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Abstract

Blossom-end rot (BER) in tomatoes is a physiological disorder primarily caused by disrupted calcium
absorption and transport. This study aims to investigate the physiological and molecular mechanisms
by which exogenous brassinolide (BR) reduces the incidence of tomato BER under calcium-deficient
conditions. The results showed that under calcium deficiency, foliar spraying of BR significantly
reduced the BER incidence (from 26.67% to 6.67%) and effectively increased calcium ion content in
the leaves, stems, roots, and other parts of the plant. At the physiological level, BR treatment
significantly enhanced the activities of CAT, POD, and SOD in the leaves (by 105.70%, 117.12%, and
82.77%, respectively), while reducing the contents of H,O, (by 36.90%) and MDA (by 16.38%). This
indicates that BR alleviates membrane lipid peroxidation damage by enhancing the antioxidant
defense system. Transcriptome analysis further revealed that BR treatment identified 4807, 2807, and
2554 differentially expressed genes (DEGs) in the leaves, stems, and roots, respectively, with the most
significant response observed in the leaves. GO functional enrichment analysis showed that these
genes are mainly involved in biological processes such as secondary metabolic processes, response
to oxygen-containing compounds, and cell wall organization. KEGG pathway analysis further
indicated significant enrichment in pathways such as phenylpropanoid biosynthesis, plant hormone
signal transduction, and plant-pathogen interaction. Additionally, several key genes, such as the
cytochrome C oxidase gene (Solyc03g013460.1), exhibited a gradient up-regulation pattern of "root >
stem > leaf” in the oxidative phosphorylation pathway, while photosynthesis-related genes (e.g.,
PsbA, PsaA, and ND family genes) were also generally up-regulated. In summary, BR likely enhances
tomato tolerance to calcium deficiency stress and effectively reduces the occurrence of BER through
multiple pathways, including regulating calcium absorption and distribution, activating the
antioxidant system, modulating hormone signaling pathways, and enhancing energy metabolism.
This provides a theoretical basis for the application of BR in agricultural production.

Keywords: tomato (Solanum lycopersicum); blossom-end rot; brassinolide; calcium absorption;
antioxidant system; transcriptome analysis

1. Introduction

Tomato (Solanum lycopersicum) is one of the most widely cultivated vegetable crops worldwide
and a major vegetable in protected cultivation in China [1]. In production, blossom-end rot (BER) is
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a common physiological disorder that causes black spots or even rot on fruits, severely constraining
the improvement of tomato yield and quality. This disease is not unique to tomatoes; it also occurs
in crops such as peppers, eggplants, and watermelons [2,3].

Low soil calcium content is one factor associated with increased BER incidence [4]. However,
increasing plant calcium uptake by augmenting soil calcium does not necessarily lead to increased
fruit calcium uptake or reduced BER [5]. Calcium is an indispensable element for tomato growth and
development, playing important roles in fruit expansion, disease resistance, stress response, and
quality improvement. Calcium deficiency is common in tomato production, leading to necrosis of
young shoots and roots, decreased leaf photosynthetic capacity, and frequent occurrence of blossom-
end rot [6] . Calcium is a nutrient with poor mobility. Targeted spraying, especially on fruiting and
podding crops, can directly apply calcium to the fruit, supplementing nutrients through non-vascular
absorption pathways [7]. Foliar application of calcium can reduce BER in tomatoes [8,9] , possibly
due to direct calcium absorption into the fruit. High calcium treatment in coir substrate cultivation
of tomatoes can reduce the incidence of BER [10]. Applying appropriate amounts of calcium to
tomato plants effectively reduces the incidence and severity of BER, but compared to appropriate
application, excessive calcium does not reduce incidence and may even further increase severity [5].
Rapid fruit growth and cell expansion are another factor contributing to BER development [11,12].
Aslani et al. [13] found a significant correlation between BER incidence and tomato fruit growth rate,
but no significant correlation between fruit calcium content and BER incidence.

Plant hormones are key regulatory factors. Although present in minute amounts, they
significantly influence the entire plant life cycle, including seed germination and the development of
vegetative and reproductive organs. Furthermore, they play roles in responding to abiotic stresses
such as drought, salinity, and low temperature, helping plants enhance stress resistance and maintain
normal physiological activities. Studies have found that exogenously applied plant growth regulators
can also regulate the occurrence and development of BER. Auxin and gibberellin (GA), while
accelerating fruit growth, also increase BER incidence [14]. Foliar spraying of 500 mg-L" abscisic acid
(ABA) significantly reduces BER occurrence [15]. Brassinolide (BR), as an important plant hormone,
has recently attracted widespread attention in the scientific community for its role in regulating plant
growth and development, especially in application research on vegetable crops like tomatoes.
Brassinolide demonstrates significant physiological effects, including promoting plant growth,
enhancing stress resistance, and improving fruit quality [16-18]. Exogenous BR (0.5 M) effectively
reduces the incidence and disease index of internal tipburn in baby bok choy. It up-regulates the
expression of genes related to calcium ion transfer, response, and binding, increases the activity of
calcium ion transporter Ca?*-ATPase and proton pump H*-ATPase, and promotes calcium transport
from underground to aboveground parts and from outer to inner leaves, thereby alleviating internal
tipburn symptoms caused by calcium deficiency in inner leaves [19]. BR can reduce tomato sensitivity
to BER. After EBL treatment, soluble Ca?" and the activities of three major antioxidant enzymes
(ascorbate peroxidase, catalase, and superoxide dismutase) in tomato fruits significantly increased,
thereby reducing BER occurrence [20].

