control, the FW of roots decreased with all B levels (0.2, 0.4, 0.8, 1.2, and 1.6 

mM) by 12.0%, 14.4%, 16.4%, 22.9%, and 29.6%, respectively. The FW of shoots showed a 

declining  tendency with all B applications.  In addition,  the FW of  leaves decreased by 

5.7%, 6.0%, and 5.0%, respectively, with high B levels (0.8, 1.2, and 1.6 mM) in contrast to 

low B levels (Figure 2a). On the other hand, the DW of roots decreased at 0.2, 0.4, 0.8, 1.2, 

and 1.6 mM B levels by 10.1%, 8.1%, 7.9%, 16.7%, and 22.4%, respectively. Decreases in 

the DW of shoots were non-significant. We observed that the DW of leaves significantly 

increased with low B applications (0.2 and 0.4 mM) by 10.1% and 7.4%, respectively; how-

ever, there were non-significant changes with high B applications (Figure 2b). 

   

Figure 2. The effects of  increasing B  levels on (a) Fresh weight; (b) Dry weight of scallions (Bars 

indicate means of three replicates ± SE. Different letters on the bars for each parameter differ signif-

icantly according to Tukey HSD). 

3.2. Photosynthetic Pigment Contents and Membrane Permeability 

In scallion, while the B applications did not significantly affect the content of Chl a 

and Chl a + b, the 0.4, 0.8, 1.2, and 1.6 mM B applications caused notable decreases in Chl 

b contents by 8.3%, 6.2%, 5.9%, and 8.1%, respectively. In addition, low B applications (0.2 

a b bc c d e

ab a ab

b b b

0

5

10

15

20

25

0 0.2 0.4 0.8 1.2 1.6

F
re

sh
 w

ei
gh

t (
g 

po
t−

1 )

Applied B (mM)

Root Shoot Leaf (a)

a b b b c c

c

a ab

c c bc

0.0

0.4

0.8

1.2

1.6

2.0

0 0.2 0.4 0.8 1.2 1.6

D
ry

 w
ei

gh
t (

g 
po

t−
1 )

Applied B (mM)

Root Shoot Leaf (b)

Figure 2. The effects of increasing B levels on (a) Fresh weight; (b) Dry weight of scallions (Bars
indicate means of three replicates ± SE. Different letters on the bars for each parameter differ
significantly according to Tukey HSD).

3.2. Photosynthetic Pigment Contents and Membrane Permeability

In scallion, while the B applications did not significantly affect the content of Chl a
and Chl a + b, the 0.4, 0.8, 1.2, and 1.6 mM B applications caused notable decreases in Chl
b contents by 8.3%, 6.2%, 5.9%, and 8.1%, respectively. In addition, low B applications
(0.2 and 0.4 mM) significantly increased the Car contents by 5.1% and 4.6%, respectively
(Figure 3a).

On the other hand, the root MP value significantly decreased with the 1.2 and 1.6 mM
B levels by 20.6% and 15.8%, respectively. Similarly, the shoot MP value considerably
decreased with 0.8, 1.2, and 1.6 mM B levels by 11.5%, 19.8%, and 21.5%, respectively
(Figure 3b).
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Figure 3. The effects of increasing B levels on (a) photosynthetic pigment contents, (b) membrane
permeability (MP) of scallions (Bars indicate means of three replicates ± SE. Different letters on the
bars for each parameter differ significantly according to Tukey HSD).

3.3. Concentration, Translocation, and Accumulation of Nutrients

Applied B levels significantly affected the B concentrations in roots, shoots, and leaves,
as well as the TF value of B (Table 1). In comparison with control, all B levels (0.2, 0.4, 0.8,
1.2, and 1.6 mM) caused a notable increase in the root B concentrations by 2.0-, 3.1-, 5.2-,
6.7-, and 7.6-fold, respectively. Furthermore, all B applications significantly increased the
shoot B concentrations by 1.8-, 2.6-, 4.1-, 5.1-, and 5.2-fold, respectively. Similarly, these B
applications significantly increased the leaf B concentrations by 3.3-, 5.4-, 12.4-, 15.7-, and
15.9-fold, respectively (Table 1). The B concentrations in plant parts, in descending order,
were as follows: leaves < shoots < roots. In addition, all B applications (0.2, 0.4, 0.8, 1.2, and
1.6 mM) caused a significant decrease in the TF of B (root to shoot) by 9.2%, 17.9%, 21.3%,
24.5%, and 32.3%, respectively. However, these B levels caused a considerable increase in
the TF of B (root to leaf) by 62.7%, 71.2%, 138.2%, 133.8%, and 107.3%, respectively (Table 1).

Table 1. The effects of increasing B levels on concentrations and translocation of B in scallions.

Applied B (mM)
Boron Concentrations (mg kg−1) Translocation Factor of B

Root Shoot Leaf Root to Shoot Root to Leaf

0 59.8 ± 1.01 f 30.0 ± 0.26 e 58.7 ± 5.07 e 0.502 a 0.984 d
0.2 119.6 ± 1.52 e 54.5 ± 0.34 d 191.3 ± 13.2 d 0.456 b 1.601 c
0.4 186.8 ± 4.14 d 76.9 ± 0.40 c 314.5 ± 4.00 c 0.412 c 1.685 c
0.8 309.4 ± 4.38 c 122.1 ± 2.31 b 725.0 ± 1.80 b 0.395 cd 2.344 a
1.2 400.8 ± 3.47 b 151.8 ± 1.13 a 922.1 ± 5.81 a 0.379 d 2.301 a
1.6 456.6 ± 4.39 a 155.0 ± 2.60 a 931.3 ± 1.57 a 0.340 e 2.040 b

F-test *** *** *** *** ***
Values are the mean of three replicates (means ± SE, n = 3). Different letters in the same column are significantly
different according to Tukey HSD. The F-test shows a significant difference at *** p < 0.001.

Applied B levels significantly affected the leaves’ P, K, Ca, and Na concentrations
(Figure 4). The P concentration in roots significantly decreased with 0.4 mM B application
by 11.1% but increased with 1.6 mM B application by 16.7% compared to the control.
Similarly, the P concentration in shoots markedly decreased with 0.4 mM B application by
12.6%, while other B applications had insignificant effects. Furthermore, 0.2, 0.4, 0.8, 1.2,
and 1.6 mM B applications caused a notable increase in the P concentrations in leaves by
6.7%, 6.7%, 20.8%, 11.7%, and 24.2%, respectively (Figure 4a).

The K concentration in roots significantly increased with 0.4 and 0.8 mM B levels
by 12.6% and 9.7%, respectively; however, it significantly decreased with a 1.6 mM B
application by 7.7% compared to the control. While the K concentration in shoots was not
affected by B applications, the K concentration in leaves markedly increased with 0.8 and
1.2 mM B applications by 12.3% and 6.6%, respectively, compared to the control (Figure 4b).
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Figure 4. The effects of increasing B levels on (a) P concentrations; (b) K concentrations; (c) Ca
concentrations; (d) Na concentrations in scallions (Bars indicate means of three replicates ± SE.
Different letters on the bars for each parameter differ significantly according to Tukey HSD).

On the other hand, the Ca concentration in roots considerably increased at 0.4, 0.8,
and 1.2 mM B levels by 30.3%, 17.1%, and 15.4%, respectively. The Ca concentration in
shoots also significantly increased with 0.2, 0.4, 0.8, 1.2, and 1.6 mM B applications by
16.4%, 16.1%, 27.4%, 33.4%, and 17.6%, respectively. However, the Ca concentration in
leaves remarkably decreased with 0.2, 0.4, 1.2, and 1.6 mM B applications by 14.3%, 11.2%,
14.5%, and 23.5%, respectively (Figure 4c).

The Na concentration in roots decreased with higher B levels (0.8, 1.2, and 1.6 mM)
by 10.8%, 7.1%, and 7.4%, respectively, compared to the control. The Na concentration
in shoots significantly decreased at only 1.6 mM B applications by 20.3%, and the Na
concentration in leaves significantly decreased with the 1.2 and 1.6 mM B applications by
7.7%, and 15.1%, respectively (Figure 4d).

We found a significant interaction between B applications and the TF of ions (P, K, Ca,
and Na) (Table 2). While the 0.8 mM B application caused a notable increase in TF of P
from root to shoot by 19.2%, the 1.6 mM B application caused a notable decrease in this
parameter by 15.6%, compared to the control. In addition, the 0.4 and 0.8 mM B applications
significantly increased the TF of P from root to leaf by 20.4% and 31.8%, respectively.

Table 2. The effects of increasing B levels on the translocation of phosphorus, potassium, and calcium
of scallions.

Applied B
(mM)

Translocation Factor of P Translocation Factor of K Translocation Factor of Ca

Root to Shoot Root to Leaf Root to Shoot Root to Leaf Root to Shoot Root to Leaf

0 0.634 b 0.740 c 0.455 a 0.836 bc 0.295 b 0.417 a
0.2 0.600 bc 0.800 c 0.453 a 0.878 ab 0.334 a 0.348 b
0.4 0.626 b 0.891 b 0.388 b 0.760 c 0.263 c 0.284 c
0.8 0.756 a 0.975 a 0.433 ab 0.856 ab 0.321 ab 0.337 b
1.2 0.597 bc 0.801 c 0.433 ab 0.851 abc 0.341 a 0.309 bc
1.6 0.535 c 0.788 c 0.477 a 0.928 a 0.329 a 0.302 bc

F-test *** *** ** *** *** ***

Values are the mean of three replicates (means ± SE, n = 3). Different letters in the same column are significantly
different according to Tukey HSD. F-test shows a significant difference at ** p < 0.010 and *** p < 0.001.
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While the 0.4 mM B application caused a notable decrease in the TF of K from root to
shoot by 14.7%, the 1.6 mM B application caused a notable increase in the TF of K from root
to leaf by 11.0%, compared to the control.

The 0.2, 1.2, and 1.6 mM B applications significantly increased the TF of Ca
from root to shoot by 13.2%, 15.6%, and 11.5%, respectively, compared to the control.
However, the 0.4 mM B level caused a significant reduction in the TF of Ca from root to
shoot of 10.8%. Furthermore, the 0.2, 0.4, 0.8, 1.2, and 1.6 mM B levels caused a notable
decrease in the TF of Ca from root to leaf by 16.5%, 31.9%, 19.2%, 25.9%, and 27.6%,
respectively (Table 2).

The 0.2, 0.4, 0.8, 1.2, and 1.6 mM B applications significantly affected the BCF of B, P,
K, and Ca in roots, shoots, and leaves compared to the control (Figure 5). All B applications
(0.2, 0.4, 0.8, 1.2, and 1.6 mM) caused notable decreases in BCF of B in roots, shoots, and
leaves. These decreases in roots were 62.9%, 68.1%, 72.1%, 75.5%, and 78.9%, respectively.
In addition, the reductions in shoots were 66.3%, 73.9%, 78.2%, and 81.4%, respectively.
Similarly, in leaves, they were 85.7%, 39.5%, 45.3%, 35.5%, 42.6%, and 56.1%, respectively
(Figure 5a).
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Figure 5. The effects of increasing B levels on (a) BCF of B; (b) BCF of P; (c) BCF of K; (d) BCF of
Ca in scallions (Bars indicate means of three replicates ± SE. Different letters on the bars for each
parameter differ significantly according to Tukey HSD).

The 0.4 mM B application significantly decreased the BCF of P in roots and roots by
11.5% and 9.9%, respectively. However, the 1.6 mM B level increased this parameter by
16.2% in roots. Similarly, 0.8 mM B caused an increase in BCF of P in shoots by 12.7%,
compared to the control. On the other hand, all B applications (0.2, 0.4, 0.8, 1.2, and 1.6 mM)
significantly increased the BCF of P in leaves by 6.2%, 6.4%, 20.4%, 11.3%, and 23.5%,
respectively (Figure 5b).

The 0.4 mM of B application caused a notable increase in the BCF of K in roots by
12.8%. In addition, 0.8 and 1.2 mM B applications caused a notable increase in the BCF of K
in leaves by 6.8% and 6.8%, respectively. However, the effects of B applications on the BCF
of K in shoots were non-significant (Figure 5c).
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On the other hand, the 0.4, 0.8, and 1.2 mM B applications caused a considerable
increase in the BCF of Ca in roots by 30.3%, 17.2%, and 15.3%, respectively. However, the
0.2, 0.4, 1.2, and 1.6 mM B applications caused a considerable decrease in the BCF of Ca in
leaves by 14.3%, 11.0%, 14.3%, and 23.7%, respectively (Figure 5d).

All B applications (0.2, 0.4, 0.8, 1.2, and 1.6 mM B) caused a considerable increase in
the net accumulations of B, K, and Ca via roots compared to the control (Table 3). These
increases in the net accumulation of B were 3.1-, 4.8-, 9.3-, 13.1-, and 14.5-fold, respectively.
The increases in the net accumulations of K were 14.2%, 14.6%, 14.8%, 18.9%, and 21.0%,
respectively. In addition, the increases in the net accumulation of Ca were 10.2%, 18.6%,
14.8%, 19.9%, and 13.8%, respectively.

Table 3. The effects of increasing B levels on net ion accumulations of scallions.

Applied B (mM)
Net Ion Accumulations via Roots (mg g−1 DW)

B P K Ca Na

0 0.329 ± 0.004 f 8.30 ± 0.21 c 161.8 ± 2.59 b 36.92 ± 0.72 b 36.92 ± 0.63 ab
0.2 1.028 ± 0.031 e 9.48 ± 0.06 bc 184.7 ± 1.63 a 40.69 ± 0.53 a 38.44 ± 0.62 ab
0.4 1.584 ± 0.025 d 8.94 ± 0.15 bc 185.4 ± 2.51 a 43.78 ± 0.55 a 39.44 ± 0.74 a
0.8 3.069 ± 0.024 c 9.67 ± 0.09 b 185.8 ± 1.64 a 42.39 ± 1.00 a 36.20 ± 0.55 b
1.2 4.315 ± 0.062 b 9.89 ± 0.18 b 192.4 ± 4.22 a 44.26 ± 0.83 a 36.98 ± 0.23 ab
1.6 4.774 ± 0.179 a 11.48 ± 0.55 a 195.8 ± 6.55 a 42.01 ± 0.87 a 36.22 ± 0.67 b

F-test *** *** *** *** **
Values are the mean of three replicates (means ± SE, n = 3). Different letters in the same column are significantly
different, according to Tukey’s HSD. F-test shows a significant difference at ** p < 0.010 and *** p < 0.001.

On the other hand, only high B applications (0.8, 1.2, and 1.6 mM) caused a notable
increase in the net accumulations of P by 16.5%, 19.2%, and 38.3%, respectively. The B
applications did not significantly affect the net accumulation of Na (Table 3).

3.4. Correlation Analysis

Evaluations based on plant biomass production, photosynthetic pigment contents,
and B behaviors (translocation, concentration, and accumulation) determined variables
showing statistically significant relationships. The data reveal that the root FW of
scallion leaves exhibited a highly significant and negative correlation with the B con-
centrations in the root, shoot, and leaf tissues, as well as with net ion accumulations of
B, P, Ca, and K. The correlation coefficients for these relationships ranged from 0.691 to
0.926, indicating a strong inverse relationship between root FW and the concentrations
of these ions. In contrast, the root FW showed a notable positive correlation with the
BCF of B in the root, shoot, and leaf, as well as with the MP values in both the root and
leaf tissues. The correlation coefficients for these positive relationships ranged from
0.696 to 0.885 (Figure 6).
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4. Discussion
Excessive B in the rooting medium negatively affects the physiological, biochemical,

and metabolic functions of plants and may reduce yield and quality [26]. In our study,
increasing B applications resulted in a significant reduction in both the FWs and DWs of the
roots, whereas the shoot and leaf biomass remained unaffected (Figure 1). When examining
B concentrations, it was seen that B concentrations in upper organs (shoot + leaves) were
approximately 2–2.5-fold higher than those in the roots (Table 2). The B distribution in plant
parts may be closely related to the genetic structure of the onion. This may be partially
explained by the fact that sorbitols, the primary photosynthetic products in onion plants,
are highly mobile and tend to accumulate in leaves [13]. The absence of dramatic toxicity
symptoms in leaves (Figure 7) may also support this result. Additionally, previous research
has demonstrated that excessive B in the rooting medium can inhibit root growth [27]. In
agreement with these findings, Francois [28] observed that even when applying a range of
B concentrations (0.5, 1, 5, 10, 15, and 20 mg kg−1) to the nutrient solution, there was no
significant effect on the biomass production of green onion leaves [29].

Changes in plant’photosynthetic pigment contents (especially Chl and carotenoids)
are considered an important indicator of negativity due to abiotic stress factors. The B
levels applied in our study caused certain changes in the content of these pigments in
scallions (Figure 3). For instance, there was a non-significant decrease in Chl a content,
whereas there was a significant decrease in Chl b content. This result is from a previous
work, which reported that during the process of Chl degradation due to B toxicity, Chl b is
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converted to Chl a, and thus the Chl a/b ratio might increase [29]. Ito et al. [30] revealed
that the reduction of Chl b in leaves exposed to high B application depends on the different
mechanisms such as greater degradation of Chl b, an increment of Chl b in conversion to Chl
a, a reduction in conversion of Chl a to Chl b, or the combination of these mechanisms. The
Car contents of scallions significantly increased with only low B applications (Figure 3a).
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At the same time, MP value in roots and shoots significantly decreased with the high
B applications, contrary to expectations (Figure 3b). Notably, positive correlations were
observed between the root FW and MP values of the root and leaf, suggesting that as
the root FW increased, MP values in the plant tissues also tended to increase (Figure 6).
The tendency of B, which is abundant in the growth medium, to form complexes easily
with different sugars and other compounds containing cis-hydroxyl groups may partially
support this conclusion. Kobayashi et al. [31] reported that the B–RG-II complex cross-links
pectin polysaccharide chains and thus functions to form a pectin network in cell walls. The
Car pigments, components of thylakoid membranes, protect Chl from photo-oxidation by
absorbing and transferring light to Chl [32]. Nevertheless, Bolaños et al. [33] noted that
B has a vital role in the stabilization of molecules by cis-diol groups, independent of its
other functions. The insignificant effects of B applications on biomass production in leaves
(Figure 2), some photosynthetic pigment contents (Chl a, Chl a + b) (Figure 3a), and MP
(Figure 3b) could be explained by the specific B mobility in onion.

Onions are known to produce complex sugar alcohol (polyol) and therefore have
high phloem B mobility [14]. The transport of B in the phloem was discussed in previous
sections, but its mobility is highly variable among plant species. In species-producing sugar
alcohols like onions, the borate anion binds to these sugar alcohols to form complexes that
are crucial for transporting B from mature leaves to young leaves via the phloem [13,34]. In
contrast, in sucrose-producing species like wheat, complexes such as bis–sucrose–borate
have been identified, resulting in a lower concentration of B within the phloem [35]. Brown
and Hu [13], who applied 10B-enriched boric acid to leaves, reported that onions and carrots
are important mannitol-producing plants. As seen in Figure 7, the absence of serious B
toxicity symptoms in scallions exposed to high B indicates that this plant is tolerant of high
B doses. Onion leaf injury remained restricted to the tip of the leaves, without marginal
chlorosis. Onions showed a notable tolerance to high B treatments, especially 10, 15, or
20 mg L−1 B doses [28]. This tolerance could be related to the role of B in di-ester bridges
between two RG-II molecules (Figure 1). These major B-binding fractions may affect cell
wall porosity and plant morphogenesis [5], due to an increase in intercellular bindings [7,8].
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Many researchers reported that there appears to be a linear relationship between the B
levels applied to the rooting medium and the B concentration in the plant tissue [36–38].
However, this relationship could be disrupted by some conditions, such as the location
of the study (greenhouse or field conditions) [39], working in a nutrient solution or a
soilless environment, etc. [40]. In our study, the B applications caused a significant increase
in the B concentrations of plant organs (the roots, shoots, and leaves), and the leaves
have an approximately 2-fold higher B concentration than the roots in plants exposed
to high B (Table 1). The distribution of B concentrations in plant organs is ordered as
shoot < root < leaf. Differences between B concentrations in plant organs and the lack
of toxicity symptoms can be explained by B mobility in plant species as above. These
findings are in agreement with the results of Subedi [41], who studied the accumulation
and distribution of B in wheat varieties. This researcher reported the total B concentrations
in the leaves by 68%, in the roots by 16%, and in the bulbs by 10%. In addition, Samet and
Çıkılı [38] stated that purslane leaves exposed to 0.37, 0.74, 1.48, and 2.96 mM B contained
2.64-, 3.42-, 3.14-, and 4.28-fold more B than in their roots, respectively.

Leaf P concentrations increased significantly with all B levels (Figure 4a), while leaf K
concentrations increased only with 0.8 and 1.2 mM B levels (Figure 4b). On the other hand,
leaf Ca and Na concentrations decreased significantly only with 1.2 and 1.6 mM B levels
(Figure 4c,d). Francois [42] studied the effect of B on radish growth in sand culture, and he
reported that Ca and P concentrations showed a notable reduction with excess B, while K,
Mg, and Na concentrations remained unchanged. The same researcher found that P, K, Ca,
Na, and Mg in the leaves and bulbs of onions were not affected significantly by increasing
B levels [28].

While a larger TF value of nutrient elements indicates a higher plant’s transfer capacity
of elements from the root to the shoot or leaves, the higher elements’ BCF value indicates
that the plant has a higher accumulation potential of these nutrients. In the present
study, translocation for P, K, and Ca elements in both shoots and roots was found to
be lower than 1 (Table 2). This indicated that only limited quantities of these elements
could be transported to the aboveground parts of scallions, which might be due to lower
mobility [43,44]. However, the TF value of B in leaves was larger than 1 (Table 1), implying
that B was more readily accumulated in the leaves, which had also been observed by other
researchers [45]. In addition, over the range of 0.2–1.6 mM of B supply, the TF value of B, P,
and K in leaves was found to be greater than in shoots (Tables 1 and 2). This may be due to
the higher accumulation of B, P, and K in leaves compared to shoots (Figure 4). On the other
hand, higher B application caused a greater increase in the TF value for B in leaves, contrary
to shoots (Table 1). This may also be related to the fact that translocation from roots to
shoots is low with low B applications because the B in the roots is bound to the root’s cell
wall [1]. These findings showed that scallions have a high transfer capacity of B, P, and K
to leaves, contrary to Ca. The fact that the Ca concentration in the roots is approximately
8-fold higher than in the leaves (Figure 4c) and that the BCF of Ca is higher than in the roots
(Figure 5d) indicates that calcium is accumulated in the roots. The uptake and transport of
Ca are primarily involved by physiological (cation exchange capacity of the rhizosphere,
root, and shoot) and molecular mechanisms (Ca transporter proteins and channels), which
affect the accumulation and partitioning of Ca in plant parts [46]. Furthermore, applying
0.4 mM B increased the Ca concentration in the roots, while applying higher B decreased it
(Figure 4c). This could be explained by the fact that insufficient B in the rooting medium
will change the intracellular Ca ion concentration. A significant positive correlation was
observed between the Ca concentration and root FW, as well as the Ca accumulation in the
plant leaves (Figure 6). This suggests that the increase in root FW may contribute to higher
calcium concentration and accumulation in the leaves. González-Fontes et al. [47] reported
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that Ca and B have a vital role in jointly stabilizing and maintaining the structure and
function of the cell wall, and there is a close connection between the Ca and B interaction
and the physiological processes taking place in the cell wall.

Net ion accumulation indicates the amount of ions accumulated in the upper organs by
the resulting dry root biomass [48]. The results presented in Table 3 showed that increasing
B levels caused a significant increase in the net accumulation of B, P, K, and Ca, except
for Na. Gradual and significant increases in net B accumulation in plants may result from
plant exposure to increased B levels (Table 1). B is mobile in plants that use complex sugar
alcohols (polyols) as the primary photosynthetic metabolite, like onions, and is carried
from the roots to the upper parts of the plant by the transpiration stream (via xylem),
where it joins with polyols to form a complex. Complexes of polyol–B–polyol can pass
through the phloem and reach the actively developing meristematic tissues [49]. At higher
B applications (0.8, 1.2, and 1.6 mM), in contrast to net B accumulation, the closeness of net
P, K, Ca, and Na accumulation data could be explained by the strong tolerance of onions
to B toxicity. On the other hand, a significant negative correlation was observed between
root FW and net ion accumulation via the root, indicating a strong inverse relationship
between root FW and the ion accumulations (Figure 6). Root DW (Figure 2b) and MP
values (Figure 3b) measured at the same B levels show that onion roots were not seriously
damaged at these B levels. The fact that no effective deficiency symptoms were seen in the
onion leaves in Figure 5 may support this hypothesis.

5. Conclusions
Boron exhibits unique characteristics compared to other plant nutrients, particularly

in terms of its narrow threshold between deficiency and toxicity, species-specific uptake
and transport mechanisms, and its diverse physiological roles. In this study, green onions
did not show a significant response to high B levels. However, important information was
obtained regarding the effects of B on the ion concentrations, net ion accumulations, and
bio-concentrations. For example, the applied B levels caused significant increases in P, K,
and Ca net ion accumulation. The BCF of P also increased with higher B levels (0.8, 1.2, and
1.6 mM). Collectively, these findings partially confirmed the potential relationship between
increasing B levels and ion behavior (transport and accumulation) and also revealed the
complex interactions of B uptake, transport, and accumulation in metabolism. The fact
that the expected results cannot be obtained with increasing B levels may be related to
the genetic structure of the onion. Evidence suggests that onion (Allium sp.), as a non-
gramineous monocot, displays distinct phloem mobility of B, unlike many other plant
species where B transport is primarily limited to the xylem. Phloem mobility may enable a
more efficient internal redistribution of B, potentially contributing to a higher tolerance. In
addition, B is known to play a critical role in the structural integrity of cell walls by forming
diester bonds between two rhamnogalacturonan II (RG-II) molecules, which is particularly
associated with maintaining upright growth and cell wall stability. Furthermore, the
partial limitations in observing toxicity symptoms may be attributed to the relatively low B
concentrations applied to the rooting medium. Therefore, future studies employing higher
B levels may offer a clearer finding of the physiological roles of B and its behavior in green
onions. Given these findings, we suggest B concentrations in experiments above 1.6 mM to
reach more definitive conclusions about response thresholds in onion varieties.

In the broader context, the increasing contamination of agricultural lands and water
resources worldwide compels farmers to produce crops on polluted soils or to use contami-
nated water for irrigation. In such environments, knowing the ability of plants to tolerate
abiotic stress can help minimize yield losses and ensure access to safe and sustainable food
sources. Nevertheless, findings derived from greenhouse experiments conducted under
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controlled hydroponic conditions should be validated through field trials carried out in
soil-based systems to enhance their applicability to agricultural settings.

Author Contributions: The authors (H.S. and Y.Ç.) collaborated on the following issues: methodology,
validation, analysis, investigation, data collection, writing, review, and editing of the original draft.
Furthermore, All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: There are no conflicts of interest among the authors in this study.

References
1. Goldbach, H.E.; Wimmer, M.A.; Findeklee, P. Discussion paper: Boron—How can the critical level be defined? J. Plant Nutr. Soil

Sci. 2000, 163, 115–121. [CrossRef]
2. Yau, S.K.; Hamblin, J.; Ryan, J. Phenotypic variation in boron toxicity tolerance in barley, durum, and bread wheat. Rachis 1994,

13, 20–25.
3. Wimmer, M.A.; Goldberg, S.; Gupta, U.C. Boron. In Handbook of Plant Nutrition; Barker, A., Pilbeam, D., Eds.; CRC Press: Boca

Raton, FL, USA, 2015; pp. 305–346.
4. Loomis, W.D.; Durst, R.W. Chemistry and biology of boron. BioFactors 1992, 3, 229–239.
5. Xiao, C.; Anderson, C.T. Roles of pectin in biomass yield and processing for biofuels. Front. Plant Sci. 2013, 4, 67. [CrossRef]
6. Begum, R.A.; Fry, S.C. Arabinogalactan-proteins as boron-acting enzymes, cross-linking the rhamnogalacturonan-II domains of

pectin. Plants 2023, 12, 3921. [CrossRef]
7. O’Neill, M.A.; Eberhard, S.; Albersheim, P.; Darvill, A.G. Requirement of borate cross-linking of cell wall rhamnogalacturonan II

for Arabidopsis growth. Science 2001, 294, 846–849. [CrossRef]
8. Matsunaga, T.; Ishii, T.; Matsumoto, S.; Masanobu, H.; Darvill, A.; Albersheim, P.; O’Neill, M.A. Occurrence of the Primary Cell

Wall Polysaccharide Rhamnogalacturonan II in Pteridophytes, Lycophytes, and Bryophytes. Implications for the Evolution of
Vascular Plants. Plant Physiol. 2004, 134, 339–351. [CrossRef]

9. Avci, U.; Peña, M.J.; O’Neill, M.A. Changes in the abundance of cell wall apiogalacturonan and xylogalacturonan and conservation
of rhamnogalacturonan II structure during the diversification of the Lemnoideae. Planta 2018, 247, 953–971. [CrossRef]

10. Begum, R.A.; Messenger, D.J.; Fry, S.C. Making and breaking of boron bridges in the pectic domain rhamnogalacturonan-II at
apoplastic pH in vivo and in vitro. Plant J. 2023, 113, 1310–1329. [CrossRef]

11. Hu, H.; Brown, P.H.; Labavitch, J.M. Species variability in boron requirement is correlated with cell wall pectin. J. Exp. Bot. 1996,
47, 227–232. [CrossRef]

12. Brown, P.H.; Bellaloui, N.; Wimmer, M.A.; Bassil, E.S.; Ruiz, J.; Hu, H.; Pfeffer, H.; Dannel, F.; Römheld, V. Boron in plant biology.
Plant Biol. 2002, 4, 205–223. [CrossRef]

13. Brown, P.H.; Hu, H. Boron mobility and consequent management in different crops. Better Crops 1998, 82, 28–31.
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Abstract: High concentrations of sodium chloride (NaCl) in soil and water are increasingly
common conditions in tomato (Solanum lycopersicum L.) production that impair the devel-
opment and yield of this crop, generating the need for tolerant varieties. This research
aimed to identify tomato lines tolerant to salinity during germination and early seedling
development. A standard germination test was carried out in which 93 lines were evalu-
ated under conditions of 0 and 80 mM NaCl for 12 days in a germination chamber with a
temperature of 28 ± 1 ◦C and relative humidity of 80 ± 5%. At the seedling stage, 88 lines
were evaluated under conditions of 0 and 150 mM NaCl in a floating raft system. During
germination, saline conditions decreased germination percentage (37%), plumule (43%) and
radicle (47%) length, dry matter (44%) and germination rate index (70%). At the seedling
stage, NaCl decreased (p ≤ 0.05) plant height (44%) and leaf area (50%), without modifying
root, aerial and total dry matter or root length. Twenty-eight tolerant lines were identified
at germination and twenty-three at the seedling stage, seven of which were tolerant at both
stages. This implies that salinity tolerance mechanisms differ in the developmental stages
studied and makes it possible to combine these mechanisms to prolong tolerance during
plant development.

Keywords: salinity; germination; seedling; tolerance; Solanum lycopersicum L.

1. Introduction
Salinity is one of the major abiotic factors affecting agriculture worldwide and threat-

ening food security [1], as it is estimated that 20% of cultivated land and 33% of irrigated
agricultural area are affected by this condition [2,3]; this causes reductions in agricultural
crop yields between 50 and 80% [4,5], with losses of up to USD 27.3 billion annually [6].
In addition, it is estimated that by 2050, half of all crops will be affected by salinity [2,7].
Mexico also faces this problem due to the fact that of the country’s 9.8 million hectares
of irrigated agricultural land, 34.9% are slightly affected by excess sodium and 25.1% by
salinity [8]; this percentage is constantly increasing due to inadequate agricultural practices
and use of poor-quality water.

Tomato (Solanum lycopersicum L.) is one of the most consumed vegetables worldwide,
with a harvested area of 4,917,735 hectares in 2022 [9]. Mexico is the world’s eighth largest
producer and leading exporter of this vegetable [10]. The widespread cultivation of this
crop implies that its establishment can occur under salinity stress conditions. Although
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the crop is considered moderately tolerant to salts, up to 6 dS·m−1 [11], it shows disorders
when grown in highly saline soils, with greater damage during germination and, to a lesser
extent, during the seedling stage [12]. Saline conditions delay and reduce the germination
of tomato seeds by altering their physiological and biochemical activity and by decreasing
the water potential gradient and its surrounding environment [13,14]; saline conditions
also reduce the germination rate due to the deterioration of enzymatic activity caused by
osmotic stress or ionic toxicity caused by NaCl [15,16].

At the seedling stage, salinity reduces the height, growth and development of the
stem, root and leaf area and, consequently, biomass accumulation [17,18]. High Na+ and
Cl− concentrations in the soil solution generate osmotic stress, ionic imbalance, water
deficit and oxidative stress in the plant [19]. Thus, as the concentration of salts and the
stress period increase, the accumulation of Na+ and Cl− ions increases, which generates
toxicity and inhibits the primary metabolism by damaging the photosynthetic machinery
and accumulating excess reactive oxygen species (ROS) [20]. The high accumulation of ROS
increases the permeability of the cell membrane due to the degradation of its functional
and structural proteins [21]. In the root zone, osmotic stress reduces the ability to absorb
water and nutrients, which decreases leaf and shoot growth [22].

Plants also have the ability to activate gene families involved in different metabolic,
physiological and biochemical processes to tolerate salinity stress [23]. Among them,
there are those that regulate stomatal closure, which prevents water loss and increase and
maintains ionic homeostasis [24]; those that prevent Na+ accumulation in roots [25]; and
those that increase antioxidant activity, biomass accumulation and secondary metabolite
accumulation [26]. These metabolites have the functions of preserving enzymatic activity,
stabilizing structural proteins and scavenging reactive oxygen species to mitigate oxidative
damage and enhance the tolerance response [22,27].

All of them together maintain root development in the face of salinity stress for the
supply of nutrients. Since there is a genetic control of these processes involved in salt
tolerance, some tomato breeding programs focus on the selection of these genes to obtain
new tolerant varieties [28], particularly during the initial growth stages (germination, emer-
gence and seedling), since the greatest vulnerability of tomato plants to saline conditions
occurs during these stages in which the ability to adapt to salt stress is crucial to maintain
crop productivity [29].

This research aimed to identify and select experimental tomato lines that are salinity
tolerant at the germination and seedling stages and to design a strategy to evaluate a large
number of genotypes using short-term tests and identify their degree of tolerance to salt
stress in the early stages of development.

2. Materials and Methods
The genotypes evaluated were 93 homozygous lines (F17–F19) at germination and

88 lines at the seedling stage. The difference in the number of genotypes evaluated in the
tests was due to seed availability. The lines were generated by the greenhouse tomato
breeding program of the Universidad Autónoma Chapingo (UACh) and were obtained
from balanced composites of segregating populations derived from crosses between com-
mercial hybrids. Some characteristics of these lines are presented in Table S1 (fruit type,
color and growth habit).

Two salt tolerance tests were carried out, one during germination (in 2022) and one at
the seedling stage (in 2020). The NaCl concentrations studied were chosen based on Seth
et al. [30] for germination, 80 mM NaCl, and Ahmed et al. [23] for seedling, 150 mM NaCl.
These concentrations allowed to differentiate between tolerant and susceptible lines, with-
out being lethal doses.
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2.1. NaCl Tolerance at Germination Stage

The experiment was carried out in June and July 2022 in the seed laboratory of the
Plant Science Department of the Universidad Autónoma Chapingo (UACh). Two standard
germination tests were performed using saline treatment (80 mM NaCl) and a control. The
saline solution was prepared with distilled and deionized water and 99.3% pure NaCl
(High Purity®, Mexico city, Mexico).

The experimental unit (EU) was a 56 mm diameter Petri dish with 25 seeds. Filter paper
was used as a substrate saturated with 2 mL of solution, either with distilled and deionized
water or 80 mM NaCl, according to the corresponding treatment. The experimental design
randomized complete blocks with two replicates in the case of the control and four replicates
in the case of 80 mM NaCl. Under laboratory or greenhouse conditions, environmental
variation tends to be considerably smaller, allowing for a more precise estimation of
experimental error with a smaller number of replicates. In contrast, under stress conditions,
this variation increases. Thus, the smaller number of replicates in the control setting does
not compromise the statistical validity of the results.

The tests were carried out for twelve days in a germination chamber (Lab-Tech Inc.®,
model D-7140, Hopkinton, MA, USA) with three days of darkness and nine days of artificial
light. The temperature was maintained at 28 ± 1 ◦C and relative humidity at 80 ± 5%.
Three 1 mL irrigations were made with the corresponding solutions, according to the water
needs of the seedlings.

Germinated seeds were counted daily. A seed was considered germinated when the
radicle protruded. At the end of the test, the following were evaluated:

Germination percentage (GP, in %) with respect to the total number of seeds sown.
Germination rate index (GRI) with the formula proposed by Maguire [31]:

GRI =
n

∑
i=1

xi
di

,

where n is the number of counts made during the trial, xi is the number of seeds germinated
in count i minus the number of seeds germinated in count i − 1, and di is the number of
days after sowing until count i.

Five seedlings were randomly selected from the EU, and the average plumule length
(PL, in cm) and average radicle length (RL, in cm) were determined.

Seedlings from all the EU were dried to constant weight at 45 ◦C in an oven (Riossa®,
model H-48, series 301007, Mexico city, Mexico). Subsequently, total dry matter (TDM, in
mg) was determined on an analytical balance (Sartorius, practiucum224-1S, 0029604782,
Goettingen, Germany).

2.2. NaCl Tolerance at the Seedling Stage

The evaluation was carried out from July to September 2020 under greenhouse con-
ditions at the Colegio de Postgraduados, Montecillo campus (19◦27′53′′ N, 98◦54′19′′ W);
temperatures inside the greenhouse ranged between 13.5 and 35 ◦C.

Eighty-eight experimental lines exposed during the seedling stage to 0 and 150 mM
NaCl concentrations were evaluated. The lines were sown in 200-cavity polystyrene trays
with peat foam (Oasis®, Columbus, OH, USA) as substrate. Transplanting was carried
out 23 days after sowing in a floating raft system (Figure 1) under greenhouse conditions.
Wooden containers measuring 2.4 × 1.2 × 0.2 m and covered with geomembrane and with
a capacity of 500 L of nutrient solution were used. The nutrient solution used was that of
Cadahia [32] at 50%. The experimental unit consisted of 5 seedlings, with a planting density
of 166.6 plants·m2. One container constituted a replicate. Four days after transplanting
(DAT), 150 mM NaCl was added to the nutrient solution of three containers. Two other
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containers corresponded to the control without NaCl. A randomized complete block
experimental design was used with three replicates at 150 mM concentration and two
replicates at the control.
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Figure 1. Tomato lines evaluated in a floating raft system.

Seedling height (SH, in cm) was measured on three EU seedlings.
The test ended at 14 DAT. The average root length (RL, in cm) was then evaluated in

three EU seedlings, and from the five EU seedlings, aerial dry matter (ADM, in g) and root
dry matter (RDM, in g) were determined, both dried for 96 h at 46 ◦C. Leaf area (LA, in
cm2), for which digital photographs were captured, was subsequently determined using
ImageJ software (v1.4.3.67; National Institutes of Health, Bethesda, MD, USA).

2.3. Statistical Analysis

The statistical analysis was similar in both tests. Initially, indices were obtained by
the quotient of the response obtained in the saline condition divided by the average of the
response obtained in the control. With the generated indices, a cluster analysis was carried
out with Gower’s [33] distance and Ward’s [34] minimum variance algorithm. The cut-off
height was determined by Hotelling’s [35] T2 statistics and the pseudo-F statistic [36].

To corroborate the sets obtained by the cluster analysis, a discriminant analysis was
performed, and resubstitution and cross-validation tests were applied [36]. Finally, with the
original data, analysis of variance and comparison of means were performed with Tukey’s
test, considering the generated groups as a source of variation and the genotypes nested in
this factor.

The analysis was performed with SAS statistical package (version 9.4., Cary, NC, USA)
with the procedures UNIVARIATE, MEANS, DISTANCE, CLUSTER, DISCRIM and GLM.

3. Results and Discussion
3.1. Salinity Tolerance at Germination Stage

The dendrogram generated by the cluster analysis obtained from Gower’s distance
and Ward’s minimum variance algorithm is presented in Figure 2. Hotelling’s T2 statistic
and the pseudo-F statistic indicated the formation of three groups with a cut-off height of
0.05 of semipartial r2. The groups were made up of 25, 28 and 40 genotypes.
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Figure 2. Hierarchical dendrogram generated from Gower’s distance and Ward’s minimum variance
algorithm of NaCl tolerance indices of 93 experimental tomato lines evaluated under salt stress
during germination.

The appropriateness of the achieved grouping was corroborated with a linear dis-
criminant analysis, which indicated that the first discriminant variable (DV1), with an
eigenvalue of 6.8, explained 97.4% of the variation in the data (p ≤ 0.0001). The DV1
eigenvector indicated a greater relationship with germination percentage, germination rate
index and total dry matter (Table 1); that is, lines with a high DV1 value identify lines
with greater vigor during germination and vice versa. The second discriminant variable
(DV2) described only 2.6% of the variation, which was not significant. Resubstitution and
cross-validation tests showed adequate assignments in 90 of the 93 genotypes evaluated.

Table 1. Eigenvectors of the discriminant variables DV1 and DV2 generated from indices of 93 exper-
imental tomato (Solanum lycopersicum L.) lines during the germination stage.

Variable
Eigenvectors Discriminant Functions

DV1 DV2 DV1 DV2

Total dry matter (TDM) 0.98 −0.12 1.56 −2.39
Germination percentage (GP) 0.96 0.25 0.37 2.24

Plumule length (PL) 0.77 0.21 −0.08 0.93
Radicle length (RL) 0.49 −0.22 −0.20 −0.24

Germination rate index (GRI) 0.96 0.05 1.09 −0.42

The graphical representation of the genotypes based on the two discriminant variables
is presented in Figure 3. Group 2 had the highest tolerance to salt stress, showing the
greatest seed vigor with the highest DV1 values, associated with the greatest development
of GP, TDM, PL, RL and GRI. In contrast, Group 1 was the most susceptible to NaCl, with
the lowest seed vigor, while Group 3 showed intermediate tolerance.
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Figure 3. Graphical representation of discriminant variables of 93 tomato lines germinated under
salinity conditions. DV1: discriminant variable 1; positive values are associated with a higher germi-
nation percentage, germination rate index and dry matter content and vice versa. DV2: discriminant
variable 2 (not significant).

Analyses of variance were performed for original traits where NaCl concentrations,
the generated groups and the genotypes nested within groups were considered, along
with the corresponding interactions. These analyses showed significance for all sources of
variation in the evaluated traits, except for GP and TDM in the concentration × genotype
(group) interaction. Coefficients of variation ranged between 20 and 25%, except for radicle
length, which was 40% (Table S2).

The evaluated traits were diminished by more than 37% by salinity stress (Table 2).
Similar results were reported by Fadhil et al. [37] in commercial cultivars under salinity
conditions between 70 and 170 mM NaCl, where a negative association was detected
between the increase in saline condition with the germination percentage and biomass
accumulation. At 100 mM, the reductions in these two traits corresponded to 95 and 100%,
whereas, in the present study, at 80 mM NaCl, they were 37 and 44%, respectively.

