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Abstract

Black rot caused by Xanthomonas campestris pv. campestris (Xcc) poses a serious
threat to cabbage production. Jasmonic acid (JA) and salicylic acid (SA), as important
plant defense hormones, are widely involved in the disease resistance process of plants.
However, the mechanism of JA and SA enhance resistance to Xcc remains unclear. In
this study, by physiological and biochemical analyses, we concluded that both
exogenous SA and JA alone treatments could significantly alleviate the inhibitory effect
of Xcc on cabbage seedlings by regulating endogenous hormones, reactive oxygen
species scavenging capacity, cell membrane stability, and promoting the accumulation
of secondary metabolites. Among them, the treatment effect of SA alone was the best,
followed by JA. However, the combined treatment of JA and SA did not show a
synergistic effect, suggesting that the application of SA or JA alone might be more
effective in disease prevention and control strategies. Our research results provide
theoretical basis and data support for the green prevention and control of black rot.
Key words: Cabbage; Black rot; Hormone; Oxidative damage; Secondary metabolism
1. Introduction

Cabbage (Brassica oleracea L. var. capitata L.) 1s an important leafy vegetable of

Cruciferae. Due to its high yield, strong adaptability, good storage and transportation
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properties, and rich nutrition, it is widely cultivated worldwide [40, 45]. With the
introduction of varieties and changes in cultivation methods on a global scale, diseases
have frequently occurred during the growth period of cabbage. Among them, black rot
caused by Xanthomonas campestris pv. campestris (Xcc) is one of the most common
and severe bacterial diseases [9, 17, 19, 45]. Xcc mainly invades plants through wounds
or natural openings. After invasion, it can quickly colonize and spread in the vascular
tissue, blocking the vascular system and causing obstruction in the transport of water
and nutrients. The typical symptoms of black rot are "V"-shaped yellow spots on the
leaf margins, which gradually expand towards the veins. The veins turn black, and in
severe cases, the entire plant wilts or even dies [6, 9, 32, 41].

In the early stage of Xcc infection, it can disrupt the balance of reactive oxygen
species (ROS) metabolism [8], induce the accumulation of free radicals and enhance
membrane lipid peroxidation, leading to a decline in the stability of the cell membrane
system and manifested as an increase in malondialdehyde (MDA) content [25, 27, 39].
As the disease worsens, this physiological and metabolic disorder will further inhibit
the normal growth and development of the plant and have an adverse effect on the
subsequent formation of leaf heads and the accumulation of yield [27, 50].

In terms of the prevention and control of Xcc, traditional agents such as copper-
based preparations remain commonly used control measures in current production,
while plant defense activators, antagonistic microorganisms and other biological
control technologies also show good application potential [5, 15, 23, 26, 36]. In recent
years, with the continuous deepening of research on plant disease resistance physiology,
strategies based on exogenous regulatory substances to induce plant resistance have
gradually attracted attention, especially jasmonic acid (JA) and salicylic acid (SA),
which have shown significant roles in enhancing the disease resistance of plants [10,
22, 46]. JA can enhance the adaptability of plants to adverse stress by regulating
stomatal movement, promoting the accumulation of osmotic regulatory substances and
defense metabolites, strengthening the activity of the antioxidant system, and inducing

secondary metabolic reprogramming [52, 58]. As an important signaling molecule
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regulating secondary metabolism in Cruciferae, JA can also promote the accumulation
of glucosinolates and their hydrolyzed products, phenols and antioxidant active
substances in Cruciferae, and is closely related to the transformation from primary
metabolism to defense metabolism [24, 55].

SA plays a significant role in maintaining REDOX homeostasis, enhancing
antioxidant defense, alleviating membrane lipid peroxidation damage, and improving
adaptability to adverse conditions [53, 57]. Exogenous SA can enhance the activities of
antioxidant enzymes such as SOD, POD and CAT, reduce the accumulation of ROS and
MDA, strengthen the stability of cell membranes, and improve photosynthetic
performance and growth status [21]. In addition, SA is an important signaling molecule
for the establishment of system-acquired resistance. It not only participates in local
defense responses but also mediates immune warning and defense enhancement
throughout the entire plant [16, 18].