Currently, although brassinolide has shown positive effects in alleviating internal tipburn in
baby bok choy and tomato blossom-end rot, its mechanisms in regulating gene expression in different
tomato tissues under calcium-deficient conditions remain unclear. Therefore, based on transcriptome
analysis, this study aims to explore the regulatory effects of exogenous brassinolide on calcium
deficiency-induced tomato blossom-end rot and differential gene expression in different parts.

2. Results
2.1. Plant Growth Status under Calcium-Deficient Nutrient Solution + Distilled Water Spray and Calcium-
Deficient Nutrient Solution + BR Spray

At sampling time, the plant growth status of (-Ca) CK and (-Ca) BR treatments was similar, with
no significant difference, as shown in Figure 1. The fruit growth status differed markedly between (-
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Ca) CK and (-Ca) BR treatments. The initial BER incidence in (-Ca) CK tomatoes was 26.67%, while
in (-Ca) BR it was 6.67%, indicating that BR spraying under calcium deficiency significantly reduced
BER occurrence (Figure 2). Figure 3 shows top and longitudinal section views of BER-affected and
normal tomato fruits.

Figure 1. Tomato plant growth status. (A) Calcium-deficient nutrient solution cultivation + distilled water spray
treatment. (B) Calcium-deficient nutrient solution cultivation + BR spray treatment.

2.0 —
1.8 =
1.6 =
1.4 —

12 —

—t—

1.0 —
0.8 —

Incidence rate (%)

0.6 =

0.4 —

=

0.2 —

0.0

I i 1 i
(-Ca)CK (-Ca)BR

Figure 2. Initial blossom-end rot incidence in tomatoes under calcium-deficient nutrient solution + distilled water
spray and calcium-deficient nutrient solution + BR spray treatments.

Figure 3. Tomato fruit growth status. (A) Top view and longitudinal section of a normal fruit. (B) Top view and
longitudinal section of a BER-affected fruit.

2.2. Effect of BR on Calcium Ion Content in Different Tomato Parts

Compared to the control, BR spraying significantly increased calcium ion content in all plant
parts. Specifically, in leaves, stems, roots, and fruits, the Ca?* content in the BR treatment was 40.39%,
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127.14%, 11.27%, and 17.14% higher than in the CK treatment, respectively. ANOVA results showed
that the increases in leaves, stems, and roots reached significant levels, while the difference in fruits
was not significant. This indicates that BR spraying increased calcium ion content in various parts of
the tomato plant.
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Figure 4. Calcium ion content in different tomato parts. (A) In leaves. (B) In stems. (C) In roots. (D) In flowers.
Different lowercase letters indicated statistical differences (p < 0.05) as evaluated by Duncan’s multiple range
test method.

2.3. Effect of BR on Antioxidant Enzymes in Tomato Leaves

CAT, POD, and SOD are the most important enzymes in the antioxidant system. During
cultivation with calcium-deficient nutrient solution, exogenous BR spraying significantly increased
the activities of CAT, POD, and SOD by 105.70%, 117.12%, and 82.77%, respectively, compared to
foliar spraying of distilled water. This indicates that exogenous BR spraying can effectively reduce
membrane lipid peroxidation and protect cell membrane integrity.
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Figure 5. Effect of BR on the antioxidant enzyme system in tomato leaves. (A) CAT enzyme activity. (B) POD
enzyme activity. (C) SOD enzyme activity. Different lowercase letters indicated statistical differences (p < 0.05)
as evaluated by Duncan’s multiple range test method.
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2.4. Effect of BR on MDA in Tomato Leaves

Under calcium-deficient conditions, MDA content in leaves increased significantly. Foliar
spraying of BR reduced MDA content by 16.38%, indicating that exogenous BR has a certain
regulatory effect on membrane damage in leaves.
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Figure 6. Effect of BR on MDA content in tomato leaves. Different lowercase letters indicated statistical
differences (p < 0.05) as evaluated by Duncan’s multiple range test method.