Table 2. Comparisons of NaCl concentration means for the traits evaluated in 93 tomato (Solanum
lycopersicum L.) lines germinated under salinity and control conditions.

NaCl
(mM)

GP
(%)

GRI PL
(cm)

RL
(cm)

TDM
(mg)

0 80.62 a 6.84 a 3.40 a 1.08 a 0.028 a
80 50.87 b 2.04 b 1.94 b 0.58 b 0.015 b

% Reduction 37 70 43 47 44
HSD 6.24 0.59 0.46 0.17 0.0029

GP: germination percentage, GRI: germination rate index, PL: plumule length, RL: radicle length, TDM: total
dry matter, % Reduction: percentage reduction from 0 to 80 mM NaCl concentration. HSD: honestly significant
difference. Means with the same letter within columns do not differ statistically (Tukey, p ≤ 0.05).

The evaluated lines showed reductions of less than 47% in seedling development
(RL, PL and TDM) (Table 2); this contrasts with the reductions observed by Shanika and
Seran [38] in the same variables and at the same NaCl concentration, which were greater
than 50%. GRI was the most affected trait, being reduced by 70% over a 12-day period at
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80 mM NaCl. This percentage was lower than that obtained in tomatoes native to Mexico
(88%) germinated in 150 mM NaCl, although over a 20-day period [39]. At concentrations
of 80 mM NaCl, the GRI reduction percentages are consistent with those observed in
commercial varieties, in which they have been higher than 80% starting at 75 mM [40].

Comparisons of means of the group × NaCl concentration interaction (Table 3) indi-
cated that in all groups the traits decreased (p ≤ 0.05) under salt stress. However, Group
2 had greater tolerance, since it decreased the evaluated traits to a lesser extent, with
appreciably smaller reductions than the other two groups; in the case of GP, PL, RL and
TDM, they were less than 40%. Group 1, with the greatest susceptibility, had reduction
percentages in the evaluated traits of between 57 and 84%. This is consistent with Figure 3,
derived from the discriminant analysis previously performed.

Table 3. Comparisons of means of the group × NaCl concentration interaction of 93 experimental
tomato (Solanum lycopersicum L.) lines germinated under saline conditions. Comparisons are made
within each group between control (0 mM NaCl) versus saline condition (80 mM NaCl).

NaCl
(mM) GRO GP

(%) GRI PL
(cm)

RL
(cm)

TDM
(mg)

0 1 80.37 b 6.44 b 3.32 a 1.00 a 0.03 a
80 1 30.26 d 1.06 e 1.33 d 0.44 d 0.01 d

% Reduction 62 84 60 57 69
0 2 86.37 a 7.85 a 3.40 a 1.06 a 0.03 a
80 2 75.07 b 3.38 c 2.52 b 0.73 b 0.02 b

% Reduction 13 57 26 31 14
0 3 76.82 b 6.41 b 3.46 a 1.14 a 0.03 a
80 3 48.38 c 1.78 d 1.96 c 0.57 c 0.01 c

% Reduction 37 72 44 50 48
HSD 3.05 0.17 0.13 0.07 0.0012

GRO: group, % reduction: percentage reduction at 80 mM NaCl with respect to the control, GP: germination
percentage, GRI: germination rate index, PL: plumule length, RL: radicle length, TDM: total dry matter, HSD:
honestly significant difference. Means with the same letter within columns and group do not differ statistically
(Tukey, p ≤ 0.05).

The tolerant lines belonging to Group 2 (L4-1, L5, L9, L45 and L92D) showed no
differences in GP, RL, PL and TDM (p ≤ 0.05) between the saline condition (80 mM NaCl)
and the control (Table 4). Previous research indicates that in various crops, including tomato,
genotypes with salinity tolerance show minor reductions in these same traits [29,38,41,42].

Table 4. Comparisons of means of the concentration-by-genotype interaction nested in a group of
experimental tomato (Solanum lycopersicum L.) lines selected from a set of 93 lines, germinated under
salinity conditions. Comparisons are made within each genotype between control (0 mM NaCl)
versus saline condition (80 mM NaCl).

NaCl
(mM) GEN GRO GP

(%) GRI RL
(cm)

PL
(cm)

TDM
(mg)

0 L4-1 2 96 a 10.2 a 1.34 a 3.71 a 0.0258 a
80 L4-1 2 84 a 5.1 b 1.11 a 3.10 a 0.0252 a

% Reduction 13 50 17 17 2
0 L45 2 94 a 8.0 a 0.90 a 3.37 a 0.0306 a
80 L45 2 80 a 3.5 b 0.66 a 2.63 a 0.0312 a

% Reduction 15 56 27 22 102
0 L5 2 100 a 9.7 a 0.84 a 2.70 a 0.0299 a
80 L5 2 94 a 4.6 b 0.68 a 2.19 a 0.0300 a
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Table 4. Cont.

NaCl
(mM) GEN GRO GP

(%) GRI RL
(cm)

PL
(cm)

TDM
(mg)

% Reduction 6 53 19 19 103
0 L9 2 92 a 7.6 a 1.20 a 3.50 a 0.0328 a
80 L9 2 78 a 3.3 b 0.77 a 2.57 a 0.0240 a

% Reduction 15 57 36 27 27
0 L92D 2 98 a 9.9 a 0.94 a 3.15 a 0.0214 a
80 L92D 2 91 a 4.1 b 0.54 a 2.16 a 0.0193 a

% Reduction 7 59 43 32 10
0 L29 1 94 a 8.7 a 1.41 a 3.35 a 0.0403 a
80 L29 1 36 b 1.3 b 0.43 b 1.59 b 0.0126 b

% Reduction 62 84 70 53 69
0 L33 1 88 a 6.5 a 1.16 a 3.24 a 0.0402 a
80 L33 1 38 b 1.4 b 0.42 a 1.56 b 0.0131 b

% Reduction 57 79 64 52 67
0 L40 1 80 a 7.0 a 0.94 a 4.13 a 0.0256 a
80 L40 1 27 b 1.0 b 0.33 a 1.64 b 0.0086 b

% Reduction 66 86 65 60 66
0 L41 1 98 a 7.1 a 1.22 a 3.44 a 0.0354 a
80 L41 1 38 b 1.2 b 0.55 a 1.28 b 0.0102 b

% Reduction 61 83 55 63 71
0 L73 1 94 a 8.4 a 1.52 a 3.81 a 0.0416 a
80 L73 1 36 b 1.1 b 0.45 b 1.755 b 0.0124 b

% Reduction 62 87 70 54 70
HSD 34 1.8 0.78 1.47 0.0133

GEN: genotype, GRO: group, % reduction: percentage reduction when going from 0 to 80 mM NaCl concentration,
GP: germination percentage, GRI: germination rate index, PL: plumule length, RL: radicle length, TDM: total dry
matter, HSD: honestly significant difference. Means with the same letter within columns and genotype do not
differ statistically (Tukey, p ≤ 0.05).

At a concentration of 70 mM, two commercial varieties showed germination per-
centages of 65% [43], while the tolerant lines in the present study (80 mM NaCl) had
germination percentages above 78%.

According to previous information, it was possible to identify 28 genotypes with better
performance under salt stress (Table S3) than those reported in other studies [37,38,41,44,45].
In contrast, susceptible genotypes were found with diminished development under this
condition (Figure 4) and were clearly outperformed by both the tolerant genotypes in
this work and those from other studies [14,15,39,40,43]. This shows the usefulness of the
methodology employed for the selection of NaCl tolerance during germination with a high
number of genotypes.

The tolerance expressed by the genotypes during a 12-day period to the salt stress that
occurred in this research must be associated with both osmotic stress tolerance and ionic tol-
erance. The former occurs in the initial periods of exposure to NaCl, which causes a decrease
in the osmotic potential that prevents water uptake during seed germination [5,15,46,47].
In contrast, ionic stress occurs during prolonged periods of NaCl exposure, caused by
the toxicity of Na+ and Cl− upon entering embryonic tissues, resulting in the alteration
of cellular metabolism, protein synthesis and ATP synthesis [23,48–50], reasons why the
germination process is considered to be the most sensitive in plant development [29,44,51].

Under this reasoning, the genotypes of Group 2, with greater tolerance during germi-
nation, must possess mechanisms of tolerance to both types of stress due to the prolonged
period of the test. Group 3, with partial tolerance to NaCl, could possess one of these two
mechanisms, suggesting that the tolerance gene complexes are different.
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Figure 4. Tomato seeds at the end of germination test. (A) Control without NaCl; (B) 80 mM NaCl;
(C) control treatment; (D) 80 mM NaCl. Saline conditions induce seed death and root necrosis in
tomato seedlings and reduce seedling length.

3.2. Salinity Tolerance at Seedling Stage

An index was calculated for each trait, which consisted of dividing the result of the saline
condition by the average of the result in the absence of salt, with which multivariate analyses
were performed. The dendrogram, generated with Gower’s distance and Ward’s minimum
variance algorithm, is presented in Figure 5. Hotelling’s T2 statistic and the pseudo-F statistic
indicated the formation of three groups with a cut-off height of 0.05 of semipartial r2.
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A linear discriminant analysis was performed to corroborate the appropriateness of
the grouping, which indicated that one discriminant variable (DV1), with an eigenvalue
of 5.3, explained 97% of the variation in the data (p ≤ 0.0001). The DV1 eigenvector
showed a greater positive association with aerial dry matter accumulation, total dry matter
and leaf area (Table 5); that is, lines with a high DV1 value indicate greater stem and
leaf development. The cross-validation test showed adequate assignments in 80 of the
88 genotypes evaluated. Once the eight genotypes were reassigned, the three groups were
made up of 36, 29 and 23 lines.

Table 5. Eigenvector of the variables generated from indices of 88 experimental tomato (Solanum
lycopersicum L.) lines at seedling stage.

Variable
Eigenvectors Discriminant Functions

VD1 VD2 VD1 VD2

Seedling height (SH) 0.28 0.62 0.36 0.74
Root length (RL) 0.07 0.23 −0.29 0.09

Root dry matter (RDM) 0.25 0.62 −0.07 0.93
Aerial dry matter (ADM) 0.97 −0.11 −1.76 1.83
Total dry matter (TDM) 0.98 −0.08 4.18 −2.30

Leaf area (LA) 0.62 0.31 0.02 0.05

The graphical representation of the genotype distribution based on discriminant
variables DV1 and DV2 is presented in Figure 6. The Group 3 genotypes were the most
tolerant to salt stress, showing higher DV1 values; that is, they had greater development
of the aerial part and leaf area. In contrast, the Group 1 genotypes were susceptible, since
they showed less development of the traits mentioned.
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Figure 6. Graphical representation of discriminant variables of 88 tomato (Solanum lycopersicum
L.) seedlings under saline conditions. DV1: discriminant variable 1; positive values are associated
with higher aerial and total dry matter content, as well as greater leaf area and vice versa. DV2:
discriminant variable 2; positive values are associated with greater root length and seedling height
and vice versa.
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The analyses of variance considered the sources of variation: NaCl concentration,
groups, genotypes nested within groups and the corresponding interactions. In the sources
of variation groups and concentration, significance was detected in the evaluated traits,
except for RL in groups and TDM for concentrations. The genotypes within groups had
differences (p ≤ 0.01) in all evaluated traits. Regarding the concentrations × genotype
interaction, statistical differences were only detected in SH and LA. Coefficients of variation
were acceptable, between 12 and 21% in SH, RL and LA. For RDM, ADM and TDM, the
coefficients of variation ranged between 34 and 37.5% (Table S4).

According to the comparisons of means for NaCl concentration, the saline condition
drastically decreased SH and LA, without modifying RL, RDM, ADM or TDM (Table 6). In
a previous study, tomato seedlings exposed to 105 mM NaCl had plant height reductions
of 70% [43]. In commercial varieties, decreases of 30% in plant height were observed at a
100 mM NaCl concentration [41], which was 10% lower than the percentage obtained in the
present study. In addition, the lines showed reductions of 50% in leaf area, results like those
obtained in tomato lines native to Mexico at 205 mM NaCl, where the genotypes decreased
their leaf area by 38% [52]. Similarly, at the same concentration, three commercial varieties
decreased their leaf area by 50% [45].

Table 6. Comparisons of concentration means for the traits evaluated in 88 seedlings of experimental
tomato (Solanum lycopersicum L.) lines under salinity conditions.

NaCl
(mM)

SH
(cm)

RL
(cm)

RDM
(g)

ADM
(g)

TDM
(g)

LA
(cm2)

0 18.3 a 44.0 a 0.2 a 2.1 a 2.3 a 702.2 a
150 10.2 b 38.0 a 0.5 a 1.8 a 2.3 a 348.5 b

% Reduction 44 14 −187 13 0 50
HSD 7.5 6.7 0.4 1.2 1.6 248.9
CV 12.3 12.5 34.1 37.5 35.3 21.0

% reduction: percentage reduction when going from 0 to 150 mM NaCl concentration (negative values indicate
evaluated trait’s increases in the saline condition), SH: seedling height, RL: root length, RDM: root dry matter,
ADM: aerial dry matter, TDM: total dry matter, LA: leaf area, HSD: honestly significant difference. Means with
the same letter within columns did not differ statistically (Tukey, p ≤ 0.05).

The comparisons of means for the concentration × group interaction (Table 7) identify
the genotypes of Group 3 as tolerant to NaCl, since they had fewer effects on SH, LA and
RL; the percentages of reduction in the saline condition corresponded to 42, 14 and 43%,
respectively, and RDM, ADM and TDM showed increases greater than 40% with respect to
the control. In contrast, Group 1 genotypes were the most susceptible, showing reductions
of more than 15% in the evaluated traits.

Table 7. Comparisons of group-by-concentration interaction means of 88 seedlings of tomato (Solanum
lycopersicum L.) lines under salinity conditions. Comparisons are made within each group between
control (0 mM NaCl) versus saline condition (150 mM NaCl).

NaCl
(mM) GRO SH

(cm)
RL

(cm)
RDM

(g)
ADM

(g)
TDM

(g)
LA

(cm2)

0 1 19.5 a 44.9 a 0.19 c 2.65 a 2.85 a 771.5 a
150 1 10.3 d 38.1 b 0.51 a 1.84 bc 2.35 b 351.7 de

% reduction 47 15 −163 31 17 54
0 2 18.4 b 43.7 a 0.16 c 2.07 b 2.24 b 718.8 b

150 2 10.5 d 38.3 b 0.50 a 1.89 bc 2.39 b 366.3 d
% reduction 43 13 −201 9 −7 49
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Table 7. Cont.

NaCl
(mM) GRO SH

(cm)
RL

(cm)
RDM

(g)
ADM

(g)
TDM

(g)
LA

(cm2)

0 3 16.0 c 42.9 a 0.13 c 1.15 d 1.29 c 559.1 c
150 3 9.4 e 37.1 b 0.42 b 1.64 c 2.07 b 317.0 e

% reduction 42 14 −219 −42 −61 43
HSD 6.42 1.97 0.062 0.28 0.31 40.16

GRO: group, % reduction: percentage reduction when going from 0 to 150 mM NaCl concentration (negative
values indicate evaluated trait’s increases in the saline condition), SH: seedling height, RL: root length, RDM: root
dry matter, ADM: aerial dry matter, TDM: total dry matter, LA: leaf area, HSD: honestly significant difference.
Means with the same letter within columns and group do not differ statistically (Tukey, p ≤ 0.05).

Under salinity conditions, the RDM of the tolerant genotypes of Group 3 increased
by more than 100% (p ≤ 0.05) with respect to the control (Table 7). Similar results were
observed in tomato seedlings exposed to 150 mM NaCl, which increased root dry matter
by 72% [53].

Table 8 shows the 10 best-performing genotypes from Group 3, which expressed
the highest tolerance (Table 7); these, except in the case of SH, did not show statistical
differences in the evaluated traits (p ≤ 0.05) when going from the stress-free condition to
the saline condition (150 mM NaCl). A tendency is observed in most of them to increase,
although not significantly, RL, RDM and TDM; in addition, all, except one, did not re-
duce LA. Similar results were observed by López-Méndez et al. [39], where tolerant lines
of wild tomatoes showed no statistical difference in biomass accumulation under 0 and
175 mM NaCl conditions. Previous research has indicated that as the NaCl concentration
in the medium increases, stem and root length decreases, as well as dry matter accumu-
lation [41,44,45,52]; however, in our research, aerial and root dry matter was not affected
(p≤ 0.05) by the saline condition, and even tendencies to be increased in tolerant genotypes
are observed (Figure 7). In contrast, the susceptible genotypes of Group 1 tended to increase
only the RDM.

Table 8. Comparisons of means of tomato genotypes of Group 3 under two NaCl concentrations at
seedling stage. Comparisons are made within each genotype between control (0 mM NaCl) versus
saline condition (150 mM NaCl).

NaCl GEN SH
(cm)

RL
(cm)

RDM
(g)

ADM
(g)

TDM
(g)

LA
(cm2)

0 L13 18.3 a 50.5 a 0.109 a 0.99 a 1.10 a 518.7 a
150 L13 9.4 b 41.0 a 0.449 a 1.42 a 1.87 a 316.2 a

% reduction 49 19 −313 −44 −70 39
0 L20 14.7 a 36.8 a 0.129 a 1.01 a 1.14 a 683.0 a

150 L20 8.8 a 36.2 a 0.357 a 1.41 a 1.77 a 340.3 a
% reduction 40 2 −176 −39 −55 50

0 L43 14.5 a 40.8 a 0.090 a 0.68 a 0.77 a 455.7 a
150 L43 8.9 a 34.3 a 0.269 a 1.18 a 1.45 a 244.2 a

% reduction 39 16 −198 −72 −87 46
0 L5 10.2 a 46.3 a 0.111 a 0.76 a 0.87 a 344.4 a

150 L5 8.4 a 33.7 a 0.204 a 1.06 a 1.27 a 205.0 a
% reduction 18 27 −84 −40 −45 40

0 L75 15.1 a 37.8 a 0.085 a 0.84 a 0.93 a 409.1 a
150 L75 10.1 b 34.8 a 0.369 a 1.46 a 1.83 a 277.8 a

% reduction 33 8 −334 −74 −97 32
0 L41 15.2 a 37.8 a 0.091 a 0.95 a 1.04 a 420.6 a

150 L41 8.8 b 39.5 a 0.369 a 1.43 a 1.80 a 279.0 a
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Table 8. Cont.

NaCl GEN SH
(cm)

RL
(cm)

RDM
(g)

ADM
(g)

TDM
(g)

LA
(cm2)

% reduction 42 −5 −305 −51 −73 34
0 L8 14.1 a 46.5 a 0.1 a 0.8 a 0.9 a 387.6 a

150 L8 7.6 b 44.0 a 0.4 a 1.2 a 1.5 a 280.1 a
% Reduction 46 5 −186 −49 −68 28

0 L67 8.0 a 26.3 a 0.0 a 0.2 a 0.3 a 130.5 a
150 L67 4.4 b 27.8 a 0.1 a 0.4 a 0.5 a 114.6 a

% Reduction 44 −6 −150 −79 −89 12
0 L4-3 18.6 a 33.0 a 0.1 a 1.0 a 1.1 a 487.4 a

150 L4-3 8.6 b 32.3 a 0.3 a 1.4 a 1.8 a 252.9 b
% reduction 53 2 −196 −40 −55 48

0 L53 13.7 a 44.3 a 0.2 a 0.9 a 1.0 a 343.1 a
150 L53 8.3 b 31.2 a 0.3 a 1.8 a 2.2 a 230.3 a

% reduction 39 30 −103 −107 −107 33
GEN: genotype, GRO: group, % reduction: percentage reduction when going from 0 to 150 mM NaCl concentration
(negative values indicate evaluated trait’s increases in the saline condition), SH: seedling height, RL: root length,
RDM: root dry matter, ADM: aerial dry matter, TDM: total dry matter, LA: leaf area. Means with the same letter
within columns and genotype do not differ statistically (Tukey, p ≤ 0.05).
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Figure 7. Root length and leaf area of seedlings tomato. (A) Control without NaCl; (B) susceptible
line to 150 mM NaCl; (C) tolerant line to 150 mM NaCl. Saline conditions significantly reduce leaf
area and root length in susceptible lines, whereas in tolerant lines, leaf area is affected, but root
volume tends to increase.

Of the 88 lines evaluated in the seedling test, 23 were identified as tolerant (Table S5),
showing better performance under saline conditions than other genotypes from previ-
ous research [39,44,45,52]. This resulted from increased development of SH, RL and LA,
as well as the greater accumulation of dry matter by structures. This increase in dry
matter as a mechanism of salt stress tolerance has also been reported in corn [54], sweet
potato [55], barley [42] and tomato [41]; these responses are associated with increases in
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the synthesis of organic solutes such as reducing sugars, total sugars, proline and amino
acids, which help counteract osmotic effects and maintain plant water status [56–58]. In
contrast, 36 susceptible genotypes were identified with impaired development in saline
conditions, outperformed by the tolerant genotypes in this research, as well as those in
other studies [16,40,51].

Under this reasoning, tolerant lines (Group 3) must have mechanisms that allow
maintaining an adequate root system for the supply and distribution of water and nutrients
to ensure the development and growth of seedlings, which must include tolerance to both
osmotic stress and ionic toxicity by having the ability to accumulate Na+ in the vacuole
and restrict the entry and translocation of Na+ [21,51,59]. Additionally, they participate in
hormonal regulation that affects source–demand relationships and regulates the production
and use of photoassimilates [60] that prevent ionic toxicity in photosynthetic tissues, which
translates into greater biomass accumulation [61,62].

Upon consideration of the results of both tests, seven lines (L5, L13, L28, L43, L53,
L54 and L68) were identified as salinity tolerant at the germination and seedling stages
(Table 9). This set was characterized by having the lowest decreases in GP, PL and TDM
during germination and RL, RDM, ADM and TDM in the seedling test when going from a
normal condition to saline stress.

Table 9. Clustering groups for tomato (Solanum lycopersicum L.) lines in salinity tolerance tests at
germination and seedling stages.

Seedling

Germination Tolerant
Group 2

Intermediate Tolerance
Group 3

Susceptible
Group 1

Tolerant
Group 3

L5, L13, L28, L43, L53,
L54, L68

L4-3, L8, L19, L35, L37,
L47B1, L57, L75, RF1

L7, L41, L67, L72, L88,
SS5

Intermediate tolerance
Group 2 L9, L45, L48, L63, L78

L2, L18, L22, L30, L31,
L34, L47S2, L58, L59,

L60, L69

L10, 11-4, L14, L23, L29,
L40, L47S8, L49, L61,
L62, L73, L90, RF46

Susceptible
Group 1

L4-1, L12, L42, L44, L50,
L55, L56, L64, L65, L66,
L86, L91, L92D, RF12,

SS2

L3, L15, L24, L27, L36,
L39, L46, L51, L51H,

L52, L76H, L80, MERM,
RF38, RF41

L1, L6, L33, L74, L85,
RF81

Growth assessment using rapid tests during germination and seedling development
exposed to NaCl is an effective strategy for the preliminary identification of tolerant
genotypes [37,44]. Several studies have shown that root growth and seedling length are
correlated with salinity tolerance; therefore, these variables have been used as selection
criteria for tolerant genotypes [38,39,41]. These conditions are observed in our results.

Leaf area, dry matter, seedling length and root length are required variables for the
identification of genotypes tolerant to salt stress [43,45,52,53]. In this context, the floating
raft system allows the evaluation of root development and growth through direct and
non-destructive monitoring, which represents a great advantage over the use of solid
substrates, in which the quantification of these characteristics is less precise [63].

The presence of tolerant lines in a single test implies that the tolerance mechanisms
activated at each stage are different. For example, line L92D was tolerant in the germination
test, while in the seedling test, it showed high susceptibility. Two lines derived from native
populations were included in the study; SS2 exhibited the same behavior as L92D, while
SS5 was tolerant in seedlings and susceptible during germination. Thus, salinity tolerance
is a complex trait regulated by the expression of various metabolic and structural genes
influenced by the presence of salt [64–67], such as those involved in the exclusion and
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compartmentalization of toxic ions and transcription factors that participate in signaling
pathways in the presence of stress [68,69] and by the adaptive responsiveness of the
genotype to salt stress [51,70]. Although genotypes with different levels of tolerance were
found, no associations between this behavior and their phenotypic characteristics (fruit
color and shape, growth habit) were identified (Table S1).

Similar to the present results, previous research has detected as tolerant genotypes
those with smaller reductions in seedling and root length, as well as in biomass accu-
mulation. In addition, these studies have been able to associate this response with the
accumulation of secondary metabolites such as carotenoids, flavonoids, amino acids and
anthocyanins, which are indicators to salinity stress adaptation [15,45,53]. Therefore, it is
highly likely that the tolerant lines identified in this research possess these mechanisms
that allow them to counteract the negative effects of salt stress.

Having rapid initial tests that are easy to replicate in a large number of genotypes in
order to identify those that are tolerant to salt stress in periods of less than 20 days, enough
time to show tolerance to both osmotic stress and ionic stress during the germination
and seedling stages, facilitates the breeding of this crop. However, a detailed study of
selected materials in longer periods of exposure to stress is necessary in order to quantify
the concentration of secondary metabolites and nutrients, which would allow confirming
tolerance to salt stress, even at advanced phenological stages. Quantification of these
metabolites can provide further evidence of NaCl tolerance, complementing information
from growth assessments. Under prolonged salt stress, secondary metabolites play a
crucial role in maintaining enzyme function, stabilizing membrane proteins and scavenging
reactive oxygen species [58,71].

4. Conclusions
Salinity caused by NaCl produces negative effects on the early developmental stages,

germination and seedling of tomato lines. Furthermore, the results of this research suggest
that the response to salinity stress depends on the adaptability of the genotype and the
developmental stage. This is attributed to the fact that the twenty-eight tolerant genotypes
in germination were different from the twenty-three tolerant ones in the seedling stage,
with only seven tolerant genotypes coinciding in both phenological stages, which implies
that salt stress tolerance is regulated by the expression of different genetic complexes.

The differential behavior of the lines allowed us to identify genotypes that are tolerant
and susceptible to salt stress by evaluating growth and development at the germination
and seedling stages using the methodologies employed in this research.

The variation in salt stress tolerance observed in a large number of tomato lines during
the germination and seedling stages allowed the initial selection of genotypes for use in
breeding. Thus, the tolerant lines at both stages evaluated (L5, L13, L28, L43, L53, L54
and L68) can be considered as parents for obtaining future tolerant varieties, because
these genotypes showed the best response in terms of salt tolerance at germination and
seedling stages.

In the germination test, salt stress-tolerant genotypes did not decrease dry matter
accumulation, germination percentage or plumule and radicle length with respect to the
control; in contrast, during the seedling stage, the tolerant genotypes increased root length
and dry matter as an adaptive response to salt stress. This suggests the usefulness of these
traits for the early selection of salt-tolerant genotypes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae11050532/s1: Table S1. Phenotypic characteristics
of the greenhouse tomato breeding program lines of the Universidad Autónoma Chapingo; Table S2.
Analysis of variance for the traits evaluated in 93 tomato lines (Solanum lycopersicum L.) germinated
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under salinity conditions; Table S3. Comparisons of means of the concentration-by-genotype interac-
tion in 93 experimental tomato (Solanum lycopersicum L.) lines, germinated under salinity conditions.
Comparisons are made within each genotype between control (0 mM NaCl) versus saline condition
(80 mM NaCl) (Tukey, p ≤ 0.05); Table S4. Analysis of variance for the traits evaluated in 88 seedlings
tomato lines (Solanum lycopersicum L.) under salinity conditions; Table S5. Comparisons of means
of the concentration-by-genotype interaction in 88 seedlings of experimental tomato (Solanum lycop-
ersicum L.) lines under salinity conditions. Comparisons are made within each genotype between
control (0 mM NaCl) versus saline condition (150 mM NaCl) (Tukey, p ≤ 0.05).
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Abstract: Ecological factors directly influence the growth and metabolism of tea plants
(Camellia sinensis L.), and unfavorable environmental conditions cause abiotic stress to
them. Abiotic stress causes damage to reliable, high-quality, and safe tea production, yet
the optimal ecological conditions for enhancing both yield and quality remain unclear. To
investigate the response patterns of shoot growth to ecological factors and its relationship
with catechin accumulation, this study conducted the cultivation of tea plants with a precise
modulation of both individual and combined ecological parameters. Under 30 ◦C and
90% air humidity, specific combinations of light intensity and substrate relative humidity
(“250 µmol·m−2·s−1 + 65%” or “350 µmol·m−2·s−1 + 70%”) significantly enhanced growth
and yield. A significant correlation between shoot growth and catechin accumulation was
observed, and mathematical models further revealed a synergistic response between shoot
growth capacity and total catechin content to ecological factors. Furthermore, co-expression
analysis indicated that catechin biosynthesis-related genes exhibited coordinated expression
with key growth-related genes, including CsTCP, CsErf, and CsXth. In conclusion, these
findings identify optimal ecological conditions to mitigate abiotic stress and reveal a
synergistic relationship between catechin biosynthesis and shoot growth, providing an
ecological basis for balancing yield and quality in tea production.

Keywords: tea; shoot growth; yield; catechins; EGCG; ecological factors; temperature;
humidity; light intensity

1. Introduction
Tea is a popular non-alcoholic beverage worldwide, valued for its various health

benefits [1]. Global tea leaf production reportedly exceeded 30 million metric tons in
2023 [2], with an import value reaching USD 6.57 billion. However, rising temperatures and
inconsistent rainfall reduce tea yields in major producing countries, such as Sri Lanka [3,4],
Kenya [5,6], India [7,8], and China [9,10]. Drought has reduced tea production by 30%
in Kenya [11] and by 26% in Sri Lanka [4]. As global warming intensifies, future climate
change is expected to cause further losses in tea production [11]. Projections indicate a
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potential 5% decline in Kenya’s tea yield between 2040 and 2070 due to heat and water
stress [6]. Moreover, Sri Lanka’s total tea production is estimated to decrease by 7.7%,
10.7%, and 22% over the next 10, 20, and 70 years, respectively [3].

Climate change negatively impacts both the yield and quality of tea, primarily through
variations in temperature, light intensity, and humidity [12]. Previous studies show a direct
negative correlation between minimum daily temperature and tea yield, as indicated by pre-
dictive models [13,14]. A decline in solar radiation during the growing season reduces yield,
as both leaf number and weight increase with higher solar radiation [9,15]. An analysis of
five studies concluded that excessive, insufficient, or unevenly distributed rainfall reduces
tea yield [11]. Additionally, predictive models suggest that drought increases the risk of
tea growth and yield reduction by over 40% [16]. The uncontrollable nature of the outdoor
environment often necessitates pesticide and herbicide use, posing risks to the quality
and safety of tea [17]. Therefore, ensuring a stable and optimized growing environment
represents a significant challenge for sustainable tea cultivation and quality assurance.

Plant factories, which allow the precise monitoring and control of environmental fac-
tors such as temperature, humidity, light, and nutrients [18,19], offer a potential solution for
stable and controlled cultivation. Plant factories can effectively mitigate natural disasters,
reduce pesticide use, enhance crop yield and quality, and promote sustainable agricul-
ture [20,21]. For instance, lettuce grown in plant factories can exhibit a shorter growth cycle
with higher dry weight compared with greenhouses [22]. Moreover, optimizing cultivation
conditions has significantly increased steviol glycoside content in stevia [23]. Research on
artificial tea cultivation is emerging, led by groups like Fujian Sanan Sino-Science Photo-
biotech Co., Ltd. (SANANBIO, Quanzhou, China) in China and research teams in Japan.
SANANBIO established a suitable method for indoor tea cultivation and subsequently
applied for a related technical patent. Shunsuke Miyauchi et al. investigated artificial tea
cultivation, focusing on light conditions to enhance green tea quality [24,25]. Furthermore,
specific light conditions conductive to promoting tea plant growth in plant factories have
been identified [17]. In summary, tea yield and quality face significant challenges from
adverse ecological conditions, both currently and projected into the future. However,
previous research has predominantly focused on the effects of light intensity or a specific
light spectrum in isolation. A critical knowledge gap exists regarding the complex interplay
between multiple key ecological factors and their combined influence on the growth, yield,
and biochemical profile of tea plants grown indoors. Addressing this gap is crucial for
developing optimized ecological conditions for high-quality indoor tea production.

Building on the team’s previous findings in both field and controlled environments,
we hypothesized that manipulating ecological factors could optimize tea shoot growth,
likely showing diminishing returns or stress effects beyond certain thresholds. We further
hypothesized that the response of catechin accumulation, a key quality indicator, to these
environmental factors might have the same pattern as shoot growth, potentially creating
opportunities to achieve a co-increase in yield and quality. To validate this hypothesis,
experiments were conducted in artificial climate chambers with variations in light intensity
(L150, L250, L350, L450, and L550 µmol·m−2·s−1), relative air humidity (AH40%, AH50%,
AH70%, and AH90%), and substrate relative humidity (RH65%, RH70%, RH75%, RH80%,
and RH85%), and the interactive effects of ecological factors across seventeen treatment
combinations were assessed (T1–T17). This study provides novel insights into balancing
yield and quality in tea production.
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2. Materials and Methods
2.1. Plant Material

This study utilized the “Huangdan” tea cultivar (Camellia sinensis var. sinensis cv.
Huangdan). One-year-old cuttings were purchased from the Qianhe Tea Cooperative (Anxi
County, China). The cultivation protocol followed the optimized methods developed by
Fujian Zhongke Biology Co., Ltd. (Quanzhou, China). Specifically, tea cuttings were pruned
to 18–20 cm in height, with excess shoots removed to retain only 2–4 mature leaves on
the stem, and fibrous roots were excised. The pruned cuttings were disinfected with a 1%
potassium permanganate solution for 1 min before being planted in pots (16 cm in diameter,
18 cm in height). After the tea plants had successfully rooted and developed 2–3 new shoots,
they were subjected to different ecological factor treatments. Each treatment consisted of
30 tea plants, which were randomly divided into three biological replicates. During the
experiment, samples consisting of one bud and one leaf were collected. Half of the samples
were dried and stored at −20 ◦C (drying conditions: 120 ◦C for 10 min, followed by 90 ◦C
for 30 min) for HPLC analysis. The other half were frozen in liquid nitrogen and stored at
−80 ◦C for qPCR analysis.

2.2. Environmental Conditions and Manipulation Methods

The artificial climate chamber, LED lamps, and nutrient solution were provided by
Zhongke Biological Co., Ltd., Quanzhou, China. CO2 concentration was maintained at
750 ± 50 µmol·mol−1, automatically adjusted by the artificial climate chamber. The envi-
ronmental parameters and manipulation methods are shown in Supplementary Table S1.
In growth chambers, the ecological conditions experienced by individual plants fluctuate
within a range rather than remain constant. However, the ranges of ecological factors
were controlled to undergo minimal changes, and the ecological factors across different
treatments fluctuated synchronously. The ecological conditions and duration for each
treatment are provided in Supplementary Table S2.

2.3. Determination of Catechin Content

The method for catechin detection was consistent with that published by the research
team in [26]. Tea samples (0.2 g, accurate to 0.0001 g) were weighed into a 10 mL centrifuge
tube, and 5 mL of a pre-heated 70% methanol solution was added. After shaking on a mixer,
the mixture was immediately transferred to a 70 ◦C water bath. It was incubated for 10 min,
and shaken once at the 5 min mark. After 10 min, the centrifuge tube was centrifuged at
3500 r/min for 10 min, and the supernatant was transferred into a 10 mL brown volumetric
flask. The residue was re-extracted with 5 mL of 70% methanol solution, and the procedure
was repeated as above. The combined extract was adjusted to a volume of 10 mL and
shaken well. Then, 1 mL of the solution was transferred into a 10 mL volumetric flask and
diluted to 10 mL with the mobile phase. The mixture was then filtered through a 0.45 µM
membrane before HPLC analysis.

The HPLC instrument was equipped with a Waters Acquity UPLC HSS T3 column
(2.1 × 100 mm, RP18 1.7 µm) at a column temperature of 35 ◦C. Mobile phase A consisted
of 97.98% pure water + 0.02% EDTA − 2Na + 2% glacial acetic acid, and mobile phase B
comprised 98% acetonitrile + 2% glacial acetic acid. The photodiode array (PDA) detection
conditions were as follows: a scanning range of 200–400 nm, a characteristic detection
wavelength of 278 nm, a scanning time of 10 min, and an injection volume of 2 µL.

2.4. Measurement of Growth Indexes

Six tea plants were randomly selected from each treatment for measurements. The
number of leaves, shoots, and buds per plant was counted. Leaf length, leaf width,
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shoot length, and internode length were measured using a ruler, while leaf thickness and
shoot diameter were measured using a vernier caliper. Leaf area was estimated using
the following formula: LA = Leaf Length × Leaf Width × 0.7. A “shoot strength index”
was determined by dividing the length measured from the first true leaf to the uppermost
mature leaf by the number of internodes. The “shoot ratio” was calculated as the number
of shoots divided by the total number of buds.

2.5. RNA Extraction and qRT-PCR

The methods for detecting and calculating gene expression levels were the same as
those described in published paper [27]. Total RNA was extracted using the RNAprep
Pure Plant Kit (Tiangen, Beijing, China), according to the manufacturer’s instructions.
First-strand cDNA was synthesized using the Script RT Kit (Tiangen, Beijing, China), and
qRT-PCR was performed on an ABI 7500 Real-Time PCR System using the SuperReal
PreMix Plus (SYBR Green) Kit (Tiangen, Beijing, China), following the manufacturer’s
protocol. The 20 µL reaction mixture included 0.6 µL of forward and reverse primers,
1 µL of cDNA, 10 µL of SuperReal PreMix Plus, and 7.8 µL of ddH2O. The PCR program
consisted of an initial denaturation at 95 ◦C for 15 min, followed by 40 cycles at 95 ◦C for
10 s and 61 ◦C for 32 s, and a melting curve analysis (95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C
for 30 s, and 60 ◦C for 15 s). GAPDH was used as the reference gene, and the relative
expression levels of genes were calculated using the 2−∆∆Ct method. The primer sequences
are listed in Supplementary Table S3.

2.6. Data Analysis

Significance analysis, correlation analysis, partial least squares analysis (PLS), logistic
regression, receiver operating characteristic (ROC) curve analysis, and multiple regression
analysis were conducted using SPSS 21.0. Surface fitting was performed using Origin
2021. The co-expression was analyzed by https://www.bioinformatics.com.cn (accessed
on 1 February 2025), and visualization was performed using Adobe Illustrator 2024.

3. Results
3.1. Growth Patterns of Tea Shoots in Response to Individual Changes in Ecological Factors

The changes in each ecological factor, including light intensity, relative air humid-
ity, and relative substrate humidity, significantly influenced tea plant shoot growth. Ex-
tremely low light (L150) inhibited shoot elongation and germination, while moderately
high light (L250–L550) promoted increases in shoot length, diameter, and internode length
(Figure 1). Low relative air humidity (AH40%) caused comprehensive reductions in five
shoot-growth-related indices, resulting in shorter plants. Compared to AH40%, the AH90%
treatment increased shoot length and leaf number by 58.33% and 35.79%, respectively
(Supplementary Figure S1A, Supplementary Table S4). Substrate drought (RH65%) signif-
icantly suppressed shoot elongation but enhanced bud density and leaf thickness. In con-
trast, high substrate humidity (RH85%) increased shoot ratio, internode length, and other
indices by 32.74–247.69% (Supplementary Figure S1B, Supplementary Table S4). Collec-
tively, moderate light enhancement, higher air humidity, and adequate substrate moisture
promoted vigorous shoot growth, while drought stress inhibited bud development into
shoots and leaf expansion.

To comprehensively elucidate the response patterns of shoot growth to individual
variations in ecological factors, we employed principal component analysis (PCA) on ten
indicators. The principal component analysis explained 74.87%, 72.37%, and 85.61% of the
original data with regard to individual variations in light intensity, relative air humidity,
and relative substrate humidity, respectively. The model score (F), an indicator of shoot
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growth capacity, was significantly higher under moderate-light-intensity (L250–L450),
AH70%, and RH80–85% treatments (Supplementary Figure S2).

Figure 1. Effects of light intensity treatment on the growth of tea plant shoots. (A) Growth status
of tea plants. (B) Buds number, shoot rate (number of shoots/number of buds), and leaf number.
(C) Internode length, shoot diameter, and maximum length of shoot. (D) Leaf length, leaf width, leaf
area, and leaf thickness. Different lowercase letters indicate significant differences at the 0.05 level.

3.2. Response of Tea Shoot Growth to the Interactive Changes in Ecological Factors

To elucidate the response patterns of tea shoot growth to the interactive variations
in ecological factors, we employed the response surface methodology to design 17 treat-
ments (T1–T17, Figure 2A). In treatments where both temperature and light intensity were
increased (T11, T13, T12, T8, T9, and T15), there was an increase in shoot strength, shoot
length, and internode length (Supplementary Table S5). This finding suggests that moder-
ately elevated temperature and light intensity facilitate the elongation of tea shoots. Leaf
area increased notably under treatments at 30 ◦C (T10–T13), was significantly lower at
25 ◦C (T1–T9), and reached its minimum at 20 ◦C (T14–T17). These results indicate that,
within interacting ecological factors, tea leaves enlarge with rising temperature. In the prin-
cipal component model, four principal components accounted for 88.50% of the original
information, and the total score F represents the growth potential of tea shoots. Under
moderately increased temperature, light intensity had a positive impact on growth capacity
(T8 and T9 > T6 and T7; T11, T12 and T13 > T10). Conversely, under low-temperature
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conditions, both extremely high and low light intensities inhibited shoot growth (T15 and
T16 > T14 and T17, Figure 2B).

Figure 2. Effects of ecological factor interactions on the growth and yield of tea plant shoots. Different
lowercase letters indicate significant differences at the 0.05 level. (A) Growth status of tea plants.
(B) Total score (F) of the PCA model for growth indicators. F represents the shoot growth capacity.
(C) Dry weight of biomass yield. (D) Water content of shoots.

The interactive changes in ecological factors significantly affected the biomass yield
and water content of tea shoots (Figure 2C,D). The biomass yield was significantly higher
under treatments with high light intensity (T13, T11, T9, and T8). Moreover, at 25 ◦C, the
dry weight under treatments T8 and T9 (350 µmol·m−2·s−1) was significantly higher
than that under treatments T6 and T7 (150 µmol·m−2·s−1). At 20 ◦C, treatment T14
(150 µmol·m−2·s−1) led to a decrease in dry weight but an increase in water content,
and this response pattern was similar to that under 30 ◦C. Therefore, when the temperature
is constant, higher light intensity promotes the biomass yield of tea shoots. Intriguingly, the
response pattern of shoot water content was opposite to that of biomass yield, implying that
increased light intensity promotes the lignification of tea shoots. In summary, both growth
capacity and biomass yield were significantly enhanced under the ecological conditions of
“90% AH + 30 ◦C + L250 + 65% RH” or “90% AH + 30 ◦C + L350 + 70% RH”. This indicates
that, under conditions of higher temperature and air humidity, both high light intensity
and moderate substrate water deficit can independently promote shoot growth.