Although JA and SA can enhance the plant's resistance to pathogen infection by
increasing the activity of antioxidant enzymes, maintaining reactive oxygen
homeostasis, and reducing membrane lipid peroxidation damage, etc [30, 51]. At
present, there is still a lack of systematic research on the mechanism of action of JA and
SA in the disease resistance response of cabbage black rot, especially in aspects such
as endogenous hormones and secondary metabolic responses, which still need to be
further clarified.

This study intends to systematically analyze the effects of exogenous JA and SA
treatment on endogenous hormone levels, antioxidant defense and accumulation of
secondary metabolites in cabbage, aiming to reveal the physiological regulatory
mechanisms of the JA and SA in the defense process against black rot. The research
results can provide a theoretical basis for clarifying the disease resistance response
mechanism of cabbage black rot, optimizing the regulation strategy of exogenous
hormones and establishing green prevention and control technologies.

2. Materials and methods

2.1 Experimental materials
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The plant material used in this study was "Zhonggan 11~ cabbage varieties,
(susceptible to Xanthomonas campestris pv. campestris, Xcc). The inoculated pathogen
was Xcc race 1 (one of the most pathogenic and common physiological strains in
cabbage production) isolated from diseased leaves of cabbage in Yuzhong County,
Lanzhou City, Gansu Province.

Jasmonic acid, JA (CAS No: 3572-66-5) was purchased from Shanghai Maclin
Biochemical Technology Co., LTD. Salicylic acid, SA (CAS No: 69-72-7) was
purchased from Shanghai Aladdin Biochemical Technology Co., LTD.

2.2 Growth conditions and treatments

Select plump and uniformly sized cabbage seeds and sow them in square pots (10
cm x 10 cm) with substrate. When the seedlings reached "three leaves and one heart"
(about 45 days after germination), the plants with uniform growth and free from
diseases and pests were selected for treatment. A total of four treatments were set in this
experiment, namely CK (distilled water), 100 uM JA, 500 uM SA, and 100 uM JA +
500 uM SA. Spray the relevant agent evenly on both sides of the leaf surface by
spraying until uniform droplets form on the leaf surface and start to flow down. After
treatment, the Xcc solution was inoculated by spray inoculation method (with a
concentration of 108CFU and ODe0¢=0.1) [54]. The inoculated plants are placed in a
greenhouse for normal cultivation under the conditions of a temperature of 25-28°C and
a relative humidity of over 95%. The day of vaccination was recorded as Day 0.
Samples were taken on 0, 1, 3 and 5 d respectively, the leaves were immediately frozen
in liquid nitrogen after sampling and stored in a -80°C refrigerator for the determination
of relevant indicators.

2.3 Measurement indexes and methods
2.3.1 Determination of disease index

In order to understand the incidence of black rot disease in the seedling stage, 20
plants were randomly investigated for each repetition. The disease classification
standards are as follows: Grade 0: No symptoms on the leaves; Grade 1: The diameter

of the lesion is less than 3 mm, with dark brown lesions that have spread locally,
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covering less than 15% of the leaf area. Grade 3: The diameter of the lesion is less than
6mm, no characteristic lesions appear, and it accounts for 15-30% of the leaf area.
Grade 5: The diameter of the lesion is less than 10 mm, with "V" -shaped lesions
appearing, covering 30-55% of the leaf area. Grade 7: The diameter of the lesion is less
than 15 mm, the diseased leaves have not withered, and they account for 55-75% of the
leaf area. Grade 9: The diameter of the lesion is greater than 15 mm, covering more
than 75% of the leaf area, and some diseased leaves wither and die. Disease index = )’
at all levels (level value x number of) at all levels/series x highest (total number) by
100.
2.3.2 Determination of endogenous hormone content

Endogenous hormone content was determinate using high performance liquid

chromatography (HPLC) (Agilent1290-6400) [33]

2.3.3 Determination of antioxidant enzyme activity

Activities of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT)
were determined in accordance with the method according to the manufacturer’s
instructions.

2.3.4 Determination of reactive oxygen species

Contents of superoxide anion (O2) and hydrogen peroxide (H202) were
determined using the Solarbio kit. The qualitative analysis of Oz and H2O; was carried
out in accordance with the method of Sun et al [43], using nitrocyanidazole (NBT) and
3, 3-diaminobenzidine (DAB), respectively. Finally, the stained leaves were scanned
and photographed for observation using the EPSON expression 11000XL color image
scanner (WinRHIZO Pro LA2400, Canada).