2.5. Effect of BR on H,0, in Tomato Leaves

Under calcium-deficient conditions, H,O, content accumulated significantly in leaves.
Exogenous BR spraying significantly reduced H>O, content in tomato leaves by 36.90%, indicating
that exogenous BR reduces toxicity in BER-affected tomatoes by decreasing oxidative damage.
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Figure 7. Effect of BR on H,O, content in tomato leaves. Different lowercase letters indicated statistical
differences (p < 0.05) as evaluated by Duncan’s multiple range test method.

2.6. Differential Gene Screening

Transcriptome sequencing data were used to compare samples from different tomato parts.
DEGs were screened with p-value < 0.05, g-value <0.05, and |log2FoldChange| > 1. The volcano plot
results are shown in Figure 8. In leaves, 4807 DEGs were screened for T-L_vs_CK-L, with 1899
significantly upregulated and 2908 significantly down-regulated. In stems, 2807 DEGs were screened
for T-S_vs_CK-S, with 1188 significantly up-regulated and 1619 significantly down-regulated. In
roots, 2554 DEGs were screened for T-R_vs_CK-R, with 1492 significantly up-regulated and 1062
significantly down-regulated. This suggests that more genes are involved, and more complex
biological changes occur during leaf development, followed by stems, with the fewest DEGs in roots.
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Figure 8. Volcano plots of differentially expressed genes. (A) DEGs in leaves. (B) DEGs in stems. (C) DEGs in
roots. The DEGs were obtained by p-value < 0.05, g-value < 0.05, and Ilog2Fold Changel > 1.

To further elucidate the mechanism by which BR controls tomato BER, high-throughput
sequencing was used to study the expression patterns of functional genes in leaves, stems, and roots
after BR treatment. Preliminary results showed that after BR treatment, T-L_vs_CK-L had 472 up-
regulated and 517 down-regulated DEGs (llogz (FoldChange)! = 3); T-S_vs_CK-S had 238 up-
regulated and 433 down-regulated DEGs; T-R_vs_CK-R had 466 up-regulated and 294 down-

regulated DEGs.

Table 1. DEGs in T-L_vs_CK-L.

Up-Regulated Gene Annotation Group

Number of Genes

Calmodulin(cam)
MADS-box transcription factor
MYB transcription factors
Cold shock protein
Glycine-rich protein
Glutathione S-transferase
Pectinesterase
Cytochrome c oxidase
Fatty acyl-coa
ABC transporter
ABA deficient protein
Sugar transport proteins
Auxin-responsive protein SAUR
Ribosomal proteins
Auxin efflux facilitator slpin
Atpase
Cytochrome P450
Other

U100 — O\ U1 W~ WK BB, W

414

Down-regulated gene annotation group
Heat shock protein
MADS-box protein

MYB transcription factors
Glycine-rich protein
Cytochrome P450
Jasmonic acid-amido
Glucan endonuclease
Glutathione S-transferase
Pathogenesis-related leaf protein
Sugar transport proteins
Ethylene-responsive transcription factors
WRKY transcription factors
Serine/threonine protein kinases
Della protein
Other

N N — W

—_
(O8]

= 00 NN~ O

459
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Up-Regulated Gene Annotation Group

Number of Genes

Glutathione S-Transferase
Cytochrome P450
Cytochrome C Oxidase
Pectinesterase
Calcium-Binding Protein
Sugar Transport Proteins
Ribosomal Protein
Auxin
Stress-Associated Protein
Ethylene-Responsive Transcription Factors
Other

W W W R WRE = =N =

222

Down-regulated gene annotation group
Calcium-binding protein
MYB transcription factors
WRKY transcription factors
Cytochrome P450
Auxin
Glutathione S-transferase
Pectinesterase
Serine/threonine protein kinases
Ethylene-responsive transcription factors
Jasmonic acid-amido
Sugar transport proteins
B3 domain-containing proteins
Bhlh transcription factors
Other

N 0 O W

NN

19

NN

344

Table 3. DEGs in T-R_vs_CK-R.

Up-Regulated Gene Annotation Group

Number of Genes

WRKY transcription factors
Calcium-binding protein
MYB transcription factors
ABC transporter
Ribosomal protein
Sugar transport proteins
Bhlh transcription factors
Glycine-rich proteins
Pectinesterase
Della proteins
Other

N BN B OR R~ O~ N

436

Down-regulated gene annotation group

Sugar transport proteins

MYB transcription factor

Auxin-responsive proteins
ABC transporter
Bhlh transcription factor
Pectinesterase
Ethylene-responsive transcription factor
Other

_OR R W W RN

279

2.7. GO Enrichment Analysis of Differentially Expressed Genes

GO functional annotation results of DEGs for biological process (BP), cellular component (CC),
and molecular function (MF) are shown. Among the three comparison groups, the BP category
contained the most enriched DEGs. The top 10 GO terms with the smallest Q-value and most
significant enrichment were selected for plotting. The most significantly enriched pathways in BP for
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T-L_vs_CK-L, T-S_vs_CK-S, and T-R_vs_CK-R were secondary metabolic process, response to
oxygen-containing compounds, and plant-type cell wall organization or biogenesis. The most
significantly enriched pathways in CC were extracellular region, integral component of plasma
membrane, and extracellular region. The most significantly enriched pathways in MF were
chlorophyll binding, DNA-binding transcription factor activity, and oxidoreductase activity.