3.3. Gene Responses in Shoot Growth to Ecological Factor Changes

The CsTCP gene family plays a crucial role in shoot growth and exhibits a remarkable
response to individual variations in ecological factors (Figure 3). When the light intensity
was altered, treatment L150 maximized the expression of CsTCP3, CsTCP4, and CsTCP6,
and treatment L450 up-regulated the expression of CsTCP8b (Figure 3A). Regarding changes
in relative air humidity, the AH90% treatment enhanced the expression of CsTCP3 and
CsTCP22 (Figure 3B). Similarly, regarding variations in relative substrate humidity, the
expression levels of CsTCP1, CsTCP4, CsTCP15, and CsTCP22 under RH80% treatment were
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more than double those under RH65% treatment (Figure 3C). Evidently, the expression
of CsTCP22 is promoted by higher air and substrate humidity. When ecological factors
changed interactively, the transcriptional level of CsTCP12, CsTCP14, and CsTCP20 changed
by less than 1.5-fold. The expression level of CsPCF3 reached its peak under treatment T1
and its lowest point under treatment T14. Notably, the response pattern of the expression
level of CsTCP9 to the interactive changes in ecological factors was completely opposite
to that of CsPCF3 (Figure 3D). In conclusion, the CsTCP gene family exhibits significant
responses to individual and interactive changes in ecological factors such as light, air
humidity, and substrate humidity. Different CsTCP genes display diverse expression
patterns. For example, the expression of CsTCP22 is promoted by high humidity, and the
response patterns of CsPCF3 and CsTCP9 are opposite.

Figure 3. Response patterns of transcription factors related to growth with changes in ecological
factors. (A) Response patterns to different light intensity treatments. (B) Response patterns to air
humidity treatments. (C) Response patterns to substrate relative humidity treatments. (D) Response
patterns to interactions of ecological factors.

3.4. Relationship Between Shoot Growth and Catechin Content in Response to
Environmental Conditions
3.4.1. Correlation Analysis and Partial Least Squares Analysis

Shoot ratio, leaf length, leaf width, and leaf area were positively correlated with the
content of ECG, EGCG, TEC, and TC, implying a synergistic response between shoot num-
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ber, leaf size, and ester catechins (Figure 4A). Leaf number, maximum shoot length, shoot
diameter, and internode length were negatively correlated with EGC and CG but positively
correlated with EC. Interestingly, the diameter and maximum length of shoots showed a
negative correlation with five catechin indicators. In contrast, there was a relatively weak
correlation between leaf thickness, bud density, and catechin content, indicating that bud
sprouting and leaf thickening in tea plants have no significant relationship with catechin
accumulation. These results indicate that the relationship between the morphology and
biochemical components of tea plants depends on their growth phases.

Figure 4. Relationship between growth indicators and catechin content in response to changes in
ecological factors. (A) Pearson correlation coefficients between shoot growth indicators and catechin
content. (B) Variable importance in projection of shoot growth indicators for catechin content in the
partial least squares model.

Variable importance in projection (VIP) from the partial least squares (PLS) model
revealed that bud density and leaf thickness showed values below 1 across all catechin
indicators (Figure 4B). In contrast, leaf number and maximum shoot length had VIP values
surpassing 1 for EGC, EC, and CG. Leaf size (leaf length, width, and area) VIP values were
above 1 for C, EGCG, ECG, TEC, and TC. Remarkably, shoot ratio and shoot diameter
exhibited VIP values greater than 1 for seven catechin indicators, with the shoot ratio being
particularly prominent, as its VIP value for TNEC exceeded 2. To explore the relationship
between shoot growth parameters and overall catechin accumulation in tea plants, the con-
tents of seven catechin monomers were used as Y variables in the PLS analysis. The results
showed that leaf number, maximum shoot length, shoot diameter, and internode length
had a significant relationship with catechin accumulation (Supplementary Figure S3). In
summary, leaf number, shoot length, shoot ratio, and shoot diameter synergistically re-
spond to changes in ecological factors alongside catechin accumulation. Specifically, shoot
ratio and leaf size have a synergistic relationship with total non-esterified catechin (TNEC)
and total esterified catechin (TEC) content, respectively.

3.4.2. Regression Analysis and Surface Fitting

The L150, AH40%, RH65%, and T14 treatments were used as controls to determine
whether the change trends of the F value and TC content were consistent. A consistent
trend was coded as 1 and an inconsistent one as 0, on which logistic regression analysis and
ROC curve analysis were conducted (Supplementary Table S6). The results showed that
the logistic model was highly significant (p < 0.01) and the ROC area was 90.4% (Figure 5A).
Consequently, variations in shoot growth were closely linked to changes in TC content
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across the ecological factors, suggesting these two aspects respond synergistically to envi-
ronmental shifts. We removed the independent variables exhibiting multicollinearity and
performed a multiple regression analysis using seven growth indicators and TC content.
The results showed that Durbin–Watson values were <2, overall model significance was
<0.01, and R2 was >70% (Figure 5D). The standardized residuals followed a normal distri-
bution (Supplementary Figure S4). Using the resulting multiple regression equation, the
predicted TC content fitted well with the actual measured values, suggesting a synergistic
relationship between shoot growth and total catechin content. The results of the surface
fitting between the F values (score of the PCA model) and the TC content conform to the
Poly2D, Poly2D, and Fourier2D models, respectively, under different light intensity, AH,
and RH treatments, with R2 > 75% (Figure 5B,C,E). The relationship between F values and
TC content followed the polynomial surface model when environmental factors were var-
ied interactively (Figure 5F, R2 = 63%). These results suggest that tea shoot growth ability
exhibits a synergistic relationship with catechin accumulation in response to variations in
ecological factors.

Figure 5. Surface fitting and regression analysis of growth indicators and catechin content in response
to changes in ecological factors. (A) ROC curve analysis. F is the total score of the PCA model for
growth indicators and represents the shoot growth capacity. (B,C,E,F) represent the surface fitting of
TC content and F values under different light intensities, air humidities, substrate relative humidities,
and interactions of ecological factor treatments, respectively. (D) Multiple regression analysis of
seven growth indicators and TC content. The seven indicators are bud density, shoot percentage, leaf
number, average shoot length, leaf area, leaf thickness, and shoot diameter.
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3.5. Molecular Mechanisms of Shoot Growth Mediating Catechin Accumulation in Tea Plants
3.5.1. Co-Expression of Growth Transcription Factors and Catechin-Related Genes Under
Individual Changes in Ecological Factors

When ecological factors changed individually, a significant correlation was observed
between the expression levels of CsTCP and the genes associated with catechin biosynthesis
(Figure 6A). Specifically, CsTCP6 expression was significantly negatively correlated with the
expression of ten catechin-related genes (e.g., Cs4CL1), while CsTCP8b and CsTCP22 were
positively correlated with them. Moreover, the expression of CsCHS3 showed a significant
positive correlation with four CsTCPs, indicating that CsCHS3 cooperates with CsTCP
in responding to individual changes in ecological factors. Similarly, there was a notable
correlation between the expression levels of CsTCP and catechin accumulation (Figure 6B).
The expression levels of two CsTCP transcription factors, CsTCP15a and CsTCP22, were
significantly positively correlated with ECG content. However, CsTCP3 expression was sig-
nificantly negatively correlated with ECG and EGC content. Using a correlation coefficient
greater than 0.6 or less than −0.6 as the standard, this study delineated the potential path-
ways through which shoot growth influences catechin accumulation (Figure 6C). CsTCP6
inhibited the expression of genes such as Cs4CL1, leading to a reduction in the accumula-
tion of esterified catechin monomers (EGCG, GCG, ECG) and TEC. Meanwhile, CsTCP22
and CsTCP1 promoted the expression of CsCHS3, thereby facilitating catechin accumula-
tion. Additionally, CsTCP1 might also enhance the accumulation of C and TNEC via the
up-regulation of CsF3H, CsF3′5′H, and CsCHS3.

 

Figure 6. Synchronized responses of growth transcription factor and catechin biosynthesis genes
to individual changes in ecological factors. (A) Pearson correlation between CsTCP expression
levels and expression levels of catechin biosynthesis-related genes. (B) Pearson correlation between
CsTCP expression and catechin content. (C) Potential pathways through which tea shoot growth
affects catechin biosynthesis under individual changes in ecological factors. *, **, and *** represent
significance levels of <0.05, <0.01, and <0.001, respectively.
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3.5.2. Co-Expression of Growth Transcription Factors and Catechin-Related Genes Under
Interactive Changes in Ecological Factors

Using a correlation coefficient threshold of >0.9 or <−0.9 as the screening criterion,
we elucidated the potential pathways related to the coordinated response of tea shoot
growth and catechin biosynthesis (Figure 7). Four CsErf transcription factors and CsMYB93
cooperated with five catechin-related genes (CsANS, Cs4CL, CsF3H, CsF3′5′H, CsaroDE)
to respond to interactive changes in ecological factors, thereby influencing catechin ac-
cumulation. Genes related to shoot growth also influenced catechin biosynthesis. CsXth
positively affected the expression of CsFLS, CsANR, and CsF3H. Specifically, the expression
of CsF3′5′H and CsPAL was enhanced by CsLazy1, which then exerted an impact on catechin
accumulation. Furthermore, CsDFR and CsANS were, respectively, inhibited by CsM3K20
and CsGun25. Notably, four CsErf genes and five CsXth genes significantly modulated
the expression of genes associated with catechin biosynthesis. This finding strongly im-
plies a pivotal role of CsErf and CsXth in regulating both tea shoot growth and catechin
biosynthesis processes.

 

Figure 7. Potential working model of the coordinated response of tea shoot growth and catechin
biosynthesis to interactions of ecological factors.
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4. Discussion
4.1. Ecological Conditions for Enhancing Tea Growth and Yield

Under high temperature (30 ◦C) and air humidity (90%), the “L250 + 65% RH” and
“L350 + 70% RH” treatments enhanced growth and yield. The current results differ from
the optimal artificial settings established for dormancy release [28], likely due to differing
ecological requirements for bud break and shoot elongation [29]. Field studies highlight
strong temperature and water influences on tea growth [30,31]. Due to the variability
in the ecological environment, field studies struggle to identify the specific effects of
ecological factors on tea plant growth and development. However, plant factories can
vary ecological factors independently and in combination to identify optimal tea growth
conditions. Our findings indicate that under high temperature and air humidity, both
high light intensity and moderate drought stress can independently promote biomass
accumulation. When other ecological factors remained unchanged, the increased light
intensity promoted vigorous growth and shoot elongation in tea plants. This finding is
consistent with previous studies: under higher light intensity conditions, the thickness
of tea leaves and dry matter accumulation significantly increase [32,33]. Fang et al. also
reported that tea plants under non-shaded treatment exhibited the highest biomass [34], and
the mechanism may be related to leaf isotope enrichment and enhanced starch synthesis
driven by high light intensity [35,36].

Meanwhile, moderate deficit irrigation has been reported to maintain a similar tea
yield to full irrigation [37]. Interestingly, experimental results show that drought stress
increases bud density, aligning with previous studies indicating that drought stress raises
the number of non-productive buds [38,39]. However, previous studies have reported
that drought is unfavorable for tea plant growth and yield [40,41]. We speculate that this
discrepancy arises from the combined influence of air relative humidity and substrate
moisture on tea plant physiology. Even under moist soil conditions, vapor pressure deficit
(VPD) can significantly affect tea yield [31]. In this study, higher air humidity reduced root
water demand due to weakened transpiration, while moderate drought stress prevented
root exposure to excessive moisture, thereby promoting tea plant growth. In addition,
diurnal temperature variations are considered critical for shoot growth, and future research
should investigate the optimal parameters for this variation.

4.2. Synchronous Relationship Between Catechin Biosynthesis and Shoot Growth

Metabolite accumulation in tea leaves depends on growth processes [42–44]. Previous
studies have demonstrated that catechin content changes in alignment with shoot growth
patterns. For example, shading reduces leaf number and simultaneously decreases EC and
EGC content [32], and inter-cropping with soybeans increases non-esterified catechins and
shoot growth [45]. A synchronous increase in catechin content and shoot biomass has been
observed in response to elevated CO2 [46], moderate–high temperatures [47], and increased
Al concentrations [48]. Explorations have exhibited a significant synchronous pattern
between catechin accumulation and shoot growth, likely due to the association between
esterified catechin biosynthesis and vacuolization in stem meristematic tissue [49]. Inter-
estingly, other studies found weak relationships between catechin content, the number of
germinated buds, and leaf thickness, potentially attributed to metabolite differences across
growth stages [50,51]. During the young phase, tea plants prioritize primary metabolic
pathways to support growth, whereas maturation induces the biosynthesis of secondary
metabolites, such as catechins, to enhance stress resistance [52]. To provide insights for
high-quality tea cultivation and timely harvesting, future research could investigate the
relationship between growth capacity and catechin accumulation at different growth stages.
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Furthermore, linking this physiological response to potential regulatory mechanisms,
a significant relationship was found between catechin accumulation and the expression
of CsTCP and CsErf. Similarly, the transcription levels of cin-type TCPs have been signifi-
cantly associated with catechin production [53], and ERF014 may promote the decline in
EGC during development [54]. Delving deeper into the regulatory basis for this observed
coordination between growth and development with catechin content, the findings reveal
that key shoot-development-related genes, namely CsTCP, CsErf, and CsXth, exhibited co-
expression patterns with genes involved in catechin biosynthesis. This provides evidence
supporting the role of these gene families and builds upon previous work showing the
co-expression of CsTCP1 and CsTCP6 with Cs4CL1 and CsCHI [55]. In other studies, the
expression of TCP3 activates genes involved in flavonoid biosynthesis [56], and TCP15
induces the expression of catechin biosynthesis-related genes in Arabidopsis [57]. It has
been found that TCP targets and regulates specific genes in catechin biosynthesis, such as
F3H and F3′5′H [58]. CsTCP3 regulates the activity of the CsANS1 and CsANR1 [53], and
TCP13 directly targets the CHS and DFR promoters [59]. Additionally, AP2/ERF exhibits
strong co-regulatory effects on C4H [60]. Previous research has also demonstrated that
miR319 targets growth-related transcription factors [42,53,61], and flavonoid accumulation
is associated with the miR167d_1-ARF-GH3 and miR319c_3-PIF-ARF modules [62]. The syn-
chronous response between catechin biosynthesis and shoot growth may also be regulated
by miRNAs, though the precise mechanisms warrant further investigation.

This research comprehensively and precisely explored the response patterns of tea
shoot growth to ecological factor variations and discovered a synergistic relationship
between catechin accumulation and shoot growth. The optimal ecological conditions for
tea cultivation offer practical guidance for tea production, providing a new ecological
approach to balance tea yield and quality.

5. Conclusions
Under conditions of high temperature and air humidity (30 ◦C, 90%), moderately high

light intensity or moderate substrate water deficit can promote tea plant growth. Specif-
ically, the combinations of “250 µmol·m−2·s−1 + 65%” and “350 µmol·m−2·s−1 + 70%”
were observed. This finding elucidated the precise response patterns of shoot growth to
ecological factors and identified the optimal ecological conditions for promoting growth.
Meanwhile, shoot growth ability and total catechin content exhibited high-fidelity modeling
fits, suggesting a synergistic response between shoot growth and total catechin accumu-
lation. Additionally, key growth-related genes (CsTCP1, CsTCP6, CsTCP22, CsErf, and
CsXth) were co-expressed with catechin biosynthesis-related genes. Our results reveal the
synergistic relationship between catechin accumulation and yield, providing an ecological
perspective for improving both tea yield and quality.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae11060624/s1, Figure S1: Growth state of tea plants under
different humidity treatment; Figure S2: Response of tea shoot growth capacity (F) to individual
changes in ecological factors; Figure S3: Variable Importance in Projection (VIP) of shoot growth
influencing catechin accumulation in PLS analysis. The contents of seven catechin monomers as
dependent variables, and the growth indicators of tea plants as the independent variables; Figure S4:
Normal distribution of standardized residuals of the multiple regression; Table S1: Environmental
indexs and manipulation methods; Table S2: Cultivation environment of tea plants; Table S3: The
qPCR primers; Table S4: The response of shoot growth to air relative humidity and substrate relative
humidity in tea plants; Table S5: Effects of ecological factors interaction on shoot growth and leaf size
of tea plants; Table S6: Code about the trend between growth ability and total catechins content.
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Abstract: Soil heavy-metal pollution is one of the most serious environmental issues in
the world. There is an urgent need to develop feasible strategies for the remediation
of polluted soil. Biochar has great potential to reduce heavy metal phytotoxicity and
promote plant growth, but its mechanisms are still unclear. In this study, phosphoric
acid and magnesium composite-modified tea branch biochar (PMB) was prepared and
characterized. The effects of PMB at 5% addition on pakchoi growth, Cd/Pb accumulation
and subcellular distribution in pakchoi, soil physicochemical characteristics and enzyme
activities, Cd/Pb bioavailability, bacterial community structure, and diversity in Cd/Pb
co-contaminated soils was investigated by a pot experiment. The results showed that
PMB significantly alleviated the phytotoxicity of Cd and Pb. The application of PMB
effectively increased the plant height and biomass and Cd and Pb proportion in the cell
wall, while reducing Cd and Pb accumulation and their distribution in cytoplasm and
organelles in pakchoi plants. PMB significantly improved the activities of urease, invertase,
and catalase and reduced the available Cd and Pb contents in soil. Moreover, PMB changed
the structure and diversity of the soil bacterial community. The relative abundance of
several beneficial microbial phyla, including Acidobacteriota, Bacteroidota, Actinobacteriota,
and Gemmatimonadota, increased by 13.81%, 19.02%, 68.09%, and 34.79%, respectively. The
Shannon and Chao1 index also increased significantly. This study provides an effective
strategy for simultaneous Cd and Pb immobilization in soil, promoting plant growth and
inhibiting heavy metal accumulation in vegetables, which highlights the application of
PMB in sustainable agro-ecosystems.

Keywords: heavy metal contamination; soil amendment; passivation; bacterial diversity

1. Introduction
With the rapid development of industry and agriculture, heavy metals have entered

the environment, causing serious pollution in soils due to metal smelting and processing,
chemical wastewater discharge, mining, etc. [1]. Among them, cadmium (Cd) and lead
(Pb) are the most common and widespread contaminants [2]. According to the Bulletin of
the National Soil Pollution Survey, heavy metals accounted for 82.8% of the total amount of
inorganic pollutants, while soil Cd and Pb contents exceeded the standard by 7.0% and
1.5%, respectively. Notably, Cd and Pb combined pollution occurred frequently. Both
Cd and Pb have negative impact on plant growth, cell division, and metabolic processes,
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resulting in declines in crop yield and quality. Long-term exposure to Cd and Pb can
cause a variety of health problems in humans, such as cancer, anemia, kidney disorders,
neurasthenia, etc. [3,4]. Therefore, it is imperative to explore promising strategies for
high-efficiency remediation of soil simultaneously polluted with Pb and Cd.

Cd and Pb in soil are impossible to biodegrade. It is important to change their forms
to reduce their ability to harm living organisms and their movement in the environment.
Immobilization and stabilization are effective and easy-to-operate methods for remediating
soil contaminated with heavy metals and reducing their toxic effects on living organisms [5].
Currently, various substances such as natural minerals, aggregates, and organic fertilizer
are used for soil restoration. Due to its alkalinity, rich carbon content, functional groups,
porosity, and high cation-exchange capacity, biochar is used in soil remediation, stabilizing
heavy metals and improving soil fertility [6]. The alkaline ions of biochar can alter the
forms of metals by changing soil pH, thereby decreasing the risk of Cd toxicity in the
environment [7]. Biochar can also significantly reduce the mobility of Cd in the soil due to
its good physical structure and rich surface functional groups [8]. Xu et al. [9] discovered
that the addition of rice straw biochar significantly increased the pH value and cation
exchange capacity of paddy soil and reduced the availability of Cd in rhizosphere soil.
Coconut shell biochar could elevate soil pH and enzyme activity, reduce Cd bioavailability,
and promote the germination of spinach [10]. Dewi et al. [11] reported that the addition
of biochar increased the profit of the integrated agricultural system of soybeans and rice
in field experiments by 10.1%. The application of biochar and its aging in the field both
remarkably increased the immobilization of heavy metals in a field after 3 years of remedi-
ation [12]. However, the immobilization effect of pristine biochar on heavy-metal-polluted
soil, especially for combined pollution, is far from satisfactory. In order to improve the
repair effect, biochar modification has received increasing attention to modify the proper-
ties of biochar, which may contribute to its excellent immobilization behavior for heavy
metals [13]. Recently, phosphorus (P)-modified biochar was considered as an efficient and
low-cost way in soil remediation [14,15]. Phosphoric acid (H3PO4) with low corrosivity and
environmental harmfulness is often used to modify biochar with the formation of functional
groups, stable phosphorus complexes, and more micropores [16,17], which are suitable for
HM immobilization in soil via metal-P precipitation and complexation [18]. For instance, it
was reported that H3PO4-functionalized biochar showed excellent immobilization capacity
for Cu(II) and Cd(II) due to highly improved surface pore structures and oxygen-containing
groups [19]. P-rich biochar has good performance in Cd immobilization by improving
soil physicochemical and biological properties [18,20]. Moreover, P-modified biochar can
also provide soil with additional P fertilizer necessary for plant growth and promote plant
growth [13,21]. Ahmad et al. [22] showed that 3% P-loaded biochar significantly increased
the availability of soil P and obviously enhanced plant growth. Biochar modified by mag-
nesium (Mg) ions can also significantly enhance its properties, including functional groups,
cation exchange capacity, and pore structures [23,24], and thus can provide more adsorption
sites for heavy metals, thereby reducing the available heavy metal content in the soil and
increasing crop biomass [25]. Many studies have shown that combined modified biochar
has a greater ability to immobilize heavy metals and inhibit their absorption by crops.
Wang et al. [26] prepared EDTA-functionalized Mg/Al hydroxide-modified corn stover
biochar, which introduced more functional groups and increased the chelating sites and ion
exchange with Pb(II) and Cd(II). To date, the effects and mechanisms of P/Mg modified
biochar on the sorption and immobilization of heavy metals in soil are still lacking.

Soil microorganisms play a key role in the transformation and translocation of nutri-
ents from soil to plants, and the microbial community structure is often used as an indicator
of soil quality. The porous structure of biochar could create a conductive environment
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for beneficial soil microorganisms, heightening microbial diversity and activity, thereby
fortifying heavy metal passivation in soil [21]. It was reported that bone biochar increased
microbial biomass by up to 66%, altered the soil microbial community and promoted
the abundance of taxa that promote soil repair, including Actinomycetes, Firmicutes, and
Proteobacteria [27]. The application of BC-Fe-S treatment also induced an enhancement with
most bacterial abundance, including Ellin6067, Blastococcus, Pseudolabrys, and Ramlibacter,
etc., and most of these bacterial strains were related to heavy metal resistance, biotransfor-
mation, and biosorption [28]. Particularly, Ellin6067 was found to contain genes resistant to
cadmium, whereas Blastococcus had stress resistance which could grow vigorously under
cadmium stress [29]. Moreover, these beneficial bacteria could not only facilitate heavy
metal immobilization but also alter nitrogen and iron biogeochemical transformation in
contaminated soil [30].

Tea branches have a large output in China. About 1 million tons of pruned tea branches
(TBs) are produced annually. Currently, most of the TB waste is burned or discarded, which
not only pollutes the environment but also wastes a large amount of potential biomass
resources, presenting both a waste management challenge and an opportunity for value-
added remediation materials [31]. Therefore, it is very important to find a suitable method
to recycle and reuse tea branch waste. The tea branch is a cost-effective and lignocellulosic-
rich material that can be the precursor of biochar and further applied in environmental
rehabilitation. Our previous research showed tea branch biochar was porous and had a
high specific surface area structure, which could effectively absorb heavy metals [31,32].
However, to the best of our knowledge, there have been few reports about its role and
mechanisms in soil properties and heavy metal bioavailability under composite polluted
soil. Pakchoi, rich in minerals and vitamins, is the most consumed vegetable in China.
However, it is at high risk of heavy metal exposure [33]. Due to the frequent consumption
of pakchoi in China, combined Cd and Pb pollution in soil has caused a decline in its
yield [1]. Further, the accumulated heavy metals are easily transferred to humans through
the food chain. Therefore, it is important to reduce Cd and Pb concentrations in pakchoi.
We hypothesized that heavy metal bioavailability and pakchoi growth would probably be
dominated by phosphoric acid and magnesium chloride composite-modified tea branch
biochar (PMB). Therefore, the current study aimed to (i) examine the impact of PMB on the
growth, accumulation, and subcellular distribution of Cd and Pb in pakchoi in Cd- and Pb-
contaminated soil; (ii) explore the effect of PMB on soil physicochemical characteristics and
enzymatic activity; and (iii) elucidate the response of soil bacterial community structure to
PMB application. The application of PMB to heavy-metal-contaminated soil could provide
a new way to increase the yield of pakchoi and guarantee food safety.

2. Materials and Methods
2.1. Soil Collection and Biochar Preparation

The soil in this experiment was obtained from the 0–20 cm surface layer of a farm lo-
cated in Wujin District, Changzhou City, Jiangsu Province, China. The soil was classified as
Luvisols with 42.5% clay, 39.2% silt, and 18.3% sand according to the World Reference Base
classification. The basic physicochemical properties of the soil are listed in Table 1. After
removing plant residues, the collected soil was air-dried at ambient temperature (20–25 ◦C)
for one week and thereafter sieved through a mesh (2 mm) for further utilization. In the
preparation of Cd- and Pb-contaminated soil, Cd2+ (CdCl2·2.5H2O) and Pb2+ (Pb(NO3)2)
solutions were added to soil sample to prepare simulated contaminated soil (5 mg/kg Cd2+

and 250 mg/kg Pb2+), which was determined based on China’s Soil Environmental Quality
Risk Control Standard (GB 15618-2018) [34] and the current pollution situation in farmland
surrounding industrial areas in China [35]. Polluted soil was incubated for 35 days, and
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deionized water was regularly added to the polluted soil during the aging process to ensure
that the soil water holding capacity remained at 70% of the maximum field water holding
capacity. Then, the soil was allowed to dry naturally and ground through a 2 mm nylon
sieve for the pot experiment.

Table 1. Basic physicochemical properties of the soil.

Soil Type pH Cation Exchange
Capacity (cmol/L)

Organic
Matter (g/kg)

Total
Nitrogen

(g/kg)

Available
Phosphorus

(mg/kg)

Available
Potassium

(mg/kg)

Yellow-brown
soil 6.2 1.25 20.32 1.71 27.84 157.14

The PMB was prepared according to Xu et al. [35]. Specifically, tea branch (TB) powder
was mixed with a H3PO4 solution in the ratio of 1:2 (g:mL) for 12 h at room temperature.
The mixture was pyrolyzed at 600 ◦C for 2 h in a tubular furnace (OTF-1200X, Kejing, Hefei,
China) with a nitrogen gas flow rate of 60 mL/min. Then, it was washed with deionized
water to neutral and dried at 80 ◦C. The H3PO4-modified TB biochar was further mixed
with magnesium chloride solution (1:12, g:mL) for 24 h. After washing with deionized
water, the material (named PMB) was dried, sieved through a 100-mesh sieve, and stored
in a sealed container for further use. The characteristics of the PMB were analyzed using
standard techniques (Figure S1).

2.2. Pot Experiment

According to the literature, the common amount of biochar added to soil is
1~5%. In the actual soil remediation process, only an amount of biochar less than
5% prevented heavy metals from negatively affecting soil [36]. Therefore, 5% of PMB
was added in this study. Four treatments were included as follows: Control (CK),
5% PMB (PMB), 250 mg/kg Pb + 5 mg/kg Cd (Pb + Cd), and 250 mg/kg Pb + 5 mg/kg
Cd + 5% PMB (Pb + Cd + PMB). The PMB prepared above was applied to the well-aged,
contaminated soil, stirred, mixed with the soil evenly, and then incubated at room tempera-
ture for 20 days. During the soil incubation process, the soil maintained 70% of the field
water holding capacity. Then, the selected seeds of pakchoi (Brassica rapa subsp. chinensis)
were sown and the pots were irrigated with distilled water to maintain about 70% of the
soil water holding capacity. The plant was cultured in a control environmental room with
14 h day at 25 ◦C and 10 h night at 18 ◦C and a light intensity of 450 µmol/m/s. Hoagland’s
nutrient solution replaced distilled water every seven days until harvest. Each treatment
consisted of three replications, with each replication including six pots. After 42 days, the
pakchoi samples were collected, cleaned, and dried for subsequent analysis. At the same
time, the fresh rhizosphere soils were collected and kept in a −80 ◦C refrigerator, which
was divided into two parts: one part was used for the analysis of physical and chemical
properties, enzyme activity, and available Pb and Cd contents; while the other part was
used to analyze bacterial community structure diversity.

2.3. Growth Parameters and Pb and Cd Contents in Pakchoi

After measuring plant height and root length, the dried weight of both shoots and
roots were determined using a milligram balance (INESA, Shanghai, China). Then, the
dry samples were ground and approximately 0.05 g of powder was digested using an
HNO3-H2O2 system at 150 ◦C [37]. Cd and Pb contents were determined via AAS (AA-300,
PerkinElmer, Waltham, MA, USA). The translocation factor (TF) was determined as the
ratio of the Cd/Pb concentration in shoots to that in roots.
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2.4. Pb and Cd Subcellular Distribution in Pakchoi

The subcellular distribution of Cd and Pb in pakchoi was determined by differential
centrifugation [38]. Fresh roots and leaves (0.5 g) were ground in an extraction buffer
(5 mmol/L, pH 7.5) containing 250 mmol/L sucrose, 50 mmol/L trimethylol aminomethane-
hydrochloride, 1.00 mmol/L dithithreitol, and 5 mmol/L ascorbic acid for 10 min, and
centrifuged at 3000× g for 15 min. The sedimentation was the cell wall component (T1).
The supernatant was centrifuged at 15000× g for 30 min. The precipitate was the organelle
component (T2), and the supernatant was the cell solute component (T3). The contents
of Cd and Pb in each part were determined using AAS (AA-300, PerkinElmer, Waltham,
MA, USA).

2.5. Determination of Soil Properties, Enzyme Activities, and Available Content of Heavy Metal

Soil pH was measured with a pH meter at soil-to-deionized-water ratios of 1:2.5 fol-
lowing 30 min of agitation [15]. The content of soil organic matter (SOM) was estimated
based on soil organic carbon (SOC) and a constant (1.724). The content of soil organic
carbon (SOC) was measured using the potassium dichromate oxidation method, wherein
soil samples were digested with a mixture of K2Cr2O7 and concentrated H2SO4, followed
by titration with FeSO4 [15]. The available phosphorus (AP) content was determined
using the molybdenum–antimony colorimetric method following sodium bicarbonate ex-
traction [39]. The available potassium (AK) content was measured by flame photometry
following NH4OAC (pH 7.0) extraction [39]. The alkaline hydrolysis of nitrogen (AHN)
content was determined using the alkali-diffusion technique [39]. Soil urease activity
(URA) was measured by an indophenol colorimeter at 630 nm [19]. Catalase activity (CAT)
was determined via potassium permanganate titration [14]. Invertase activity (INV) was
determined by 3,5-dinitrosalicylic acid colorimetry at 540 nm [14]. The contents of available
Cd and Pb were determined by the DTPA extraction method. The chemical speciation of
Cd and Pb in the soil sample was conducted using the BCR method [40].

2.6. Microbial Community Analysis

Total genetic DNA from soil samples was extracted using the E.Z.N.A™ Mag-Bind
Soil DNA Kit (Omega Bio-tek, M5635-02, Norcross, GA, USA). The V3–V4 region of the soil
16S rRNA gene was amplified using PCR and universal primers 341F (CCTACGGGNG-
GCWGCAG) and 805R (GACTACHVGGGTATCTAATCC). After amplification, Hieff
NGS™DNA Selection Beads (Yeasen Biotechnology, 10105ES03, Shanghai, China) were
used to purify the amplified products by removing free primers and primer dimers. Puri-
fied PCR products of all samples were sequenced in the Illumina MiSeq system (Illumina,
San Diego, CA, USA) to analyze bacterial community diversity.

2.7. Data Analysis

Data were expressed as mean ± standard deviation (SD) (n = 3). The differences
among treatments were analyzed using a one-way ANOVA and the LSD test (p < 0.05) via
the SPSS 20.0 software. The graphs were generated with Origin 2018. Relative abundance
(>1%) was used to compare bacterial community composition, and the top 10 phyla were
examined using Origin 2018. Alpha diversity indicators, including the Shannon and Chao1
indices, were calculated to estimate the complexity of species variety in a sample using
Mothur software (version 1.48.0). Beta diversity was analyzed to estimate the similarity
and difference of the microbial community, and a principal coordinate analysis (PCA) was
performed on both weighted and unweighted UniFrac distances using Origin 2018. The
LEFse based of OTUs was performed using R software (version 4.3.1).
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3. Results
3.1. PMB Characterization

The physicochemical properties of the PMB are presented in Table S1. The PMB
was alkaline, with a pH of 9.17. The main elements in the PMB were C, O, P, and Mg.
Its BET surface area was 442.23 m2/g, and the pore volume was 0.45 cm3/g. The FTIR
spectrum of the PMB exhibited several functional groups (Figure S1a), including -OH
(3337 cm−1), C-H (2852 and 903 cm−1), -COOH/C=H (1620 cm−1), and C=O/O-C=O
(1395 cm−1), which would favor the stabilization of heavy metals [31]. Further, peaks
at 1169 cm−1 (P=O/P-O-C/P=OOH), 1068 cm−1 (PO4

3−), and 620 cm−1 (Mg-O) were
observed, indicating that P and Mg compounds existed in the PMB. The XRD analysis
showed a strong diffraction peak at 25.91◦ associated with the typical graphite-like structure
of PMB [1]. Moreover, the characteristic peaks at 13.59◦, 31.27◦, 26.66◦, 35.42◦, and 43.93◦

corresponded well with magnesium phosphate, calcium carbonate, calcium phosphate,
and calcium carbide (Figure S1b). The SEM image of PMB showed many pore structures
on the surface (Figure S1c), which was responsible for the high specific surface area. The
EDS analysis confirmed that the elemental composition of PMB was dominated by C, P, O,
and Mg (Figure S1d).

3.2. Effect of PMB on the Growth, Contents, and Subcellular Distribution of Cd and Pb of Pakchoi

Compared to CK, the Pb + Cd stress inhibited plant growth, leading to a significant
reduction in plant height, root length, leaf dry weight, and root dry weight by 26.31%,
30.61%, 61.57%, and 49.71%, respectively (Table 2). These decreases indicated the toxicity of
Pb + Cd to pakchoi growth. However, the addition of PMB reduced the inhibition in pakchoi
growth caused by the Pb + Cd stress, leading to a significant increase in those parameters
by 28.92%, 33.58%, 81.93%, and 71.59%, respectively, as compared to the Pb + Cd treatment.
Furthermore, those growth parameters increased by 8.11%, 11.56%, 13.43%, and 17.71%
under the PMB treatment alone, respectively. This indicated that the application of PMB
could promote pakchoi plant growth.

Table 2. Plant height, root length, and biomass of pakchoi under Pb and Cd stress.

Treatments Plant Height
(cm)

Root Length
(cm)

Leaf Dry
Weight

(g/plant)

Root Dry
Weight

(g/plant)

CK 20.60 ± 0.49 c 5.88 ± 0.23 ab 2.16 ± 0.14 c 0.175 ± 0.014 b
PMB 22.27 ± 0.76 a 6.56 ± 0.51 a 2.45 ± 0.16 a 0.206 ± 0.021 a
Cd + Pb 15.18 ± 0.42 d 4.08 ± 0.45 c 0.83 ± 0.054 d 0.088 ± 0.007 c
Cd + Pb + PMB 19.57 ± 0.35 b 5.45 ± 0.42 b 1.51 ± 0.12 b 0.151 ± 0.013 b

Note: Different lowercase letters after data in the same column indicate a significant difference at the 0.05 level.

As shown in Figure 1, under the Cd + Pb treatment, Cd and Pb contents in leaves
and roots were significantly increased (p = 0.037). After the application of PMB, Cd and
Pb contents markedly decreased (p = 0.025), which were decreased by 83.84% and 74.29%
in leaves and by 51.91% and 47.93% in roots, respectively, compared with the Pb + Cd
stress alone. Furthermore, the TFs of Cd and Pb were less than one, indicating a higher
accumulation of Cd and Pb in the roots compared to the shoots. The application of PMB
reduced the TFs of Cd and Pb by 67.91% and 50.62%, respectively (Figure S2).

In Figure 2, it is evident that Cd and Pb in both the leaves and roots of pakchoi
mainly accumulated in the cell wall, followed by the cytoplasm and organelles. Upon the
application of PMB, the levels of Cd and Pb in each subcellular component significantly
decreased (p = 0.034). For leaves, the use of PMB reduced the contents of Cd and Pb in cell
wall, cytoplasm, and organelles by 85.34% and 77.77%, 90.64% and 85.56%, and 84.45%
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and 92.32%, respectively. For roots, the levels of Cd and Pb were reduced by 55.48% and
44.16%, 72.82% and 63.32%, and 79.69% and 76.43%, respectively.

 

Figure 1. Effects of PMB on Cd (a) and Pb (b) contents in pakchoi. Different lowercase letters on the
top of column indicate a significant difference at the 0.05 level.

 

Figure 2. Effects of PMB on subcellular distribution of Cd (a,c) and Pb (b,d) in leaves and roots
parts of pakchoi under Pb and Cd stress. Different lowercase letters on the top of column indicate a
significant difference at the 0.05 level.

3.3. Effects of PMB on Soil Properties, Enzyme Activities, Cd and Pb Contents, and Their
Chemical Speciation

As depicted in Figure S3, compared with CK, the soil pH, SOM, AP, AK, and AHN
value of (Pb + Cd)-polluted soil decreased by 18.65%, 32.17%, 47.65%, 28.57%, and 30.96%,
respectively. These values in PMB-added soil significantly increased by 17.92%, 33.14%,
47.82%, 30.33% and 34.36% under Pb + Cd stress, respectively, and they increased by
23.35%, 34.72%, 34.42%, 34.83% and 39.28%, respectively, when PMB was applied alone.
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As shown in Figure S4, compared with CK, the urease, sucrase, and catalase activities
under Pb + Cd stress decreased by 35.16%, 44.94%, and 48.64%, respectively. When
PMB was applied to (Pb + Cd)-contaminated soil, the urease, invertase, and catalase
activities increased by 66.30%, 51.71%, and 52.27%, respectively. Meanwhile, the urease,
invertase, and catalase in soil treated by PMB alone increased by 35.16%, 25.35%, and
34.83%, respectively.

As depicted in Figure 3, the addition of PMB significantly decreased the contents
of available Cd and Pb by 65.05% and 52.25%, respectively. Further, the addition of
PMB significantly reduced the acid extractable state of Cd and Pb by 40.62% and 34.01%,
respectively (Figure 3). However, the addition of PMB increased the reducible state,
oxidizable state, and residual state of Cd and Pb by 5.59% and 0.36%, 10.19% and 5.73%,
and 919.47% and 672.2%, respectively.

 

Figure 3. The available content and proportion of different forms of Cd (a,c) and Pb (b,d). Different
lowercase letters on the top of column indicate a significant difference at the 0.05 level.

3.4. Effects of PMB on Soil Bacterial Communities
3.4.1. Soil Bacterial Community Composition

As shown in Figure 4a,c, there were notable differences in the relative abundance
of bacteria at the phylum level. The ten dominant soil bacterial communities in all sam-
ples were Proteobacteria, Bacteroidota, Acidobacteriota, Actinobacteriota, Gemmatimonadota,
Patescibacteria, Verrucomicrobiota, Chloroflexi, Myxococcota, and Planctomycetota, which ac-
counted for 96.59%, 97.23%, 97.33%, and 96.20% of the total number of bacteria in CK, PMB,
Pb + Cd, and Pb + Cd + PMB, respectively. Among them, Proteobacteria was the largest
bacterial community. Compared with CK, the number of Proteobacteria under Pb + Cd
stress increased by 6.01%. However, it decreased in the Pb + Cd + PMB treatment by 22.72%
compared with the Pb + Cd treatment. When PMB was applied alone, the number of
Proteobacteria decreased slightly by 5.32%.
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Figure 4. The changes in the rhizosphere soil microbial community under different treatments.
(a) Relative abundance of bacteria, (b) relative abundance heat map, (c) collinearity diagram, (d) Venn
diagram of OTU distribution of soil bacteria. D1 refers to CK, D2 refers to PMB, D3 refers to Pb + Cd,
and D4 refers to Pb + Cd + PMB.

As depicted in Figure 4b, at the genus level, norank_Caulobacteraceae, Sphingomonas,
Gemmatimonas, and norank_Pedosphaeraceae showed a marked decrease in the Pb + Cd
treatment compared with CK. The addition of PMB increased these bacteria signifi-
cantly under the Pb + Cd treatment and CK. Moreover, compared to CK, RB41, no-
rank_Gemmatimonadaceae, and norank_Vicinamibacteraceae showed a significant increase in
the Pb + Cd treatment. However, the addition of PMB decreased these bacteria significantly
under the Pb + Cd treatment and CK.

In Figure 4d, the Venn diagram illustrated the differences in OTUs between different
treatments. There were 2228 core OTUs present in all samples. Additionally, the PMB
treatment had the highest number of unique OTUs (859), while the Pb + Cd group had
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the lowest (516), and the CK and Pb + Cd + PMB groups had 704 and 657 unique OTUs,
respectively. Compared to CK, the number of unique OTUs decreased by 26.70% under
Pb + Cd stress. Under Pb + Cd stress, the addition of PMB increased the number of unique
OTUs by 27.32%. PMB alone also increased it by 22.01% compared to CK.

3.4.2. Alpha and Beta Analyses of Soil Bacterial Community

Table 3 showed the alpha diversity index of soil bacteria based on the 16S rRNA gene.
The Chao1 index and Shannon index were used to assess the richness and diversity of soil
microbial communities. Compared to CK, the Chao1 and Shannon indices of bacteria in
the Pb + Cd treatment group decreased by 14.51% and 7.75%, respectively. Under Pb + Cd
stress, the addition of PMB increased the Chao1 and Shannon indices by 15.39% and 7.09%,
respectively. The Chao1 and Shannon indices of bacteria treated with PMB alone increased
by 10.93% and 11.14% compared to CK, respectively. The findings suggested that the
addition of PMB markedly increased the diversity and abundance of soil bacteria.

Table 3. Richness and diversity indices of soil bacterial communities under different treatments.

Treatments Chao1 Shannon

CK 2040.32 ± 73.48 b 4.13 ± 0.04 b
PMB 2263.10 ± 65.31 a 4.59 ± 0.04 a
Pb + Cd 1744.18 ± 81.64 c 3.81 ± 0.08 c
Pb + Cd + PMB 2012.62 ± 85.73 b 4.08 ± 0.11 b

Note: Different lowercase letters after data in the same column indicate a significant difference at the 0.05 level.

The principal coordinate analysis illustrated the soil bacterial communities in the
four treatments (Figure 5). PC1 and PC2 axes explained 31.7% and 19.4% of the sample
composition differentiation, respectively. There were noticeable differences among the four
treatments according to their location in Figure 5, indicating that PMB had a significant
separation effect on soil microorganisms.