2.3.5 Determination of osmotic regulating substances

The determination of soluble sugar, soluble protein and proline (Pro) contents was
carried out in accordance with the method proposed by previous report [3, 28, 37].
2.3.6 Determination of membrane permeability

Relative conductivity (REC) was determined using a conductivity meter (Shanghai

Jingke, DDSJ-308F), content of malondialdehyde (MDA) was determined by the
5
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thiobarbituric acid [25].

2.3.7 Determination of the glucosinolate content

The glucosinolates in cabbage were extracted and determined by referring to the

method of previous report [48].

2.3.8 Determination of phenolic acid compounds

Phenolic compound components were determined by Waters high performance
liquid chromatography according to the method described by Wang et al [49]. The
sample pretreatment steps are as follows: Take 0.1 g of freeze-dried powder, add 2 mL
of methanol, shake thoroughly, and then extract in a 4°C refrigerator for 60 min. After
the extraction is completed, centrifuge at 4°C and 10,000g for 15 min. Carefully draw
the supernatant, filter it through a 0.22 pm microporous filter membrane into the
injection bottle, and the test solution is obtained for HPLC machine detection.

2.3.9 Observation of leaf structure and determination of lignin content

Fresh leaves were placed into the fixative solution for electron microscopy at room
temperature for 2 h and then transfer them to a refrigerator at 4°C. The fixed samples
were sent to Baisiwei Biotechnology Co., Ltd (Xi'an, China) for toluidine blue staining
sections and transmission electron microscope image acquisition. Content of
endogenous lignin was determined using kits (Suzhou Keming Biotechnology Co.,

LTD., Suzhou, the product ID: MZS-2-G) according to the manufacturer’s instructions.

2.4 Data statistics and analysis

Data collation and statistics were conducted using Microsoft Excel 2019. Statistical
analyses were based on three independent biological replicates (n = 3). Analysis of
variance was performed using SPSS 27.0 software, and multiple comparisons of
significance were conducted using Duncan's test (p<0.05). Figures were plotted using
Origin 2025 (OriginLab Corporation, Northampton, MA, USA). The Mantel correlation

heatmap analysis was conducted using Chiplot (https://www.chiplot.online/).
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3. Results
3.1 Effects of exogenous JA and SA on the disease index

Different exogenous hormone treatments all reduced the occurrence of black rot
to a certain extent, and there were significant differences in the disease prevention
effects (Table 1). Among the four treatments, the SA treatment had the best disease
prevention effect. Its incidence rate was 64.00% and the disease index (DI) was 29.78,
both of which were the lowest values. The DI of JA treatment is the second, with an
incidence rate and DI of 72.00 and 31.56 respectively. The incidence rate of JA+SA
combined treatment was 76.00%, and the DI was 37.78. Although it was still lower than
CK, it was significantly higher than that of the treatment of JA and SA alone. Compared
with CK, the DI of SA, JA and JA+SA treatments decreased by 32.32%, 28.27% and
14.14% respectively. Compared with the SA treatment, the DI of the JA+SA treatment
increased by 26.86%. Overall, the pattern of the DI is CK>JA+SA >JA>SA. This
indicates that both exogenous SA and JA alone treatments reduced the occurrence of
diseases to a certain extent, among which the effect of SA treatment was slightly better
than that of JA treatment (Figure 1). However, the combined use of the SA and JA may
not show a significant synergistic effect, and its disease prevention effect lies between

that of JA alone treatment and the CK.

Table 1. Effects of exogenous JA and SA on the disease index of black rot in cabbage.

Statistical data CK JA SA JA+SA
Number of leaves at grade 0 10 14 18 12
Number of leaves at grade 1 5 9 12 7
Number of leaves at grade 3 12 13 12 14
Number of leaves at grade 5 10 7 5
Number of leaves at grade 7
Number of leaves at grade 9 8 5 2

Number of leaves 50 50 50 50
Number of diseased leaves 40 36 32 38
Incidence rate 80.00% 72.00% 64.00%  76.00%
Disease index 44.00 31.56 29.78 37.78
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Figure 1. Phenotypes of black rot in cabbage seedlings after 14 d of exogenous JA and SA
treatment.