Table 4. GO enrichment of DEGs in different comparison groups.

GO enrichment
Cat DEG i i
ategory ° biological cellular component molecglar total
process function
T-L_vs_CK-L 4807 1654 1574 1422 4650
T-S_vs_CK-S 2807 986 914 864 2764
T-R_vs_CK-R 2554 853 846 759 2458
A chlorophyll binding ' MF
pigment binding ; cC
oxidoreductase activity == ==
oxidoreductase activity BP
monooxygenase activity =f——————————
oxidoreductase activity
tetrapyrrole binding =
DNA binding transcription factor activity —f————————
transcription reg;llator activity
carboxylic ester hydrolase activity =———————
cell periphery
external encapsulating structure
cell wall
plastoglobule —fF—=

plant-type cell wall

intrinsic component of plasma membrane
membrane

nuclear nucleosome

intrinsic component of membrane —F—=
rotein-DNA complex

secondary metabolic process

secondary metabolite biosynthetic process
response to drug

response to fungus

response to other organism

response to stimulus

response to external biotic stimulus
photosynthesis

response to biotic stimulus

response to chitin

g
8

|

-log,,(Qvalue)
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Figure 9. GO functional annotation results of DEGs in different comparison groups. (A) Leaf. (B) Stem. (C) Root.

2.8. KEGG Metabolic Pathway Enrichment Analysis of Differentially Expressed Genes

KEGG functional enrichment was performed on DEGs, and the top 30 significantly enriched
metabolic pathways were screened. Phenylpropanoid biosynthesis, Plant hormone signal
transduction, and Plant-pathogen interaction were the most abundant pathways across the three
comparison groups.
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For T-L_vs_CK-L, among the significantly up-regulated metabolic pathways, the most
significantly enriched were Photosynthesis — antenna proteins (ko00196, 18 genes), Cutin, suberine
and wax biosynthesis (ko00073, 12 genes), Photosynthesis (ko00195, 31 genes), and Oxidative
phosphorylation (ko00190, 29 genes). Among the significantly down-regulated metabolic pathways,
the most significantly enriched were Phenylpropanoid biosynthesis (ko00940, 32 genes), MAPK
signaling pathway — plant (ko04016, 31 genes), Plant hormone signal transduction (ko04075, 49
genes), and Plant-pathogen interaction (ko04626, 34 genes).

For T-S5_vs_CK-S, among the significantly up-regulated metabolic pathways, the most
significantly enriched were Thermogenesis (ko04714, 17 genes) and Oxidative phosphorylation
(ko00190, 18 genes). Among the significantly down-regulated metabolic pathways, the most
significantly enriched were Linoleic acid metabolism (ko00591, 6 genes), Diterpenoid biosynthesis
(ko00904, 8 genes), Plant hormone signal transduction (ko04075, 58 genes), MAPK signaling pathway
- plant (ko04016, 31 genes), and Plant—pathogen interaction (ko04626, 37 genes).

For T-R_vs_CK-R, among the significantly up-regulated metabolic pathways, the most
significantly enriched were Degradation of flavonoids (ko00946, 6 genes), Biosynthesis of various
plant secondary metabolites (ko00999, 10 genes), Cyanoamino acid metabolism (ko00460, 10 genes),
Galactose metabolism (ko00052, 12 genes), Valine, leucine and isoleucine degradation (ko00280, 11
genes), Two-component system (ko02020, 14 genes), Pentose and glucuronate interconversions
(ko00040, 20 genes), and Phenylpropanoid biosynthesis (ko00940, 24 genes). Among the significantly
down-regulated metabolic pathways, the most significantly enriched was Phenylpropanoid
biosynthesis (ko00940, 26 genes).

KEGG Enrichment B KEGG Enrichment

Pegtidaglycan bicsynthesis -

Srassinosteraid bicsynthesis -

rol metabalism -
Hitrogen metabalism - L)

Signi Num
® 0
®

Signi Num
® 0

[ -]

a0
[ e .
. LR
L4 qualue i
=) - a0 L qualue
100
. B
075
b 0 os asa
® 025 025
LT a
® WAPKC sgral N..

valing, lausine and iscisucing degradaticn

05 08 a7 o7 a3 04 05

a7 [ a4
Rich factor Rich factor

Figure 10. KEGG enrichment analysis plots for T-L_vs_CK-L. (A) Up-regulated. (B) Down-regulated.
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Figure 11. KEGG enrichment of DEGs in T-5_vs_CK-S. (A) Up-regulated. (B) Down-regulated.
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Figure 12. KEGG enrichment of DEGs in T-R_vs_CK-R. (A) Up-regulated. (B) Down-regulated.