 

Figure 5. PCA principal coordinate analysis. D1 refers to CK, D2 refers to PMB, D3 refers to Pb + Cd,
and D4 refers to Pb + Cd + PMB.

3.4.3. Correlation Analysis and LEFse Analysis

The correlation analysis (Figure 6) demonstrated that soil pH, SOM, AP, AK, AHN,
CAT, URA, INV, plant height, root length, leaf dry weight, and root dry weight were
significant and positive correlated with the phyla Planctomycetota, Myxococcota, and Verru-
comicrobiota but negative correlated with Proteobacteria and Patescibacteria. Soil available
Cd, available Pb, leaf Cd, leaf Pb, root Cd, and root Pb were positively correlated with Pro-
teobacteria and Acidobacteriota but significantly and negatively correlated with Bacteroidota.
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Figure 6. Correlation heatmap of bacterial community at the phylum level with soil and plant variables.

The taxonomic cladogram line discriminant analysis effect size (LEfSe) indicated the
predominant discriminant taxa of the bacterial communities in the different treatments
(Figure 7). In CK, Bacteroidota and Chloroflexi (phylum), Chitinophagales and Cytophagales
(order), and Chitinophaga and Gemmatimonas (genus) were significantly enriched. For
the Pb + Cd treatment, it merely enriched Verrucomicrobiota (Phylum), Pedosphaerales (or-
der), and norank_Pedosphaeraceae c6 (genus). After applying PMB under Pb + Cd, RB41,
norank_Subgroup_7, norank_Vicinamibacteraceae, and Cellulomonas at the genus level were
significantly enriched. After application of PMB alone, Proteobacteria (phylum), Rickettsiales
(order), norank_Bacteroidetes_VC2_1_Bac22 (family), and Ellin6067 (genus) were signifi-
cantly enriched.

 

Figure 7. A taxonomic cladogram of line discriminant analysis effect size (LEfSe) based on OTUs. The
cladogram shows the biomarker microbes of the microbial lineages from phylum to genus among four
different treatments. Yellow dots represent microbes with no statistical differences among the five
treatments. D1 refers to CK, D2 refers to PMB, D3 refers to Pb + Cd, and D4 refers to Pb + Cd + PMB.
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4. Discussion
Many studies have found that biochar has a large specific surface area, rich functional

groups, and a stable structure, which can adsorb and fix heavy metals in soil, improve
soil physical and chemical properties, and promote plant growth [41]. In this study, the
Pb + Cd treatment significantly decreased the plant height, root length, and the leaf and
root weight of pakchoi; however, the application of PMB significantly increased these
growth parameters of pakchoi under the Pb + Cd treatment. This suggested that PMB
could promote pakchoi growth. This was consistent with the findings of Chen et al. [42].
This was because the addition of PMB to the soil reduced the Pb and Cd accumulation
in roots and shoots and their translocation from the roots to the leaves. The transport
of heavy metals from soil to plants was mainly influenced by the quantity of available
metals in the soil [43]. Our findings indicated that the application of PMB in (Pb + Cd)-
contaminated soil markedly reduced the content of bioavailable Cd and Pb in the soil. This
was consistent with previous research [44], indicating that applying biochar could reduce
the contents of Cd and Pb in bioavailable forms. This was because biochar exhibited a wide
range of adsorption capabilities for heavy metals [41]. Generally, biochar rich in oxygen-
containing functional groups, carbonate, or phosphate is conducive to the passivation
of cationic heavy metals. Reduced bioavailability of heavy metals in soil inhibits plant
absorption, thereby decreasing heavy metal bioaccumulation in plants. Our results also
confirmed that PMB effectively reduced the Cd and Pb contents of pakchoi roots and leaves
in (Pb + Cd)-polluted soil.

Compartmentalization is a key approach for detoxifying heavy metals in plant cells.
The cell wall, as the primary physical barrier against heavy metals, can provide various
negative functional groups, such as carboxyl and hydroxyl, to bind heavy metal ions and
inhibit their translocation across the cytoplasmic membrane [3]. Simultaneously, heavy
metal ions enter in the vacuole and are sequestered by organic ligands, therefore reducing
the interference with cell organelles. In a previous study, Sun et al. [45] showed that most
of the Cd2+ ions were immobilized by the hemicellulose 1 of the cell wall in pakchoi roots,
and the content of hemicellulose was positively correlated with the Cd immobilization
capacity. Pectin was identified as the main polysaccharide in the root cell wall of rice
exhibiting significant Cd buildup. In this study, Cd and Pb in leaves and roots of pakchoi
mainly accumulated in the cell wall, followed by the cytoplasm and organelles. After
PMB was applied, the contents of Cd and Pb in each cell component were significantly
decreased. However, the proportion of Cd and Pb content in the cell wall components
increased significantly, indicating that more Cd and Pb were bound by these components
in the cell wall, thus reducing the toxic effect of heavy metals on pakchoi.

The bioavailability of heavy metals in soils was related to the physical and chemical
properties of the soil [28]. Biochar can significantly regulate the physical and chemical
properties of the soil. In this study, the addition of PMB in both control and Pb + Cd
composite-polluted soils increased the soil pH and SOM value. The increase was attributed
to the presence of alkaline substances in biochar, including carbonates, phosphates, and
silicates, which may consume protons in the soil solution, leading to an elevation in soil
pH [46]. The increased pH value could deprotonate soil colloids, facilitating the electro-
static adsorption of Pb2+ and Cd2+ [9]. Hence, the addition of PMB was favorable for the
stabilization of heavy metals in the soil. The increase in soil SOM caused by the addition
of PMB was attributed to the carbon enrichment of biochar, as higher organic matter in
the soil can facilitate the complexation of Cd and Pb in the soil [47]. Previous research
also indicated that the improved capacity of biochar to mitigate heavy metal damage was
primarily attributable to the alterations in soil physicochemical properties, which were
beneficial for immobilizing heavy metals and reduced their mobility and effectiveness in
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the soil [10,48]. In addition, applying PMB greatly reduced the acid extractable state of
Cd and Pb, transforming them into a residual state with low bioavailability in this study.
The residual state has the weakest migration ability in soil and is the form with the lowest
bioavailability [18]. Both reduced bioavailability and reduced migration ability can be used
as indicators to evaluate the effectiveness of the original passivation. Gondek et al. [49] ap-
plied biochar and zeolite to Cd, Pb, and Zn-contaminated soils to reduce the exchangeable
states of Cd, Pb, and Zn and increase the parts with low bioavailability. The content of the
residual state increased, and heavy metal stabilization was realized. The observed changes
in soil properties in this investigation indicated that the application of PMB was a viable
approach to decrease the bioavailability of Cd and Pb.

Biochar is primarily composed of carbon, nitrogen, phosphorus, and potassium, which
can enhance the growth of microorganisms [41]. Soil enzymes are essential for soil physical
and chemical reactions and highly sensitive to heavy metal contamination. Numerous
research studies have indicated that the moderate amount of biochar could boost the
activities of urease, sucrase, and catalase in the soil [10,49]. A similar role was confirmed in
this study. This could be attributed to the layered porous structure of PMB, which created a
better environment for microbial growth and enhanced enzyme activity in the soil. It may
be attributed to heightened substrate utilization, which in turn stimulated the reaction of
metals with organic substances, leading to the formation of metal–organic complexes and a
reduction in the toxicity of Cd and Pb [50].

Soil microorganisms are highly sensitive indicators of changes in soil properties and
play a crucial role in maintaining ecosystem health and nutrient cycling [51]. The use
of PMB had a significant impact on the composition of the bacterial community at the
phylum level and increased the number of operational taxonomic units (OTUs), bacterial
diversity, and bacterial abundance under Pb + Cd stress, possibly due to the introduction of
substantial quantities of phosphorus, oxygen-containing functional groups, and carbonate.
Alpha diversity is an important indicator of bacterial richness and diversity. It was observed
that the addition of PMB enhanced the abundance and diversity of bacteria and increased
the Shannon and Chao1 indices. This could be attributed to the appropriate increase in soil
pH, SOM, AP, AK, AHN, INV, URA, and CAT, due to the application of biochar, promoting
the growth of certain bacteria [47], as evidenced by the increase in Acidobacteriota in the soil.

Previous research has demonstrated exposure to abiotic stresses such as heavy metals,
wastewater, and pesticides can impact the beneficial microorganisms present in the soil,
including Proteobacteria, Acidobacteriota, Gemmatimonadota, Bacteroidota, Chloroflexi, Acti-
nobacteriota, and Myxococcota [52,53]. This research found that Proteobacteria, Bacteroidota,
Acidobacteriota, and Actinobacteriota were the most predominant bacterial phyla in soil,
similar to previous studies [54,55]. Proteobacteria is known for its high resistance to heavy
metals due to its ability to adapt to extreme environments such as soil polluted with heavy
metals [13]. Actinobacteria is predominant in carbon-rich environments and plays a crucial
role in the carbon cycle. They are usually associated with the decomposition of organic
materials such as chitin and cellulose and are thought to play a major role in converting
soil organic matter in the ecosystem. In this study, the number of Actinobacteriota in PMB
treatment increased significantly when compared with CK and the Cd + Pb treatment.
This suggested that the PMB enhanced microbial activity involved in the carbon cycle. In
addition, our study found that adding PMB in contaminated soil increased the abundance
of beneficial microorganisms, including Bacteroidota, Acidobacteriota, Gemmatimonadota, and
Patescibacteria. Previous research has showed that these beneficial microorganisms played a
crucial role in immobilizing Cd and Pb in the soil [56], leading to the passivation of these
metals and an increase in the proportion of fixed Cd and Pb in the soil. These bacteria could
reduce the available Cd and Pb in soil via their complexation and absorption abilities [57].
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In the present study, the correlation heatmap demonstrated that available Cd and Pb were
positively correlated with Proteobacteria and Acidobacteriota but significantly and negatively
correlation with Bacteroidota. Bacteroidota affects the cycling and persistence of soil carbon.
This may relate to an alteration in soil pH, SOM, AP, AK, AHN, INV, URA, and CAT. Our
research findings confirmed that PMB could potentially regulate the structure of soil mi-
croorganisms, altering the forms and availability of Cd and Pb, reduce absorption of these
metals by plants, and enhance plant growth. Future research should focus on identifying
its heavy metal passivation role in the different environmental factors, such as temperature
and moisture. Additionally, field trials are essential to validate the broad applicability of
our findings across environmental conditions and for long-term stability.

5. Conclusions
The present study demonstrated that PMB significantly promoted pakchoi growth in

soil contaminated with Cd and Pb by reducing Cd and Pb accumulation in the plant and
their migration from the roots to the shoots of pakchoi. PMB significantly reduced the avail-
able contents of Cd and Zn and converted bioavailable Cd and Pb into immobilized forms,
while increasing soil pH, organic matter, and available nutrient content. PMB application
also improved the activities of urease, invertase, and catalase. Additionally, PMB increased
the relative abundance of beneficial bacteria in the soil, including Bacteroidota, Acidobacteri-
ota, Actinobacteriota, and Gemmatimonadota. In summary, this study provided a new strategy
for reducing heavy metal pollution in vegetables and fostering sustainable agro-ecosystem
development. However, further research is essential to ascertain the effective application of
PMB on a large scale under real-field conditions.
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Abstract: Trehalose is a nonreducing disaccharide critical for cellular integrity and stress
adaptation in plants, and its synthesis relies on trehalose-6-phosphate synthase (TPS) and
trehalose-6-phosphate phosphatase (TPP). Despite their established roles in abiotic stress
responses across model plants, these gene families remain underexplored in ornamental
species like Petunia hybrida. Here, TPS and TPP genes in two wild petunia progenitors,
P. axillaris and P. inflata, underwent a genome-wide analysis, with 10 TPS and 8–9 TPP
genes being identified in each species. According to phylogenetic analysis, petunia TPS
proteins cluster into two clades, while TPP proteins were classified into three clades, show-
ing closer evolutionary ties to tomato homologs. Cis-acting elements profiling identified
hormone- and stress-responsive regulatory elements (e.g., ABRE, TC-rich repeats). Expres-
sion analysis under drought, heat, and salt stress revealed dynamic temporal regulation.
For instance, PaTPS4/PaTPS9 were early responders (peak at 6 h) under drought and salt
stress, while PaTPS8 exhibited sustained upregulation during salt treatment. Heat stress
uniquely suppressed PaTPS1,2 and PaTPP1, contrasting with broad upregulation of other
members. Notably, PaTPP3 displayed delayed induction under heat. These findings under-
score the functional diversity within TPS/TPP families, with specific members governing
stress-specific responses. This study provides a foundational resource for leveraging these
genes to enhance stress resilience and ornamental value in petunia.

Keywords: petunia; trehalose-6-phosphate synthase/phosphatases; gene family; expression
profiling; abiotic stresses

1. Introduction
Trehalose is a nonreducing disaccharide encompassing two glucose units linked by

α,α-1,1-glycosidic bonds [1], and exists in bacteria, yeast, fungi, insects, invertebrates, and
both lower and higher plants [2]. Trehalose excels in maintaining cellular integrity in a
variety of organisms, especially in plant growth and development [3]. Trehalose is linked
to plant stress tolerance and helps protect cellular integrity under abiotic stresses (heat,
cold, salinity, and drought) [2,4–7]. However, research shall be conducted in the future to
examine the role of trehalose (or trehalose-6-phosphate (Tre6P), the precursor of trehalose)
in stress regulation, especially in temperature stress.

Horticulturae 2025, 11, 695 https://doi.org/10.3390/horticulturae11060695
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Trehalose synthesis primarily relies on two essential enzymes: trehalose-6-phosphate
synthase (TPS) and trehalose-6-phosphate phosphatase (TPP) [8], typically proceeding in
two steps in plants: Firstly, Tre6P, an intermediate product, is formed by TPS. Subsequently,
TPP induces Tre6P to be dephosphorylated, generating trehalose [9]. Large gene families
take charge of encoding TPS and TPP in most sequenced higher plants. Specifically,
Arabidopsis possesses 11 TPS genes (AtTPS1–AtTPS11) [10] and 10 TPP genes (AtTPPA–
AtTPPJ) [11]; in comparison, rice possesses 11 TPS genes (OsTPS1–OsTPS11) and 11 TPP
genes (OsTPP1–OsTPP11) [12,13]. The TPS family genes fall into two clades with different
structures and biochemical activities. Class I and Class II members contain both TPS and
TPP domains; however, Class I TPSs encode catalytically active TPS enzymes, Class II
TPSs have no TPS or TPP enzymatic activity, most of which harbor conserved phosphatase
domains [10,13,14]. The TPP family genes harbor a specific TPP domain with conserved
phosphatase domains, all exhibiting TPP activities [15].

According to previous research, specific groups of TPS and TPP genes undergo dif-
ferential regulation under varying abiotic stresses [16]. In detail, their overexpression
or mutation can remarkably affect the tolerance to abiotic stress, e.g., OsTPS1 overex-
pression makes transgenic rice seedlings more tolerant to low temperature, high salinity,
and drought [17], OsTPP1 overexpression makes transgenic rice more tolerant to salt and
low-temperature stresses, while also promoting multiple stress-responsive genes to be
expressed [12], and OsTPP3 overexpression makes plants more sensitive to abscisic acid
with corresponding higher tolerance to drought stress [18]. In Arabidopsis, the Attppi
mutant is sensitive to low-temperature stress, whereas overexpressing plants exhibit toler-
ance [19]. Moreover, AtTPPF and AtTPPI coordinate the response to drought, while the
overexpression of AtTPPD enhances tolerance to salt [20]. Recently, research has eluci-
dated that the Tre6P signaling pathway is of significant importance for regulating soluble
sugar metabolism and coordinating plant stress responses. For example, OsTPP1 enhances
sugar accumulation in panicles by inhibiting trehalose-6-phosphate (Tre6P) accumulation
and promoting the expression of sugar transporter genes. Under low-temperature stress,
these accumulated sugars ensure proper pollen development, ultimately improving cold
tolerance in rice during the booting stage [21].

Petunia hybrid, a widely used ornamental plant in the Solanaceae family, is prized for
its vibrant flowers, diverse colors, shapes, and ease of cultivation, making it a popular
choice in gardens and landscaping [22,23]. P. hybrid also serves as an important model
organism in scientific research, particularly in plant genetics, flower development, and
pigment biosynthesis [24]. Significant progress has been made in the areas of flower
organ development and color regulation in petunia [25,26]. In contrast, research on stress
resistance genes in petunia has been less advanced. Identifying key genes responsible for
stress resistance in petunia can crucially enhance their stress tolerance and ornamental
value in landscaping [24]. Despite the effect of TPS and TPP genes on plant species’
growth, development, and stress responses as evidenced in existing studies, their function
in petunia has not been comprehensively analyzed. Additionally, current studies have
not well explored their participation in environmental stress responses. The commercial P.
hybrida is derived from crossbreeding between P. axillaris and species within the P. integrifolia
clade [24]. Researchers have sequenced the whole genome of P. axillaris and P. inflata [24],
providing an opportunity to analyze the TPS and TPP gene families in petunia under stress
conditions.

The TPS and TPP genes in two petunia genomes underwent a genome-wide investi-
gation herein, with relevant phylogeny, gene structures, conserved motifs, and cis-acting
elements being examined, and expression patterns in abiotic stress conditions being an-
alyzed in detail. All these assist in deeply comprehending the critical roles of the two
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gene families in petunia growth, development, and stress responses, defining directions for
future research.

2. Materials and Methods
2.1. TPS and TPP Gene Identification in Petunia

We downloaded the Arabidopsis TPS and TPP protein sequences from the Ara-
bidopsis Information Resource (TAIR) database (http://www.rosaceae.org/, accessed
on 9 June 2021). The genomic data regarding P. axillaris and P. inflata were publicly
accessible at the Sol Genomics Network (SGN) (https://solgenomics.net/organism/
Solanum_lycopersicum/genome, accessed on 27 July 2022). The Genome Database for
P. axillaris and P. inflata was subjected to a BLASTP search using Arabidopsis TPS or
TPP proteins as query sequences. The NCBI Conserved Domains (CD) search tools
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 5 May 2022) and the
SMART program (http://smart.embl-heidelberg.de/, accessed on 20 January 2022) served
to confirm each candidate TPS and TPS equence as a member of the TPS and TPP family [27].
Analysis was conducted on the physicochemical properties of TPS and TPP proteins, such
as their physical locations, molecular weights (MW), and theoretical isoelectric points (pI)
by virtue of the online ProtParam tool (http://web.expasy.org/protparam/, accessed on
11 August 2022). Subcellular localization prediction proceeded via the Plant-mPloc server
(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed on 10 May 2022).

2.2. Phylogenetic Analysis of TPS and TPP Genes

We downloaded rice and tomato TPS and TPP protein sequences from NCBI (http:
//www.ncbi.nlm.nih.gov/, accessed on 10 May 2022) and the SGN (https://solgenomics.
net/organism/Solanum_lycopersicum/genome, accessed on 31 May 2012), respectively,
with relevant full-length amino acid (AA) sequences being compared via Clustal W with
default parameters [28]. The neighbor-joining method assisted in phylogenetic analysis by
virtue of MEGA version 11.0 (http://www.megasoftware.net/, accessed on 12 February
2023), followed by the calculation of the bootstrap value after 1000 iterations. The last step
was the visualization of the ML tree under the aid of iTOL version 6.9 (https://itol.embl.de/,
accessed on 5 July 2024) [29].

2.3. Gene Structure and Conserved Motif Analysis of TPS and TPP Genes

Utilizing the GFF file, we analyzed TPS and TPP genes’ exon-intron structure by
virtue of the Gene Structure Display Server (GSDS) version 2.0 (https://gsds.cgrpoee.top/,
accessed on 21 March 2022) [30]. Conserved motifs in TPS and TPP protein sequences were
identified through MEME Suite version 5.5.0 (https://meme-suite.org/meme/index.html,
accessed on 20 March 2022) [31], with a maximum of 10 motifs, motif widths of 6–200 AAs,
and a screening threshold of E < 1 × 10−10. Visualization was conducted on their gene
structure and conserved motifs using TBtools version 2.056 [32].

2.4. Cis-Element Analysis

The study extracted the 2000 bp region upstream of each TPS and TPP gene as the
putative promoter sequence. PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/, accessed on 2 April 2022) was adopted for the prediction of Cis-acting
elements [33], which were visualized with TBtools.

2.5. Plant Materials, Growth Conditions, and Stress Treatment

Plants of petunia, ‘Mitchell Diploid’ (a doubled haploid from P. axillaris and P. hybrid cv.
‘Rose of Heaven’), were grown in pots (10 cm (diameter) × 9 cm (height)) with Cornell mix

157



Horticulturae 2025, 11, 695

and sand mixed in a ratio of 3:1. The growing conditions included a day/night temperature
of 25/15 ◦C, 14 h photoperiod, and the presence of supplemental lights (Cornell University
in Ithaca, NY, USA). With plants growing to 15–20 cm tall, experimenters selected uniform
plants to conduct various stress treatments. Plants in the heat stress treatment were exposed
to 42 ◦C for 3 days. Plants in the drought stress treatment were deprived of water for
3 days. When conducting the salt stress treatment, experimenters watered each pot with
300 mM NaCl for 3 days. Each treatment was repeated five times (n = 5) in a completely
randomized design. Experimenters collected leaf samples at 0, 3, 6, 12, 24, 48, and 72 h
following stress treatment. All the samples, after being frozen in liquid nitrogen, were
preserved at −80 ◦C for subsequent analysis.

2.6. Total RNA Extraction and qRT-PCR Analysis

Experimenters ground petunia leaves in liquid nitrogen to a fine powder and extracted
total RNA with the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). After RQ1 DNase
treatment (Promega, Madison, WI, USA), total RNA was measured in terms of the quality
and quantity by virtue of an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA),
followed by agarose gel electrophoresis to ascertain the RNA integrity. Subsequently, the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster, CA, USA)
was employed for reverse-transcribing equal amounts of total RNA for each sample into
cDNA. Table S1 lists the gene-specific primers for expression analysis. 15 µL reactions
underwent three rounds of real-time PCR using 7.5 µL of SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA), 0.75 µL of each primer (500 nM), 5.4 µL water, and 0.6 µL cDNA
template, together with the negative controls without templates. PCR was carried out
using an Icycler iQ5 (BioRad, Hercules, CA, USA) real-time system machine, as per the
manufacturer’s protocol. The ddCT method was used for data analysis by using the iQ5
2.0 software (Bio-Rad, Hercules, CA, USA) [34]. The Actin gene of petunia was used to
calculate the relative transcript abundance. All quantitative PCRs specific to each gene
adopted three biological replicates, and each experiment had three technical replicates.

2.7. Data Analysis

Data analysis relied on SPSS 20.0 (SPSS, Chicago, IL, USA), with data presented in the
format of mean ± standard deviation (SD). Significant differences between treatments were
assessed via one-way ANOVA coupled with Tukey’s test (p ≤ 0.05), which were illustrated
by bar charts (Origin 2019, OriginLab Corporation, Northampton, MA, USA).

3. Results
3.1. Identification and Physicochemical Property Analysis of TPS and TPP Genes in Petunia

With the sequences of the Arabidopsis TPS and TPP proteins, we carried out local
BLAST (version 2.12.0) analysis utilizing genome data of P. axillaris and P. inflata, and
confirmed 10 TPS genes in both P. axillaris and P. inflata, designated as PaTPS1-10 and
PiTPS1-10, respectively (Table 1). Among these TPS proteins, PiTPS1 and PiTPS9 were
the shortest and longest proteins with 848 and 1028 AAs, respectively. The petunia TPS
proteins had a pI of 5.58–7.19 and a MW of 96.23–116.45 kDa. According to the subcellular
localization predictions, most TPS proteins were in the cytoplasm, while some were in the
nucleus. Additionally, we identified 8 TPP genes in P. axillaris, named PaTPP1-8, and 9
TPP genes in P. inflata, named PiTPP1-9 (Table 2). Among these TPP proteins, PiTPP2 was
the shortest with 276 AAs, while PiTPP5 was the longest with 414 AAs. The petunia TPP
proteins had a pI of 6.04–9.65 and an MW of 31.47–46.45 kDa. According to subcellular
localization predictions, most TPP proteins were found in the cytoplasm, while some were
in the mitochondria, chloroplasts, or nucleus.
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Table 1. Physicochemical properties of TPS proteins in the petunia genome.

Gene
Name

Locus_ID
Position

Length
(AA)

MW
(Da)

pI Subcellular
LocalizationScaffold

Location Start End

PaTPS1 Peaxi162Scf00229g00096.1 Peaxi162Scf00229 917,477 925,133 851 96.93 5.58 Cytoplasmic
PaTPS2 Peaxi162Scf00469g00632.1 Peaxi162Scf00469 667,063 671,245 871 98.92 5.72 Nuclear
PaTPS3 Peaxi162Scf00202g00187.1 Peaxi162Scf00202 1,815,219 1,819,743 855 96.39 5.70 Cytoplasmic
PaTPS4 Peaxi162Scf00170g01223.1 Peaxi162Scf00170 1,214,499 1,220,448 864 97.52 5.78 Cytoplasmic
PaTPS5 Peaxi162Scf00275g00085.1 Peaxi162Scf00275 813,026 816,592 856 97.16 5.66 Cytoplasmic
PaTPS6 Peaxi162Scf00421g00116.1 Peaxi162Scf00421 104,373 107,349 851 96.23 5.91 Cytoplasmic
PaTPS7 Peaxi162Scf00297g00098.1 Peaxi162Scf00297 982,826 985,666 863 97.97 6.01 Cytoplasmic
PaTPS8 Peaxi162Scf00457g00215.1 Peaxi162Scf00457 252,951 255,711 865 98.05 5.96 Cytoplasmic
PaTPS9 Peaxi162Scf00022g02413.1 Peaxi162Scf00022 2,390,346 2,421,693 975 110.65 6.03 Cytoplasmic

PaTPS10 Peaxi162Scf00111g01324.1 Peaxi162Scf00111 1,308,982 1,320,265 927 104.39 6.29 Cytoplasmic
PiTPS1 Peinf101Scf00275g03007.1 Peinf101Scf00275 406,279 412,631 848 96.55 5.67 Cytoplasmic
PiTPS2 Peinf101Scf00442g03004.1 Peinf101Scf00442 320,610 324,681 852 96.75 5.77 Nuclear
PiTPS3 Peinf101Scf00994g03007.1 Peinf101Scf00994 331,522 336,139 855 96.37 5.65 Cytoplasmic
PiTPS4 Peinf101Scf01033g01017.1 Peinf101Scf01033 150,487 155,519 864 97.51 5.78 Cytoplasmic
PiTPS5 Peinf101Scf01456g02005.1 Peinf101Scf01456g 225,034 228,660 856 97.16 5.66 Cytoplasmic
PiTPS6 Peinf101Scf01436g11018.1 Peinf101Scf01436 1,108,249 1,111,224 851 96.25 5.91 Cytoplasmic
PiTPS7 Peinf101Scf00586g01015.1 Peinf101Scf00586 115,175 118,018 868 98.67 6.01 Cytoplasmic
PiTPS8 Peinf101Scf01850g03027.1 Peinf101Scf01850 402,667 405,426 865 97.92 5.99 Cytoplasmic
PiTPS9 Peinf101Scf00304g01004.1 Peinf101Scf00304 68,073 93,541 1028 116.45 7.19 Cytoplasmic
PiTPS10 Peinf101Scf00665g07025.1 Peinf101Scf00665 722,849 733,623 927 104.39 6.29 Cytoplasmic

Table 2. Physicochemical properties of TPP proteins in the petunia genome.

Gene
Name

Locus_ID
Position

Length
(AA)

MW
(Da)

pI Subcellular
LocalizationScaffold

Location Start End

PaTPP1 Peaxi162Scf00904g00003.1 Peaxi162Scf00904 81,668 83,679 341 38.06 6.04 Cytoplasmic
PaTPP2 Peaxi162Scf00711g00011.1 Peaxi162Scf00711 115,934 118,338 276 31.56 6.62 Cytoplasmic
PaTPP3 Peaxi162Scf00241g00319.1 Peaxi162Scf00241 378,645 381,161 384 42.76 6.72 Chloroplast
PaTPP4 Peaxi162Scf00002g00816.1 Peaxi162Scf00002 860,185 862,872 391 44.18 7.66 Mitochondrial
PaTPP5 Peaxi162Scf00041g00810.1 Peaxi162Scf00041 797,885 799,770 357 40.06 9.13 Chloroplast
PaTPP6 Peaxi162Scf00838g00003.1 Peaxi162Scf00838 86,470 89,698 387 43.66 9.4 Chloroplast
PaTPP7 Peaxi162Scf00295g00075.1 Peaxi162Scf00295 757,573 761,478 316 35.94 9.65 Mitochondrial
PaTPP8 Peaxi162Scf00295g00510.1 Peaxi162Scf00295 578,702 582,229 376 42.29 9.22 Chloroplast
PiTPP1 Peinf101Scf01632g02002.1 Peinf101Scf01632 229,134 231,134 341 38.03 6.04 Cytoplasmic
PiTPP2 Peinf101Scf03315g00014.1 Peinf101Scf03315 71,337 73,493 276 31.47 6.41 Cytoplasmic
PiTPP3 Peinf101Scf03555g01022.1 Peinf101Scf03555 91,639 94,062 384 42.73 6.72 Chloroplast
PiTPP4 Peinf101Scf00674g06014.1 Peinf1011Scf00674 660,658 663,175 385 43.56 7.66 Mitochondrial
PiTPP5 Peinf101Scf00173g02008.1 Peinf1011Scf00173 222,878 225,001 414 46.45 9.15 Cytoplasmic
PiTPP6 Peinf101Scf00966g00008.1 Peinf101Scf00966 73,267 76,165 402 45.63 9.51 Mitochondrial
PiTPP7 Peinf101Scf01178g05006.1 Peinf101Scf01178 522,267 525,309 375 42.50 9.18 Nuclear
PiTPP8 Peinf101Scf01178g06005.1 Peinf101Scf01178 666,203 669,510 379 42.76 9.01 Nuclear
PiTPP9 Peinf101Scf07373g00001.1 Peinf101Scf07373 3 2454 362 40.58 6.12 Chloroplast

3.2. Phylogenetic Analysis of TPS and TPP Family Genes in Petunia

To reveal the evolutionary relationships between the petunia TPS and TPP families
and those of other plant species, we built a phylogenetic tree by utilizing 64 TPS proteins
and 56 TPP proteins from four model plants, including Arabidopsis, rice, tomato, and
Populus (Figure 1).
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Figure 1. Phylogenetic analysis of TPS (A) and TPP (B) gene families in P. inflata, P. axillaris, Ara-
bidopsis thaliana, Oryza sativa, Populus trichocarpa, and Solanum lycopersicum. Protein subfamilies are
highlighted in distinct colors. The red, blue, orange, purple, and gray circles represent P. inflata
(Pi) and P. axillaris (Pa), A. thaliana (At), S. lycopersicum (Sl), P. trichocarpa (Pt), and O. sativa (Os),
respectively.

Considering the phylogenetic relationship in Arabidopsis, researchers classify the
petunia TPS family into Clade I and Clade II (Figure 1A). Among these TPS proteins,
PaTPS1-8 and PiTPS1-8 belong to Clade II, while PaTPS9-10 and PiTPS9-10 are placed in
Clade I. Clade II is subsequently divided into four subgroups: Clade II-1 (PaTPS7-8 and
PiTPS7-8), Clade II-2 (PaTPS6 and PiTPS6), Clade II-3 (PaTPS4-5 and PiTPS4-5), and Clade
II-4 (PaTPS1-3 and PiTPS1-3). Comparative analysis reveals that most petunia TPS proteins
are intensely associated with those of tomato, another member of the Solanaceae family,
indicating a closer evolutionary relationship. The petunia TPP family is divided into three
clades: Clade I, Clade II, and Clade III (Figure 1B). Among these TPP proteins, PaTPP1-2
and PiTPP1-2 are placed in Clade I, PaTPP3-4 and PiTPP3-4, 9 in Clade II, and PaTPP5-8
and PiTPP5-8 in Clade III. Similar to the TPS proteins, most petunia TPP proteins also show
a closer genetic relationship to those of tomato.

3.3. Gene Structure and Conserved Motif Analysis of TPSs and TPPs

The TPS and TPP families were deeply investigated in terms of their inherent structures
(Figure 2). According to gene structure analysis, the two subgroups exhibited remarkably
different genetic structure of TPS members, with Class I genes having more exons and
more complex gene structures than Class II genes (Figure 2A). Among the Class I TPS
genes, Pa/PiTPP9 has 19 exons, Pa/PiTPP10 has 17 exons, while all Class II TPS genes
contain 3 exons. Comparatively, the TPP subgroups have a slightly varied number of
exons (Figure 2B). Class I TPP genes consistently have 8 exons, while in Class II, all TPP
genes except PiTPP9, which contains 12 exons, have 11 exons. Among Class III TPP genes,
PaTPP5 and PaTPP7 contain 8 exons, PiTPP5 contains 9 exons, and the remaining genes
consist of 8 exons.
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Figure 2. Gene structure and protein motif of the TPS and TPP genes in petunia. Gene structure of
(A) TPS genes and (C) TPP genes. Conserved motif of (B) TPS proteins and (D) TPP proteins.

To investigate the evolutionary conservation and diversification patterns among TPS
and TPP proteins, we conducted systematic motif identification across all family members
using the MEME Suite version 5.5.0. Conservative motif analysis confirmed 10 conserved
motifs, Motif 1 to Motif 10 (Figure 2B and Table S2). All TPS proteins contain motifs 1
through 10, except for PaTPS9,10 and PiTPS9,10 (Figure 2B). Among them, PaTPS9 lacks
motifs 8, 9, and 10, PiTPS9 lacks motifs 7, 8, and 10, and Pa/PiTPS10 lack motifs 8 and 10.
Motifs 1, 2, 3, 4, 5, 6, 8, and 10 constitute the TPS domain (Glyco_transf_20). Motifs 7 and 9
compose the TPP domain (HAD-like domain). Compared to TPS proteins, TPP proteins
exhibit fewer motifs, with Pa/PiTPP2 having the least number of motifs (5) (Figure 2B).
All TPP proteins contain motifs 1, 2, 3, 5, and 8. Motif 4 is absent only in Pa/PiTPP2,
motif 6 is absent only in PaTPS1,2 and PiTPS1,2, motif 7 is present only in PaTPP3-8
and PiTPP3-8, motif 9 is present only in PaTPP6-8 and PiTPP6-8, and motif 10 is present
only in PaTPP1,3,4,9 and PiTPP1,3,4,9. Motifs 1, 2, 3, 4, 5, and 6 together constitute the
Trehalose_PPase domain.

3.4. Cis-Acting Elements Analysis of TPSs and TPPs

Cis-acting elements were analyzed for a better understanding of their regulatory mech-
anisms against the TPS and TPP gene expression in petunia (Figure 3, Table S3). In the
TPS genes, most of the cis-acting elements regulate plants’ hormone responses and stress
responses, which include hormone-responsive elements of abscisic acid (ABRE), auxin
(AuxRR-core and TGA-element), gibberellin (GARE-motif, P-box, and TATC-box), methyl
jasmonate (CGTCA-motif and TGACG-motif), and salicylic acid (TCA-element), as well
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as stress-associated elements like anaerobic induction (ARE), defense and stress respon-
siveness (TC-rich repeats), light response (C-box, G-box, GT1-motif, ect), low-temperature
responsiveness (LTR). In the TPP genes, the cis-acting elements also affect plants’ hormone
responses and stress responses, with the most abundant category also related to light
responses, similar to the TPS genes.

Figure 3. Cis-elements in the promoter regions of the TPS (A) and TPP (B) genes in petunia.

3.5. TPSs and TPPs Expression Pattern Analysis Under Different Stresses

The two genome sequences were compared with transcriptomics data from three unre-
lated P. hybrida lines—‘Mitchell Diploid’, ‘R27’, and ‘R143’, confirming the slim contribution
of the P. inflata parent to the P. hybrida gene space [23]. With the objective of elucidating
the expression patterns pertaining to petunia TPS and TPP family members during abiotic
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stress, including heat, salt, and drought stress in petunia ‘Mitchell Diploid’, we designed
the primers according to the TPS and TPP genes in P. axillaris for real-time PCR analysis
(Figures 4–6). Given that primer design was exclusively based on P. axillaris TPS/TPP gene
sequences, we retained the prefix ‘Pa’ for all expression analysis targets.

Figure 4. Expression patterns of TPS (A) and TPP (B) genes under drought stress in petunia. Letters
above the bars represent significant differences (p < 0.05).

3.5.1. Drought Stress

In the PaTPS genes, all genes except PaTPS1 showed upregulation in expression levels
under drought treatment. Among them, PaTPS4 and PaTPS9 reached their peak expression
at 6 h, PaTPS5 at 12 h, PaTPS2 at 24 h, and others at 48 or 72 h, indicative of their relatively
similar expression pattern (Figure 4A). In the PaTPP genes, all genes showed upregulated
expression. Among them, PaTPP3 reached its peak expression at 3 h, PaTPP4 at 12 h, and
others at 48 or 72 h, displaying a similar expression pattern (Figure 4B).
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Figure 5. Expression patterns of TPS (A) and TPP (B) genes under heat stress in petunia. Letters
above the bars represent significant differences (p < 0.05).

3.5.2. Heat Stress

In the PaTPS genes, PaTPS1-2 showed downregulated expression under high-
temperature treatment, while the other genes were also upregulated. Among the up-
regulated genes, PaTPS4 and PaTPS5 reached their peak expression at 6 h, PaTPS6 at 12 h,
and PaTPS3, PaTPS7-10 at 48 or 72 h (Figure 5A). In the PaTPP genes, except for PaTPP1,
which showed downregulation, all other PaTPP genes exhibited upregulation under high-
temperature treatment. Among the upregulated genes, all except PaTPP3 reached their
peak expression within 24 h, with PaTPP3 peaking at 72 h (Figure 5B).

3.5.3. Salt Stress

In the PaTPS genes, except for PaTPS1, all other PaTPS genes presented significantly
upregulated expression under salt treatment. Among them, PaTPS2, PaTPS4-5, and PaTPS9
reached their peak expression at 6 h, PaTPS6 and PaTPS10 at 12 h, and PaTPS3 and PaTPS7
at 24 h. Notably, PaTPS8 reached its peak expression at 3 h and remained highly expressed
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throughout the treatment (Figure 6A). In the PaTPP genes, the expression of PaTPP1 and
PaTPP5 showed no significant change, while PaTPP3 was significantly downregulated.
The expression level of PaTPP6 was significantly downregulated at 6h, and then displayed
transient upregulation at 12h, followed by a return to initial levels at 24 h, 48 h, and 72 h.
The remaining genes exhibited significant upregulation, with PaTPP7-8 reaching their peak
expression at 3 h, and PaTPP2 and PaTPP4 at 12 h (Figure 6B).

Figure 6. Expression patterns of TPS (A) and TPP (B) genes under salt stress in petunia. Letters above
the bars represent significant differences (p < 0.05).

4. Discussion
Trehalose metabolism, mediated by TPS and TPP, pivotally affects plant growth,

development, and stress responses [35,36]. TPS and TPP family genes can crucially regulate
trehalose synthesis, and the relevant transcription and expression undergo differential
regulation under varying abiotic stresses [16]. Extensive research has paid attention to the
TPS and TPP gene family in Arabidopsis [10,11], rice [13,15], wheat [37,38], tomato [39],
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and peanut [40], etc., after the whole genome sequencing. However, these gene families
remain underexplored in ornamental species, such as petunia. Therefore, the TPS and
TPP genes in two petunia genomes are subjected to comprehensive genome-wide analysis
in the study, shedding light on their evolutionary relationships, structural features, and
stress-responsive expression patterns.

The study identified 10 PaTPS genes and 8 PaTPP genes in the P. axillaris genome, and
10 PiTPS genes and 9 PiTPP genes in the P. inflata genome. Phylogenetic analysis classi-
fied petunia TPS proteins into two clades and TPP proteins into three clades, consistent
with patterns observed in Arabidopsis and rice, etc. [10,11,13,15]. The close evolutionary
relationship between petunia and tomato TPS/TPP proteins suggests conserved functional
mechanisms within the Solanaceae family [41]. The diversity of exons and introns greatly
affects the way gene families evolve [42]. Analyzing the structure of genes can help eluci-
date their functions [43]. Notably, Class I TPS genes (e.g., Pa/PiTPS9-10) exhibited more
complex gene structures (17–19 exons) compared to Class II genes (3 exons), reflecting
potential functional specialization. Similarly, TPP genes displayed clade-specific structural
variations, with Class III genes (e.g., Pa/PiTPP5) showing fewer exons, possibly linked
to functional divergence. Conserved motif analysis further underscored functional diver-
sification. While most TPS proteins retained all 10 motifs, Pa/PiTPS9-10 lacked two key
motifs, suggesting potential functional redundancy or neofunctionalization. In contrast,
TPP proteins exhibited fewer motifs, with Pa/PiTPP2 having the least, indicating lineage-
specific evolutionary pressures. These structural variations likely trigger the functional
specialization of TPS and TPP proteins in stress responses.

We analyzed the promoter cis-acting elements and expression patterns with regard to
the TPS and TPP gene families under varying stress conditions, confirming their crucial
function in petunia growth and development, hormone regulation, and stress responses.
Cis-acting element analysis elucidates the regulation of TPS and TPP genes by hormone-
responsive (e.g., ABRE, AuxRR-core) and stress-related elements (e.g., TC-rich repeats,
LTR), implicating their roles in abiotic stress signaling. The abundance of light-responsive
elements suggests additional roles in photomorphogenesis, consistent with trehalose’s
involvement in carbon metabolism and energy homeostasis [44]. These regulatory fea-
tures provide a molecular basis for the stress-responsive expression patterns observed
in this study. Regulating TPS and TPP genes strengthens plants’ tolerance to abiotic
stress [12,17–20]. Our expression analysis under drought, heat, and salt stresses revealed
dynamic and stress-specific regulation of these gene families. In drought stress conditions,
most TPS and TPP genes were upregulated, with PaTPS4/9 and PaTPP3 emerging as early
responders. This rapid induction likely facilitates osmotic adjustment and cellular protec-
tion, consistent with trehalose’s role in stabilizing membranes and proteins under water
deficit [45,46]. Heat stress uniquely suppressed PaTPS1-2 and PaTPP1, while upregulating
other members, such as PaTPS4-5/9 and PaTPP3. The delayed induction of PaTPP3 (peak at
72 h) suggests a specialized role in long-term thermotolerance, possibly through trehalose-
mediated protein stabilization or reactive oxygen species (ROS) scavenging [47,48]. Salt
stress triggered significant upregulation of TPS genes, with PaTPS8 showing sustained high
expression, indicating its potential role in ion homeostasis and Na+ compartmentalization.
In contrast, the downregulation of PaTPP3/6 under salt stress may reflect a regulatory
mechanism to maintain T6P levels for signaling while limiting trehalose accumulation,
which could otherwise impose a metabolic burden [49,50]. While this study delineates the
expression dynamics of TPS/TPP genes under controlled abiotic stresses, future studies
are suggested to perform functional validation by virtue of CRISPR/Cas9-mediated gene
editing or overexpression approaches, aiming at interpreting their exact mechanisms in
stress adaptation.
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Abstract

Drought can limit plant growth. The ABRE binding factor (ABF) gene family is extensively
involved in multifarious bioregulatory processes in plants. However, kiwifruit has not yet
been systematically analyzed. This study analyzed the response of kiwifruit AcABF genes to
drought stress. Eleven AcABF genes were distributed on nine chromosomes and clustered
into three subfamilies with Arabidopsis AtABF genes, AcABF2, AcABF3, AcABF8, AcABF9,
and AcABF10, which have drought resistance functions, and AtABF1, AtABF2, AtABF3, and
AtABF4 were clustered in Group I. The structural domains of the nine ABF genes in Group I
were highly conserved, and the protein structures were highly similar. In the analysis of the
five AcABF genes in Group I, all of their cis-acting elements were related to ABA, the content
of ABA-like hormones was significantly increased after drought stress, and most of the
GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment
results were related to hormonal processes. A total of six AcABF genes were upregulated
under drought stress. qRT-PCR was performed to validate the AcABF genes of Group I. The
correlation coefficients of the results with the transcriptome data were all above 0.70, and
the expression level of ABA increased under drought treatment. These results indicated
that the five AcABF genes were positively correlated with ABA under drought stress and
that, by synthesizing ABA and facilitating the expression of ABF gene family members,
the tolerance of kiwifruit increased. These results provide a solid foundation for further
research on improving drought tolerance in kiwifruit.