3.2 Effects of exogenous JA and SA on the endogenous hormone levels

Endogenous hormone content under black rot stress showed significant differences
among different treatments (Figure 2). With the extension of treatment time, the content
of ABA generally showed an increasing trend, the contents of GA and IAA generally
showed a decreasing trend, while the contents of JA and SA significantly increased. The
content of BR also showed a certain upward range in the middle and later stages of
treatment. The regulatory directions and intensifications of various hormones vary
among different treatments. Among them, SA treatment is more conducive to increasing
the contents of SA, BR and GA, JA treatment is more beneficial to promoting the
accumulation of JA, while the levels of ABA and IAA are relatively higher under CK.
Although the combined treatment of JA and SA is superior to CK in most endogenous
hormone, its overall regulatory effect is generally weaker than that of the corresponding

individual treatments.
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Figure 3. Correlation matrix among hormones (Pearson).
3.3 Effects of exogenous JA and SA on the antioxidant enzyme activities

From 0 to 5 d, the activities of the SOD, POD and CAT showed an overall upward
trend, but the change patterns of different enzymes and the differences among
treatments were different (Figure 4A~C). SOD activity continued to rise throughout the
treatment period. On 1 d, each hormone treatment showed a promoting effect. Among
them, the increase in SA treatment was the greatest. On 5 d, the SOD activities of SA,
JA and JA+SA treatments reached 262.11, 248.65 and 200.84 U/g, respectively.
Compared with the same period, CK increased by 63.49%, 55.09% and 25.27%
respectively. JA+SA showed no significant difference from CK when treated after 1 d
and 3 d. Although it was significantly higher than CK on 5 d, it was still lower than SA
and JA treated alone. The changing trend of POD activity is characterized by an initial
increase followed by a decrease, with the peak occurring in 3 d. There was no
significant difference among the treatments at 0 d. After 1 d, the POD activities treated
by SA and JA rapidly increased to 4796 U/g and 4691.33 U/g respectively, which were
16.80% and 14.25% higher than CK, respectively. The JA+SA treatment was 4390 U/g,
which was 6.91% higher than CK and significantly lower than SA and JA. On 3 d, the
activity of each treated POD reached its peak. The SA, JA and JA+SA were 5173.67,
4998 and 4915 U/g respectively, which increased by 12.33%, 8.52% and 6.72%
respectively compared with CK in the same period. CAT activity continued to rise
throughout the treatment period. On 1 d, the CAT activity of SA treatment rapidly
increased to 387 U/g, which was 22.47% higher than that of CK. The treatments of JA
and JA+SA were 358 U/g and 349.33 U/g respectively, which were 13.29% and 10.55%
higher than CK respectively. On 5 d, the CAT activities in SA, JA and JA+SA treatments
increased to 486.33, 464.33 and 449 U/g respectively, which were 12.49%, 7.40% and
3.86% higher than CK, respectively.

Under each treatment, the contents of H>O» and O™ generally showed an upward
trend, but there were significant differences in the accumulation rates among different

treatments, and the contents in the JA, SA and JA+SA treatment groups were always

10
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lower than those in the CK (Figure 4D, E). In terms of treatment effect, SA treatment
performed most prominently in inhibiting the accumulation of ROS, with the contents
of O2” and H>O» remaining at the lowest level throughout the entire treatment period.
The processing effect of JA is second, significantly better than CK but slightly inferior
to SA. Although the combined treatment of JA and SA showed a certain inhibitory effect
in the later stage, there was no significant difference from CK in the early stage of
treatment, and the overall effect was significantly weaker than that of the single
treatment. This indicates that both exogenous SA and JA can delay the accumulation of
ROS in the leaves, and the effect of SA is more significant. However, the combined use
of the two may weaken this protective effect due to antagonistic effects.

In NBT staining, the leaves of CK have the darkest blue color, followed by JA+SA
treatment (Figure 4F). The blue color of JA treatment is relatively light, and that of SA
treatment is the lightest. In DAB staining, the leaves of CK have the darkest brown
color, followed by JA+SA treatment. The leaves of JA treatment have the lightest brown
color, while those of SA treatment have the lightest brown color. This indicates that
under Xcc infection, the contents of O>” and H>O» in CK were the highest, followed by
JA+SA treatment, with JA treatment being the lowest and SA treatment the lowest.
Overall, both exogenous SA and JA alone can effectively reduce the accumulation of
Oz and H202. Among them, the effect of SA treatment is the most significant, followed
by JA. Although the combined treatment of JA and SA is superior to CK, its effect is

significantly weaker than that of the single treatment.