2.9. Metabolic Pathways

Tomato blossom-end rot is generally considered a physiological disorder primarily related to
disrupted calcium absorption and transport, rather than being caused by typical infectious pathogens
[21]. Therefore, many directly related pathways focus on nutrient transport, hormone signaling, and
responses to environmental stress. The figure below shows up-regulated differentially expressed
genes related to the occurrence of tomato blossom-end rot in roots, stems, and leaves, involving
pathways such as Plant hormone signal transduction, Oxidative phosphorylation, MAPK signaling
pathway-plant, Glutathione metabolism, Peroxisome, Plant-pathogen interaction, and Two-
component system. In the hormone signal transduction pathway, genes related to jasmonic acid,
auxin-responsive protein SAUR, and protein phosphatase PP2C were more highly up-regulated in
leaves, stems, and roots. Among these, Solyc06g048600.3 and Solyc06g048930.3 showed the highest
up-regulation in leaves, with log,FoldChange values of 10.87 and 13.41, respectively.
Solyc01g110830.3 showed the highest up-regulation in stems (log.FoldChange = 12.78), and
Solyc06g049010.2 showed the highest up-regulation in roots (log.FoldChange = 10.66). In the
oxidative phosphorylation metabolic pathway, cytochrome C oxidase showed significant up-
regulation in leaf, stem, and root tissues. The gene encoding this enzyme, Solyc03g013460.1, exhibited
a strong tissue-specific up-regulation trend, with log,FoldChange values of 15.28, 13.57, and 12.18 in
roots, stems, and leaves, respectively. This not only confirms its high-level up-regulation across all
three tissues but also reveals an expression intensity gradient of "root > stem > leaf," suggesting that
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this gene may play a core role in oxidative phosphorylation in different plant organs, with a more
prominent functional contribution in roots. In the MAPK signaling pathway-plant metabolic
pathway, genes related to protein phosphatase PP2C and endochitinase were most highly up-
regulated in roots, stems, and leaves, with Solyc06g049010.2 showing the highest up-regulation in
roots (logoFoldChange = 10.66). In the glutathione metabolism pathway, glutathione S-transferase
was most highly up-regulated in leaves, stems, and roots. In the peroxisome pathway, glycolate
oxidase and fatty acyl-CoA were most highly up-regulated in leaves, stems, and roots. In the plant-
pathogen interaction pathway, genes related to calcium-dependent protein, calmodulin, and calcium-
binding protein were most highly up-regulated in leaves, stems, and roots, with Solyc03g116850.3
showing the highest up-regulation in roots (log;FoldChange = 10.06). In the two-component system
pathway, genes related to pectinesterase and endoglucanase were most highly up-regulated in leaves,
stems, and roots, with Solyc03g083870.3 showing the highest up-regulation in roots (log.FoldChange
=11.23).
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Figure 13. Sankey diagram of related up-regulated expressed genes in tomato roots, stems, and leaves.

Calcium ions act as secondary messengers involved in regulating photosynthesis during plant
responses to environmental stress [22]. In the photosynthesis pathway 1 (photosynthesis) of the T-
L_vs_CK-L comparison, 31 DEGs were up-regulated, including PsbA, PsbB, etc., and 1 (PetF) was
down-regulated. In photosynthesis pathway 2 (oxidative phosphorylation), 29 DEGs were up-
regulated, including ND1, ND2, etc.,, and 1 (COX6A) was down-regulated. In photosynthesis
pathway 3 (Photosynthesis-antenna proteins), 18 DEGs were up-regulated, including LHca2, LHca3,
etc. These DEGs are responsive to brassinolide under calcium deficiency stress in tomato leaves,
causing significant changes in photosynthetic pathways under calcium deficiency stress, potentially
affecting and regulating photosynthesis under such stress.
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Figure 14. Enrichment maps for photosynthesis pathways in T-L_vs_CK-L. (A) Photosynthesis pathway 1
(photosynthesis). (B) Photosynthesis pathway 2 (oxidative phosphorylation). (C) Photosynthesis pathway 3
(Photosynthesis-antenna proteins).

3. Discussion

3.1. BR Reduces BER Incidence by Promoting Calcium Absorption and Distribution

Tomato BER is a typical calcium-related physiological disorder, primarily caused by insufficient
calcium ion supply to apical fruit tissues, leading to impaired cell membrane structure and function.
This study found that under calcium deficiency, the BER incidence in tomato plants was as high as
26.67%, while foliar spraying of BR significantly reduced it to 6.67%. This protective effect is closely
related to changes in calcium ion content: BR treatment increased calcium ion content in leaves, stems,
roots, and fruits, with significant increases in leaves, stems, and roots, although the increase in fruits
was not significant. This suggests that BR may optimize calcium distribution within the plant by
promoting calcium absorption and transport, thereby ensuring the calcium supply needed for fruit
development.