Keywords: drought; Actinidia chinensis; ABF gene; ABA; qRT-PCR

1. Introduction
Actinidia chinensis is an edible berry that originated in China [1]. Various vitamins, min-

erals, amino acids, and other metabolites are believed to be beneficial to human health [2].
More than 90% of the world’s kiwifruit is exported from New Zealand and Chile, with
Italy exporting approximately 75% [3]. Kiwifruit has become one of the most popular
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fruits worldwide. ‘Hongyang’ kiwifruit, also known as red kiwifruit/red heart kiwifruit, is
characterized by a medium to the skin color is darker color; short cylindrical fruits with
greenish-brown, hairless skin; a very high sugar–acid ratio; and abundant anthocyanins. It
has been widely cultivated for its high economic value [4,5].

Drought is a widespread environmental stress in the environment that severely ham-
pers the growth and development of crops. Under drought stress, plant foliage will fall,
curl, and wither, and stems will also bend, resulting in slow plant growth [6,7] and even a
decrease in yield and quality, especially for major food crops such as wheat and corn, which
are the main limiting factors for global food security and crop productivity [8,9]. Kiwifruit
is relatively sensitive to arid environments, and many kiwifruit planting areas, including
China, often experience drought stress [10]. Drought stress is one of the most important
abiotic stresses affecting kiwifruit growth, development, and yield [11]. Plant drought
stress includes moderate drought (40–45% of field water holding capacity) and severe
drought (25–30% of field water holding capacity) [12]. The most obvious impact of drought
stress on plants is through accelerating the transpiration rate, reducing photosynthesis,
severely damaging the photosynthetic apparatus, reducing seed germination, and decreas-
ing nutrient absorption [13,14]. To cope with survival and adversity pressures, plants
must utilize a series of physiological and biochemical processes to adapt to environmental
stresses. These processes are mediated through the activation or inhibition of gene-specific
expression [15].

ABA (abscisic acid) is a plant hormone that accumulates under drought-induced os-
motic stress conditions and plays a vital role in stress response and tolerance [16,17]. During
plant growth, endogenous ABA content increase with unfavorable environmental condi-
tions; for instance, salt stress bring about an increase in ABA concentration, prompting the
activation of the ABA signaling pathway to alter downstream response of gene expression
in salt-stressed environments [18,19]. It also promotes seed dormancy, inhibits seed germi-
nation, promotes stomatal closure, regulates root development, promotes tissue abscission,
and defends against abiotic stressors such as drought, osmotic, and salt stress [20]. ABA
signaling modulates the accumulation of other adaptive responses, such as osmoprotectants
and antioxidants, in plants, further increasing their tolerance to drought [21].

The bZIP (basic region/leucine zipper motif) gene family has a large variety, percent-
age, and number of members [22]. Plant bZIP transcription factors are involved in the
regulation of processes including but not limited to defense against pathogens, light and
stress signaling, and seed and flower growth and development [23]. TFs (transcription
factors) constitute one of the gene-specific expression pathways that not only interact with
cis-acting elements but also activate or repress the specific expression of genes related to
environmental stresses to maintain normal plant life activities [24]. The ABF gene family
is a subfamily of ABA response element-binding factors and bZIP transcription factors in
plants. The ABF gene family plays crucial roles in ABA-dependent and ABA-independent
signaling pathways and has a variety of downstream target genes that participate in the
growth and development of plants and the response to adversity and stress [25,26]. ABF
upregulates ABA-regulated genes through binding to ABRE cis-acting elements [27,28].
The ABF gene family has been identified in some species through previous studies, and all
of these genes can act as crucial ABA signaling pathway transcription factors in response
to abiotic stressors, such as salt, drought, and low temperature [29]. For example, BnaABF2
identified in Arabidopsis enhances its tolerance to salt and drought via the modulation of
ABA-dependent stress signaling genes [30]. Most of the TaABF genes identified in wheat are
highly expressed and upregulated in various tissues under abiotic stress conditions, such
as low nitrogen, low temperature, and drought [31]. Many cis-acting elements have been
postulated in the ABF genes identified in three orchids, and ABA (ABRE) and ET (ERE)
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motifs were the most enriched among all the ABF genes [32]. All ten SlABF gene family
members identified in tomatoes are responsive to ABA, and SlABF3 demonstrated peak
sensitivity to salt stress and low-temperature stress, with concurrent activation observed in
SlABF5 and SlABF10 [25]. Eight CoABF genes have been detected and characterized in jute;
CoABFs are widely involved in hormone response elements, and the expression levels of
CoABF3 and CoABF7 show a positive correlation with ABA concentration under ABA treat-
ment [28]. However, few studies have investigated the changes in the expression profile of
the ABF gene family and ABA concentration occurring in kiwifruit under abiotic stress.

This study aimed to comprehensively investigate the members of the ABF gene family
of A. chinensis by identifying them; analyzing their physicochemical properties; performing
phylogenetic analysis; determining their gene structures and conserved motifs; performing
cis-acting element analysis, chromosomal localization, and GO (Gene Ontology) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) enrichment; and analyzing their expression
profiles and ABA contents under drought stress. This study lays the groundwork for
further understanding ABF gene evolution and function in A. chinensis.

2. Materials and Methods
2.1. Plant Material

In this study, A. chinensis cv. ‘Hongyang’ histocultured seedlings in the histocultivation
room of Southwest Forestry University were used as research materials. The best-growing
tissue culture-generated seedlings were selected for refinement and transplanted into
flower pots for cultivation. Finally, kiwifruit seedlings whose growth was similar to that of
the subsequent experimental materials were selected [33,34].

2.2. Data Acquisition

The kiwifruit (Hongyang v3) genomic data were downloaded from the Kiwifruit
Genome Database (KGB; https://kiwifruitgenome.org/, accessed on 1 May 2024) [35].
The conserved structural domain (PF00170) of the ABF transcription factor family was
retrieved from the Pfam database (https://www.ebi.ac.uk/interpro/entry/pfam/?search=
PF00170#table, accessed on 1 May 2024) [36]. The protein sequences and genomic data
of nine A. thaliana ABF gene families were obtained from the A. thaliana genome website
TAIR (https://www.Arabidopsis.org/, accessed on 1 May 2024) [28]. The genomic data of
rice and apple were downloaded from the genome database of rice, JGI (https://riceome.
hzau.edu.cn/, accessed on 1 May 2024), and the genome databases of Rosaceae, GDR
(https://www.rosaceae.org/, accessed on 1 May 2024), respectively.

2.3. Identification and Physicochemical Properties of the ABF in A. chinensis

Initially, HMMER v3.4 software’s hmmsearch tool was employed to identify sequences
within the A. chinensis genome that harbor conserved structural domains characteristic of
the ABF gene family (ID: to minimize the risk of false positives, we employed protein se-
quences with an E value below 1 × 10−20 as a filtering criterion, as detailed in reference [37]).
Next, the BLASTP module within the TBtools v2.154 suite was employed to perform a
sequence comparison of A. chinensis genome-derived protein sequences by aligning them
against the reference set of A. thaliana ABF gene family proteins. A comprehensive analysis
was conducted to compare the protein sequences of A. chinensis, which exhibited high simi-
larity (E value < 1 × 10−5) to those of the A. thaliana ABF gene family [38]. The hmmsearch
program of the HMMER software was applied to search the protein sequences of the con-
served structural domains (ID: PF00170) of the A. chinensis genomic protein data. A search
for conserved structural domains within the A. chinensis protein sequences was conducted
using the HMMER-based hmmsearch tool, which was applied to BLAST-identified data.
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The proteins whose sequences exhibited an E-value threshold of less than 1 × 10−5 were
selected for further analysis. In the final stage, the protein sequences derived from the two
preceding processes were integrated to generate a comprehensive profile of the ABF gene
family in A. chinensis. The structural domain of ABF was validated through the CDD tool
available on NCBI’s database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi,
accessed on 1 May 2024) as part of the NCBI sequence analysis. To isolate the ABF gene
family members from A. chinensis, researchers utilized a method that involved eliminating
non-existent or incomplete structural domains within the ABF gene. These genes were
assigned the designation AcABF1-AcABF11 based on their chromosomal locations and
were subsequently subjected to molecular weight analysis. To analyze the properties of the
protein, we will evaluate the number of amino acids present in the sequence, determine
the isoelectric point, calculate the stability coefficient, and assess hydrophobicity using the
online tool ProtParam (https://web.expasy.org/protparam/, accessed on 1 May 2024).

2.4. Multiple Sequence Alignment, Phylogenetic Analysis, and Three-Dimensional Structure
Analysis of Proteins

Initially, 11 A. chinensis AcABF gene sequences, which were identified through prior
research, were selected for pairwise sequence analysis and subsequent trimming using
TBtools v2.154. This process was conducted in conjunction with MEGA11.0 software
to refine the dataset [38]. Subsequently, phylogenetic trees were developed using the
maximum likelihood (ML) approach with MEGA11.0 software and the IQtree algorithm.
In conclusion, the evolutionary tree was constructed using the Chiplot tool (https://www.
chiplot.online/, accessed on 1 May 2024), which allows for the visualization and analysis of
phylogenetic relationships, and subsequently, the 11 A. chinensis ABF genes were classified
in accordance with the known gene clustering patterns observed in the A. thaliana species.

2.5. Gene Structure and Conserved Motif Analysis

To further analyze the gene structure and composition of the conserved motifs in
the A. chinensis ABF gene family, the gene structure of each gene was analyzed according
to the kiwifruit genome annotation file (GFF3) using TBtools v2.154 software [35]. The
conserved motifs contained in the A. chinensis ABF genes were also predicted via the online
motif prediction tool MEME (https://meme-suite.org/meme/, accessed on 1 May 2024).
Visualization was then performed using TBtools software.

2.6. Analysis of Promoter Cis-Acting Elements

Nucleotide sequences 2000 bp upstream of each A. chinensis ABF gene were ex-
tracted from the A. chinensis genome annotation file (GFF3) file using TBtools soft-
ware and analyzed for promoter cis-acting elements via the online software PlantCARE
(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/, (accessed on 1 May 2024)
for promoter cis-acting element analysis.

2.7. Chromosome Localization and Covariate Partitioning

The chromosomal positions of AcABF genes were mapped using TBtools based on
the A. chinensis genome annotation (GFF3 file). Subsequently, TBtools was used to extract
their genomic features (length, position, and density) and to analyze collinear relationships
among ABF family members (using the MCSanX plugin v4.1.0). For interspecies collinearity
analysis, GFF files and gene sequences of A. thaliana, rice (Oryza sativa), and apple (Malus
domestica) were downloaded from TAIR, JGI, and GDR, respectively, and analyzed using
TBtools v2.154.
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2.8. Transcriptome Sequencing and ABA Content Determination

In this study, 18 kiwifruit seedlings of uniform size were selected as experimental ma-
terials. The eighteen kiwifruit seedlings were divided into two groups of nine plants each,
of which nine plants were used as the control group, with the soil humidity maintained
at 80–85%, and were then divided into three groups numbered CK1, CK2, and CK3; the
other nine plants were subjected to drought treatment, where watering was discontinued
until the soil humidity reached 40–45% [12], and were subjected to drought stress for 72 h.
In addition to the drought treatment, the other nine plants were randomly divided into
three groups numbered T1, T2, and T3. Indices such as the plant height and leaf relative
water content were observed and recorded for each group. The leaves of each sample were
removed, stored in liquid nitrogen, and then transferred to Wuhan Maiwei Metabolism
Technology Co., Ltd. (Wuhan, China) for sequencing of the transcriptome and determina-
tion of the content of the phytohormone (ABA). After the transcriptome data were obtained,
the expression data were standardized to ensure comparability of the expression levels,
genes were clustered based on expression patterns, and heatmaps were drawn for visual
adjustment. After obtaining the metabolic data, the data were standardized, and p-values
were obtained using T-TST.

2.9. qRT-PCR Analysis

To further verify the expressions of the AcABF2, AcABF3, AcABF5, AcABF8, AcABF9,
and AcABF10 genes under drought stress, kiwifruit leaves grown at 80–85% soil moisture
were used as the control groups (CK1, CK2, and CK3), and kiwifruit leaves grown under
drought stress were used as the treatment groups (T1, T2, and T3). Total RNA from kiwifruit
leaves was extracted with the Plant RNA Extraction Kit (DP432) (Tiangen Biochemical
Technology (Beijing) Co., Ltd., Beijing, China) and reverse-transcribed into complementary
DNA (cDNA) using the FastKing RT Kit (KR116) (Tiangen Biochemical Technology (Beijing)
Co., Ltd., Beijing, China). Actin was used as an internal reference gene, and qRT-PCR
primers (Table S1) were designed using Primer 6.0. Standard RT-PCR was then performed
using a QIAGEN kit, with at least three replicates for each gene. All the data were processed
and analyzed using SPASS v21 software. The reaction system was a 10 µL total reaction
volume, and the mixture included 5 µL of 2× SYBR Green PCR Master Mix, 0.05 µL of QN
ROX Reference Dye (Applied Biosystems instruments only), 0.7 µL of Primer A, 0.7 µL of
Primer B, 2.55 µL of RNase-free water, and 1 µL of template gDNA or cDNA. The PCR
procedure was as follows: predenaturation at 95 ◦C for 2 min; denaturation at 95 ◦C for 5 s;
and annealing at 60 ◦C for 30 s, for a total of 40 cycles. Each gene was subjected to three
repeated tests. The ACTIN gene was used as an internal standard, and the quantitative
data were analyzed via the 2−∆∆CT method. The primers used for qRT-PCR are listed in
Supplementary Table S1.

3. Results
3.1. Identification and Physicochemical Properties of the ABF Gene Family in A. chinensis

On the basis of their positions on the chromosome, 11 ABF genes were ultimately
identified and named AcABF1–ACABF11 according to their locations. The aligned A.
thaliana ABF gene protein sequences were further analyzed with A. chinensis ABF protein
sequences, and the structures are shown (Figure 1, Table S2). The protein length of each
A. chinensis ABF gene varied widely, ranging from 50 (AcABF7) to 717 (AcABF6) amino
acids; the molecular weight varied from 10.63 (AcABF4) to 81.29 (AcABF6) kiloDalton
(kDa); the isoelectric point (pI) ranged from 8.42 (AcABF1) to 10.96 (AcABF4); the instability
index ranged from 37.51 (AcABF7) to 69.39 (AcABF10); and the lipolysis index ranged from
50.20 (AcABF7) to 84.81 (AcABF6). The physicochemical properties of the AtABF1, AtABF2,

174



Horticulturae 2025, 11, 715

AtABF3, and AtABF4 genes in A. thaliana and the AcABF2, AcABF3, AcABF8, and AcABF9
genes in kiwifruit are similar. It can be hypothesized that the A. thaliana AtABF1, AtABF2,
AtABF3, and AtABF4 genes have similar properties to the A. chinensis AcABF2, AcABF3,
AcABF8, and AcABF9 genes.

 

Figure 1. The physicochemical property analysis of the A. thaliana ABF genes and the Actinidia
chinensis ABF genes. The numbers in the heatmap indicate numerical values, with larger values being
darker; the outermost circle indicates the name of the gene, followed by the aliphatic index, instability
index, theoretical pI, and molecular weight (kDa).

3.2. Phylogenetic Analysis of the ABF Gene Family of A. chinensis

To understand the correlations among the ABF genes of different species, the amino
acid sequences encoded by 11 A. chinensis ABF genes and 9 A. thaliana ABF genes were
compared to construct a phylogenetic tree. The clustering results (Figure 2a) revealed
that according to the three ABF subfamilies of A. thaliana, the A. chinensis ABF genes were
also categorized into three subfamilies, and each subfamily included ABF genes from both
species. According to the gene data of each subfamily, the Group I subfamily had the
greatest number of genes (10), in which the number of genes of A. thaliana was the same
as that of A. chinensis, both with five genes; the number of genes in the Group II and
Group III subfamilies was the same (both with ten genes), and the number of genes in each
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subfamily was the same for both A. thaliana and kiwifruit. Kiwifruit also presented the
same percentage of genes in each subfamily: three A. thaliana genes and two A. chinensis
genes. Based on Figure 1, correlation analysis revealed that these genes may have similar
properties; the A. thaliana AtABF1, AtABF2, AtABF3, and AtABF4 genes and the A. chinensis
AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10 genes clustered together in subfamily
I, which increases the possibility that these genes have similar properties. The A. thaliana
AtABF1, AtABF2, AtABF3, and AtABF4 genes have all been shown to function in response
to drought via ABA, as revealed in previous studies [39–41]. These findings suggest that
AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10 may also have similar functions, such as
drought resistance.

Figure 2. Phylogenetic tree of the A. thaliana and A. chinensis ABF gene families. (a) Phylogenetic
tree plot constructed via the maximum likelihood (ML) method using 1000 replicated bootstrap
values, with different subgroups denoted by different colors; in the figure, red denotes subfamily
I, blue denotes subfamily II, green denotes subfamily III, red dots indicate AtABF genes that have
been functionally validated. (b) Plot of the number of A. thaliana and A. chinensis ABF genes in each
subclade, with light yellow-brown denoting subclade I, blue denoting subclade II, and red denoting
subclade III.

Proteins with similar structural sequences have conserved three-dimensional structures,
and conserved structural domains in different proteins have conserved functions. The protein
tertiary structures of AtABF1, AtABF2, AtABF4, AtABF3, AcABF2, AcABF3, AcABF8, AcABF9,
and AcABF10 were constructed using SWISS-Model 2022 software. The results (Figure 3)
revealed that the protein structures of the ABF genes of clade I were highly similar, having
α-helix consistency over 70% with very close ratios of α-helices, β-folds, elongated strands,
and free curls. These findings suggest that the structural domains of subclass I ABF proteins
from A. thaliana and kiwifruit are similar and have conserved functions.
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Figure 3. Protein tertiary structure diagrams of AtABF1, AtABF2, AtABF3, AtABF4, AcABF2, AcABF3,
AcABF8, AcABF9, and AcABF10. The upper row represents the protein tertiary structure diagrams
of A. thaliana AtABF1, AtABF2, AtABF4, and AtABF3; the lower row represents the protein tertiary
structure diagrams of kiwifruit AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10.

3.3. Analysis of the Gene Structure and Conserved Motifs of the A. chinensis ABF Gene Family

To characterize the amino acid sequence of the AcABF gene family, the gene composi-
tion of this protein sequence was analyzed via the MEME Suit 5.5.8 online tool. The results
are shown in Figure 4b. Conserved motifs 1 and 8 are highly conserved. Additionally,
all the AREB/ABFs from Group I are extremely similar except for AcBF10. However, the
same motifs have different positions in different protein sequences, which are presumed to
be related to the structure and function of this protein. Combined with the phylogenetic
tree of AcABF (Figure 2a), the motif distribution of members of the same subfamily also
showed some differences; for example, AcABF4, AcABF5, and AcABF7 belong to subfamily
II, but motif 3 appeared only in AcABF5, which might be caused by the differences between
transcription factor families under specific conditions. Similarly, in subfamily III, AcABF1
and AcABF6 differ by only one motif, 4. In subfamily III, AcABF1 and AcABF6 contain five
or more motifs, but AcABF11 has only two motifs, which is hypothesized to be due to the
unique evolutionary process related to this subfamily.

The distribution of conserved motifs in the AcABF gene family may also be influenced
by gene structure. The key to studying evolution within gene families is the distribution
of gene structure. Sequence comparison of the 11 AcABF genes and analysis based on
gene structure revealed (Figure 4c) that 9 of the 11 AcABF gene family members (AcABF2,
AcABF3, AcABF4, AcABF5, AcABF7, AcABF8, AcABF9, AcABF10, and AcABF11) were within
7.5 kb in length. The remaining two AcABF gene family members (AcABF1 and AcABF6)
were approximately 16 kb and 24 kb long, respectively. The difference in the number of
introns and exons of A. chinensis ABF genes was not large, with the number of introns
ranging from 1 to 8 and the number of exons ranging from 2 to 9. Among the AcABF
gene family members, AcABF6 not only had the longest gene length but also contained
the greatest number of introns and exons. These results suggest that different AcABF gene
family members may be functionally differentiated.
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Figure 4. Conserved motifs and gene structure maps of the A. thaliana AtABF1, AtABF2, AtABF3,
and AtABF4 genes and the A. chinensis ABF gene family. (a) Members of the A. thaliana AtABF1,
AtABF2, AtABF3, and AtABF4 genes and the A. chinensis ABF gene family. (b) A. thaliana AtABF1,
AtABF2, AtABF3, and AtABF4 genes and A. chinensis AcABF. Distribution of conserved motifs; the
motifs are indicated by colored boxes, and the black lines indicate the relative lengths of the proteins.
The ruler represents the length of the motif. (c) Exon-intron structure diagrams of the A. thaliana
AtABF1, AtABF2, AtABF3, and AtABF4 genes and the A. chinensis AcABF genes, with green denoting
the UTR, yellow showing the CDS, and the line segment in the center indicating the intron. The ruler
represents the length of the genes.

3.4. Analysis of the Promoter Cis-Acting Elements of the A. chinensis ABF Gene Family

To investigate the response mechanism of A. chinensis ABF genes, 11 promoter cis-acting
elements 2000 bp upstream of A. chinensis genes were predicted via the online software Plant-
CARE (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 1 May
2024). The results (Figure 5) revealed 177 cis-acting elements, which could be divided into
four categories: 80 light-responsive elements, 65 phytohormone-responsive elements, 26 en-
vironmental stress-responsive elements, and 6 plant-specific regulator-responsive elements.
The proportion of these elements, from largest to smallest, was as follows: light-responsive
elements (45%) > phytohormone-responsive elements (36%) > environmental stress-responsive
elements (15%) > plant-specific regulatory elements (7%). Among the phytohormone elements,
the main ones were ABA responsive elements, JA-responsive elements, and SA-responsive
elements. Among them, the class I subclade AcABF genes (AcABF2, AcABF3, AcABF8, AcABF9,
and AcABF10) all had ABA response elements, and the A. thaliana AtABF1, AtABF2, AtABF3,
and AtABF4 genes respond to drought stress through ABA, whereas the A. chinensis AcABF2,
AcABF3, AcABF8, AcABF9, and AcABF10 genes also have ABA responsive elements; thus, these
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five genes may also have similar drought resistance functions. Among the 11 AcABF gene
family members, the maximum number of individual cis-acting response elements was eight,
and the minimum was zero. Two genes, AcABF2 and AcABF9, had the maximum number
of eight light response elements, and AcABF5 also had the maximum number of eight MeJA
(methyl jasmonate) response elements. In summary, in addition to light-responsive elements,
54.8% of promoter-acting elements can regulate gene expression and material metabolism in
plants to increase their resistance and improve their maladaptability to adverse environments.

 

Figure 5. Cis-acting elements of A. chinensis ABF genes. (a) The number of cis-acting elements of each
ABF gene and the numbers in the heatmap boxes indicate the number of different elements in these
AcABFs; (b) the position of each cis-acting element.

179



Horticulturae 2025, 11, 715

3.5. Chromosomal Localization and Interspecific Covariance of the ABF Gene Family in A. chinensis

The results of chromosome localization revealed (Figure 6a) that the 11 ABF genes
of A. chinensis were unevenly distributed on nine chromosomes. In addition, the ABF
gene covariance among A. chinensis, rice, A. thaliana, and apple was also analyzed in this
study, and the results (Figure 6b) revealed that A. chinensis and A. thaliana presented the
greatest number of homologous gene pairs and that A. chinensis and rice presented the
smallest number of homologous gene pairs. These findings indicate that the evolutionary
relationship between the A. chinensis ABF and the A. thaliana ABF is relatively close and
that the evolutionary relationship between the A. chinensis ABF and the rice ABF is strong.

Figure 6. Chromosomal localization and covariance map of the ABF gene in A. chinensis. (a) Chromo-
somal localization map of the ABF gene in A. chinensis. (b) Covariance map between different species
of kiwifruit, rice, A. thaliana, and apple. The gray lines denote the duplicated blocks, whereas the
blue lines denote the covariant ABF gene pairs.

3.6. GO Function Enrichment Analysis

GO enrichment analysis helps to understand the various potential molecular functions
of gene-encoded proteins to understand the functions of genes. The DEGs (differentially
expressed genes) were analyzed via GO enrichment based on the transcriptome data to
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understand the regulatory role of A. chinensis genes under stress. The results (Figure 7)
present A. chinensis hormone processes under drought stress, such as GO:0009738 (ab-
scisic acid-activated signaling pathway), GO:0009725 (response to hormone), GO:0009755
(hormone-mediated signaling pathway), and GO:0032870 (cellular response to hormone
stimulus), among others. These results indicated that the biological processes associated
with hormones were closely related to drought stress in A. chinensis and that the expression
of all of these hormones was upregulated. The AcABF genes were annotated into three
categories: biological process, cellular component, and molecular function. Among the
biological process terms, most were related to hormone biological processes and osmoregu-
lation; among the cellular component terms, most were related to biofilms. These findings
suggest that ABF genes may adapt plants to adverse environments mainly by regulating
ABA hormone levels and regulating the osmotic potential within the cell body.

 

Figure 7. GO enrichment analysis plot of the AcABF genes. (a) GO functional enrichment of the
kiwifruit ABF gene; from the inside out, the 1st circle bar indicates the ratio of the number of
genes with significant AcABF differences enriched with the same GO term to the total number of
AcABF genes; the 2nd circle indicates the number of AcABF genes enriched with differences in
upregulation and downregulation of the GO term, with green denoting upregulation and yellow
denoting downregulation; the 3rd circle heatmap represents the total number of genes enriched with
the corresponding GO term; and the 4th circle represents the GO number, and different classifications
are indicated by different colors. (b) The name of the GO corresponding to the GO ID.
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3.7. Changes in the ABA Content in Kiwifruit Leaves Under Drought Stress

Abscisic acid (ABA) regulates plant growth and development and adaptation to
biotic and abiotic stresses. In this study, we determined the expression of abscisic acid
phytohormones in the drought stress and control groups, and the results revealed that the
expressions of ABA, ABA-GE (ABA-glucosyl ester), and ABA-ald (abscisic aldehyde) in
kiwifruit were significantly greater than in the control group after drought stress (Figure 8,
Table S3).

 

Figure 8. Comparative graphs of the physiological indices of A. chinensis histocultured seedlings in
the control and drought stress-treated groups. (a) ABA; (b) ABA-ald (abscisic aldehyde); (c) ABA-GE
(abscisic acid glucose ester); (d) ACC (desmotropic enzyme); CK: control group; T: treatment group;
p-value obtained through hypothesis testing; ** denotes a p-value < 0.01.

3.8. KEGG Enrichment of the ABF Gene Family in A. chinensis Under Drought Stress

KEGG enrichment analysis was performed under drought stress to understand the
biological function of AcABF genes under drought stress. KEGG enrichment analysis
(Figure 9) revealed that the AcABF2, AcBF3, AcABF8, AcABF9, and AcABF10 genes encode
ABF genes in the ABA signaling pathway. ABA response elements were found in 2000 bp
in all five AcABF genes. Under drought stress, carotenoid biosynthesis occurs through
multiple conversions to form abscisic acid (ABA), which is transported to the ABA receptor
PYR/PYL, which directly inhibits PP2C-type protein phosphatases in the presence of
ABA, thereby inhibiting SnPK2 protease activity. The inhibition of SnPK2 protease activity
promotes the expression of ABF-binding factors, which facilitate the closure of leaf stomata,
thereby increasing plant tolerance to drought stress. These findings confirm that the A.
chinensis AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10 genes activate relevant drought
tolerance functions in response to ABA.
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Figure 9. KEGG signaling pathway map of ABF (AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10)
genes. Carotenoid biosynthesis, abscisic acid (ABA); PYR/PYL: ABA receptor; PP2C: phosphatases
of type 2C; SnPK2: related protein kinase 2. Two solid gray lines represent the cell membrane, solid
arrows represent activation, dashed arrows represent indirect effects, dashed arrows represent state
changes, straight lines represent binding, circles represent chemical compound, DNA and other
molecule, and dashed lines represent inhibition. The four rectangles represent the complex.

3.9. Expression Pattern and qRT-PCR Analysis of ABF Family Members in A. chinensis Under
Drought Stress

Transcriptome sequencing was performed on kiwifruit leaves to understand the
expression patterns of AcABF genes under drought stress; kiwifruit seedlings grown at
80–85% soil moisture were used as controls, and kiwifruit seedlings grown at 40–45% soil
moisture for 72 h composed the experimental group. The results (Figure 10a, Table S4)
revealed that eight AcABF genes were expressed under drought stress compared with the
control (CK), and six genes (AcABF2, AcABF3, AcABF7, AcABF8, AcABF9, and AcABF10)
were upregulated, suggesting that the AcABF genes may be positively regulated through
positively regulating the effects of drought stress on kiwifruit, thus maintaining its life
activities.

Figure 10. Heatmap of AcABF gene expression under drought stress and qRT-PCR results for five
AcABF genes. (a) Heatmap of AcABF gene expression under drought stress; (b) qRT-PCR results of
five AcABF genes; CK denotes the control; and T denotes drought stress for 72 h. **: p < 0.01.
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To further confirm the accuracy of the transcriptome data, five AcABF genes whose tran-
scriptome data were significantly different and designated in the ABA pathway were selected
for qRT-PCR verification. The results (Figure 10b, Table S5) revealed that the expressions of
AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10 were upregulated and that the differences
were highly significant after drought stress compared with those of the control (CK). When
we analyzed the correlation between the fragments per kilobase per million (FPKM) values
and the qRT-PCR results from the transcriptome data (Table S6), the correlation coefficients
were greater than 0.7, which indicated a strong correlation between the qRT-PCR results and
the transcriptome data. These results confirmed the accuracy of the transcriptome data and
verified the reliability of the differential genes in the transcriptome data. Moreover, these
AcABF genes are crucial genes involved in the response of kiwifruit to drought stress.

4. Discussion
Kiwifruit is an important economic crop. Nonbiological stress can significantly reduce

product quality and cause economic losses. Therefore, exploring the survival strategies and
underlying coping mechanisms of kiwifruit is particularly important. Studies have shown
that the AREB/ABF subfamily of the bZIP gene family can play an important role in plants
under abiotic stress [29,42,43]. However, information about their properties and functions
in kiwifruit, especially how they respond to drought stress, remains unclear.

In this study, we identified the ABF gene family in A. chinensis. The similarity of the A.
chinensis gene family members AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10 with the
A. thaliana genes AtABF1, AtABF2, AtABF3, and AtABF4 with drought resistance functions
was predicted via comparative analysis, and it was hypothesized that the A. chinensis
AcABF2, AcABF3, AcABF8, AcABF9 and AcABF10 genes may have drought resistance
functions. We also analyzed the expression patterns of the ABF gene, i.e., the AcABF gene,
in A. chinensis under drought stress and the hormone (ABA) content of A. chinensis seedlings
under drought stress, which can be used as a reference for the subsequent screening of
drought resistance genes in kiwifruit and other related studies.

In this study, 11 ABF genes were identified in A. chinensis. However, nine ABF
genes were identified in A. thaliana [44], ten in tomato [27], eight in jute [28], and nine
in sweet potato [39], indicating that the number of ABF genes is independent of the
genome size of different species. The Chinese kiwifruit AcABF gene family was categorized
into three subfamilies based on the phylogenetic tree, and Arabidopsis AtABF1, AtABF2,
AtABF3, and AtABF4 belong to the same subfamily as Chinese kiwifruit AcABF2, AcABF3,
AcABF8, AcABF9, and AcABF10, assuming that AtABF1, AtABF2, AtABF3, and AtABF3
have functions similar to those of AcABF2. AtABF1, AtABF2, AtABF3, and AtABF4 [39–
41] in the annual herb A. thaliana and GmABF3 in soybean [45]; OsABF2 and OsABF3 in
the aquatic graminaceous plant rice increased the drought tolerance of the plants [46];
and the upregulation of TaABF2 and TaABF3 was induced by drought stress in cereal
crop wheat, suggesting that the majority of species [44]. These findings indicate that the
ABF2 and ABF3 genes of most species have the same function in response to drought
stress. Notably, soybean GmABF8 not only responds to drought stress but also increases its
expression under osmotic stress together with GmABF9 [47]; the relative expression levels
of tomato SlABF8, SlABF9, and SlABF10 are upregulated under osmotic stress as well as
salt stress, presumably because of the slight differences in the function of the ABF genes
in different species [25]. The upregulation of SlABF8, SlABF9, and SlABF10 in tomatoes
under salt stress was presumably due to slight differences in the functions of ABF genes in
different species. The conserved motifs of AcABF3 in kiwifruit were consistent with those of
AcABF9, and there were only small differences between AcABF2 and 8, so perhaps AcABF8
and AcABF9 not only have similar functions but also have some special functions. In
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contrast, AcABF10 has a large gap with the other genes of the family I; however, AcABF10
may still have specialized functions. Lu et al. reported that tea tree CsABF2, CsABF8,
and CsABF11 are key transcription factors for drought tolerance, whereas the conserved
structural domains of CsABF9 and CsABF10 are significantly different from the conserved
structural domains of the other transcription factors but still strongly expressed under
drought stress conditions [48]. It may even function only as a drought suppressant in
kiwifruit.

Gene structure analysis revealed that the difference in the number of introns in each
of the A. chinensis AcABF genes was small, with the number of introns in each of the
11 AcABF genes ranging from 1 to 8. This gene is similar to the ABF gene in orchids [32],
poplars [49], and carrots [50]. The gene structures of the ABF genes in clade I are highly
similar to the conserved motifs, which further suggests that the more similar the genes are
in evolution, the more similar they are in function, thus helping to screen for functionally
similar ABF genes. For example, the 13 TaABF genes in wheat are regulated by 11 known
miRNAs and play important roles in abiotic stress resistance, such as drought and salt
stress [31]; the overexpression of PtrABF in tobacco enhances tolerance to dehydration
shock and prolonged water stress (drought) [51]; the family of CsABF genes in tea trees
regulates downstream genes by modulating them and generating a resistance response,
such as the drought expression levels of CsABF2, CsABF8, CsABF9, and CsABF13, which are
significantly upregulated under treatment; CsABF6 and CsABF7 are notably upregulated
under cold stress treatment for part of the period; and CsABF1, CsABF6, and CsABF9 are
elevated under salt stress treatment, with CsABF6 reaching the highest expression at the
48 h level [48]. It can be hypothesized that AcABF genes play important roles in regulating
abiotic stresses, including drought stress.

Promoter cis-acting elements are crucial for transcription and gene expression regula-
tion in plants. In this study, a variety of resistance-related cis-acting elements were identified
in the 2000 bp sequence upstream of the A. chinensis ABF gene. Among them, the phyto-
hormone response elements were the most abundant, mainly methyl jasmonate (MeJA),
ABA, salicylic acid (SA), growth hormone and gibberellin-related response elements, which
suggests that the expression of AcABF genes under drought stress may be related to these
hormones; among them, all genes in group I have ABA response elements, indicating that
the AcABF genes of group I may be involved in the ABA transduction process. This finding
is consistent with the findings concerning AREB/ABF genes and ABA [28,43,52]. Studies
have shown that the bZIP (ABF) family is vital for the regulation of secondary metabolism,
such as jasmonic acid (JA), carotenoids, and abscisic acid (ABA) [53–57]. Both MeJA and
ABA can stimulate the expression of plant defense genes, inducing chemical defenses and
some physiological and functional stress responses in plants [58–61]. Arabidopsis AtABF can
be induced by light, ABA, and stress [43,62,63]. Potato StABF1 can be induced by ABA,
drought, cold, and salt stresses to act as a homeopathic element [64], and the expression of
orchid ABF genes correlates with ABA, JA, and ET [32]. ABA, MEJA, and SA have been
shown, by previous researchers, to initiate their own defense responses during mechanical
damage and pathogen invasion, and eventually, plants achieve rebalancing of the intracel-
lular environment under stress conditions through the expression of stress-related genes,
secondary metabolic shifts, and the accumulation of antioxidants to achieve the ability to
survive and, thus, improve the resistance of the plant [65,66]. The above analyses mutually
confirmed that ABF genes contribute to drought tolerance in kiwifruit. GO enrichment anal-
ysis helped elucidate the biological processes in which the AcABF gene family is involved,
and the results revealed that these genes are involved mainly in biological processes, which
are closely related mainly to hormones and plant resistance, and the results of the analyses
further corroborated the above results.
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Studying the expression patterns of relevant genes based on transcriptomic data is a
new approach. In this study, we analyzed the expression patterns of kiwifruit ABF genes
under drought stress. All 11 AcABF genes presented differential changes in expression
under drought stress, and 6 genes were significantly upregulated (Figure 10a). Among the
significantly upregulated genes, five, which were clustered in the same subfamily as the
A. thaliana ABF genes with clear drought resistance functions, were selected for qRT-PCR
validation in conjunction with the above conjecture validation. The correlation between the
results of qRT-PCR and the results of transcriptome sequencing was high, confirming the
accuracy of the transcriptome data and verifying the reliability of the transcriptome data
with the DEGs (Figure 10b). These DEGs were able to respond to kiwifruit drought stress.

ABA is key in the abiotic stress response [36]. ABA accumulates to varying degrees
and can mediate abiotic stress through selective splicing when plants are subjected to
environmental stressors such as drought, salinity, and extreme temperatures [36,67,68].
Therefore, when plants are subjected to drought stress for a long period of time, they
can be maintained by increasing the level of ABA and inducing defoliation, for example.
The presence of some genes under short-term environmental stress can contribute to the
maintenance of carotenoid homeostasis and accumulation, protect plants from environmen-
tal stress, and improve their tolerance to environmental stress by controlling carotenoid
biosynthesis [69]. In this study, the ABA content in kiwifruit leaves under drought stress
was determined (Figure 8). The results revealed that the ABA content in kiwifruit leaves
significantly increased under drought stress.

ABA synthesis occurs through the carotenoid pathway [70]. It is also one of the most cru-
cial hormones in the plant’s response to stress, and it plays a vital role in various physiological
processes of the plant’s life cycle and response to biotic and abiotic stresses [70–72]. These
findings suggest that under abiotic stress, plants synthesize ABA in various organs and initiate
defense mechanisms to regulate the stomatal aperture and the expression of defense-related
genes, thereby conferring resistance to environmental stress [73]. Plants synthesize ABA
through the carotenoid pathway, and when plants are subjected to drought stress, dehydrated
roots increase their water absorption capacity by synthesizing ABA, thereby inhibiting lat-
eral root growth and promoting deep root production [74]. ABA enhances plant drought
tolerance by regulating stomata; reducing water loss, such as transpiration; increasing plant
water use efficiency; and activating ABA-dependent gene regulatory networks [75]. ABA
response element-binding factor (ABRE binding factor (ABF)) is a downstream target gene
for ABA-dependent pathways [76]. The expression of the ABF binding factor promotes leaf
stoma closure, increasing plant tolerance to drought stress.

Abscisic acid (ABA) regulates many crucial processes in plant development and
adaptation to biotic and abiotic stresses. Under stress conditions, plants synthesize ABA
in various organs and initiate defense mechanisms, such as the regulation of the stomatal
aperture and the expression of defense-related genes [73]. The drought-induced increase in
ABA in plant cells is synthesized mainly by defense cells through the carotenoid pathway,
and the accumulated ABA is sensed by the receptor pyrabactin (PYR/PYL). The binding
affinity of ABA-PYR/PYL is regulated by phosphatases (PP2Cs), which are considered
ABA coreceptors, and PP2Cs play a negative role in ABA signaling through the inhibition of
downstream targets [77]. ABA signaling plays a negative role in ABA signaling [78]. ABA-
bound receptors form a complex with the plant protein phosphatase 2C phosphatase of type
2C (PP2C), which deregulates the inhibitory effect of PP2C on the related protein kinase 2
(SnRK2) protein kinase [78]. SnRK2 is then phosphorylated via autophosphorylation or
other protein kinases (e.g., Raf-like MAPKKK). The phosphorylated state of SnRK2 activates
the transcription factor ABA responsive element-binding factors (AREB/ABFs) through
phosphorylation, thereby regulating various transcriptional and posttranslational levels

186



Horticulturae 2025, 11, 715

of physiological responses, such as seed maturation, leaf genesis, stem cell maintenance,
stomatal movement, photosynthesis, carbon translocation, bud dormancy, flowering, fruit
maturation, and senescence [79]. Kang et al. [80] and others have shown that overexpression
of the AtABF3 and AtABF4 genes enhances tolerance to drought stress in Arabidopsis. Based
on the phylogenetic tree, KEGG enrichment analysis, transcriptional data, and expression
of ABA in the leaves of rhesus macaques after drought stress in this study, as well as [78]
the coevolution of hormone metabolism and signaling networks, expanded plant adaptive
plasticity, we can speculate a mechanistic model diagram of AcABF (AcABF2, AcABF3,
AcABF8, AcABF9, and AcABF10) genes involved in ABA signaling to increase drought
tolerance in kiwifruit (Figure 11). Under drought stress, kiwifruit may synthesize large
amounts of ABA through the carotenoid pathway, and ABA binds to receptors (PYR/PYL);
inhibits the activities of PP2C-type protein phosphatase and SnPK2 protease; promotes the
expression of ABF, an ABA transcription factor; and then promotes the closure of stomata
in kiwifruit leaves to increase drought stress tolerance. The above is only speculation, and
further transgenic experiments and measurements of ABA content and stomatal closure in
transgenic plants are needed to prove this speculation.

 

Figure 11. Putative map of the ABA signaling model involving ABF (AcABF2, AcABF3, AcABF8,
AcABF9, and AcABF10) genes. ABA: abscisic acid; PYR/PYL: ABA receptor; PP2C: phosphatases of
type 2C; SnPK2: sucrose nonfermenting 1-related protein kinase 2.