11
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Figure 4. Effects of exogenous JA and SA on SOD (A), POD (B), and CAT (C) enzyme activities,
H>0, content (D), O, content (E), NBT and DAB staining cabbage seedlings after Xcc infection.

3.4 Effects of exogenous JA and SA on osmotic regulation

Compared with CK, SA treatment significantly increased the contents of soluble
protein, soluble sugar and Pro, reaching 48.50 nmol/g, 22.79 nmol/g and 74.94 ng/g
respectively on 5 d (Figure SA~C). It increased by 16.84%, 21.90% and 13.68%
respectively compared with CK. JA treatment also significantly increased the contents
of the soluble protein, soluble sugar and Pro, reaching 45.67 nmol/g, 21.26 nmol/g and
72.15 ng/g respectively, which were 10.02%, 13.76% and 9.46% higher than CK
respectively. However, the JA+SA treatment only significantly increased the content of
Pro by 5.58% to 69.60 ng/g and had no significant effect on soluble proteins and soluble
sugars. It indicates that both SA and JA alone can effectively promote the accumulation
of osmotic regulatory substances, and the effect of SA is better than that of JA. However,

the combined use of the two only has a weak inducing effect on free proline.
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3.5 Effects of exogenous JA and SA on the cell membrane stability

Compared with CK, SA treatment significantly reduced the contents of REC and
MDA, by 32.87% and 40.59%, respectively on 5 d (Figure 5D, E). JA treatment also
significantly reduced the contents of REC and MDA, by 25.44% and 24.66%
respectively. Although the JA+SA treatment reduced the contents of REC and MDA by
10.97% and 16.23% respectively, the reduction was significantly smaller than that of
the treatment alone. Compared with SA treatment, the contents of REC and MDA in
JA+SA treatment were significantly increased by 32.64% and 41.00%, respectively on
5 d. Compared with JA treatment, the content of REC and MDA in JA+SA treatment
was significantly increased by 19.41% and 11.19% respectively. The results show that
both JA and SA alone can effectively inhibit membrane lipid peroxidation and reduce
cell membrane permeability, and the effect of SA is better than that of JA. However, the
combined use of the JA and SA may produce antagonistic effects, and the protective
effect is significantly weaker than that of the single treatment. Correlation analysis
indicated that SOD was significantly positively correlated with CAT, MDA and REC,
CAT was significantly positively correlated with MDA and O, and correlated with
REC and H>0,. MDA was significantly positively correlated with REC and correlated
with O2", and H>0O, was correlated with Oy (Figure 5F).
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Figure 5. Effects of exogenous JA and SA on soluble sugar (A), soluble protein (B), free proline
(C), REC (D), MDA (E) content in cabbage after Xcc infection, and correlation matrix among
antioxidant and osmotic regulation indicators (Pearson).

3.6 Effects of exogenous JA and SA on the glucosinolate content

Actotal of 9 glucosinolate were monitored in each treatment (Figure 6A). The contents
of IBE, PRO, SIN, RAA, NAP and 4ME showed an upward trend throughout the
treatment period. However, the contents of 40H, GBC and NEO showed a downward
trend throughout the treatment period. Overall, the content of each glucosinolate
component in the SA treatment was generally higher than that in the JA treatment,
JA+SA treatment and CK, followed by the JA treatment. Although the JA+SA treatment
was higher than the CK, it was generally lower than the individual treatment. Among
them, the contents of GBC and IBE were the highest. In CK, GBC decreased from 6.05
ng-g' to 4.26 pg-g'. In the SA treatment, it decreased from 6.22 umol-g! to 5.19
pumol-g!. In contrast, the content of IBE continued to increase with the extension of
treatment time. In CK, it rose from 4.36 pmol-g™! to 6.42 pmol-g™'. In the SA treatment,
it increased from 4.53 umol-g! to 8.03 umol-g’'. The JA and JA+SA treatment
increased by 68.30% and 59.01% respectively. GBC generally showed a downward