The maintenance of calcium homeostasis in plant cells relies on the coordinated action of various
calcium transport proteins, including Ca?/Cation antiporters (CaCAs), Ca?*" channels, and Ca?-
ATPases. Studies show that the Arabidopsis AtNCL protein, a type of Na*/Ca?* exchanger located on
the tonoplast, plays a key role in regulating intracellular calcium homeostasis. Its absence leads to
abnormal plant growth and impaired stress response[23,24]. Similarly, the TaNCL2-A gene
discovered in wheat, when expressed in transgenic Arabidopsis, enhances resistance to various
abiotic stresses, closely related to increased cytosolic calcium concentration and regulation of
antioxidant enzyme activities [25-27]. In our transcriptome data, genes related to calcium-dependent
proteins, calmodulin, and calcium-binding proteins were significantly up-regulated in leaves, stems,
and roots, most notably Solyc03g116850.3 in roots (log.FoldChange=10.06). This may be a key
molecular event in BR regulation of calcium signaling.

3.2. BR Alleviates Oxidative Damage by Activating the Antioxidant Defense System

In a calcium-deficient environment, the imbalance in reactive oxygen species (ROS) metabolism
in plant cells is an important factor leading to BER. Our results showed that H,O, content
accumulated significantly in leaves under calcium deficiency, while BR treatment reduced H,O,
content by 36.90%. Concurrently, the key indicator of membrane lipid peroxidation,
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malondialdehyde (MDA) content, decreased by 16.38% after BR treatment, indicating that BR
effectively mitigated oxidative damage to cell membranes. More importantly, BR treatment
significantly increased the activities of key enzymes in the antioxidant system: CAT (increased by
105.70%), POD (117.12%), and SOD (82.77%). These enzymes collectively form an important defense
line for scavenging ROS in plants.

Research indicates a close interaction between calcium signaling and ROS signaling, jointly
regulating plant stress responses. Studies in castor bean found that exogenous calcium treatment can
enhance the antioxidant system capacity and reduce ROS accumulation by up-regulating the
expression of antioxidant enzyme genes like CAT2[28]. In the plant immune system, chloroplast ROS
(cROS) has also been shown to be closely related to the induction of SA biosynthesis and plays an
important role in plant immunity[29]. This suggests that BR may enhance plant basal immunity by
regulating the cROS-SA signaling axis, indirectly reducing BER occurrence.

3.3. Multi-Omics Analysis Reveals the Molecular Network Regulated by BR

Transcriptome sequencing analysis of tomato leaf, stem, and root tissues revealed distinct
differences in the number and distribution of DEGs after BR treatment. The number of DEGs was
highest in leaves (4807), followed by stems (2807) and roots (2554). This result indicates that more
genes participate in and more complex biological changes occur during leaf development, possibly
related to leaves being the direct site of BR treatment and the primary photosynthetic organs.

GO functional enrichment analysis showed that the most significantly enriched pathways in the
BP category across the three comparison groups included secondary metabolic process, response to
oxygen-containing compounds, and plant-type cell wall organization or biogenesis. These processes
are closely related to plant stress response, cell wall modification, and antioxidant activity. In the CC
category, extracellular region and integral component of plasma membrane were significantly
enriched, suggesting BR may enhance cell stability by regulating the structure and function of cell
walls and membrane systems. In the MF category, chlorophyll binding, DNA-binding transcription
factor activity, and oxidoreductase activity were most significant, reflecting BR& important role in
regulating photosynthesis and redox balance.

KEGG pathway analysis further revealed the core metabolic pathways regulated by BR.
Phenylpropanoid biosynthesis, Plant hormone signal transduction, and Plant-pathogen interaction
were the most abundant pathways across the three tissues. The phenylpropanoid biosynthesis
pathway is involved in producing plant secondary metabolites that strengthen cell walls and
participate in antioxidant activities; the up-regulation of the plant hormone signal transduction
pathway is consistent with BRs ability to coordinate interactions among various hormones; and the
enrichment of the plant-pathogen interaction pathway suggests that BR may activate the plants
immune defense system, providing relief even for physiological disorders caused by abiotic factors.

3.4. BR Enhances Energy Metabolism by Regulating Photosynthesis-Related Genes

Our study found that BR treatment significantly affected the expression of genes in
photosynthesis-related pathways. In the T-L_vs_CK-L comparison, 31 genes were up-regulated in
photosynthesis pathway 1, encoding core proteins of Photosystem II (e.g., PsbA, PsbB, PsbC, PsbD)
and Photosystem I (e.g., PsaA, PsaB, PsaC). Furthermore, 29 genes were up-regulated in
photosynthesis pathway 2 (oxidative phosphorylation), including genes encoding NADH
dehydrogenase subunits (ND1, ND2, ND4, ND5, ND6) and cytochrome c oxidase subunits (COX1,
COX2, COX3). Cytochrome C oxidase (COX) transfers electrons to oxygen, generating water and
releasing substantial energy for ATP synthesis [30], reducing intracellular free radical production and
protecting cells from oxidative damage. Notably, the gene Solyc03g013460.1 encoding cytochrome C
oxidase showed a strong up-regulation trend in roots, stems, and leaves, with log,FoldChange values
of 15.28,13.57, and 12.18, respectively, displaying a "root > stem > leaf" expression intensity gradient.