5. Conclusions
In this study, 11 AcABF genes were identified from the A. chinensis genome and

phylogenetically categorized into three subfamilies, and members of these gene families
were unevenly distributed on nine chromosomes. GO enrichment and cis-acting element
analysis revealed that the AcABF genes were associated with ABA synthesis and metabolic
pathways. Nine AcABF genes were expressed under drought stress, and six AcABF genes
were DEGs. The qRT-PCR results strongly correlated with the transcriptome data, with
correlation coefficients greater than 0.7. The contents of ABA phytohormones such as ABA,
ABA-ald, ABA-GE, and ACC significantly increased, indicating that A. chinensis synthesizes
a large amount of ABA to increase its tolerance to drought. Based on KEGG enrichment,
AcABF2, AcABF3, AcABF8, AcABF9, and AcABF10 were enriched in the ABA signaling
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pathway and identified as binding factors of ABA response elements. The mechanism by
which the kiwifruit ABF gene family responds to drought stress involves increasing the
content of ABA in plants by promoting the expression of the ABA transcription factor ABF
to increase the tolerance of these plants to drought stress.
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Abstract

Clubroot disease, caused by the soil-borne pathogen Plasmodiophora brassicae, poses a
severe threat to the global production of Brassicaceae crops, including radish (Raphanus
sativus L.). Although resistance breeding is an important method for sustainable disease
management, the molecular mechanism underlying clubroot resistance remains elusive in
radish compared to other Brassicaceae species. In this study, 52 radish inbred lines were
screened for disease responses following P. brassicae inoculation, with the resistant line T6
and the susceptible line T14 selected for transcriptome analysis. RNA-Seq was performed
at 10, 20, and 30 days post inoculation (DPI) to elucidate transcriptional responses. The
susceptible line T14 exhibited a higher number of differentially expressed genes (DEGs)
and persistent upregulation across all time points, indicating ineffective defense responses
and metabolic hijacking by the pathogen. In contrast, the resistant line T6 displayed
temporally coordinated defense activation marked by rapid induction of core immune
mechanisms: enhanced plant–pathogen interaction recognition, MAPK cascade signaling,
and phytohormone transduction pathways, consistent with effector-triggered immunity
priming and multilayered defense orchestration. These findings indicate that resistance
in T6 could be mediated by the rapid activation of multilayered defense mechanisms,
including R gene-mediated recognition, MAPK-Ca2+-ROS signaling, and jasmonic acid (JA)
pathway modulation. The outcomes of this study would not only facilitate clarifying the
molecular mechanism underlying clubroot resistance, but also provide valuable resources
for genetic improvement of clubroot resistance in radish.

Keywords: radish; clubroot disease; transcriptome analysis; plant–pathogen interaction;
resistance gene

1. Introduction
Radish (Raphanus sativus L.), a member of the Brassicaceae family, is an economically

significant vegetable crop cultivated globally, particularly in Asian agroecosystems [1].
As a versatile crop, various radish types contribute substantially to global vegetable pro-
duction and agricultural economies [2]. Nutritionally, radish is recognized as an essential
component of human diets due to its high dietary fiber content, abundance of water-soluble
vitamins (such as vitamin C), and valuable mineral profiles, including potassium and
calcium [3,4]. Beyond basic nutrition, radish roots and leaves contain various bioactive
compounds, notably glucosinolates and phenolic compounds, which are associated with
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antioxidant and health-promoting properties [5–7]. Furthermore, Semen Raphani, recorded
in the Chinese Pharmacopoeia (2015 edition), consists of the dried seeds of radish, with
therapeutic applications for digestive ailments, including indigestion and gastric pains [8].
Otherwise, the radish is also used as a household remedy for gallstones, liver diseases,
rectal prolapse, and other diseases in Unani, Greco-Arabic, and Indian medicine [9]. There-
fore, radish holds an important position in human livelihoods due to its multifaceted roles
in dietary nutrition, therapeutic applications, and agricultural systems.

Despite its agronomic and medicinal importance, radish production faces a critical
threat from clubroot disease, caused by the obligate biotrophic plasmodiophorid protist P.
brassicae [10,11]. This pathogen exhibits a complex life cycle involving the primary infection
of root hairs and secondary infection of the root cortex, leading to the characteristic gall
formation, and produces highly persistent resting spores that can remain viable in soil for
over a decade, making eradication extremely difficult [12,13]. The historical origins of club-
root can be traced back to its initial identification on the west coast of the Mediterranean
Sea in 1737 [14]. Subsequently, this pathogenic agent has disseminated globally, especially
exhibiting a particular affinity for temperate regions and locations characterized by weakly
acidic soils [15]. Moreover, the intensified and continuous cultivation practices applied
to Brassicaceae crops have accelerated the widespread dissemination of clubroot, trans-
forming it into a profoundly impactful soil-borne disease on a global scale [16]. Clubroot
induces large root galls that impair plant growth and reduce both the yield and quality
of economically important crops such as Chinese cabbage, cabbage, rapeseed, and radish.
For instance, in Canada in 2005, canola yield losses reached as high as 50%, while annual
yield losses of 20–30% have been reported for Brassicaceae crops in China [17,18]. Beyond
yield implications, clubroot exerts a discernible influence on crop quality, with documented
reductions in seed oil content by 2–6% in oil crops [19]. The persistent nature of P. brassicae
resting spores in soil poses a long-term challenge for sustainable agriculture, demanding
effective and durable management strategies.

Currently, managing clubroot disease remains a significant challenge in Brassicaceae
crops. Traditional methods such as crop rotation have limited efficacy due to the longevity
of resting spores [20]. Soil pH adjustment through liming can reduce disease severity,
but it is not always practical or sufficient. Chemical control using fungicides has shown
limited success and raises environmental concerns [21]. Consequently, developing and
cultivating clubroot-resistant cultivars is considered the most effective strategy for pre-
venting and controlling this devastating disease. In recent years, significant progress has
been made in identifying and mapping clubroot resistance (CR) genes/loci in several
Brassica species. Numerous quantitative trait loci (QTLs) and resistance genes, such as CRa,
CRb, and WeiTsing, have been characterized in Brassica rapa (Chinese cabbage, turnip) and
Brassica oleracea (cabbage, broccoli, cauliflower), providing valuable resources for resistance
breeding in these crops [22–26]. However, compared to these species, the molecular basis of
clubroot resistance in radish remains poorly understood. Although several QTLs (e.g., Crs1,
RsCr6) [27–29] have been identified, the functional genes conferring resistance have yet to
be characterized, which limits the application of marker-assisted selection and gene editing
in resistance breeding.

RNA-Seq has emerged as a powerful tool to systematically investigate gene expres-
sion dynamics during plant–pathogen interactions. Transcriptomic analysis enables the
identification of DEGs and regulatory networks activated upon pathogen infection, thereby
providing insights into resistance mechanisms and candidate resistance genes. In the
context of plant immunity, key defense responses are often associated with the activation
of specific metabolic and signaling pathways. Notably, the plant–pathogen interaction
pathway, MAPK cascades, and plant hormone signaling are critical in initiating and co-

193



Horticulturae 2025, 11, 777

ordinating immune responses [30,31]. Additionally, secondary metabolic pathways such
as the phenylpropanoid biosynthesis pathway contribute to cell wall reinforcement and
the synthesis of antimicrobial compounds [32,33], while calcium signaling and reactive
oxygen species production further mediate rapid local defense responses [34,35]. In this
study, we performed a comparative transcriptomic analysis of resistant (T6) and susceptible
(T14) radish inbred lines at three time points following inoculation with P. brassicae. By
characterizing global gene expression profiles and enriched pathways, this study aimed to
uncover the molecular basis of clubroot resistance in radish and to identify key genes and
regulatory mechanisms involved in defense responses. These findings provide valuable
insights into the molecular basis of clubroot resistance in radish and lay the foundation for
the genetic improvement in radish breeding programs.

2. Materials and Methods
2.1. Plant Materials and P. brassica Inoculation

Totally, 52 inbred lines collected from our laboratory germplasm repository were se-
lected for clubroot resistance evaluation. Ten plants per line were grown in 50-well plastic
trays filled with a sterilized growing medium consisting of vermiculite, peat moss, and soil
in a 1:1:1 ratio. The plants were maintained in a controlled growth chamber at 25/20 ◦C
(day/night) with a 16/8 h photoperiod. The investigation of clubroot disease was carried
out 4 weeks post-inoculation. The pathogen isolation protocol, inoculation methodology,
and disease index (DI) calculation for P. brassicae suspension preparation followed estab-
lished procedures described in the previous study [28]. Briefly, the concentration of resting
spores was determined using a hemocytometer and adjusted to 1 × 107 spores/mL for
inoculation. Ten days after sowing, each seedling was inoculated by injecting 1 mL of
the spore suspension into the soil near the root. The disease index (DI) was assessed four
weeks post-inoculation based on a 0–4 scale as follows: 0, no galling; 1, a few small galls
on lateral roots; 2, moderate galling on lateral roots or main root; 3, numerous galls on the
main roots; and 4, clubroot rot or plant death.

To elucidate the molecular mechanisms underlying clubroot resistance following P.
brassicae inoculation in radish, transcriptome analysis was performed. Based on the initial
screening, lines exhibiting contrasting phenotypes (susceptible and resistant) were selected
for further analysis. The experimental design included parallel treatments where both
resistant and susceptible lines were inoculated with P. brassicae at 10 days post-sowing, with
corresponding mock controls treated with distilled water. To systematically capture the
molecular responses during disease progression and resistance activation, a total of 36 root
samples were collected from susceptible and resistant lines at 10, 20, and 30 DPI following
either pathogen inoculation or mock treatment. Each sample consisted of three roots
pooled from three plants. Three independent biological replicates were included for
each treatment (inoculated and mock-inoculated) and each time point. All samples were
immediately immersed in liquid nitrogen and stored at −80 ◦C until further processing for
RNA extraction and sequencing or RT-qPCR analysis.

2.2. RNA Extraction and Sequencing

Total RNAs for transcriptome sequencing were extracted using the Eastep® Super Total
RNA Extraction Kit (Promega Co., Ltd., Shanghai, China) following the manufacturer’s
protocol. For transcriptome sequencing, mRNA was purified from total RNA using poly-
T oligo-attached magnetic beads. The purified mRNA was then fragmented and used
as a template for first-strand cDNA synthesis with random hexamer primers, followed
by second-strand cDNA synthesis. The resulting cDNA fragments were subjected to
end-repair, A-tailing, and adapter ligation. After PCR amplification, the final cDNA
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libraries were constructed. The library construction and sequencing were performed
by Annaroad Gene Technology Co., Ltd. (Beijing, China) on an Illumina NovaSeq 6000
platform, generating 150 bp paired-end reads.

2.3. Analysis of the RNA-Seq Data

Raw sequencing data underwent FastQC (v0.11.9) [36] quality evaluation, examin-
ing per-base scores, adapter content, and duplication rates. Filtering via fastp (v0.23.2;
defaults) [37] included trimming low-quality bases (Q < 20), removing adapters, and dis-
carding reads <36 bp, producing clean reads validated through post-filtering FastQC. Using
HISAT2 (v2.2.1) [38], processed reads were aligned to the radish genome [39], generating
BAM-formatted alignments. Gene quantification was performed using featureCounts
(v2.0.1; Subread) [40] with GTF annotations. FPKM normalization was used to compensate
for variations in transcript length and sequencing depth. DEGs were identified using
DESeq2 (v1.34.0) [41] with a negative binomial model (|log2FC| ≥ 1, adjusted q ≤ 0.05).
KEGG pathway analysis was performed using clusterProfiler (v4.2.2) [42] with functional
enrichment adjusted by the Benjamini–Hochberg correction.

2.4. Real-Time qPCR Analysis

To evaluate the accuracy of transcriptome data, quantitative RT-qPCR analyses were
performed. The RT-qPCR primers were designed based on the available radish sequence
information (Supplementary Table S1). The RT-qPCR analysis was performed using the
CFV96™ Real-Time System (Bio-Rad, Berkeley, CA, USA) and the SYBR Green Supermix
(Transgen, Beijing, China). The PCR program was as follows: 95 ◦C for 3 min, 39 cycles of
95 ◦C for 15 s, and 58 ◦C for 20 s. Data were acquired during the annealing/extension step
and were analyzed using the CFX Manager software (version 2.1) (Bio-Rad). Three repli-
cates of each sample were analyzed, and mean gene expression levels were normalized
against 18S rRNA levels.

3. Results
3.1. The Investigation of the Resistance to P. brassicae in 52 Radish Lines

Based on the phenotypic evaluation of clubroot resistance (Table 1), six radish lines (T6,
T11, T30, T35, YZ-8, and YZ-11) were identified as completely resistant, as they exhibited
normal growth without any clubroot symptoms. In contrast, seven lines (T7, T8, T14, YZ-6,
YZ-18, YZ-20, and YZ-21) displayed severe clubroot symptoms, including extensive galling
on both taproots and lateral roots, stunted plant growth, and leaf yellowing, and were
classified as completely susceptible. The remaining 39 lines showed intermediate levels
of susceptibility, with varying degrees of root galling and reduced growth compared to
the control. To investigate the molecular mechanisms underlying clubroot resistance, lines
T6 and T14 (Figure 1), representing the resistant and susceptible phenotypes, respectively,
were selected for further transcriptome analysis.

Table 1. Disease index of 52 radish lines after inoculation with P. brassicae.

Name Plant NO. a DI b Phenotype c Name Plant NO. DI Phenotype

T1 10 3.40 ± 1.34 S 19_12 9 1.33 ± 0.82 S
T2 10 0.67 ± 1.63 S 19_16 10 3.83 ± 0.41 S
T3 10 2.00 ± 2.83 S MYB01 9 1.80 ± 1.48 S
T5 10 3.17 ± 1.60 S MYB02 10 3.60 ± 0.89 S
T6 9 0.00 ± 0.00 R YZ-1 10 3.22 ± 1.39 S
T7 10 4.00 ± 0.00 S YZ-2 10 2.27 ± 1.74 S
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Table 1. Cont.

Name Plant NO. a DI b Phenotype c Name Plant NO. DI Phenotype

T8 9 4.00 ± 0.00 S YZ-3 8 3.40 ± 1.26 S
T9 10 2.67 ± 2.07 S YZ-4 10 3.10 ± 1.66 S
T10 8 3.25 ± 1.50 S YZ-5 10 2.88 ± 1.81 S
T11 10 0.00 ± 0.00 R YZ-6 10 4.00 ± 0.00 S
T13 10 2.25 ± 1.71 S YZ-7 10 3.83 ± 0.41 S
T14 10 4.00 ± 0.00 S YZ-8 10 0.00 ± 0.00 R
T15 10 2.00 ± 1.90 S YZ-9 10 1.23 ± 1.92 S
T16 10 2.83 ± 1.47 S YZ-10 9 2.88 ± 1.81 S
T17 10 3.60 ± 0.55 S YZ-11 10 0.00 ± 0.00 R
T20 8 3.50 ± 1.00 S YZ-12 10 2.62 ± 1.76 S
T21 10 3.20 ± 1.79 S YZ-13 9 2.14 ± 1.68 S
T22 9 3.40 ± 1.34 S YZ-14 10 3.82 ± 0.60 S
T23 10 2.67 ± 2.07 S YZ-15 10 3.86 ± 0.38 S
T24 10 0.20 ± 0.45 S YZ-16 9 2.56 ± 1.51 S
T25 9 0.80 ± 1.79 S YZ-17 10 3.40 ± 0.97 S
T26 10 0.20 ± 0.45 S YZ-18 9 4.00 ± 0.00 S
T30 9 0.00 ± 0.00 R YZ-19 10 3.43 ± 1.13 S
T31 10 0.83 ± 1.60 S YZ-20 9 4.00 ± 0.00 S
T33 9 0.67 ± 1.63 S YZ-21 10 4.00 ± 0.00 S
T35 10 0.00 ± 0.00 R YZ-22 10 3.17 ± 1.33 S

Note: a The number of plants used in the experiments was consistent across each radish line; b DI: disease index;
c R: resistance; S: susceptible.

 

Figure 1. The root phenotypes of T14 and T6 at 30 days after P. brassica inoculation.

3.2. Sequencing Data Analysis

To obtain a global view of the transcriptomic changes of the radish plants in response
to P. brassica infection, the expression profiles of pathogen-infected radish samples were
compared to those of the mock-inoculated control plants by high-throughput sequencing.
The RNA-Seq generated between 43,088,690 and 49,731,344 raw reads for the P. brassicae
infected group and between 42,013,050 and 49,757,114 raw reads for the control group.
Following the removal of low-quality reads and adapter sequences, the number of clean
reads ranged from 40,728,900 to 47,626,288 in the infected group and from 43,233,294 to
47,710,712 in the control group (Supplementary Table S2). Alignment of these clean reads
to the radish reference genome yielded mapping percentages between 92.63% and 95.81%
for the infected group and between 92.61% and 97.61% for the control group. The RNA-Seq
data have been deposited in the Genome Sequence Archive (GSA) of the National Genomics
Data Center (NGDC) under the project accession number PRJCA030868.
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3.3. DEGs Between Resistant and Susceptible Radish Lines in Uninoculated or Inoculated Conditions

To investigate the gene expression patterns in susceptible and resistant plant lines, we
analyzed DEGs in resistant (T6) and susceptible (T14) radish lines at 10, 20, and 30 DPI
with P. brassica. Significant differences in gene expression patterns were observed between
the two lines. The susceptible line T14 exhibited a persistent dominance of up-regulated
over down-regulated genes across all time points (Figure 2). Specifically, T14 showed
2221 up-regulated vs. 1589 down-regulated genes at 10 DPI, 3586 vs. 2946 at 20 DPI,
and 3354 vs. 2453 at 30 DPI. Conversely, the resistant line T6 demonstrated an inverse
regulatory pattern, with down-regulated genes consistently outnumbering up-regulated
counterparts: 1107 vs. 2004 at 10 DPI, 2280 vs. 2991 at 20 DPI, and 388 vs. 665 at 30 DPI
(Figure 2B). Furthermore, the overall magnitude of the transcriptional response, indicated
by the total number of DEGs, was markedly higher in the susceptible line T14 than in
the resistant line T6 across all examined time points (Figure 2). To identify the core
DEGs involved in pathogen response, a Venn analysis of temporally regulated genes was
performed. In the comparative combinations of mock vs. treatment of T14, 53 DEGs were
significantly regulated after P. brassica treatment at three time points. In the resistance plant
line T6, six DEGs were significantly regulated after P. brassica treatment at three time points
(Figure 3).

Figure 2. The number of DEGs of T14 (A) and T6 (B) at 10, 20, and 30 days post inoculation (DPI).

A 

10 DPI 

1516 

(1039) 

T14 

30 DPI 

2248 

(1757) 

2920 

(2511) 

20 DPI 

B 

10 OPI 

937 
(1635) 

T6 

30 DPI 

248 

(418) 

2194 

(2704) 

20DPI 

Figure 3. Venn diagrams represented common and specific up and down DEGs identified at 10, 20,
and 30 DPI in T14 (A) and T6 (B). The black numbers represent the number of up-regulated genes,
and the red numbers represent the number of down-regulated genes.

3.4. Differential Enrichment of Metabolic Pathways in Resistant and Susceptible Lines

KEGG pathway analysis was employed to elucidate the biological processes associated
with the DEGs identified in the resistant (T6) and susceptible (T14) lines at 10, 20, and 30 DPI,
relative to mock-inoculated controls (Figures 3 and 4). This analysis highlighted significant
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enrichment of DEGs in several key pathways pertinent to plant–microbe interactions in
both lines, notably including ‘plant–pathogen interaction’, ‘MAPK signaling pathway’, and
‘Plant hormone signal transduction’.

Figure 4. Top 20 KEGG pathways enriched in DEGs for T14. The size of each circle represents the
number of DEGs, and the rich factor was calculated using the number of enriched genes divided by
the total number of background genes in the corresponding pathway. (A,C,E), down-regulated DEGs
of T14 at 10, 20, and 30 DPI. (B,D,F) up-regulated DEGs of T14 at 10, 20, and 30 DPI. The q value was
calculated using the Benjamini–Hochberg correction.

The ‘plant–pathogen interaction’ pathway plays a pivotal regulatory role in plant
immune responses. Transcriptomic analysis revealed distinct dynamics: at 10 days
post inoculation, significant enrichment of DEGs occurred in this pathway in both lines
(Figures 4 and 5). However, the susceptible line T14 was dominated by down-regulation
(72 DEGs down vs. 5 up), whereas the resistant line T6 exhibited a clear activation profile
(50 DEGs up vs. 25 down). By 20 DPI, T14 initiated a defense-related gene response
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(33 DEGs up vs. 28 down), while T6 maintained a relatively balanced regulatory state
(37 DEGs up vs. 36 down). At 30 DPI, T6 displayed robust pathway activation, character-
ized by a surge in up-regulated genes (82 DEGs up vs. 22 down). In contrast, the immune
response in T14 was markedly attenuated (three DEGs up vs. eight down), indicating that
the resistant line possesses the capacity for sustained and amplified defense signaling.

The MAPK signaling pathway demonstrates critical involvement in plant disease resis-
tance mechanisms. This study analyzed gene expression in the susceptible line T14 and the
resistant line T6 at three time points following pathogen infection. The results showed that
in the susceptible line T14, the number of down-regulated genes associated with the MAPK
signaling pathway exceeded that of up-regulated genes across the three examined time
points (Figure 6). Conversely, the resistant line T6 exhibited a prevalence of up-regulated
genes over down-regulated ones within this pathway. Furthermore, plant hormone sig-
naling not only regulates plant growth and development but also plays a pivotal role in
disease response. A comparison of DEGs between the two lines post-infection revealed
significant enrichment of DEGs associated with ethylene (ET) and JA signaling pathways
(Figure 7, Supplementary Tables S3 and S4), with 131 and 191 DEGs identified, respectively.
Additionally, 16 DEGs related to ABA and 9 DEGs linked to SA were detected (Figure 6A).
Further analysis indicated that following infection by P. brassicae, DEGs were also identified
in the calcium ion (Ca2+) signaling and reactive oxygen species (ROS) metabolic pathways
(Figure 7B). Notably, the starch metabolism pathway was also impacted, particularly in the
susceptible line T14, where a total of 52 DEGs associated with this pathway were identified.

3.5. Differential Gene Ontology Enrichment and Expression Patterns Between Resistant and
Susceptible Lines

To characterize the functional implications of transcriptional changes following inoc-
ulation, gene ontology (GO) enrichment analysis was performed on the DEGs identified
at three time points comparing inoculated versus control samples within both the resis-
tant (T6) and susceptible (T14) lines. DEGs were categorized into the three main GO
domains: biological process, cellular component, and molecular function. Across all time
points and both lines, prominent terms within the cellular component category included
‘cell part’ and ‘organelle’. Within the molecular function category, ‘catalytic activity’ and
‘binding’ were highly represented. A comparative analysis of DEG profiles between the
resistant (T6) and susceptible (T14) lines post-inoculation revealed distinct overall pat-
terns. Notably, the susceptible line T14 exhibited a preponderance of up-regulated DEGs
compared to down-regulated DEGs (Supplementary Figure S1). Conversely, the resistant
line T6 displayed a predominance of down-regulated DEGs relative to up-regulated DEGs
(Supplementary Figure S2).

Based on GO annotations and resistance gene characteristics, 51 putative resistance (R)
genes were identified (Figure 6A). Among these, 47 genes contained the nucleotide-binding
site and leucine-rich repeat (NB-ARC) domain, 2 were classified as receptor-like kinases
(RLKs), and 2 as receptor-like proteins (RLPs). At 10 DPI, the expression levels of R genes
in the resistant line T6 were significantly up-regulated and generally higher compared to
their counterparts in the susceptible line T14 at the same time point. Notably, however,
two specific genes (Rsa6g032250 and Rsa6g032260) exhibited significantly higher expression
levels in the susceptible line T14 compared to the resistant line T6 across all three examined
time points. The calcium signaling pathway, including calcium-dependent protein kinases
(CPKs) and calmodulin-like proteins (CMLs), displayed distinct regulation: 14 CPK and
4 CML genes were up-regulated in T6 at 10 DPI (Figure 7B). A comparative analysis of
peroxidase genes revealed 11 significantly differentially expressed members. At 10 DPI, T14
showed five down-regulated and six up-regulated peroxidase genes, whereas T6 exhibited
two down-regulated and nine up-regulated genes. By 20 DPI, all peroxidase genes in
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T14, except Rsa5g023890, were up-regulated. A total of 11 significantly differentially
expressed peroxidase genes were detected between the two lines. At 10 DPI, T14 exhibited
down-regulation of 5 and upregulation of 6 peroxidase genes, whereas T6 showed down-
regulation of two and upregulation of nine such genes. By 20 DPI, nearly all identified
peroxidase genes in T14 were up-regulated, except for Rsa5g023890. Callose synthase
(CALS) contributes to plant defense via callose deposition at infection sites. The results
showed that the CALS gene Rsa2g028300 was up-regulated in the susceptible line T14 but
down-regulated in the resistant line T6.

Figure 5. Top 20 KEGG pathways enriched in DEGs for T6. The size of each circle represents the
number of DEGs, and the rich factor was calculated using the number of enriched genes divided by
the total number of background genes in the corresponding pathway. (A,C,E), down-regulated DEGs
of T6 at 10, 20, and 30 DPI. (B,D,F) up-regulated DEGs of T6 at 10, 20, and 30 DPI. The q value was
calculated using the Benjamini–Hochberg correction.
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Figure 6. Heatmap of DEGs related to resistance genes (A), MAPK signaling (B), and jasmonic acid
(C) of two varieties (T14 and T6) at 10, 20, and 30 DPI. The intensity of the color represents the level
of expression.

Figure 7. Heatmap of DEGs related to plant hormone signal transduction (A), Ca2+ (B), and tran-
scription factors WRKYs (C) of two varieties (T14 and T6) at 10, 20, and 30 DPI. The intensity of the
color represents the level of expression.

Jasmonic acid (JA) is a critical phytohormone, regulating defense responses, growth, and
stress adaptation. Key genes in JA signaling (Figure 6C), Coronatine Insensitive 1 (COI1), and
Jasmonate ZIM-domain (JAZ), displayed contrasting regulation. Following infection, most JAZ
genes in T14 were negatively regulated across the three time points, while they were generally
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positively regulated in the resistant line T6. The gene Rsa9g006470 showed a particularly
pronounced expression difference between the lines. The genes involved in JA biosynthesis,
including Lipoxygenases (LOXs), Allene Oxide Cyclase (AOC), and OPDA Reductase (OPR), also
exhibited specific patterns. The expression trends of AOC and OPR genes paralleled those of
JAZ genes (down-regulated in T14, up-regulated in T6). However, LOX genes differed in their
expression patterns: they were consistently up-regulated in T6 across all time points, whereas
in T14, they were down-regulated at 10 and 20 DPI, but five LOX genes were up-regulated
at 30 DPI. Notably, Rsa2g004060 and Rsa8g006200 displayed highly significant expression
differences between the lines at 10 DPI. A preliminary analysis of genes related to SA, ABA,
and ethylene (ET) signaling pathways indicated divergent responses among PYR/PYL/RCAR
receptor genes in the ABA pathway (Figure 7A). Specifically, Rsa3g000580 and Rsa7g025360
were highly expressed in the susceptible line T14 and lowly expressed in the resistant line T6,
whereas Rsa3g012680 and Rsa2g041430 showed the inverse pattern.

Among the DEGs, 64 members belonging to the WRKY transcription factor (TFs) family
were identified (Figure 7C). At 10 DPI, these WRKY genes were predominantly up-regulated
in the resistant line T6 and down-regulated in the susceptible line T14. Finally, an analysis of
genes associated with the starch regulatory pathway revealed that most of these genes were
up-regulated in the susceptible line T14 at later time points (20 and 30 DPI).

3.6. Validation of RNA-Seq Data by RT-qPCR

To validate the RNA-Seq expression profiles, the RT–qPCR analysis was performed on
eight selected DEGs. These included three putative disease-associated genes (Rsa6g032250,
Rsa2g028300, Rsa7g020770), two MAPK pathway genes (Rsa5g031600, Rsa9g042310), two JA
pathway genes, and one ABA pathway gene (Rsa3g000580). The relative expression
levels measured by RT-qPCR in resistant and susceptible lines at three time points
(inoculated vs. uninoculated controls) showed trends largely consistent with the RNA-Seq
data, thereby corroborating the transcriptomic findings. However, the RNA-Seq analysis
exhibited a broader dynamic range, detecting fold changes of greater magnitude compared to
RT-qPCR (Figure 8).

Figure 8. Validation of RNA–seq data by RT–qPCR. Blue lines represent the relative gene expression levels
as measured by RT–qPCR (left y-axis), while orange lines indicate the log2 fold change (log2FC) derived
from RNA-Seq read counts (right y-axis). Error bars denote the standard error of the mean (n = 3).
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4. Discussion
Clubroot disease, caused by the obligate biotrophic plasmodiophorid protist P. bras-

sicae, poses a significant threat to global cruciferous crop production. While resistance
breeding remains the most effective control strategy, the molecular mechanisms under-
lying clubroot resistance in radishes are less understood compared to related Brassica
species [25,26]. In this study, a total of 52 radish inbred lines were screened for their disease
responses following inoculation with P. brassicae, resulting in the identification of six resis-
tant and seven highly susceptible lines. Subsequently, transcriptomic reprogramming in
susceptible (T14) and resistant (T6) radish lines following infection with P. brassicae revealed
distinct defense strategies and susceptibility determinants. Notably, the resistant line T6
exhibited rapid activation of defense pathways, contrasting with delayed or dysregulated
responses in T14, suggesting pathogen manipulation of host processes.

Transcriptomic analysis in susceptible and resistant lines during P. brassicae infection

The susceptible line (T14) displayed a global transcriptional upheaval, marked by a
higher number of DEGs and predominant upregulation across all time points (Figure 2A).
This pattern could suggest a potential reallocation of resources from growth toward de-
fense, a strategy often associated with the ‘growth-defense trade-off’ hypothesis in plant
immunity. The subsequent reduction in the number of DEGs at 30 DPI in the T6 line
may indicate a successful containment of the pathogen, allowing the plant to restore
metabolic homeostasis.

Multilayered defense activation in resistant and susceptible lines

We identified 51 putative R genes, predominantly encoding NB-ARC domain proteins,
which were markedly up-regulated in T6 at 10 DPI. This aligns with effector-triggered
immunity (ETI), where R proteins recognize pathogen effectors to initiate defense cascades.
Intriguingly, two R-like genes (Rsa6g032250 and Rsa6g032260) were constitutively up-
regulated in T14, potentially functioning as susceptibility (S) genes or ineffective R alleles
specific to race 4.

In the early activation of defense signaling pathways, plant–pathogen interaction
was activated in T6 at 10 DPI (50 up vs. 25 down DEGs), while it was suppressed in T14
(5 up vs. 72 down) (Figures 4 and 5). MAPK cascades, critical for relaying pathogen-
associated molecular pattern (PAMP) signals [43], likely coordinate downstream responses
such as calcium signaling (14 CPKs and 4 CMLs up-regulated) and reactive oxygen species
(ROS) production (nine peroxidase genes were up-regulated). This rapid signaling net-
work activation may underpin T6’s ability to limit pathogen spread through oxidative
bursts and cellular reinforcement [44]. Among 64 WRKY transcription factors identified,
most were up-regulated in T6 but down-regulated in T14. WRKY proteins, acting down-
stream of MAPK cascades, regulate defense gene expression by binding W-box elements in
promoters [45]. Their early induction in T6 suggests a coordinated amplification of defense
signals, contrasting with T14’s failure to activate this regulatory network.

Hormonal crosstalk appears to be critical in modulating resistance outcomes. Our
analysis revealed a striking divergence in the jasmonic acid (JA) pathway, where key compo-
nents, including JAZ repressors and biosynthesis genes (AOC, OPR), were up-regulated in
the resistant T6 line but suppressed in the susceptible T14 line. While JA typically mediates
resistance to necrotrophic pathogens, its role in biotrophic interactions involves fine-tuning
responses to balance defense and fitness costs [46,47]. The sustained upregulation of LOX
genes in T6, contrasted with the transient suppression in T14, highlights the temporal
regulation of JA biosynthesis. The highly differential Rsa9g006470 (JAZ) warrants func-
tional validation to elucidate its role in resistance. Our results also suggest the involvement
of abscisic acid (ABA) and cross-pathway interactions. Specifically, ABA receptor genes
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(PYR/PYL/RCAR) showed genotype-specific expression, with Rsa3g000580 highly expressed
in the susceptible T14 line and Rsa2g041430 highly expressed in the resistant T6 line. This
finding suggests a potential dual role for ABA as a defense modulator in this pathosystem.
ABA may antagonize JA signaling in T14, exacerbating susceptibility, as observed in other
pathosystems. Although SA-related DEGs were limited, SA-JA interplay likely influences
defense prioritization against P. brassicae’s biotrophic lifestyle [48].

The susceptible phenotype in T14 correlated with delayed defense initiation and
metabolic manipulation by P. brassicae. Suppression of JA signaling and late-stage up-
regulation of starch metabolism genes (20–30 DPI) suggest pathogen-driven resource
reallocation to support gall formation [49]. The paradoxical upregulation of callose syn-
thase (Rsa2g028300) in T14 might reflect futile defense attempts or pathogen subversion of
callose deposition, a mechanism observed in other susceptible interactions.

5. Conclusions
This transcriptomic study reveals the molecular mechanisms underlying clubroot

resistance and susceptibility in radish. The resistant line T6 employs a multilayered de-
fense strategy characterized by rapid activation of 51 putative R genes, MAPK-Ca2+-ROS
signaling, and JA-mediated regulation, enabling effective pathogen restriction through
effector-triggered immunity and sustained defense signaling. In contrast, T14’s suscep-
tibility stems from delayed and dysregulated defense responses, marked by suppressed
JA and MAPK pathways, pathogen-driven starch metabolism upregulation, and potential
susceptibility genes, facilitating gall formation and disease progression. Key pathways,
including plant–pathogen interaction, MAPK signaling, and hormonal crosstalk, exhibit
divergent regulation, with T6 prioritizing early, coordinated immunity, and T14 succumb-
ing to metabolic hijacking. These findings not only elucidate the different strategies radish
employs in response to clubroot but also provide important molecular resources and a
theoretical basis for improving clubroot resistance in radish.
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Abstract

Fusarium wilt, caused by Fusarium solani, is a devastating disease that leads to significant
losses in ginger (Zingiber officinale) crops worldwide. To explore the molecular mecha-
nisms underlying F. solani infection and disease progression, we performed a comparative
transcriptome analysis of ginger rhizomes during storage, comparing inoculated and non-
inoculated samples. A total of 647 and 6398 DEGs were identified in the 1.5- and 2-day
infection groups, respectively. KEGG analysis revealed that most DEGs were enriched
in the plant–pathogen interaction pathway, with both PTI and ETI being activated. Six
DEGs in this pathway were validated by qRT-PCR at two time points, showing a strong
correlation with FPKM values from the transcriptome data. Furthermore, transient expres-
sion analysis in Nicotiana benthamiana leaves demonstrated that overexpressing ZoCEBiP1
helped scavenge excess ROS, thereby reducing disease severity. Transcriptional profiling
of DEGs in the plant–pathogen interaction pathway revealed significant changes in genes
involved in ROS and NO metabolism. In F. solani-infected ginger rhizomes, levels of H2O2

and O2
− were elevated, along with increased activities of antioxidant enzymes (POD, CAT,

SOD, and APX) and higher NO content and NOS activity. These findings elucidated the
early defense response of ginger rhizomes to F. solani infection and provided insights for
developing effective strategies to manage fungal diseases.

Keywords: ginger rhizome; Fusarium solani; Fusarium wilt; CEBiP; postharvest storage

1. Introduction
Ginger (Zingiber officinale), a perennial plant in the Zingiberaceae family, is extensively

grown for its fragrant rhizomes, which hold significant value in culinary, medicinal, and
economic contexts [1,2]. Despite its economic significance, ginger faces considerable
postharvest challenges, particularly fungal infections that result in severe spoilage and
quality degradation during storage [3]. Factors such as mechanical damage, surface wounds
caused by the division of rhizomes before germination, and the warm, humid conditions
necessary for germination are primary contributors to pathogen infection [4]. Among these
pathogens, Fusarium solani is one of the most prominent, causing Fusarium wilt of the
rhizomes [5], thereby reducing both the marketability and shelf life of ginger. In addition to
impacting ginger yield and seed quality, F. solani also poses a direct threat to human health,
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causing diseases such as tinea and fungal keratitis [6]. Furthermore, during its metabolic
processes, F. solani produces a variety of toxic secondary metabolites, including mycotoxins,
which are harmful to humans and exhibit carcinogenic properties [6]. Therefore, enhancing
control over F. solani during the postharvest storage of ginger is crucial to ensuring the
quality and safety of this agricultural product.

Up to now, research on ginger rhizome loss due to postharvest diseases has mainly
focused on chemical treatments [7] and biological control methods [4,5] to enhance disease
resistance and elucidate their underlying mechanisms. However, there has been limited
research on the resistance of ginger to F. solani infection caused by Fusarium wilt, and the
molecular mechanisms underlying ginger’s interaction with pathogenic fungi are not yet
fully understood. Plant–pathogen interactions involve sophisticated and multi-layered
biological processes that are dynamically regulated during infection [8]. Transcriptome
sequencing offers enhanced insights into plant–pathogen interactions, aids in the discovery
of novel disease resistance genes, and provides a more thorough understanding of plant
immune responses [9]. At present, transcriptome technology has significantly advanced
our understanding of disease resistance mechanisms in postharvest horticultural crops
such as kiwifruit [9], mango fruit [10], Lanzhou lily [11], and button mushroom [12]. For
example, Yang et al. [12] used RNA-Seq analysis to characterize ten differentially expressed
genes (DEGs) that played crucial roles in the initial defense of Agaricus bisporus against
Pseudomonas tolaasii. Furthermore, combining physiological and transcriptomic findings,
they concluded that jasmonate acid (JA)-mediated defense mechanisms were fundamentally
involved in the antifungal response. However, the transcriptomic characteristics of ginger
rhizome in response to F. solani infection during postharvest storage remain unexplored.

Thus, transcriptomic and physiological analyses were employed to identify DEGs
and characterize the associated physiological changes in ginger rhizomes during the early
responses to F. solani inoculation, thereby providing a solid theoretical foundation and
valuable insights for preserving ginger rhizome quality and developing targeted disease
management strategies.

2. Materials and Methods
2.1. Plant Material and Fungal Pathogen

‘Zhugen’ ginger is a local cultivar widely cultivated in the Shandong and Sichuan
provinces of China, known for its crisp and juicy texture, low fiber content, and rich
ginger aroma. In our previous assessment of Fusarium wilt disease resistance, ‘Zhugen’
ginger was classified as having a light resistance level (data not published). Healthy ginger
rhizomes were obtained from the experimental farm of Yangtze University and immediately
transported to the laboratory. The selected rhizomes displayed uniform morphological
features, with no visible signs of physical damage or disease.

The fungal pathogen Fusarium solani (strain D6), originally isolated from symptomatic
ginger rhizomes in Enshi County, Hubei Province, was maintained on potato dextrose agar
(PDA) slants at 4 ◦C in our microbial culture collection. For experimental purposes, the
fungus was subcultured on PDA plates and incubated at 25 ± 1 ◦C in the dark for 7 d.
Conidial suspensions were prepared by gently scraping the mycelial mat with sterile 0.05%
Tween-80 solution, followed by filtration to remove the hyphae. The spore concentration
was then adjusted to 1 × 108 sporangia mL−1. All reagents were purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China), unless otherwise specified.

2.2. Ginger Rhizome Treatment

The surface-sterilized ginger rhizomes were wounded at two opposite points using
a sterile borer to create consistent inoculation sites (3 mm deep × 3 mm diameter). The
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rhizomes were then randomly assigned to two groups: the F. solani treatment group, which
received 10 µL of spore suspension, and the control group, which was injected with 10
µL of sterile water. Following complete absorption of the inoculum, the ginger rhizomes
were incubated in sterile containers at 28 ◦C with 85% relative humidity [13]. Tissue
samples from a 1 cm radius around the inoculation sites were harvested in 1.5 and 2 d post-
inoculation, immediately frozen in liquid nitrogen, and stored at −80 ◦C for subsequent
analysis. Each group was replicated three times.

2.3. Determination of Disease Spot Diameter, Decay Rate, Water Loss, Hardness, and
F. solani Biomass

To evaluate disease progression and physiological changes in ginger rhizomes follow-
ing F. solani infection, the disease spot diameter, decay rate, water loss, and hardness were
measured at 1.5 and 2 d post-inoculation. Lesion diameters were measured using digital
calipers. Decay was assessed by observing visible mycelial growth on the rhizome surface.
The disease incidence rate (%) and water loss rate (%) were calculated as follows:

Disease incidence rate (%) = [(Number of decaying ginger rhizomes)/(Total number
of ginger rhizomes)] × 100

Water loss rate (%) = [(Initial weight of ginger rhizomes − Weight of stored ginger
rhizomes)/(Initial weight of ginger rhizomes)] × 100

Ginger rhizome’s hardness was performed using a texture analyzer (TA.XT Plus,
Stable Micro Systems, Godalming, UK) with a 5-mm cylindrical probe penetrating to 3 mm
depth at 1 mm s−1, recording maximum force (N) as an indicator of tissue firmness.

The biomass of F. solani in ginger rhizomes was analyzed using Quantitative real-time
PCR (qRT-PCR). Total RNA was isolated from ginger rhizome with the MagicPure Total
RNA Kit (TransGen, Beijing, China). For qRT-PCR, cDNA was synthesized from the RNA
with the Fast Quant RT Kit (Tiangen, Beijing, China). Reactions were run on a QuantStudio
5 Real-Time PCR System (Bio-Rad, Hercules, CA, USA) with ChamQ Universal SYBR qPCR
Master Mix (Vazyme, Nanjing, China). The Fusarium solani EF-1α (FsEF-1α) (KX940968.1)
primers (Table S1) were used, and expression levels were normalized to the Zingiber
officinale RBP gene [14] using the 2−∆∆Ct method. Three technical replicates were performed
per sample.

2.4. RNA-Seq Analysis

Total RNA was isolated from ginger rhizome with the MagicPure Total RNA Kit
(TransGen, Beijing, China). For library preparation, polyadenylated mRNA was extracted
from 1 µg of RNA with oligo (dT)-conjugated magnetic beads, then fragmentation and
cDNA synthesis. The mRNA was purified, fragmented, and both the first- and second-
strand cDNA were synthesized. The library fragments were purified with the AMPure
XP system (Beckman Coulter, Brea, CA, USA) and assessed using the Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, USA). The clean reads were then aligned to
the Zingiber officinale reference genome [15] using HISAT2 (v2.2.1). RNA-seq data were
generated using the Illumina NovaSeq 6000 platform to ensure reproducibility and have
been deposited in the NCBI database (PRJNA1279401). Further analysis was performed
using the BMKCloud bioinformatics platform (www.biocloud.net accessed on 15 March
2025). Gene expression levels were quantified by fragments per kilobase of transcript per
million reads (FPKM), accounting for gene lengths and sequencing biases. DEGs were
identified with a log2|fold change| ≥ 1 and false discovery rate (FDR) < 0.05. Three
biological replicates were used in RNA-seq analysis.
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2.5. qRT-PCR Validation

The cDNA samples used for qRT-PCR assays were prepared following in Section 2.4.
The primer sequences are provided in Table S1, with the specific method referring to
Section 2.3.