14
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trend during the treatment process, while IBE not only had a relatively high content but
also demonstrated significant accumulation in each treatment, with the SA treatment
having the largest increase. In contrast, the contents of NAP, 4OH and NEO were
relatively low. Although the content of NAP was low, it continued to increase overall
during the treatment period, while the contents of 4OH and NEO continued to decline.
Specifically, 4OH decreased from 0.20 pumol-g! to 0.09 pmol-g! in CK. In the SA
treatment, it decreased from 0.22 pmol-g™! to 0.15 umol-g'. In CK, GBC decreased
from 6.05 pmol-g™! to 4.26 umol-g’. In the SA treatment, it decreased from 6.22
umol-g™! to 5.19 umol-g!'. NEO decreased from 0.27 umol-g! to 0.14 pmol-g™! in CK.
In the SA treatment, it decreased from 0.29 umol-g"' to 0.20 pmol-g™!. These results
indicated that although exogenous JA and SA did not change the downward trend of
40H, GBC and NEO, they slowed down their degradation amplitude to a certain extent,
especially the SA treatment was more obvious.

Except for the glucosinolate component, the contents of total aliphatic, indole and
total glucosinolate in the four treatments all showed an upward trend 0 to 5 d after
inoculation with Xcc (Figure 6B~D). Among them, SA treatment had the most
significant effect on enhancing glucosinolates, followed by JA. Although the combined
treatment of JA and SA is superior to CK, its effect is weaker than that of the individual

treatment.
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Figure 6. Effects of exogenous JA and SA on glucosinolate component content (A), total aliphatic

glucosinolate content (B), total indole glucosinolate content (C), total glucosinolate content (D)

in cabbage after Xcc infection.

By analyzing the correlations of each glucosinolate component before and after Xcc

inoculation, it was found that there was a positive or negative correlation between

almost every glucosinolate component (Figure 7). This might be related to the

activation of the glucosinolate synthesis pathway by hormones, which enhanced the

synthesis of each glucosinolate component.
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3.7 Effects of exogenous JA and SA on phenolic acids, lignin and leaf structure
Under Xcc infection, the content of most phenolic acids shows a continuous upward
trend with the extension of time, and different exogenous hormone treatments have a
significant regulatory effect on their accumulation. Among them, the SA treatment had
the most significant promoting effect on most phenolic acids such as ferulic acid,
chlorogenic acid, gallic acid, coumaric acid, naringin, and protocatechuic acid. The
contents of each substance reached the highest at 5 d. For example, ferulic acid
increased by 29.5% compared with CK, chlorogenic acid increased by 40.3%, and
gallic acid increased by 19.8%, all of which were significantly better than other
treatments. JA treatment came second and could also effectively increase the
accumulation of phenolic acid substances, but the increase was generally lower than
that of SA. For example, ferulic acid increased by 17.0% compared with CK,
chlorogenic acid increased by 30.0%, and gallic acid increased by 11.3%. Although the
combined treatment of JA and SA was superior to CK in most indicators, its effect was
significantly weaker than that of SA and JA alone. For instance, ferulic acid only
increased by 9.8% compared to CK, and chlorogenic acid increased by 9.9%. Some
substances, such as p-hydroxybenzoic acid and rutin, even showed no significant

difference from CK. It is worth noting that the content of gentian acid reached its peak
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on 3 d and then decreased, but the SA treatment still maintained the highest level. Rutin
continued to rise in CK, while it was higher in the early stage of hormone treatment and
slightly decreased in the later stage. On 5 d, all treatments tended to be consistent.
Overall, it shows the pattern of SA > JA > JA+SA > CK, indicating that exogenous SA
and JA can enhance the defense ability of cabbage by promoting the synthesis and
accumulation of phenolic acids. Among them, the inducing effect of SA is stronger,
while the combined use of the two has a significant antagonistic effect.

Except for the phenolic acid component, the contents of total polyphenols, total
flavonoids and total phenolic acids in the four treatments all showed an upward trend 0
to 5 d after Xcc infection (Figure 8B~D). Among them, SA treatment had the most
significant effect on enhancing glucosinolates, followed by JA. Although the combined
treatment of JA and SA is superior to CK, its effect is weaker than that of the individual