The up-regulation of these photosynthesis and energy metabolism-related genes suggests that
BR may enhance the photosynthetic electron transport chain and ATP synthesis capacity under
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calcium deficiency stress, providing more energy and carbon skeletons for stress response and repair
processes. Similarly, ORANGE (OR) proteins in tomato have been found to affect photosynthetic
efficiency and plant adaptation to high-intensity light by regulating chlorophyll and carotenoid
accumulation [31]. This indicates that BR may stabilize photosynthetic pigment content and thylakoid
membrane structure under calcium-deficient conditions by regulating pathways similar to those
involving OR proteins, maintaining photosynthetic efficiency.

3.5. BR Enhances Disease Resistance-Related Pathways to Compensate for Immune Deficiencies Caused by
Calcium Deficiency

Although BER is a non-infectious physiological disorder, our KEGG analysis found that the
Plant-pathogen interaction pathway was significantly enriched after BR treatment. Genes related to
calcium-dependent proteins, calmodulin, and calcium-binding proteins within this pathway were
generally up-regulated in leaves, stems, and roots. Simultaneously, genes related to protein
phosphatase PP2C and endochitinase in the MAPK signaling pathway-plant were also significantly
up-regulated. These genes are typically involved in plant recognition and defense responses against
pathogen invasion, suggesting that BR may activate a broad immune mechanism, enhancing cell
resistance to various stresses. Similarly, studies on resistance mechanisms to black rot in cruciferous
crops found that plant immune responses encompass multiple aspects including physical barrier
function, immune response, systemic resistance, photosynthesis regulation, antimicrobial effects of
secondary metabolites, ROS production and regulation, and signaling pathways of salicylic acid,
jasmonic acid, and ethylene [32] . These mechanisms collectively constitute a multi-layered defense
network against pathogen invasion. The Lrl4a gene, encoding an ankyrin repeat transmembrane
domain protein, has been confirmed to function as a Ca?-permeable channel, regulating stomatal
immunity against leaf rust infection [33]. In our study, BR likely enhances tomato cell responsiveness
to adverse conditions through similar calcium signaling pathways. Even in the absence of pathogen
attack, these activated immune-related pathways may help cells maintain membrane integrity,
reduce electrolyte leakage, and thereby alleviate blossom-end rot symptoms. Particularly in the plant
hormone signal transduction pathway, genes related to jasmonic acid, auxin-responsive protein
SAUR, protein phosphatase PP2C, and others were more highly up-regulated in leaves, stems, and
roots. Among these, Solyc06g048600.3 and Solyc06g048930.3 showed the highest up-regulation in
leaves, Solyc01g110830.3 in stems, and Solyc06g049010.2 in roots. These genes may constitute the core
regulatory network mediated by BR.

4. Materials and Methods

4.1. Plant Material

This study used the flavor-type tomato variety Nongbo Fen 18109¢ bred by the Shijiazhuang
Academy of Agriculture and Forestry Sciences.

4.2. Experimental Design

The experiment was conducted in 2024 in a solar greenhouse at the Zhaoxian Experimental Base
of the Shijiazhuang Academy of Agriculture and Forestry Sciences (114°49@6" E, 37°4949" N),
characterized by a warm temperate semi-humid continental monsoon climate with an average annual
temperature of 12.5 °C. A trough-type vermiculite cultivation method was used with uniform
seedling raising. The experiment included two treatments: calcium-deficient nutrient solution
cultivation + spraying distilled water (CK), and calcium-deficient nutrient solution cultivation +
spraying BR (T). Each treatment had three replicates. Seedlings were transplanted into cultivation
troughs at the three-leaf-one-heart stage on August 6, with a plant spacing of 40 cm. Fertilization
began after seedling establishment. Foliar spraying of BR commenced after the first flower cluster
bloomed on August 29. The BR concentration was 0.1 mg/L (the optimal concentration for controlling
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tomato BER determined in preliminary screening tests), applied every three days until droplets
formed on all leaf surfaces. Sampling was conducted 20 days after the first BR spray. Sampling parts
included leaves, stems, and roots, with three replicates. Samples were immediately frozen in liquid
nitrogen and stored at -80 °C for later use. The entire experiment was repeated three times.