2.6. Transient Agroinfiltration Assays

Based on integrated analysis of RNA-Seq and qRT-PCR data, the critical DEG associ-
ated with ginger rhizome’s defense response against F. solani infection was identified. To
investigate the biological function of the critical DEG, we performed transient expression
analysis in Nicotiana benthamiana, followed by Phytophthora infestans inoculation assays.

2.6.1. Transient Transformation and Inoculation Treatment of N. benthamiana Leaves

The coding sequence of the target DEG was amplified using 2 × Phanta Max Master
Mix (Vazyme, Nanjing, China) according to the manufacturer’s protocol. The purified PCR
products were then directionally cloned into a linearized pBWA(V)BS-GFP vector (digested
with BsaI/Eco31I) through homologous recombination using the ClonExpress II cloning
system (Vazyme, Nanjing, China). The primer sequences are provided in Table S1. For
transient expression assays, recombinant pBWA(V)BS-ZoCEBiP1-GFP and an empty vector
control were introduced into Agrobacterium GV3101 competent cells. GV3101 carrying
vectors were pressure-injected into the abaxial surface of N. benthamiana leaves. After
36 h of overexpression, detached N. benthamiana leaves were inoculated with P. infestans
(strain 88,069) sporangial suspension (4 × 104 sporangia mL−1), following the method
described by Li et al. [16]. At 5 d of inoculation, lesion diameters were documented and
visualized under a handheld long-wavelength UV light (Analytic Jena, Jena, Germany).
The experiment was performed with three biological replicates, each containing 10 leaves.

2.6.2. DAB Histochemical Staining

To further assess the oxidative burst induced during the defense response, hydrogen
peroxide (H2O2) accumulation was assessed using the 3,3-diaminobenzidine (DAB) staining
method [5]. Detached N. benthamiana leaves, collected 2 d post-inoculation, were immersed
in freshly prepared DAB solution and vacuum infiltrated for 15 min. The leaves were then
incubated in the dark, shaking at 100 rpm for 4 h. Following staining, the leaves were boiled
in 95% ethanol to decolorize, leaving the unstained areas nearly colorless. Afterward, the
leaves were air-dried and photographed for documentation. DAB staining was performed
with three biological replicates, each containing three leaves.

2.7. Determination of H2O2, O2
− Content, Enzyme Activities, NO Content, and NOS Activity

The contents of hydrogen peroxide (H2O2) and superoxide anion (O2
−) were quanti-

fied using commercial assay kits (Solarbio, Beijing, China) following the manufacturer’s
protocols; the absorbances were measured at 415 and 530 nm, respectively. Results were
expressed as mmol g−1 for O2

− and µmol g−1 FW for H2O2.
Frozen ginger tissues (3 g) were homogenized in 9 mL ice-cold 0.1 M sodium phosphate

buffer (pH 7.0). The homogenate was centrifuged at 12,000× g for 10 min at 4 ◦C, and the
resulting supernatant served as the crude enzyme extract for determining the activities of
peroxidase (POD) [17], catalase (CAT) [18], superoxide dismutase (SOD) [19], and ascorbate
peroxidase (APX) [20]. Results were expressed as U g−1 FW for those enzyme activities.

The endogenous nitric oxide (NO) content was determined by the Griess reagent
method [21]. The nitric oxide synthase (NOS) activity was analyzed by nitric oxide synthase
assay kit (Jiancheng, Nanjing, China) according to the manufacturer’s instructions.
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2.8. Statistical Analysis

All results were obtained from a minimum of three independent biological replicates
to account for biological variability. The statistical evaluation was performed using SPSS
Statistics v27.0. Student’s t-test was employed to determine significant differences between
mean values at the 0.05 level. Data visualization was created using GraphPad Prism v9.0.

3. Results
3.1. Symptoms of Ginger Rhizomes Inoculated with F. solani

As shown in Figure 1A, the initial invading hyphae began to form 1.5 d after infection.
By 2 d post-inoculation, the hyphae had penetrated the ginger tissue and rapidly expanded
on the wound surfaces, while the uninfected rhizome remained free of rot. Therefore,
ginger rhizome samples were initially collected at 1.5 d after infection with F. solani to
capture the early interaction between the ginger and the pathogen, during which no visible
disease symptoms were present. A subsequent sampling at 2 d, when extensive infection
had spread across the rhizome, was chosen to investigate disease progression during the
rapid pathogenic expansion.

 
Figure 1. Effects of F. solani inoculation on the development of Fusarium wilt disease in ginger
rhizomes. (A) Time series of F. solani infection on ginger rhizome at 1, 1.5, and 2 d. (B–E) Effects of
F. solani inoculation on the disease spot diameter (B), decay rate (C), water loss (D), hardness (E),
and F. solani biomass (F) of ginger rhizomes after 1.5 and 2 d. Results represent the mean ± standard
deviation (SD). * indicated p < 0.05.

Moreover, the inoculation of F. solani caused Fusarium wilt disease, as evidenced
by the disease spot diameter and decay rate. After 1.5 d of F. solani inoculation, the
disease spot diameter and decay rate were 3.2 mm and 24.3%, respectively. After 2 d of
inoculation, the disease spot diameter and decay rate reached up to 10.0 mm and 100%,
respectively. The ginger rhizomes in the control group showed no Fusarium wilt symptoms
(Figure 1B,C). Additionally, compared to the control, the water loss of ginger rhizomes in
the F. solani treatment group increased by 171.7% after 1.5 d and 75.9% after 2 d (Figure 1D).
The firmness of the F. solani-inoculated group decreased by 7.9% and 15.3%, respectively
(Figure 1E). The biomass of F. solani was further analyzed to investigate Fusarium wilt
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progression after inoculation. The results showed that, compared to the control, the biomass
of F. solani in ginger rhizomes increased 38.3-fold at 1.5 d after inoculation and 152.4-fold
at 2 d after inoculation (Figure 1F). These results indicated that the F. solani strain could
cause the typical characteristic Fusarium wilt symptoms, significantly increase weight loss,
reduce rhizome hardness, and increase F. solani biomass of ginger rhizome.

3.2. Sequencing Data Quality Evaluation

In order to determine the genes responsive to F. solani infection and compare the gene
expression patterns of infected ginger rhizome at 1.5 and 2 d post-inoculation, 12 ginger
rhizome libraries were constructed. The RNA-Seq sequencing of 12 libraries produced a
total of 40,341,026~49,445,898 raw bases (Table S2). The Q30 was 94.23~94.95%, and the
GC content of 47.49~49.83%, respectively (Table S3). Quality assessment of the RNA-seq
data (error rate distribution along reads and GC content distribution) revealed excellent
sequencing performance (Figures S1 and S2). Alignment to the Zingiber officinale reference
genome using the HISAT2 demonstrated consistently high mapping efficiencies ranging
from 90.16% to 92.34% (Table S4).

The volcano plot provides a clear visualization of the overall distribution of DEGs
(Figure 2). In total, 647 DEGs were identified, with 374 up-regulated and 374 down-
regulated in the 1.5 d infection group (CK1.5 vs. FS1.5), and 6398 DEGs were identified,
with 3108 up-regulated and 3290 down-regulated in the 2 d infection group (CK2 vs. FS2).
Notably, a higher number of differential genes were regulated in the 2 d infection group.

 

Figure 2. Differential gene volcano plot. Red means up-regulation genes, blue means down-regulation
genes, and grey means no significant genes: (A) CK1.5 vs. FS1.5 and (B) CK2 vs. FS2.

3.3. GO Function Annotation

GO functional annotation was performed on DEGs to explore their functions across
three categories: Biological Process (BP), Cellular Component (CC), and Molecular Function
(MF). At 1.5 d, 17 GO terms, such as ‘metabolic process’ and ‘single-organism process’,
were enriched at the BP level. At the CC level, 15 GO terms, including ‘cell’ and ‘cell part’,
were predominantly enriched. The MF level was predominantly associated with 11 GO
terms, such as ‘binding’ and ‘catalytic activity’ (Figure 3A). At 2 d, 20 GO terms, such as
‘metabolic process’ and ‘cellular process’, were enriched at the BP level. In the CC level,
18 GO terms such as ‘cell’ and ‘cell part’ were mainly enriched. At the MF level, 12 GO
terms, such as ‘binding’ and ‘catalytic activity’, were mostly enriched (Figure 3B).
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Figure 3. GO classification of DEGs: (A) CK1.5 vs. FS1.5 and (B) CK2 vs. FS2.

3.4. KEGG Metabolic Pathway

To elucidate the functional roles and molecular networks of DEGs in the ginger rhi-
zome transcriptome, KEGG pathway analysis was conducted. KEGG pathway annotation
revealed that the DEGs were primarily associated with five major functional categories:
Cellular Processes, Environmental Information Processing, Genetic Information Processing,
Metabolism, and Organismal Systems. At 1.5 d, the DEGs were significantly enriched in
pathways such as ‘Plant–pathogen interaction’ and ‘Plant hormone signal transduction’
(Figure 4A). At 2 d, the DEGs showed significant enrichment in pathways such as ‘Plant–
pathogen interaction’, ‘Plant hormone signal transduction’, and ‘MAPK signaling pathway’
(Figure 4B). KEGG pathway enrichment analysis identified 217 and 2109 significantly
enriched pathways for CK1.5 vs. FS1.5 and CK2 vs. FS2, respectively (Tables S5 and S6). To
sum up, the infection of ginger rhizome tissue induces physiological responses, which may
contribute to enhancing resistance to F. solani infection through the coordinated regulation
of metabolic processes, cellular compartmentalization, and molecular interactions.
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Figure 4. KEGG classification of DEGs: (A) CK1.5 vs. FS1.5 and (B) CK2 vs. FS2.

3.5. DEGs Related to Plant–Pathogen Interaction Pathway in Ginger Rhizome Against F. solani

KEGG enrichment analysis showed that the plant–pathogen interaction pathway
(ko04626) was the most significantly enriched pathway in ginger rhizomes at both 1.5 and
2 d post-inoculation with F. solani (Tables S4 and S5). Based on this result, we conducted
cluster analysis of the DEGs (|log2(FoldChange)| > 1.5 and FDR < 0.05) associated with
this pathway and subsequently validated their expression patterns using qRT-PCR.

A total of 17 DEGs (|log2(FoldChange)| > 1.5 and FDR < 0.05) in the plant–pathogen
interaction pathway were identified at 1.5 d post-inoculation with F. solani. Among these,
fourteen genes showed significant up-regulation, including pattern recognition receptors
(CEBiP and FLS2), resistance proteins (RPS2 and RRS1-R), signaling components (PBS1,
CNGCs, and UPA20), transcription factors (WRKY22 and Pti5/1), and defense-related
genes (FRK1 and EIX1/2). Conversely, three genes were down-regulated: one WKK4/5,
one EIX1/2, and one Pti5/1 (Figure 5A). RNA-Seq analysis identified 106 significantly
DEGs (|log2FoldChange| > 1.5, FDR < 0.05) in the plant–pathogen interaction pathway
at 2 d post-inoculation with F. solani. Of these, 68 genes were significantly up-regulated,
including pattern recognition receptors (two CEBiP, two CERK1, two FLS2, two EFR),
resistance proteins (four RPM1, four RPS2, one RRS1-R), signaling components (seven
PBS1, seven UPA20, seven CDPK, two CaMCML), transcription factors (three Pti5/6/1, one
WRKY22), defense-related genes (two EIX1/2, three Pto, two PR1, five FRK1), and other
components (four MKK4/5, one MEKK1, two CNGCs, one NOS). Conversely, thirty-eight
genes showed significant down-regulation, comprising pattern recognition receptors (one
CERK1, three FLS2, two EFR), signaling components (two RIN4, one PBS1, two UPA20,
two CDPK), transcription factors (six WRKY33, two WRKY22, four Pti5/6/1), defense-
related genes (one EIX1/2, two FRK1), and other components (three RRS1-R, one RPS2,
one MEKK1, five Rboh) (Figure 5B).

In agreement with RNA-Seq analysis, qRT-PCR experiments further confirmed that
Pti1 (Maker00011524.gene), CEBiP (Maker00045267.gene), RPS2 (Maker00011463.gene),
UPA20 (Maker00077866.gene), and FLS2 (Maker00028416.gene) were up-regulated, and
MKK4/5 (Maker00034618.gene) was down-regulated upon F. solani treatment 1.5 d, com-
pared to the control (Figure 5(C1)). Moreover, CEBiP (Maker00045267.gene), CERK1
(Maker00028603.gene), UPA20 (Maker00004882.gene), and PR1 (Maker00071011.gene) were
up-regulated, and EIX1/2 (Maker00069746.gene) and WRK33 (Maker00007282.gene) were
down-regulated upon F. solani treatment 2 d, compared to the control (Figure 5(C2)). This
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consistency suggested the reliability of the RNA-Seq data. This comprehensive expression
profiling reveals a complex regulatory network in ginger rhizomes during F. solani infection.

 

Figure 5. Transcriptional changes in DEGs involved in the plant–pathogen interaction pathway
response to F. solani in ginger rhizomes. (A) KEGG mapping and heatmap of DEGs involved in the
plant–pathogen interaction pathway at 1.5 d post-inoculation with F. solani. (B) KEGG mapping and
heatmap of DEGs involved in the plant–pathogen interaction pathway at 2 d post-inoculation with
F. solani. (C1,C2) qRT-PCR confirmation. EIX1/2, ethylene-inducing xylanase receptor 1/2; CEBiP,
chitin elicitor binding protein; CERK1, chitin elicitor receptor kinase 1; RIN4, RPM1-interacting
protein 4; PRM1, resistance to Pseudomonas maculicola 1; RPS2, resistance to Pseudomonas syringae 2;
PBS1, AvrPphB susceptible 1; UPA20, ubiquitin-associated protein 20; RRS1-R, resistance to Ralstonia
solanacearum 1-required; EFR, EF-Tu receptor, Pto, Pseudomonas syringae pv. tomato resistance protein;
Pti5/6/1, Pto-interacting protein 5/6/1; FLS2, flagellin-sensitive 2; MEKK1, mitogen-activated
protein kinase kinase kinase 1; MKK4/5, mitogen-activated protein kinase kinase 4/5; WRKY33,
WRKY transcription factor 33; WRKY22, WRKY transcription factor 22; FRK1, flagellin-induced
receptor kinase 1; PR1, pathogenesis-related protein 1; CNGCs, cyclic nucleotide-gated ion channels;
CDPK, calcium-dependent protein kinase; Rboh, respiratory burst oxidase homolog; CaMCML,
calmodulin-like protein; NOS, nitric oxide synthase. * indicated p < 0.05.

Moreover, among the DEGs, five genes encoding CEBiP (Maker00045267.gene), FLS2
(Maker00028416.gene), Pti5 (Zingiber_officinale_newGene_16346), Pti1 (Maker00011140.gene),
and RPS1-R (Maker00037847.gene) were involved in defense response to F. solani against
Fusarium wilt (Figure 5A,B). Especially, CEBiP (Maker00045267.gene), which was renamed
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as ZoCEBiP1, exhibited the most significant regulation, with expression levels more than 6.1
and 3.7 times higher than those of the control at 1.5 and 2 d post-inoculation, respectively
(Figure 5(C1,C2)).

3.6. Functional Analysis of ZoCEBiP1

To investigate the biological function of ZoCEBiP1 in plant defense, we performed
molecular cloning and transient expression analysis in N. benthamiana, followed by P.
infestans inoculation assays.

The full-length coding sequence of ZoCEBiP1 (1248 bp) was successfully amplified,
purified, and verified by sequencing (Figure 6A). Sequence alignment using DNAMAN
demonstrated 100% identity with the predicted sequence in the ginger genome, confirming
accurate gene annotation. Domain architecture analysis through SMART revealed that Zo-
CEBiP1 contains two characteristic LysM domains, showing conserved structural features
with the known chitin receptor Oryza sativa LYP4 (OsLYP4) (Figure 6B).

 
Figure 6. Gene cloning, sequence characteristics, and function analysis of ZoCEBiP1. (A) PCR ampli-
fication result. (B) Protein sequence alignment of ZoCEBiP1 and OsLYP4, similarities are highlighted
in red, while the green box indicated the position of the LysM (Lysin-motif) domain. (C) Effects of
transient overexpression of ZoCEBiP1 and GFP in transient overexpression N. benthamiana leaves on
disease progression, (D) disease spot diameter, and (E) H2O2 accumulation. * indicated p < 0.05.

For functional characterization, ZoCEBiP1 was transiently overexpressed in N. ben-
thamiana leaves via Agrobacterium-mediated transformation. Subsequent inoculation with
P. infestans showed that ZoCEBiP1 overexpression significantly enhanced disease resistance
(Figure 6C), with lesion diameters reduced by 63.4% compared to GFP-expressing control
leaves (Figure 6D). The DAB staining results showed that 72 h after P. infestans inoculation,
the tobacco leaves of the WT and GFP control exhibited darker brown staining. In contrast,
the leaves with transient overexpression of ZoCEBiP1 showed only a few light brown spots
at the inoculation sites (Figure 6E). These results demonstrated that ZoCEBiP1 functions as
a pathogen resistance gene.

3.7. Effects of ROS Accumulation, Antioxidant Enzyme Activities, NOS Activity, and NO
Content of Ginger Rhizome After Infection with F. solani

Transcriptional profiling of DEGs in the plant–pathogen interaction pathway revealed
that F. solani infection in ginger rhizomes caused significant changes in the expression of
multiple genes related to ROS and NO metabolism. In the context of ROS metabolism,
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antioxidant enzymes like POD, CAT, SOD, and APX help modulate the levels of ROS such
as H2O2 and O2

− [22]. Meanwhile, NO, a crucial signaling molecule, is synthesized through
the activity of NOS, with NOS activity directly regulating the production of NO [23,24].
To functionally validate these transcriptional changes, we subsequently quantified ROS
accumulation, antioxidant enzyme activities (POD, CAT, SOD, and APX), NOS activity, and
NO content in F. solani-infected ginger rhizomes to validate the functional consequences of
these transcriptional changes.

As shown in Figure 7A,B, ginger rhizomes treated with the control showed an in-
crease in ROS accumulation, while treatment with F. solani resulted in a decrease at 2 d.
However, the H2O2 and O2

− contents in the F. solani treatment group were significantly
higher compared to the control group; the H2O2 content increased by 49.6% and 51.4%,
while O2

− levels increased by 20.7% and 33.0% at both time points, respectively. The
antioxidant enzyme activities of ginger rhizomes were increased after 2 d of the control
and F. solani treatments. Compared with the control, F. solani treatment enhanced the POD
activity by 30.8% and 27.2% at 1.5 and 2 d, respectively (Figure 7C); increased CAT activity
by 49.3% and 53.7%, respectively (Figure 7D); increased the SOD activity by 19.7% and
27.4%, respectively (Figure 7E); elevated the APX activity by 33.6% and 29.2%, respectively
(Figure 7F). As shown in Figure 7G, F. solani treatment increased the NO content by 30.3%
and 33.8% compared to the control at 1.5 and 2 d, respectively. Similarly, inoculation with F.
solani treatment significantly increased the activity of NOS at 1.5 and 2 d, which were 41.4%
and 49.3% higher than those of the control (Figure 7H). These data suggested that F. solani
infection triggered an oxidative burst in ginger rhizomes, activating both ROS-scavenging
systems and NO-mediated defense signaling. The temporal coordination of these responses
indicated a dynamic interplay between oxidative stress and nitric oxide signaling during
fungal infection.

 
Figure 7. Effects of F. solani treatment on the contents of (A) H2O2 (B) O2

−, the activities of (C) POD,
(D) CAT, (E) SOD, (F) APX, (G) NO content, and (H) NOS activity in ginger rhizomes. Results
represent the mean ± standard deviation (SD). * indicated p < 0.05.
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4. Discussion
Fusarium wilt, caused by F. solani, is one of the most prevalent and damaging fungal

diseases of ginger during postharvest storage, which is responsible for high economic loss
globally [4]. In our previous research on biological control approaches for postharvest
ginger diseases, we identified several promising alternatives, including eugenol [2], chi-
tosan [5], silica nanoparticles [25], and hydrogen sulfide [7], for suppressing Fusarium
wilt progression. However, despite these advances, conventional disease management
strategies remain inadequate for controlling F. solani under commercial storage conditions.
This highlights the urgent need for a deeper understanding of ginger–pathogen interactions
at the molecular level to develop more effective, targeted control measures.

Recently, RNA-seq analysis has been widely utilized to investigate pathogen–plant
interactions. For example, in the study by Jiang et al. [10], the analysis of DEGs in mango
fruit treated with Bacillus siamensis demonstrated that the fruit’s response to the treatment
was most prominent during the early days of storage. Xu et al. [26] identified several
key mechanisms involved in the pear’s response to Penicillium expansum, as revealed
by transcriptome analysis. In our study, compared with the control, 647 genes were
significantly affected by F. solani at 1.5 d post-infection, and the expressions of 5751 DEGs
were increased by treatment at 2 d post-infection, indicating that the early response of the
ginger rhizome to F. solani infection was activated in 2 d. In addition, by 2 d post-infection,
the number of enriched GO terms had increased, indicating a more complex and intensified
defense response.

KEGG pathway enrichment analysis revealed that the plant–pathogen interaction was
the most enriched at both 1.5 and 2 d post-treatment, indicating that this process played
a central role in the ginger rhizome’s response to F. solani. In plants, the plant–pathogen
interaction pathway is considered as a key defense mechanism during fungal pathogen
invasion, involving both pathogen-associated molecular pattern (PAMP)-triggered immu-
nity (PTI) and effector-triggered immunity (ETI) pathways [27]. PTI is the first layer of
plant immune response, triggered by the recognition of PAMPs by pattern recognition
receptors (PRRs) on the plant cell surface [28]. In this study, several PRRs, including CEBiP
and FLS2, were significantly upregulated at both 1.5 and 2 d post-inoculation with F. solani.
The upregulation of these PRRs suggested that ginger rhizomes were actively engaging
PTI mechanisms to counteract the pathogen. ETI is a more specific and robust immune
response activated by the recognition of pathogen effectors by intracellular nucleotide-
binding leucine-rich repeat (NLR) proteins [29]. In our study, multiple NLR genes, such
as RPS2 and RRS1-R, were significantly upregulated at both time points, indicating that
the ginger rhizome was also mounting a specific ETI response to F. solani. Those results
were consistent with the findings of Xiong et al. [30], who reported that several PRR genes,
kinase genes, and genes involved in PTI and ETI signaling pathways were significantly
induced in the Botrytis cinerea–strawberry interaction. Therefore, these results underscore
the specific roles of these genes in plant defense, further supporting the idea that both PTI
and ETI pathways were essential for successful pathogen defense in ginger.

It is worth noting that ZoCEBiP1 played an important role in the early defense response
of F. solani against Fusarium wilt disease. Oryza sativa CEBiP (OsCEBiP) was the first
identified polysaccharide receptor that binds fungal chitin elicitors, playing a crucial
role in detecting chitin signals and initiating signal transduction [31,32]. It contains two
LysM domains and one transmembrane domain. Knockout of the CEBiP gene severely
impaired chitin-induced ROS bursts and the expression of chitin-responsive genes, leading
to reduced disease resistance in rice plants [32]. Similarly, in this study, ZoCEBiP1 also
contained two LysM domains, indicating that CEBiP was highly conserved across species,
and transient overexpression experiments in tobacco demonstrated that ZoCEBiP1 could
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enhance the disease resistance of tobacco seedlings by scavenging ROS. These results
demonstrated that ZoCEBiP1 functioned as a pathogen resistance gene, likely serving as a
pattern recognition receptor in the plant immune system. However, its precise molecular
function requires further investigation. The upregulation of signaling components (PBS1,
CNGCs) and transcription factors (WRKY22, Pti5/1) in ginger rhizomes highlighted a
sophisticated, multi-layered defense strategy against F. solani infection. These molecular
players activate canonical immune pathways: PBS1 initiates MAPK cascades [33], while
CNGCs mediate calcium signaling [34], representing conserved convergence points for
both PTI and ETI responses. In the transcriptional response of Wolfberry to the infection
by the endophytic fungus Fusarium nematophilum, the activation of FRK1 and EIX1/2
played a crucial role [35]. In our study, the strong induction of defense executors like FRK1
and EIX1/2 also demonstrated the activation of downstream antimicrobial mechanisms.
Conversely, the downregulation of certain genes, such as WKK4/5 and specific isoforms
of EIX1/2 and Pti5/1, may reflect a fine-tuning of the immune response. Studies have
shown that certain transcription factors and signaling components could act as negative
regulators to balance immune responses. For example, Arabidopsis thaliana WRKY50/51
(AtWRKY50/51) mediated low oleic acid- and SA-dependent repression of JA signaling,
leading to increased susceptibility to Botrytis cinerea [36]. In addition, Gossypium hirsutum
WRKY25 (GhWRKY25) negatively regulated B. cinerea infection [37]. This could involve
negative regulatory mechanisms to prevent excessive immune activation, which can be
detrimental to the plant.

The plant–pathogen interaction pathway involves a complex network of signaling
cascades and defense responses that plants utilize. Activation of this pathway triggers
downstream signaling events, including the production of ROS and NO, which are crucial
components of the plant’s defense arsenal. In this study, the significant upregulation
of genes associated with ROS and NO metabolism suggested that ROS and NO could
be essential in the defense response of ginger rhizomes to F. solani infection. ROS are
essential players in plant defense against pathogens; they serve both as signaling molecules
and as direct antimicrobial agents. Rapid accumulation of ROS has been considered
as one of the earliest events strongly associated with plant resistance to pathogens and
involved in the development of disease resistance in ginger rhizomes [38], grapes [39], and
kiwifruit [40] during postharvest storage. In the present study, H2O2 contents and H2O2

and O2
− levels significantly increased in F. solani-infected ginger rhizomes, indicating

a robust oxidative burst. However, ROS can also be detrimental to plant cells if not
properly managed. The observed increase in antioxidant enzyme activities (POD, CAT,
SOD, and APX) suggested that ginger rhizomes were actively balancing ROS production
and scavenging to prevent oxidative damage. Similarly, H2S induced resistance in ginger
rhizomes via increasing the capacity for antioxidant defense [7]. Therefore, the enhanced
activities of these antioxidant enzymes indicated that the plant was effectively managing
oxidative stress during infection. NO is another important signaling molecule involved in
plant defense against pathogens. Studies have shown that NO treatment could enhance
disease resistance in horticultural crops, such as kiwifruit [41] and tomato [23]. NOS was
a key enzyme for the NO production [24]. For instance, melatonin has been reported
to trigger NO accumulation by activating NOS, improving cold tolerance in postharvest
litchi fruit [42]. Additionally, NO interacts with ROS signaling pathways, strengthening
the overall defense response. For instance, NO application to Arabidopsis roots could
rapidly activate protein kinases with MAPK properties [43]. In this study, the significant
increase in NO content and NOS activity in F. solani-infected ginger rhizomes indicated
the role of NO in mediating defense responses. Notably, a dynamic interplay between
ROS and NO occurs during pathogenic fungal infection [39]. Future research can focus on
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unraveling the specific signaling pathways and molecular interactions between ROS and
NO in ginger rhizomes.

In addition, our findings demonstrate that ginger rhizomes exhibit distinct phased im-
mune responses during F. solani infection. In the early infection stage (1.5 d), although there
were not many significantly upregulated defense-related genes in the plant–pathogen inter-
action pathway (Figure 5A), the recognition of PAMPs such as chitin through significantly
upregulated pattern recognition receptors like ZoCEBiP1 (Figure 5(C1)) successfully acti-
vated early immune responses characterized by ROS burst [32]. This rapid accumulation of
H2O2 and O2

− (Figure 7A,B), consistent with typical pathogen recognition responses re-
ported in postharvest ginger [5,7,13,25] and other crops [40,41], likely effectively restricted
fungal spread before effector secretion [44], indicating that ginger rhizomes preferentially
initiate PTI rather than comprehensive defense responses at this stage. As infection pro-
gressed to 2 d, we observed reduced activation of ZoCEBiP1, suggesting diminished
pathogen recognition capacity. However, defense responses were significantly enhanced,
manifested by increased enrichment of differentially expressed genes associated with the
plant–pathogen interaction pathway, along with elevated antioxidant enzyme activities,
NO content, and NOS activity. When the disease developed to the necrotic stage, F. solani
likely secreted effectors to suppress PTI, thereby ensuring successful infection [44–47]. This
dynamic pattern reveals the temporal characteristics of ginger’s defense strategy: early
emphasis on pathogen recognition and rapid response, followed by transition to more
comprehensive defense execution, which ultimately could be overcome by the pathogen’s
virulence strategies.

While previous disease resistance evaluations confirmed that the ‘Zhugen’ ginger
cultivar exhibits resistance to Fusarium wilt, this study further demonstrates its ability
to activate defense responses upon F. solani inoculation. However, a comparison with
susceptible varieties was not conducted. In subsequent experiments, we will systematically
compare resistant and susceptible ginger varieties under pathogen challenge to identify
and validate key regulators that positively correlate with resistance or negatively correlate
with susceptibility [48].

5. Conclusions
This research provided comprehensive insights into the molecular defense mecha-

nisms of ginger rhizomes against F. solani infection through transcriptomic and functional
analyses. The results revealed a strong activation of the plant–pathogen interaction path-
way, with significant upregulation of genes associated with both PTI and ETI, including
PRRs like CEBiP and FLS2, and NLR proteins such as RPS2 and RRS1-R. The upregula-
tion of signaling components (PBS1, CNGCs) and transcription factors (WRKY22, Pti5/1)
highlighted a multi-layered defense strategy. Furthermore, the critical role of ZoCEBiP1
was identified in early defense through transient transformation of N. benthamiana leaves.
The marked significance in ROS and NO metabolism genes, along with effective ROS
management, coupled with elevated NO content and NOS activity, suggested that ROS
and NO were essential players in the defense response (Figure 8). These findings not only
advance our understanding of ginger immunity but also identify specific molecular targets
for developing innovative control strategies against Fusarium wilt.
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Figure 8. Molecular network of interaction between saffron and F. solani.
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Abstract

Selenium stress can adversely affect plants by inhibiting growth, impairing oxidative stress
resistance, and inducing toxicity. In this experiment, we investigated the effect of exoge-
nous 24-epibrassinolide (24-EBL; 2.0 mg/L), a brassinosteroid (BR), on alleviating selenium
stress in peach trees by analyzing its impact on biomass, selenium accumulation, and the
expression of selenium metabolism-related genes in peach seedlings. The results demon-
strated that 24-EBL could effectively mitigate biomass loss in peach seedlings exposed to
selenium stress. Compared to the Se treatment alone, the 24-EBL+Se treatment resulted
in a significant 16.55% increase in root selenium content and a more pronounced 30.39%
increase in selenium content in the aboveground parts. Regarding the subcellular distribu-
tion, the cell wall was the primary site of Se deposition, accounting for 42.3% and 49.8% in
the root and aboveground parts, respectively, in the Se treatment. 24-EBL further enhanced
Se distribution at this site, reaching 42.9% and 63.2% in root and aboveground parts, re-
spectively, in the 24-EBL+Se treatment. The 24-EBL+Se treatment significantly increased
the contents of different chemical forms of Se, including ethanol-soluble, water-soluble,
and salt-soluble Se. The quantitative real-time PCR (qRT-PCR) results indicated that the
Se treatment promoted the expression of organic Se assimilation genes (SATs, OAS-TL B,
and OAS-TL C), and 24-EBL application further increased their expression. Meanwhile, the
Se-only treatment up-regulated the organic Se metabolism gene CGS1. Consequently, we
propose that 24-EBL alleviates Se stress in peach seedlings by enhancing Se uptake and
assimilation, and by adjusting subcellular distribution and chemical forms.

Keywords: brassinosteroids; selenium determination; gene expression

1. Introduction
Selenium is an essential trace element for human health, but the human body cannot

synthesize it and must obtain it from external sources [1,2]. However, naturally occurring
selenium cannot be directly absorbed or utilized by humans. Plants serve as a critical
intermediary in selenium metabolism by absorbing inorganic selenium from the soil and
converting it into bioavailable organic forms [3]. As a result, crops, fruits, and vegetables
are ideal dietary sources of selenium, constituting the primary route of human selenium
intake [4]. This has led to the widespread use of selenium-enriched fertilizers in agriculture
to enhance the selenium content of food products [5].
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However, excessive application of selenium fertilizers in agriculture can lead to envi-
ronmental selenium pollution, posing risks to human health, disrupting ecosystems, and
harming agricultural productivity [5]. For example, an intake of >400 µg/day is gener-
ally considered the threshold for toxic levels for humans [6,7]. The widespread use of
selenium-enriched fertilizers may result in the gradual accumulation of selenium in soil
and groundwater [8]. Elevated selenium levels can adversely affect plants by inhibiting
growth, impairing oxidative stress resistance, and inducing toxicity [9]. Specifically, it
disrupts root physiology, damages antioxidants, suppresses antioxidant enzyme activity,
and destabilizes the plant’s antioxidant defense system [9,10].

Selenium induces stress in plants through multiple mechanisms. The bioavailable
forms of selenium for plant uptake in soil are primarily inorganic selenate (SeO4

2−) and
selenite (SeO3

2−) [11]. These inorganic selenium species induce oxidative stress by generat-
ing excessive reactive oxygen species (ROS), disrupting intracellular antioxidant defenses,
and causing phytotoxicity [12]. Furthermore, selenite is readily assimilated into organic
forms. Excessive accumulation of organic selenium compounds, particularly selenocysteine
(SeCys) and selenomethionine (SeMet), can lead to nonspecific incorporation into proteins,
where they displace their sulfur (S) analogues. This substitution alters protein structure,
impairs functionality, and disrupts enzymatic processes critical for plant metabolism [13].

Brassinosteroids (BRs) are a class of ubiquitous plant sterol hormones. They can
enhance plant stress resistance by boosting antioxidant enzyme activity, optimizing an-
tioxidant systems, and maintaining intracellular homeostasis [14,15]. These properties
of BRs enable plants to tolerate various abiotic stresses such as extreme temperatures,
salinity, drought, heavy metals, and pesticides [16]. Specifically, BRs have been shown
to strengthen antioxidant defense systems in rice (Oryza sativa) under heavy metal (cad-
mium; Cd) stress [17] and reduce Cd and also phenanthrene (PAH) accumulation in tomato
(Solanum lycopersicum) leaves and roots [18]. Recent studies demonstrated that synthe-
sized BR (24-epibrassinolide; 24-EBL) alleviated zinc (Zn) stress in mung bean (Vigna
radiata) seedlings, significantly improving germination rate, germination velocity, and
seedling vigor index [19]. Our previous work also demonstrated the alleviating effect of
24-epibrassinolide on Se toxicity [20,21]. However, the metabolic mechanisms by which
24-EBL alleviates Se-induced stress in plants remain unclear.

Peach fruit has gained global popularity due to its delightful taste and nutritional
benefits. As the foundation for nutrient absorption in peach trees, rootstock selection
is crucial for cultivation. Fluffy peach (“MaoTao”), a native Chinese germplasm, serves
as one of the most widely used rootstocks in peach production regions of China. This
study investigated the potential of BRs to mitigate selenium stress in peach plants using
fluffy peach seedlings as experimental material. We examined the effects of exogenous
24-EBL application on plant biomass and total selenium accumulation, subcellular selenium
distribution patterns, chemical forms of selenium, and expression profiles of selenium
metabolism-related genes. Our findings provide valuable insights into using 24-EBL as
a potential treatment for enhancing plant tolerance to selenium stress, offering practical
references for peach cultivation under selenium-rich conditions.

2. Materials and Methods
2.1. Plant Material and Growth Condition

Fluffy peach (Prunus persica (L.) Batsch) seeds were obtained from Chengdu, Sichuan
Province, China. The experiment was conducted from March to May 2024 in the greenhouse
of Sichuan Agricultural University, Chengdu Campus (30◦43′ N, 103◦52′ E), with day/night
temperatures maintained at 25/20 ◦C, relative humidity at 70%/90%, and a 14/10 h
photoperiod at 10,000 lx intensity. Seeds were germinated in perlite-filled trays under
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controlled conditions. After emergence, seedlings were irrigated with Hoagland nutrient
solution (Betensh, Hubei, China) every 3 days. When seedlings reached 10 cm height,
uniform plants were transplanted into 32-cell plug trays (4 × 8 arrangement), containing
perlite substrate, continuing with triweekly Hoagland solution irrigation. The Hoagland
nutrient solution was pH 6.0. The main nutrient elements in the Hoagland solution were
as follows: Ca2+ 23.625 mEq/L, K+ 15.425 mEq/L, NH4

+ 2.375 mEq/L, Mg2+ 20.54 mEq/L,
NO3− 34.8 mEq/L, and PO4

3− 1.15 mEq/L. Each treatment was replicated in three trays.

2.2. Experimental Treatments

Ten days post-transplantation, three treatments were initiated: (1) Control (CK) receiv-
ing standard Hoagland solution; (2) Selenium treatment (Se) with 0.1 mg/L sodium selenite
in Hoagland solution applied every 3 days [22]; and (3) Combined treatment (24-EBL+Se)
receiving both the selenium solution and foliar sprays of 2.0 mg/L 24-EBL weekly for
4 weeks [21]. Each treatment included three biological replicates (trays). After one month
of treatment, when seedlings reached 32–38 cm height with 21–25 leaves, complete plants
(aboveground part and root) were harvested from all treatments for subsequent analysis of
growth parameters, selenium content, subcellular distribution, chemical form, and gene
expression related to selenium metabolism.

2.3. Plant Biomass Determination

The aboveground parts and roots were washed with tap water, followed by repeated
rinsing with deionized water. Plant materials were then deactivated at 105 ◦C in a dry-
ing oven for 15 min and dried to constant weight at 70 ◦C. The biomass of roots and
aboveground parts was measured separately using an electronic balance.

2.4. Total Selenium Content Determination

Dried plant materials were ground and sieved through a 100-mesh sieve. Exactly
0.500 g samples were weighed into Erlenmeyer flasks containing 9 mL concentrated nitric
acid (analytical grade) and 1 mL perchloric acid (analytical grade). After 12 h of pre-
digestion, samples were digested on an electric hot plate until the solution became transpar-
ent. After complete cooling, the solution was diluted to 25 mL with potassium ferricyanide
solution (100 g/L). Selenium concentration was determined using an atomic fluorescence
spectrometer (AFS-9700, Beijing Haiguang Instrument Co., Ltd., Beijing, China).

2.5. Inorganic Se and Organic Se Contents Determination

Dry plant materials (0.20–0.50 g) were digested with 20 mL 6 mol/L HCl at 70 ◦C
for 2 h in a water bath shaker. After cooling and volume adjustment, the mixture was
filtered through degreased cotton. The filtrate was heated in a boiling water bath for 20 min,
cooled, and 1 mL was transferred to a 25 mL stoppered colorimetric tube. Following
dilution to 10 mL with deionized water, 2 mL concentrated HCl and 1 mL potassium
ferricyanide solution (100 g/L) were added to obtain the inorganic Se (Inorg-Se) content.
Organic Se (Org-Se) content was calculated as the difference between total Se and inorganic
Se. Selenium concentration was determined using an atomic fluorescence spectrometer
(AFS-9700, Beijing Haiguang Instrument Co., Ltd., Beijing, China).

2.6. Selenium Content Determination in Plant Subcellular Distribution

Subcellular fractions from peach aboveground parts were extracted by differential
centrifugation. Exactly 1.0 g of fresh root tissue was weighed and homogenized in a pre-
cooled mortar with extraction buffer (250 mmol/L sucrose, 50 mmol/L Tris-HCl [pH 7.5],
and 1.0 mmol/L dithioerythritol) at a 1:10 (w/v) ratio. The homogenate was filtered through
cheesecloth, with the residue washed into a beaker to obtain the cell wall fraction (CW-Se).
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The filtrate was centrifuged at 20,000× g for 45 min at 4 ◦C to separate organelle fraction
(O-Se, excluding vacuoles) in the pellet from the free fraction (F-Se) in the supernatant.
All fractions were analyzed for selenium content by atomic fluorescence spectrometer
(AFS-9700, Beijing Haiguang Instrument Co., Ltd., Beijing, China).

2.7. Determination of Selenium Chemical Forms

The analysis of selenium chemical forms was performed using a sequential extraction
method. Dried aboveground part and root samples were defatted by stirring with acetone
(1:10 w/v) for 4 h, repeated three times. After each defatting step, centrifugation was
performed at 5000 rpm for 40 min. The combined supernatants yielded the water-soluble
Se form (Fw). The residue was then extracted with 0.5 mol/L NaCl solution (2 h stirring)
followed by centrifugation (5000 rpm, 4 ◦C, 20 min), repeated three times to obtain the
salt-soluble Se form (Fs). Subsequent extractions with 0.6 mol/L acetic acid (HAC) solution
and 80% ethanol under identical conditions yielded the weak acid-soluble (FA) and ethanol-
soluble (FE) forms, respectively. The final residue represented the residual Se form (FR).
All speciations were analyzed for selenium content by atomic fluorescence spectrometer
(AFS-9700, Beijing Haiguang Instrument Co., Ltd., Beijing, China).

2.8. Gene Expression Analysis Using Quantitative Real-Time PCR (qRT-PCR)

The expression levels of 14 selenium metabolism-related genes (SULTR2;1, SULTR3;1,
SULTR3;4, SULTR4;1, APS1, APR1, SAT3;1, SAT2;2, SAT1;1, OAS-TL B, OAS-TL C, NFS1,
CGS1, and MS1) in peach seedlings were analyzed using the primers listed in Table S1.
Total RNA was extracted from leaves using the RNAprep Pure Plant Total RNA Extraction
Kit (Tiangen Biotech, Beijing), followed by first-strand cDNA synthesis with the EasyScript
One-Step gDNA Removal and cDNA Synthesis Kit (TransGen Biotech, Beijing, China).
qRT-PCR was performed using TransStart Top Green qPCR SuperMix (TransGen Biotech,
Beijing, China). The reaction system consisted of 1 µL cDNA, 0.4 µL forward primer, 0.4 µL
reverse primer, 5 µL Green qPCR SuperMix, and 3.2 µL water. The thermal cycling program
was as follows: 95.0 ◦C for 1 min, followed by 95.0 ◦C for 5 s and 55.0 ◦C for 30 s, repeated
for 39 cycles, and finally, 95.0 ◦C for 10 s and 65.0 ◦C for 5 s. The actin gene was used as the
internal reference gene. Relative gene expression levels were calculated using the 2−∆∆Ct

method with three technical replicates.

2.9. Statistical Analysis

Statistical analyses were performed using SPSS software SPSS 19.0 (IBM Corporation,
Armonk, NY, USA). Significant differences among treatments were assessed using one-way
analysis of variance (ANOVA) followed by F-tests, with a significance threshold of p < 0.05.
Post hoc multiple comparisons were conducted using the Least Significant Difference
(LSD) method.

3. Result
3.1. Biomass of Peach Seedlings

Under selenium stress conditions, both root and aboveground biomass of peach
seedlings showed significant reductions (p < 0.05) compared to the control, decreasing
by 15.24% and 6.24%, respectively (Figure 1). However, when selenium-stressed plants
were treated with 24-EBL (24-EBL+Se treatment), both root and aboveground part biomass
increased significantly by 7.84% and 3.69% relative to the selenium-only treatment, respec-
tively (p < 0.05). These results demonstrated that foliar application of 24-EBL can effectively
mitigate biomass loss in peach seedlings exposed to selenium stress.
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Figure 1. The biomass of root and aboveground parts. The lowercase letters a, b, and c denote
statistically significant differences (p < 0.05).