treatment.
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Figure 8. Effects of exogenous JA and SA on phenolic acids content after Xcc infection.
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Results of histochemical staining of paraffin sections on 5 d showed that the depth
of lignin staining in the xylem of the veins in the SA treatment was significantly
enhanced, there was no obvious abnormal staining in the parenchyma tissue, and the
basic anatomical structures such as the upper and lower epidermis of the leaves, palisal
tissue, and spongy tissue were intact. In the JA treatment, the staining depth of the
xylem in the veins only slightly increased, and there was no obvious lignin deposition
in the mesophyll tissue. Although the staining intensity of the xylem in the veins of the
JA+SA treatment was higher than CK, it was significantly lower than that of the SA
treatment. There was no additional accumulation of lignin in the mesophyll tissue, and
the leaf structure remained intact. The dynamic determination results of lignin content
indicated that there was no significant difference in lignin content among the treatments
from the 0 d to the 3 d. On 5 d, the contents of the JA, SA and JA+SA treatments were

all significantly higher than those of CK.

=~}
o
a

A Primary cpidermis < nase

S K

1.4 C_1sA b
[ ]uA+8A

e

LO4 a a 4 4

Lower cpidermis Spongy parcnchyma

Lignin content (mg/g)

CK JA ' SA JA+SA

Figure 9. Effects of exogenous JA and SA on lignin and leaf structure after Xcc infection.

Through the correlation analysis of phenolic acids and lignin before and after Xcc
inoculation, it was found that there was a positive correlation among most phenolic acid
components (Figure 10). This might be related to the hormone-activated phenylpropane

synthesis pathway.
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Figure 10. Correlation matrix among phenolic acids and lignin (Pearson).

4. Discussion

Black rot caused by Xanthomonas campestris pv. campestris (Xcc) is a serious
bacterial disease in the production of cabbage. Chemical control has many drawbacks,
and it is crucial to explore green induction and resistance technology [26]. Jasmonic
acid (JA) and salicylic acid (SA) are core defense signal molecules in plants and can
induce disease resistance in plants [12, 56]. In this study, disease index analysis showed
that exogenous SA treatment had the best control effect on black rot, followed by JA,
while the reduction in JA + SA was the smallest, indicating that both SA and JA alone
can induce resistance to black rot, and the induction effect of SA is better than that of
JA. After Xcc infection, the endogenous hormones changed significantly. In the CK,
ABA continued to increase, and GA and BR decreased more significantly, reflecting
the disruption of normal growth regulation by pathogen stress. Under SA treatment, the
endogenous SA content was always the highest, while ABA decreased and GA and BR
maintained a relatively high level, indicating that SA treatment not only enhanced
defense signals but also may help maintain a better growth-defense balance. Previous
Brassica-related studies have pointed out that SA and JA are core defense hormones in
response to biotic stress, and the hormone balance state, especially the enhancement of

SA-related metabolism, is often associated with stronger resistance [2].
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Antioxidant enzyme system is an important protective mechanism for plants to
eliminate ROS and maintain REDOX balance [7, 42]. In this study, both SA and JA
treatments alone significantly increased the activities of SOD, POD and CAT. This is
consistent with the results of previous studies that exogenous SA and JA can reduce the
damage of oxidative stress to cells by enhancing the ability of plants to eliminate ROS.
The research also found that the response patterns of the three antioxidant enzymes to
hormone treatment were different. Among them, SOD activity increased the most, POD
showed a trend of first rising and then falling, and CAT continued to rise slowly. This
might be related to the different functional divisions of the three in the ROS clearance
system [29, 42]. It is generally believed that SOD is the first line of defense for
eliminating Oy, while POD and CAT mainly participate in the decomposition of H>O,.
Among them, POD is also related to processes such as lignification and cell wall
reinforcement, so its change pattern is often more complex. In our study, the induction
effect of the JA+SA against antioxidant enzymes was significantly weaker than that of
the treatment alone, indicating that the antagonistic effect between the SA and JA
signaling pathways might have interfered with the full activation of the antioxidant
system.