4.3. Determination of Antioxidant Enzyme Activities

The activities of catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and the
contents of malondialdehyde (MDA) and hydrogen peroxide (H.O,) in tomato leaves were
determined using kits (Solarbio, Beijing) by Nanjing ProNet Biotech Co., Ltd. The determination of
CAT, POD, and SOD referred to the method of Zhang Chenwei et al. [34], while the determination of
MDA and HO; referred to the methods of Lin Zhifang, Zheng Feixue, and Wang Yousheng et al.
[35-37].

Approximately 0.1 g of tomato leaf tissue was weighed and homogenized in an ice bath with 1
mL of phosphate-buffered saline (PBS, 100 mmol/L, pH 7.8). After centrifugation at 4°C, 8000 rpm for
10 minutes, the supernatant was collected as the test sample solution.

CAT assay: 20 uL of sample was mixed with 100 puL of 100 mM Tris buffer (pH 7.8), incubated
in a 25°C water bath for 10 min, then 100 puL of (NH4),MoO, solution was added. After reacting for
10 minutes, the absorbance at 405 nm was measured using a microplate reader for enzyme activity
calculation.

POD assay: A working solution was prepared by mixing the kits PBS, 2-methoxyphenol, and
30% H;0O; in a ratio of 2.6 (mL):1.5 (uL):1 (uL), followed by incubation at 25°C for 10 min. In a 96-well
plate, 10 uL of sample solution and 190 uL of working solution were mixed and timed. The
absorbance at 470 nm was recorded at 1 min (A;) and 2 min (A;) using a microplate reader for enzyme
activity calculation.

SOD assay: 50 uL of supernatant was mixed with 1.5 mL of 130 mmol/L methionine (Met)
solution, 0.3 mL of 100 umol/L EDTA-Na,, 0.3 mL of 20 uM riboflavin solution, and 0.3 mL of 750
pmol/L nitroblue tetrazolium (NBT). After thorough mixing and standing at room temperature for
30 min, the absorbance at 506 nm was measured for enzyme activity calculation.

MDA assay: 1 mL of enzyme extract was mixed with 2 mL of 0.6% TBA, sealed, and heated in a
boiling water bath for 15 min. After rapid cooling and centrifugation, the supernatant was collected.
Absorbance was measured at 600, 532, and 450 nm to calculate MDA content.

H,O, assay: The supernatant was treated with titanium sulfate and concentrated ammonia,
centrifuged for 10 min. The precipitate was washed with acetone by shaking and centrifugation, then
dissolved in 2 mol-L! H,SO,. The OD value was measured at 415 nm.

4.4. Tomato Sample Total RNA Extraction, Library Construction, and Transcriptome Sequencing

Transcriptome sequencing was performed by Sangon Biotech (Shanghai) Co., Ltd. After RNA
extraction, purification, and library construction, Illumina sequencing was conducted. Raw
sequencing data quality was assessed using FastQC, and quality trimming was performed using
Trimmomatic to obtain clean data. The HISAT2 software was used to align the quality-controlled
sequencing reads to the tomato reference genome (
https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=4081 )  for differential gene expression
analysis to obtain DEGs. DEGs were filtered and subjected to GO and KEGG pathway enrichment
analyses, referring to the methods of Vander Auwera G A and Szklarczyk D [38,39].

4.5. Differential Gene Screening

Differential expression analysis between the treatment group (T) and control group (CK) for
leaves (T-L_vs_CK-L), stems (T-S_vs_CK-S), and roots (T-R_vs_CK-R) was performed using DESeq2.
GO enrichment and KEGG pathway enrichment analyses were conducted. Core DEGs most related
to BR regulation under calcium deficiency stress and metabolic pathways in different tomato parts
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were identified. These core DEGs were validated by qRT-PCR, referring to the method of Ashburner
M][40], Primer design followed the method of Shannon P[41].

4.6. Data Analysis

R language was used for differential data analysis, and Origin 2024 was used for plotting the
differential analysis results.

5. Conclusion

This study integrated physiological index measurements and transcriptome analysis to
systematically elucidate the molecular mechanisms by which BR reduces tomato BER incidence
under calcium-deficient conditions through multiple pathways: regulating calcium absorption and
distribution, activating the antioxidant defense system, modulating plant hormone signaling
pathways, enhancing photosynthesis and energy metabolism, and activating broad immune
mechanisms. These findings not only provide a theoretical basis for the application of BR in
agricultural production but also offer candidate gene targets for further improving crop stress
resistance through genetic engineering.

Future research could focus on the specific molecular mechanisms of the crosstalk between BR
signaling and calcium signaling, as well as the interrelationships among different plant hormones in
regulating calcium allocation. Furthermore, identifying key regulatory factors for calcium transport
and allocation during tomato fruit development may provide new ideas for fundamentally solving
the BER problem. By precisely regulating the expression of these key genes, it may be possible to
cultivate new tomato varieties resistant to BER, reduce fertilizer use, and improve agricultural
product quality and yield.
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