3.2. Selenium Content in Peach Seedling

In both Se and 24-EBL+Se treatments, the majority of absorbed selenium accumulated
in the root system (2.682 mg/kg and 3.126 mg/kg, respectively), with significantly lower
concentrations detected in aboveground parts (0.362 mg/kg and 0.472 mg/kg, respectively)
(Figure 2). Compared to the Se treatment alone, the 24-EBL+Se treatment resulted in a
significant 16.55% increase in root selenium content (from 2.682 to 3.126 mg/kg) and a more
pronounced 30.39% increase in selenium content in the aboveground part (from 0.362 to
0.472 mg/kg). In both the root and aboveground parts, the organic selenium content was
significantly higher than the inorganic selenium content (Figure 2).

Figure 2. The selenium contents in root and aboveground parts. The lowercase letters a and b denote
statistically significant differences (p < 0.05).

3.3. Subcellular Distribution of Selenium in Peach Seedlings

Both CW-Se and F-Se selenium fractions in 24-EBL+Se treatment showed signifi-
cantly higher concentrations compared to the Se-only treatment, while the O-Se remained
unchanged (Figure 3). In the aboveground part, 24-EBL+Se treatment also significantly
increased CW-Se fractions (Figure 3). Consequently, in roots, the proportional Se distri-
bution under Se treatment was CW-Se (42.3%), O-Se (23.1%), and F-Se (34.6%), which
was similar to that in the 24-EBL+Se treatment: CW-Se (42.9%), O-Se (21.6%), and F-Se
(35.5%) (Figure 4). By comparison, the distribution pattern shifted from CW-Se (49.8%),
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O-Se (20.9%), and F-Se (29.3%) in the Se treatment to CW-Se (63.2%), O-Se (16.4%), and
F-Se (20.4%) in the 24-EBL+Se treatment, with the cell wall-bound Se fraction increasing
sharply while the organelle-bound and free Se fractions decreased proportionally (Figure 4).
This suggested that the cell wall is the primary site of Se deposition, and 24-EBL further
enhanced Se accumulation in this site.

 

Figure 3. The selenium contents in subcellular fractions in root and aboveground parts. CW-Se,
cell wall fraction Se; O-Se, organelle fraction Se; F-Se, free fraction Se. The lowercase letters a and b
denote statistically significant differences (p < 0.05).

Figure 4. The proportional Se subcellular distribution in root and aboveground parts. CW-Se, cell
wall fraction Se; O-Se, organelle fraction Se; F-Se, free fraction Se.

3.4. Chemical Forms of Selenium in Peach Seedlings

The 24-EBL+Se treatment significantly increased the contents of FE (0.714 vs. 0.567 mg/kg),
FW (0.575 vs. 0.448 mg/kg), and FS (0.440 vs. 0.380 mg/kg) in roots compared to the
Se treatment alone (Figure 5). Similarly, in the aboveground part, the contents of FE

(0.151 vs. 0.104 mg/kg), FW (0.065 vs. 0.051 mg/kg), and FS (0.056 vs. 0.048 mg/kg) were
significantly higher in the 24-EBL+Se treatment than in the Se-only treatment (Figure 5).
However, the FA content in both roots and aboveground parts significantly decreased
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under 24-EBL+Se treatment, while no significant differences in FR content were observed
between the two treatments.

 

 

 

Figure 5. The selenium contents in different chemical forms in the root and aboveground parts.
FE, ethanol-soluble Se; FW, water-soluble Se; FS, salt-soluble Se; FA, weak acid-soluble Se; FR, residual
Se. The lowercase letters a and b denote statistically significant differences (p < 0.05).

3.5. Expression Analysis of Selenium Metabolism-Related Genes in Peach Seedlings

Among the 14 genes tested, Se stress induced down-regulation of SULTR2;1, SULTR3;4,
APS1, and APR1 genes, while up-regulating SAT3;1, SAT2;2, SAT1;1, OAS-TL C, and CGS1
(Figures 6 and 7) compared to the control. In the 24-EBL+Se treatment, similar expression
patterns for the aforementioned genes were observed. Additionally, it significantly up-
regulated SULTR3;1 and OAS-TL B but did not alter the expression levels of APS1 and
CGS1 significantly. Compared to the Se treatment, 24-EBL+Se significantly up-regulated
the expression of SULTR2;1, APS1, SAT3;1, OAS-TL B, and OAS-TL C, while significantly
down-regulating SULTR3;1, APR1, NFS1, and CGS1 (Figures 6 and 7).
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Figure 6. The qRT-PCR analysis of selenium metabolism-related genes. The colors show the log10 of
different treatment ratios. “*” denotes the differentially expressed genes with a significance threshold
of p < 0.05.

Figure 7. Schematic model of Se metabolism in peach seedling. The three arrows/circles next to
gene names are Se vs. CK, 24-EBL+Se vs. CK, and 24-EBL+Se vs. Se. The orange up arrows indicate
significantly up-expression, blue down arrows indicate significantly down-expression, and grey
circles indicate no significant change.

4. Discussion
In this study, we used exogenous BR (24-EBL) to alleviate the effects of Se stress on

the growth of peach seedlings, as indicated by the increased biomass in the 24-EBL+Se
treatment compared to the Se-only treatment (Figure 1). By measuring the Se content
in the plants, we found that the 24-EBL+Se treatment promoted the uptake of Se by the
plants rather than inhibiting it (Figure 2). Therefore, 24-EBL might have activated certain
metabolic mechanisms in the peach seedlings to prevent excessive damage caused by the
absorbed Se. Similar functions of BRs have also been reported in alleviating the stress
caused by cadmium, phenanthrene, and zinc [17–19]. Moreover, it indicated that the
24-EBL+Se treatment induced a more pronounced increase in organic Se content compared
to inorganic Se (Figure 2). Since the organic Se in plants is derived from the assimilation of
inorganic Se [23,24], these findings in the present study demonstrated that 24-EBL enhanced
the assimilation process of inorganic Se in peach seedlings.

Plants employ subcellular distribution as a strategy to remove heavy metal toxic-
ity [25,26]. Se can be bound to the cell wall, thereby limiting its effect on other intracellular
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physiological and metabolic processes [27]. Our findings demonstrated that 24-EBL treat-
ment significantly enhanced selenium sequestration in cell walls (CW-Se), particularly
in the aboveground parts (Figures 3 and 4). This indicated that 24-EBL might mitigate
selenium toxicity through preferential distribution to the cell wall, thereby protecting vital
organelles from selenium-induced damage.

The results of selenium chemical speciation in the present study revealed that the
24-EBL+Se treatment significantly enhanced the levels of water-soluble, ethanol-soluble,
and salt-soluble Se forms (Figure 5). The water-soluble form contains predominantly
inorganic Se species along with small selenoamino acids, including selenolanthionine,
glutamyl-methylselenocysteine (γGMSC), se-methylselenocysteine (MeSeCys), SeCys, and
SeMet [28,29]. The ethanol-soluble form comprises monosaccharides, disaccharides, and
low-molecular-weight organic Se compounds, while the salt-soluble form includes protein-
bound Se and exchangeable Se species [29]. The findings in the present study demonstrated
that the organic Se that 24-EBL+Se treatment promoted in peach seedlings was particularly
stored as small-molecule organic Se, which contained several low-toxicity compounds,
such as MeSeCys [30], selenocystathionine (SeCysth) [31], selenolanthionine [32], and
γGMSC [33]. This shift in Se speciation likely contributed to the improvement in Se toler-
ance in peach seedlings under 24-EBL treatment. Concurrently, the increased incorporation
of Se into proteins, as evidenced by elevated ethanol- and salt-soluble Se forms, might
explain the relatively minor impact on biomass accumulation in the 24-EBL+Se treatment
compared to the control (Figure 1).

The sulfate transporter gene SULTR1;2, known to mediate selenium/sulfate uptake
from soil and their subsequent distribution to leaf tissues [34], exhibited low transcriptional
expression in peach seedlings under both control (CK) and selenium stress conditions
in the present research. Notably, 24-EBL application significantly upregulated SULTR1;2
expression relative to both CK and selenium-treated plants (Figure 6), demonstrating that
BRs enhance selenium acquisition through sulfate transport systems while facilitating
root-to-shoot selenium translocation.

The SAT-OASTL enzyme complex (serine acetyltransferase (SAT) and O-acetylserine
(thiol) lyase (OASTL)) is responsible for the assimilation of inorganic Se into organic
Se [35,36]. The present study revealed that under Se stress, the expression of SATs, OAS-TL
C, and OAS-TL B was upregulated (Figures 6 and 7). Following 24-EBL application, the
expression of these genes was further enhanced. This upregulation might ultimately lead
to a significant increase in organic Se content in the 24-EBL+Se treatment (Figure 2).

One of the mechanisms of selenium toxicity in plants is the misincorporation of or-
ganic selenium species (e.g., SeCys and SeMet) into cysteine and methionine residues, then
disrupting normal metabolic processes [37–39]. In contrast, the accumulation of water-
soluble, non-protein-bound selenium forms is less toxic [6]. Other detoxification strategies
in plants involve reducing selenate to elemental Se (Se0) and selenide (Se2−), which can
then be volatilized as dimethylselenide (DMSe) or dimethyldiselenide (DMDSe) [40]. We
investigated three key genes in organic selenium metabolism, cysteine desulfurase (NFS1),
cystathionine γ-synthase (CGS1), and methionine synthase (MS1) (Figures 6 and 7). NFS1
catalyzes the reduction of SeCys to Se0, while CGS1 and MS1 mediate the conversion of Se-
Cys to SeMet [27]. Notably, Se treatment alone significantly upregulated CGS1 expression,
suggesting enhanced SeMet biosynthesis. However, in the 24-EBL+Se treatment, CGS1
expression levels showed no significant difference from the control and were even signifi-
cantly lower than in Se-treated plants, indicating that attenuated SeMet production likely
contributed to the reduction in selenium toxicity. Furthermore, our selenium chemical
speciation analysis (Figure 5) suggested that 24-EBL promotes the accumulation of less
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toxic water-soluble small selenoamino acids, providing the enhanced selenium tolerance
observed in 24-EBL-treated peach seedlings.

5. Conclusions
This study demonstrated that 24-EBL application effectively mitigated selenium stress

while promoting selenium accumulation in peach seedlings. Foliar application of 24-EBL en-
hanced plant biomass and total selenium content under selenium stress, facilitated organic
selenium translocation from roots to aboveground, reduced selenium toxicity through cell
wall sequestration of inorganic selenium, and upregulated key selenium metabolism genes
(Sultr1;2, SATs, OAS-TLs, and CGS1). These molecular and physiological modifications
collectively regulated organic selenium assimilation and conversion, minimized damage
from excessive selenocysteine accumulation, and enhanced plant selenium enrichment ca-
pacity. Our findings provide a scientific foundation for employing 24-EBL, offering practical
applications for selenium-enriched agricultural production systems. Future studies should
employ more precise metabolite profiling (e.g., high-performance liquid chromatography
(HPLC)) and comprehensive transcriptome analysis to better understand the mechanisms
of 24-EBL in alleviating Se stress.
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Abstract

Drought stress severely impacts the survival of Platycrater arguta, an endangered tertiary
relict plant. This study investigated the mechanism by which exogenous melatonin en-
hances drought tolerance in P. arguta seedlings through integrated physiological, transcrip-
tomic, and metabolomic analyses. Under 30% PEG-6000-induced drought, seedlings exhib-
ited leaf wilting, reduced relative water content (RWC: 78.6% vs. 84.8% in controls), and
elevated oxidative damage (malondialdehyde increased by 62.94%, H2O2 by 83.78%). Ex-
ogenous melatonin application, particularly at 100 µM (T3), significantly alleviated drought
symptoms, restoring RWC to 83.7%, reducing membrane permeability (relative electrical
conductivity 1.38-fold vs. CK vs. 2.55-fold in PEG), and lowering oxidative markers (MDA
and H2O2 accumulation by 28.33% and 27.84%, respectively). T3 treatment also enhanced
osmolyte synthesis, increasing proline content by 90.14% and soluble sugars by 47.25% com-
pared to the controls. Transcriptome sequencing revealed 31,870 differentially expressed
genes in T3, predominantly enriched in carbohydrate metabolism, oxidative phospho-
rylation, and tryptophan metabolism pathways. Metabolomic profiling demonstrated
that 100 µM melatonin elevated endogenous melatonin levels 19.62-fold and modulated
tryptophan-derived metabolites, including indole derivatives and benzoic acid compounds.
These findings indicate that melatonin mitigates drought stress by enhancing antioxidant
capacity, osmotic adjustment, and metabolic reprogramming, with 100 µM as the optimal
concentration. This study provides critical insights into melatonin-mediated drought resis-
tance mechanisms, offering a theoretical foundation for conserving and restoring P. arguta
populations in arid habitats.

Keywords: Platycrater argutae; drought relief; melatonin; tryptophan

1. Introduction
As a critically endangered tertiary relic, the deciduous shrub Platycrater arguta (Hy-

drangeaceae) faces survival challenges due to combined pressures from biotic and abiotic
stress factors. This species is the sole extant member of its genus [1,2], representing a unique
lineage with significant evolutionary and conservation value. Studying such relic species
offers insights into historical biogeography, adaptation mechanisms, and the impacts of
contemporary climate change on vulnerable biodiversity. Among these, drought stress

Horticulturae 2025, 11, 1089 https://doi.org/10.3390/horticulturae11091089
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stands as one of the most prevalent abiotic stressors in natural ecosystems and serves as
a critical environmental factor influencing plant growth and development [3–5]. For P.
arguta, whose current fragmented distribution is closely linked to specific microclimates,
particularly water availability, understanding drought tolerance mechanisms is paramount
for its survival and effective conservation.

Drought stress directly impacts plant physiological processes by disrupting photo-
synthetic characteristics, reactive oxygen species (ROS) metabolism, and osmotic regula-
tion [4,6,7]. These disruptions lead to cellular dehydration, plasmolysis, and damage to
cell membranes and enzyme systems, ultimately resulting in metabolic imbalance, growth
inhibition, and reduced productivity. Studies have demonstrated that water availability is
a pivotal determinant of P. arguta’s geographical distribution [1]. Plants deploy complex
physiological and molecular responses to counter drought, including osmotic adjustment,
enhanced antioxidant defense, and stress signaling pathways.

Melatonin (MT), an indoleamine compound ubiquitously present in animals and
plants, functions both as an endogenous phytohormone synthesized by plants and as an
exogenous regulator absorbed and accumulated from the environment [8–10]. Melatonin,
a highly effective scavenger of free radicals and secondary antioxidant, is essential for
mediating stress responses in plants [11,12]. It modulates multiple metabolic pathways to
alleviate damage caused by diverse abiotic stresses, including heavy metal toxicity, drought,
and extreme temperatures [13–15].

Focusing on the threatened relict species P. arguta, this study specifically investigates
the efficacy of exogenous melatonin in mitigating drought stress in this vulnerable plant.
Given its unique phylogenetic position and high conservation urgency, understanding
its stress response mechanisms is ecologically significant. The findings could inform
conservation strategies not only for P. arguta but potentially for other endangered species
facing similar climatic pressures. This study elucidates the protective mechanisms of
melatonin supplementation (100~200 µM) against water deficit-induced alterations in
biomass allocation, photosynthetic efficiency, and redox homeostasis in P. arguta juveniles.
The findings will provide critical insights into whether exogenous melatonin mitigates
drought-induced stress damage in P. arguta, while establishing a theoretical foundation for
enhancing the conservation and field population expansion of this endangered species.

2. Materials and Methods
2.1. Experimental Materials and Treatments

Two-year-old P. arguta seedlings with uniform growth and no signs of pests or diseases
were selected for this study. The experiment was conducted in a controlled environment at
the Wenzhou Jingshan Plant Resource Nursery, with temperatures maintained between
16 ◦C and 29 ◦C. Drought stress was induced by irrigating each pot daily with 100 mL of
30% polyethylene glycol 6000 (PEG-6000, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) solution. To prevent leakage, the pots were placed in blue plastic trays. Prior to
the experiment, the seedlings were thoroughly watered for three days and subjected to no
further irrigation during the trial. Six treatments were established, each with five pots and
three biological replicates:

(1) CK: normal watering;
(2) T1: drought stress (PEG);
(3) T2: drought stress + 50 µM melatonin (PEG + MT50)
(4) T3: drought stress + 100 µM melatonin (PEG + MT100)
(5) T4: drought stress + 200 µM melatonin (PEG + MT200)
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Melatonin solutions (Merck KGaA, Darmstadt, Germany) were uniformly sprayed
onto both leaf surfaces using a fine mist sprayer at 17:00–18:00 for five consecutive days be-
fore drought induction. The control groups received equivalent volumes of distilled water.

On the 10th day of treatment, fully expanded functional leaves (3rd–4th from the apex
of current-year branches) were collected at 7:30 AM, sealed with parafilm, and immediately
transported to the laboratory. Fresh leaves were used to measure cell membrane perme-
ability, chlorophyll content, relative water content, and leaf mass per area. The remaining
samples were stored at −80 ◦C for metabolomic, transcriptomic.

2.2. Determination of Physiological Indicators

The measurements of MDA, H2O2, SS, and Pro all require the use of crude enzyme
extract. The preparation method for crude enzyme extract is as follows: The veins of
P. arguta leaves were removed, and the leaves were cut into small pieces. One gram of
the leaf pieces was placed in a pre-cooled mortar and ground into a homogenate under
liquid nitrogen. The homogenate was then poured into a test tube, and nine milliliters of
phosphate buffer solution with a concentration of 0.1 mol·L−1 and a pH of 7 was added.
The centrifuge was set to a temperature of 4 ◦C and a speed of 10,000 r/min, and the
mixture was centrifuged for 10 min. After the mixture was stratified, the supernatant,
which served as the crude enzyme extract, was collected and stored in a refrigerator at 4 ◦C
for future use.

The MDA content was measured using the thiobarbituric acid (TBA) colorimetric
method [16]. The SS content was determined using the anthrone colorimetric method [17].
The Pro content was assayed using the acidic ninhydrin colorimetric method [18].

2.3. Transcriptomic Sequencing and Analysis

Total RNA was extracted from frozen leaf tissues using MJzol Reagent (Magen, Shang-
hai, China) and purified using magnetic bead-based methods. RNA quality was assessed
using a Nanodrop2000 (NanoDrop Technologies LLC, Waltham, MA, USA), agarose gel
electrophoresis, and an Agilent 2100 Bioanalyzer (RIN ≥ 7.0) (Agilent, Santa Clara, CA,
USA). Following poly(A) mRNA selection using oligodeoxythymidine-coated magnetic
beads, RNA fragments of ~300 nucleotides were generated through chemical fragmentation
for subsequent cDNA synthesis. Library preparation was performed with the NEBNext Ul-
tra II RNA Library Prep Kit (New England Biolabs (Beijing) Ltd., Beijing, China), followed
by paired-end sequencing (2 × 150 bp) on an Illumina NovaSeq 6000 sequencing system
(BGI, Shenzhen, China).

Raw sequencing data underwent quality control filtering prior to genome alignment
via HISAT2 (v2.2.1) against the GRCh38 reference assembly. Differentially expressed genes
(DEGs) were identified using DESeq2 (v1.30.1) based on read counts mapped to genes.
Genes were defined as DEGs using the default significance thresholds: a false discovery
rate (FDR) < 0.05 and an absolute log2 fold change > 1.0 (equivalent to a fold change > 2.0
or < 0.5).

GO term enrichment analysis for gene sets was performed using Goatools (v1.2.3).
Fisher’s exact test was employed, and GO terms with an adjusted p-value < 0.05 were
considered significantly enriched. KEGG pathway enrichment analysis was conducted
using KOBAS (v3.0) with similar statistical principles to the GO analysis. Fisher’s exact
test was applied, followed by multiple testing corrections using the Benjamini–Hochberg
(BH) procedure (FDR) to control the false positive rate. KEGG pathways with a corrected
p-value (FDR) < 0.05 were defined as significantly enriched within the DEGs.

239



Horticulturae 2025, 11, 1089

2.4. Metabolomic Profiling

Cryopreserved P. arguta leaf samples were pulverized into fine powder using a
grinding mill (30 Hz, 1 min). Aliquots (50 mg) of homogenized tissue were mixed with
10 µL of internal standard mixture solution (100 ng/mL) and 1 mL of extraction solvent
(methanol/water/formic acid, 15:4:1, v/v/v). After vortexing for 10 min, the mixtures
were centrifuged at 12,000 rpm for 5 min (4 ◦C). The supernatants were transferred to
new tubes, concentrated under reduced pressure, and reconstituted in 100 µL of 80%
methanol/water. Finally, the samples were filtered through 0.22 µm membranes into HPLC
vials for LC-MS/MS analysis.

Chromatographic separation was performed on a Waters ACQUITY UPLC HSS T3
(Jitai Biotechnology Co., Ltd., Shanghai, China) C18 column (1.8 µm, 100 × 2.1 mm i.d.)
maintained at 40 ◦C. The mobile phase consisted of (A) ultrapure water with 0.04% acetic
acid and (B) acetonitrile with 0.04% acetic acid. A gradient elution program was applied at
0.35 mL/min as follows: 0–1.0 min, 95% A; 1.0–8.0 min, 95%→5% A; 8.0–9.0 min, 5% A;
9.0–9.1 min, 5%→95% A; 9.1–12.0 min, 95% A. The injection volume was 2 µL.

Analysis was conducted on a Q-Trap 6500+ system equipped with an electrospray
ionization (ESI) source. Key parameters included the following: ESI temperature 550 ◦C;
ion spray voltage 5500 V (positive mode) or −4500 V (negative mode); curtain gas (CUR)
35 psi. Compound-specific detection was achieved through multiple reaction monitoring
(MRM) using optimized declustering potentials (DP) and collision energies (CE) for each
ion transition.

Qualitative identification was performed against the MetWare Database (MWDB)
established using authentic standards. Quantitative analysis was conducted in MRM mode
with triple quadrupole detection. Chromatographic peaks of all target compounds were
integrated, and concentrations were determined using standard calibration curves.

2.5. Data Analysis and Statistical Methods

Data were processed using Microsoft Excel 2010. One-way analysis of variance
(ANOVA) was conducted to assess the significance of differences across various indices.
Figures were generated using Origin 2020. A comprehensive approach involving Duncan’s
method, Tukey’s HSD test, and the aov function from the R package agricolae (v1.3-7) was
employed for multiple comparisons and ANOVA.

3. Results
3.1. Effects of Exogenous Melatonin on the Phenotype of P. arguta

Under normal watering conditions (CK), plants exhibited healthy growth with normal
leaf color and no signs of wilting. In contrast, all seedlings subjected to 30% PEG-6000
treatment displayed varying degrees of leaf wilting. Exogenous melatonin application
at different concentrations differentially alleviated drought-induced wilting, resulting in
distinct phenotypic responses. Among the treatments, 100 nM melatonin (PEG+MT100)
showed the most significant mitigation effect, followed by 200 nM (PEG+MT200), while
50 nM (PEG+MT50) provided minimal relief. Specifically, leaves treated with 100 nM
melatonin displayed slight wilting and curling at the margins, with limited affected areas.
At 200 nM, the leaves exhibited curling but no wilting or drooping. In contrast, seedlings
treated with 50 nM melatonin experienced severe leaf wilting, desiccation, and even
abscission, accompanied by pronounced water loss (Figure 1).
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Figure 1. The hydrotoponic response of P. arguta to PEG-6000-induced osmotic perturbation was
characterized through comprehensive morphometric analysis under whole-basin growth conditions.

After 10-day drought exposure, leaf RWC—a key parameter reflecting cellular hydra-
tion status—showed a progressive decline across experimental groups. The most severe
dehydration occurred in PEG-treated specimens (78.6% RWC), representing a 7.3% reduc-
tion compared to well-watered controls (CK: 84.8%). Exogenous melatonin application
significantly attenuated this dehydration effect, with 100 µM demonstrating superior
efficacy (83.7% RWC) over both lower (50 µM: 81.4%) and higher (200 µM: 80.4%) concen-
trations in maintaining membrane-bound water (Figure 2a). Relative electrical conductivity
(REC), reflecting cell membrane damage, increased substantially in drought-stressed plants.
The untreated PEG group reached 76.6% REC, 2.55-fold higher than the CK group. In
contrast, REC values for 50, 100, and 200 µM melatonin treatments were 2.10-, 1.38-, and
2.07-fold higher than CK, respectively. These results demonstrate that exogenous mela-
tonin application significantly reduced membrane damage, with 100 µM showing the most
pronounced protective effect (Figure 2b).

  
(a) (b) 

Figure 2. Dose-dependent effects of exogenous melatonin on leaf physiological parameters:
(a) relative electrolyte leakage (REC) and (b) relative water content (RWC) across MT concentra-
tion gradients. Alphabetic superscripts (a–d) denote statistically distinct clusters identified through
Tukey’s HSD test (α = 0.05), where non-overlapping letters reflect membrane integrity–water retention
coordination under osmotic stress.
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3.2. Effects of Exogenous Melatonin on Peroxide Accumulation in P. arguta

As the final byproduct generated through polyunsaturated fatty acid peroxidation in
cellular membranes, malondialdehyde (MDA) concentration directly reflects the degree
of oxidative damage in biological systems. In this experiment, the CK group exhibited a
significantly lower MDA content compared to all other treatments. The untreated drought-
stressed group (0 µM melatonin) showed a 62.94% increase in MDA relative to CK, while
50, 100, and 200 µM melatonin treatments resulted in 33.78%, 28.33%, and 28.47% increases,
respectively. Notably, MDA levels in melatonin-treated groups showed no significant
differences among concentrations, with values intermediate between CK and untreated
drought-stressed plants (Figure 3a).

  
(a) (b) 

Figure 3. (a) MDA content (reflecting membrane oxidative damage); (b) H2O2 accumulation across
all experimental groups. Alphabetic superscripts (a–c) denote statistically distinct clusters identified
through Tukey’s HSD test (α = 0.05), where non-overlapping letters reflect membrane integrity–water
retention coordination under osmotic stress.

Hydrogen peroxide (H2O2) content, which rises under drought stress and induces
cytotoxicity at elevated levels, was significantly lower in the CK- and 100 µM melatonin-
treated groups compared to other treatments. The 200 µM melatonin group showed
moderate H2O2 accumulation, while the untreated (0 µM) and 50 µM melatonin groups
exhibited the highest levels, exceeding CK by 83.78% and 97.21%, respectively. The 50 µM
melatonin treatment group exhibited a 2-fold increase in hydrogen peroxide accumulation
compared to the control (CK), demonstrating significant drought-induced oxidative injury
at the cellular level. In contrast, the 100 and 200 µM melatonin treatments limited H2O2

increases to 27.84% and 41.35% above CK, respectively, demonstrating a concentration-
dependent mitigation effect (Figure 3b).

3.3. Effects of Exogenous Melatonin on Osmolyte Accumulation in P. arguta

Soluble sugars and proline, key osmoregulatory substances, are critical for maintaining
cellular osmotic balance under drought stress. In this study, the observed differential in
soluble carbohydrates—with consistently elevated levels across drought treatments relative
to CK—reflects active osmotic adjustment as a key physiological adaptation strategy. The
untreated drought-stressed group (0 µM melatonin) exhibited a 77.12% increase in soluble
sugar content compared to CK, while 50, 100, and 200 µM melatonin treatments resulted
in increases of 40.92%, 47.25%, and 60.18%, respectively. Notably, the 50 µM melatonin
group showed the lowest soluble sugar accumulation among melatonin-treated plants,
with values closer to CK (Figure 4a). Proline content varied markedly across treatments,
peaking in the 100 µM melatonin group. The untreated drought-stressed group (0 µM) and
200 µM melatonin group displayed moderate proline levels, whereas the CK and 50 µM
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melatonin treatments showed the lowest accumulation. Specifically, proline content in the 0,
50, 100, and 200 µM melatonin groups exceeded CK by 30.38%, 9.86%, 90.14%, and 29.61%,
respectively. This highlights the superior efficacy of 100 µM melatonin in enhancing proline
synthesis to counteract osmotic stress (Figure 4b).

 

(a) (b) 

Figure 4. (a) Soluble sugar content; (b) free proline content. Alphabetic superscripts (a–c) denote
statistically distinct clusters identified through Tukey’s HSD test (α = 0.05), where non-overlapping
letters reflect membrane integrity–water retention coordination under osmotic stress.

3.4. Transcriptome Sequencing Alignment, Annotation, and Differential Gene Analysis

The de novo transcriptome reconstruction using the Trinity assembler yielded
316,538 RNA isoforms (301.34 Mbp total length), exhibiting broad size distribution from
952 bp average to 17.2 kb maximum contigs. These spliced variants underwent systematic
functional characterization through six-tiered bioinformatic pipelines (Non-Redundant Pro-
tein, Swiss-Prot/UniProtKB, Pfam domain architecture, Clusters of Orthologous Groups,
GO, and KEGG), with cross-database annotation landscapes quantitatively profiled in
Figure 5.

Figure 5. Gene annotation of each database.
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Differential expression analysis identified distinct gene sets across comparisons. Specif-
ically, 720 (2.49%), 206 (0.71%), 9728 (33.58%), and 149 (0.51%) genes were uniquely ex-
pressed in T1 vs. CK, T2 vs. CK, T3 vs. CK, and T4 vs. CK, respectively. Comparisons
between melatonin-treated and drought-stressed groups revealed 30 (0.10%), 46 (0.16%),
and 517 (1.78%) unique genes in T2 vs. PEG, T3 vs. PEG, and T4 vs. PEG, respectively.
Cross-treatment comparisons yielded 114 (0.39%), 80 (0.28%), and 1,019 (3.52%) unique
genes in T2 vs. T3, T2 vs. T4, and T3 vs. T4, respectively.

When T3 was compared to CK, a total of 31,870 differentially expressed genes (DEGs)
were detected, with 22,324 being upregulated and 9546 downregulated. In the T3 versus T1
comparison, 27,068 DEGs were identified, consisting of 229 upregulated and 26,839 down-
regulated genes. Similarly, the contrast between T3 and T2 yielded 11,832 DEGs, including
4462 upregulated and 7370 downregulated transcripts. Finally, the T3 vs. T4 comparison
displayed 22,598 DEGs, of which 5618 were upregulated and 16,980 downregulated. These
results underscore the pronounced transcriptional reprogramming induced by 100 µM
melatonin, aligning with its superior efficacy in enhancing drought tolerance.

3.5. Functional Enrichment Analysis of Differentially Expressed Genes

In the T3 vs. CK comparison, GO enrichment analysis revealed distinct functional cate-
gories. For biological processes (BP), DEGs were predominantly enriched in macromolecule
modification (836 genes), phosphorus metabolic processes (761), cellular protein modi-
fication (757), protein modification (757), and phosphorus compound metabolism (728).
Cellular component (CC) terms included cell part (7334 genes), cellular anatomical entity
(6880), membrane-bounded organelle (2810), intracellular membrane-bounded organelle
(2798), intrinsic membrane component (2552), membrane part (2534), and membrane (1496).
Molecular functions (MF) were enriched in catalytic activity (1340 genes), kinase activity
(701), phosphotransferase activity (630), and DNA binding (621).

KEGG pathway analysis highlighted distinct metabolic reprogramming across com-
parisons. Pathway enrichment analysis revealed distinct metabolic and regulatory pat-
terns across the comparisons (Figure 6). In T3, relative to CK, the predominant path-
ways were associated with “Biosynthesis of cofactors,” “Oxidative phosphorylation,” and
“Glycolysis/Gluconeogenesis.” When contrasting T3 with T1, the most significantly en-
riched pathways included “Starch and sucrose metabolism,” “Peroxisome,” and “Pentose
and glucuronate interconversions.” For T3 versus T2, DEGs were primarily linked to
“Plant hormone signal transduction,” “Protein processing in endoplasmic reticulum,” and
“Plant-pathogen interaction.” Meanwhile, the comparison between T3 and T4 highlighted
pathways such as “Ribosome,” “Oxidative phosphorylation,” and “Carbon fixation in
photosynthetic organisms.”

Integrated analysis demonstrated that T3-specific DEGs were primarily associ-
ated with carbohydrate metabolism (e.g., glycolysis, starch/sucrose metabolism, pen-
tose/glucuronate interconversions) and oxidative phosphorylation. Cross-group compar-
isons further revealed enrichment in pathways such as “Plant hormone signal transduc-
tion,” antioxidant metabolism (“Oxidative phosphorylation,” “Peroxisome”), and carbon
metabolism (“Carbon fixation”). These findings align with melatonin’s role in enhanc-
ing drought resilience through the coordinated regulation of energy metabolism, stress
signaling, and redox homeostasis.
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Figure 6. Enrichment analysis of KEGG differential genes in different treatment groups of P. arguta.
(A) CK VS PEG; (B) CK VS PEG + MT50; (C) CK VS PEG+MT100; (D) CK VS PEG+MT200.

3.6. Tryptophan Metabolite Analysis

In this experiment, 31 tryptophan metabolic pathway-related metabolites were quan-
titatively analyzed. A total of 16 metabolites across 7 classes were detected with dif-
ferential expression between treatments: aniline compounds (1 species: 2-aminophenol,
2-AF), benzoic acid derivatives (1 species: 2-aminobenzoic acid, 2-AA), indole deriva-
tives (8 species: 6-hydroxymelatonin, 6-HMLT; tryptamine, TRM; N-acetylserotonin, NAS;
melatonin, MLT; L-tryptophan, L-TRP; DL-indole-3-lactic acid, ILA; 5-hydroxytryptophol,
5_HTOL), medium-chain keto acids (1 species: 2-ketoadipic acid, 2-KA), carbonyl com-
pounds (1 species: L-kynurenine, L-KYN), pyridine derivatives (2 species: picolinic acid,
PA; nicotinic acid, N-Acid), and quinoline carboxylic acids (2 species: xanthurenic acid, XA;
quinolinic acid, QA).
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Among the indole derivatives, two melatonin-related compounds, MLT and 6-HMLT,
exhibited a relatively high abundance. The MLT contents in the CK~T4 treatment groups
were 1.3518 ng/g, 2.0171 ng/g, 11.0537 ng/g, 29.5711 ng/g, and 67.6499 ng/g, respectively.
Significant differences were observed between the CK/T1 groups and the T2/T3/T4
groups. The CK group had the lowest MLT content, accounting for only 2.00%, 2.98%,
16.34%, and 43.71% of the other treatment groups. The treatment groups sprayed with
exogenous melatonin showed significantly higher MLT content than the CK and PEG
groups, with levels 5.84-, 9.76-, and 19.62-fold higher than those of the CK group. These
results indicate that higher exogenous melatonin concentrations lead to greater endogenous
melatonin accumulation. Additionally, the indole derivative IGA displayed substantial
variation among treatments, with contents of 20.8052 ng/g, 51.7191 ng/g, 18.0867 ng/g,
24.2732 ng/g, and 19.1119 ng/g across the groups. The T2 group had the lowest IGA
content, while the other groups showed 1.15-, 2.86-, 1.34-, and 1.06-fold higher levels
compared to T2.

Among the benzoic acid derivatives, 2-AA exhibited significant variations across the
treatment groups. The 2-AA content was notably lower in melatonin-sprayed groups
(14.37 ng/g, 12.30 ng/g, and 20.98 ng/g), with the lowest observed in the T3 group, repre-
senting only 17.64%, 15.97%, 85.60%, and 58.64% of the levels in the other treatment groups.
In contrast, the PEG-stressed group showed the highest 2-AA accumulation.

Overall, exogenous melatonin application modulated the content of tryptophan-
related compounds in P. arguta leaf tissues, with melatonin-treated groups displaying
intermediate levels between the CK control and PEG-stressed groups. Notably, the T2 and
T3 treatments outperformed T4 in balancing tryptophan metabolism under drought stress.

3.7. KEGG Enrichment Analysis of Tryptophan-Related Differential Metabolites

Experimental evaluation of exogenous melatonin dosage variations on drought-
stressed P. arguta demonstrated that the 100 µM/L concentration (T3) optimally enhanced
both phenotypic resilience and physiological homeostasis among all treatments. Combined
with the analysis of tryptophan-related compound contents, this further confirmed that
100 µM/L melatonin is the optimal concentration for enhancing drought resistance in P.
arguta. Therefore, the KEGG functional annotation and enrichment analysis of tryptophan-
related differential metabolites focused on comparing the enrichment differences between
the T3 and other treatment groups.

In the comparison between T3 and CK, the pathways with the most enriched dif-
ferentially expressed genes were ‘biosynthesis of secondary metabolites’ and ‘trypto-
phan metabolism’. Between T3 and T1, the most enriched pathways were ‘tryptophan
metabolism’, ‘nicotinate and nicotinamide metabolism’, and ‘metabolic pathways’. For T3
versus T2, the predominant enriched pathways were ‘metabolic pathways’ and ‘trypto-
phan metabolism’. Similarly, in T3 versus T4, the top enriched pathways were ‘metabolic
pathways’ and ‘tryptophan metabolism’.

Collectively, the differentially expressed genes between the T3 and other treatment
groups were primarily enriched in ‘metabolic pathways’ and ‘tryptophan metabolism’.
Pairwise comparisons among other treatment groups revealed additional enriched path-
ways, including ‘nicotinate and nicotinamide metabolism’, ‘biosynthesis of secondary
metabolites’, and ‘biosynthesis of amino acids’. These results underscore the central role of
tryptophan metabolism and broader metabolic reprogramming in the drought resistance
mechanisms regulated by melatonin in P. arguta.
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4. Discussion
Melatonin is synthesized and transported in plants, with a mechanism similar to that

in animals, both using tryptophan as the precursor. The biosynthesis of melatonin in plants
follows a four-step enzymatic cascade starting from tryptophan, with the involvement of
six key enzymes: tryptophan decarboxylase initiates the pathway, followed by tryptophan
hydroxylase, and tryptophan 5-hydroxylase for hydroxylation. Subsequently, serotonin
N-acetyltransferase catalyzes acetylation, while N-acetylserotonin methyltransferase and
caffeic acid O-methyltransferase mediate the final methylation steps to yield melatonin.
Therefore, studying the tryptophan metabolic pathway is crucial for understanding the
role of melatonin in drought resistance mechanisms of P. arguta.

P. arguta exhibited distinct morphological, peroxidative, and osmoregulatory responses
under drought stress with exogenous melatonin treatments. Observations in Rosa sertata
× R. rugosa showed that PEG-induced drought stress significantly inhibited plant growth,
causing leaf curling and wilting, and a decrease in relative water content [19]. Exogenous
melatonin application alleviated these symptoms, improving RWC in a dose-dependent
manner. Similar studies on Zanthoxylum bungeanum demonstrated that melatonin (200 µM)
effectively restored leaf turgor and chlorophyll content under drought, highlighting its
species-specific optimal concentration for stress mitigation [20].

Drought-induced cellular damage, marked by elevated malondialdehyde (MDA),
hydrogen peroxide (H2O2), and relative electrical conductivity (REC), was mitigated by
melatonin in P. arguta. This aligns with findings in Z. bungeanum, where melatonin reduced
MDA and H2O2 levels by 33% and 30%, respectively, under drought [21]. The reduction in
membrane permeability and oxidative markers underscores melatonin’s role in scavenging
reactive oxygen species (ROS) and stabilizing membrane integrity, a conserved mechanism
across plant species [22–24].

Carbohydrate metabolism, which is critical for osmotic adjustment and energy home-
ostasis, was significantly enriched in drought-stressed P. arguta, as revealed by transcrip-
tomic analysis. Similar patterns were reported in Agropyron mongolicum, where drought-
responsive genes were enriched in starch/sucrose metabolism pathways [25,26]. These
findings suggest a universal adaptive strategy where plants prioritize carbon allocation
to sustain cellular functions under water deficit [27]. Furthermore, melatonin’s interac-
tion with phytohormones, such as auxin and abscisic acid (ABA), may coordinate stress
signaling. For instance, in Arabidopsis, tryptophan metabolism modulates auxin-ABA
crosstalk, balancing growth and stress responses [28]. Drought-induced H2O2 accumula-
tion suppresses tryptophan synthase activity, reducing auxin synthesis while promoting
ABA accumulation—a dynamic interplay potentially regulated by melatonin [29–31].

Transcriptomic enrichment in metabolic pathways, particularly tryptophan metabolism,
in the T3 group (100 µM melatonin) highlights melatonin’s dual role as a metabolic reg-
ulator and antioxidant. Studies on Arabidopsis TSB1 (tryptophan synthase β-subunit 1)
revealed its involvement in abiotic stress adaptation by fine-tuning auxin and ABA home-
ostasis [32]. In P. arguta, melatonin likely mitigates drought-induced oxidative stress by
modulating tryptophan-derived metabolites, thereby influencing H2O2 levels and hormone
signaling. This mechanistic overlap suggests that melatonin enhances drought resilience
through conserved pathways involving redox balance and hormone coordination [33].

Growing evidence emphasizes phytohormones as pivotal mediators of drought adap-
tation. Melatonin, acting synergistically or antagonistically with hormones like ABA,
ethylene, and jasmonic acid, orchestrates complex signaling networks to optimize stress
responses. Our findings corroborate this paradigm, positioning melatonin as a master
regulator bridging metabolic reprogramming and hormonal crosstalk under drought.
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This study highlights the potential application of exogenous melatonin in enhancing
drought tolerance in P. arguta. Melatonin is commercially available through chemical syn-
thesis or microbial fermentation, with relatively high costs for plant applications. However,
considering its significant benefits in improving drought resistance, the cost is acceptable,
especially for endangered species or regions prone to drought. Additionally, foliar spraying
of melatonin has shown promising results, but its effectiveness may vary under different
environmental conditions. Future studies should focus on optimizing spray frequency,
concentration, and timing to maximize its benefits in diverse conditions, particularly in arid
areas. Thus, melatonin holds great potential for agricultural and ecological applications,
especially for plants in drought-prone regions.

5. Conclusions
This study demonstrated the pivotal role of exogenous melatonin in enhancing

drought stress tolerance in P. arguta through physiological and transcriptomic analyses. Un-
der drought stress, P. arguta plants exhibited growth inhibition, elevated peroxide content,
and reduced antioxidant enzyme activity. However, exogenous melatonin treatment miti-
gated leaf dehydration, elevated relative water content in leaves, and improved drought
tolerance through the upregulation of antioxidant enzymes to eliminate reactive oxygen
species (ROS), alongside the accumulation of osmoprotectants to reduce osmotic potential.
Transcriptomic profiling revealed that differentially expressed genes in melatonin-treated
leaves were predominantly enriched in pathways related to carbohydrate metabolism
(including ribosome, glycolysis/gluconeogenesis, starch and sucrose metabolism, fruc-
tose and mannose metabolism, pentose and glucuronate interconversions), antioxidant
metabolism, and carbon metabolism.

It is noteworthy that this research focused primarily on melatonin-mediated metabolic
and transcriptional responses in leaves, while root development and regulatory mecha-
nisms under drought stress remain unexplored. Future studies should integrate phenotypic
and physiological assessments with genomic-level analyses to establish a comprehen-
sive evaluation system for accurately quantifying drought resistance in P. arguta, thereby
advancing the development of standardized resistance indicators.
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