Soluble proteins, soluble sugars and free proline are important osmotic regulatory
substances, playing a significant role in maintaining cellular turgor pressure, stabilizing
protein structure and eliminating ROS [38, 44]. Under stress conditions, plants often
maintain osmotic balance, protect cell structure and enhance their adaptability to
adverse conditions by accumulating soluble sugars, soluble proteins and proline [4]. In
this study, both SA and JA treatments alone significantly increased the contents of
osmoregulatory substances such as soluble protein, soluble sugar and free proline in
cabbage leaves, indicating that exogenous hormone treatment helps enhance the
osmoregulatory ability. This is basically consistent with the existing research results
that SA and JA can promote the accumulation of osmoregulatory substances under
adverse conditions and improve the stress resistance. The mixed treatment of JA+SA

only slightly increased the content of free proline, but had no significant effect on
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soluble proteins and soluble sugars, indicating that the promoting effect of the
combined treatment in osmotic regulation was significantly weaker than that of the
individual treatment. This suggests that the antagonistic effect between JA and SA may
also exist at the osmotic regulation level. The combined treatment almost loses the
ability to promote the accumulation of soluble proteins and soluble sugars, but still
retains a certain influence on proline metabolism, which may be related to the relative
independence of proline synthesis regulation. In addition, both SA and JA alone
significantly reduced the MDA content and electrical conductivity, which is basically
consistent with the reports that exogenous SA or JA can alleviate membrane lipid
peroxidation, reduce membrane permeability and improve membrane stability. The
protective effect of the JA+SA mixed treatment on membrane damage is significantly
weaker than that of the individual treatment, indicating that the combined treatment
may weaken the antioxidant defense and membrane protection effect due to the SA-JA
signal interaction, thereby leading to stronger membrane lipid peroxidation and
increased membrane permeability.

In terms of glucosinolate metabolism, there are significant differences in the
response patterns of different glucosinolate components to black rot [1, 35]. Among
them, IBE, PRO, SIN, RAA, NAP and 4ME generally showed an upward trend, while
40H, GBC and NEO showed a downward trend. Similar studies have also shown that
during the defense against Brassica disease, different glucosinolate components exhibit
differentiated accumulation and metabolic dynamics. Some components accumulate
rapidly in the early stage, while others remain stable or decline in the later stage. Overall,
the content of most glucosinolate components was the highest under SA treatment,
followed by JA treatment. Although the combined JA and SA treatment was higher
than CK, it was significantly lower than the treatment alone. Previous studies have
pointed out that exogenous hormones can significantly affect the rate of glucosinolates
biosynthesis by regulating endogenous hormone balance [47]. This indicates that

hormone treatment does not change the metabolic direction of each glucosinolate

22



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

component, but it can significantly affect their accumulation degree and degradation
rate, thereby regulating the intensity of the defense response.

After Xcc infection, most phenolic acids generally show an accumulation trend,
and SA treatment has the strongest promoting effect on ferulic acid, chlorogenic acid,
gallic acid, coumaric acid, naringin and protocatechin, etc. The results of lignin
histochemical staining and quantitative determination both indicated that SA treatment
was more conducive to lignin deposition in the xylem. This indicates that exogenous
SA can significantly enhance the phenylpropane metabolism and cell wall
reinforcement. Previous studies have shown that the phenylpropane pathway is an
important metabolic basis for disease defense [1, 54]. Its products not only include
various phenolic acids and flavonoids, but also lignin precursors and lignin polymers
[13, 20]. These substances can jointly participate in the disease resistance response
through antibacterial, antioxidant and cell wall reinforcement [11]. Therefore, in this
study, SA treatment significantly promoted the accumulation of phenolic acids and
enhanced lignin deposition, indicating that it may more effectively inhibit the spread of
black rot by activating phenylpropane metabolism, increasing the level of antibacterial
metabolites and strengthening the mechanical barrier [1, 31]. This might be related to
the fact that SA is the core molecule for the system to acquire the resistance (SAR)
signaling pathway, which can activate the expression of disease-related protein (PR
protein) genes, enabling plants to develop broad-spectrum resistance to a variety of
pathogenic bacteria. JA mainly mediates induced systemic resistance (ISR), which is
related to enhancing disease resistance by activating defense genes [14, 34].

5. Conclusion

Under the stress of black rot, significant changes occurred in the endogenous
hormone levels, phenolic acid/lignin metabolism and glucosinolate components of
cabbage. Exogenous SA and JA can enhance the adaptability of cabbage to black rot by
regulating these defensive-related processes. Among them, SA treatment demonstrated
the strongest promoting effect in hormone balance remodeling, phenylpropane

metabolism activation, lignin deposition and glucosinolates accumulation, followed by
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JA. However, the combined treatment of JA and SA did not show a significant
synergistic effect and was weaker than the single treatment in most indicators. This
indicates that under the conditions of this experiment, SA played a more crucial role in
regulating the chemical and structural defenses of cabbage against black rot.
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