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Integrated metabolome

and transcriptome analysis
reveals salicylic acid and
flavonoid pathways’ key roles
in cabbage’s defense responses
to Xanthomonas campestris

pv. campestris
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Xanthomonas campestris pv. campestris (Xcc) is a vascular bacteria pathogen
causing black rot in cabbage. Here, the resistance mechanisms of cabbage
against Xcc infection were explored by integrated metabolome and
transcriptome analysis. Pathogen perception, hormone metabolisms, sugar
metabolisms, and phenylpropanoid metabolisms in cabbage were systemically
re-programmed at both transcriptional and metabolic levels after Xcc infection.
Notably, the salicylic acid (SA) metabolism pathway was highly enriched in
resistant lines following Xcc infection, indicating that the SA metabolism
pathway may positively regulate the resistance of Xcc. Moreover, we also
validated our hypothesis by showing that the flavonoid pathway metabolites
chlorogenic acid and caffeic acid could effectively inhibit the growth of Xcc.
These findings provide valuable insights and resource datasets for further
exploring Xcc—cabbage interactions and help uncover molecular breeding
targets for black rot-resistant varieties in cabbage.
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Introduction

Cabbage (Brassica oleracea var. capitata L.) is an
economically important vegetable due to its wide adaptability,
good storage properties, and high nutritional value (Quiros and
Farnham, 2011). Biotic stresses are one of the key factors
affecting the production and quality of cabbage, among which
black rot is one of the most serious and destructive bacterial
diseases present worldwide (Williams, 1980). The symptoms of
infected cabbage with black rot are usually accompanied by
yellow V-shaped chlorotic lesions along the margins of leaves,
together with leaf wilting, vein necrosis, and the occasional death
of whole plants (Williams, 1980). Currently, the strategies to
control the black rot of cabbage are pesticide spray, crop
rotation, and disease-free seeds. The above strategies could
reduce black rot infections, but none of them could prevent
them. Also, pesticide spray is not an environmentally friendly
approach. Molecular breeding is a powerful tool for battling
bacterial infections and diseases in crops, especially with the aid
of recent rapid progress made by gene editing technologies (Yin
and Qiu, 2019). Understanding the molecular mechanisms of
these plant-bacterial interactions is the key to molecular
breeding efforts to effectively control plant bacterial diseases.

Plant responses to pathogen infections are highly
coordinated processes with large-scale reprogramming in gene
expression and metabolism (Ranjan et al., 2019; Li et al., 2021).
Recent advances in transcriptomics and metabolomics
technologies allow for powerful and cost-efficient exploration
of global transcriptional and metabolic responses to pathogen
infection. The integrated transcriptomics and metabolomics
analysis were successfully used to study the plant-pathogen
interactions, including Glycine max (Ranjan et al, 2019),
Zanthoxylum bungeanum (Li et al., 2021), Asparagus officinalis
(Abdelrahman et al., 2020), and Camellia oleifera (Yang et al.,
2022), and these studies help reveal the molecular mechanisms
of plant-pathogen interactions in a system biology approach.
Although recent studies have advanced our understanding of
Xcc-plant interactions (Wang et al., 2015; Santos et al., 2019;
Song et al., 2022), the molecular mechanisms of plant resistance
against this pathogen are still limited. We have previously
studied the transcriptional regulation of cabbage in response
to Xcc during the early infection stage by transcriptomic analysis,
but the lack of the control plants in the study limits our ability to
reveal truly significant expressed genes as well as the molecular
pathways in cabbage’s responses to Xcc infection (Sun
et al,, 2021).

Therefore, to gain a deeper understanding of Xcc-cabbage
interaction mechanisms, we used integrated metabolomic and
transcriptomic approaches with well-designed control plants in a
time-course experimental design to study cabbage’s defensive
responses to Xcc infection. There were a large number of
differentially expressed pathogen-response genes and
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differentially accumulated metabolites were identified between
resistant and susceptible lines, allowing us to develop a working
model of cabbage’s response to Xcc infection. Importantly, we
could test our hypothesis by wet-lab experiments that two
flavonoid pathway metabolites, chlorogenic acid and caffeic acid,
could effectively inhibit the growth of Xcc. To our knowledge, this
work is the first to integrate widely targeted metabolomic and
transcriptomic technologies to study how cabbage responds to
black rot infection, and the metabolic profiling data, together with
the integrated transcriptomic data and the validated anti-bacterial
metabolites, not only help uncover molecular mechanisms of
cabbage-Xcc interactions but also serve as valuable resources for
the research community to further explore.

Materials and methods
Plant material and pathogen inoculation

Two DH lines of cabbage, one resistant QP07 (R) and one
susceptible DBP71 (S), were used in this study (Sun et al., 2021).
These two lines were obtained by microspore culture using a
moderately resistant variety to black rot followed by multiple
generations of self selection. Plants were grown in a growth
chamber under 16 h light and 8 h dark photoperiod cycles at the
Northwest A&F University, Xianyang, China. Xcc strains were
grown on a nutrient agar (NA) medium at 28°C. The bacterial
suspension was prepared to a density of 1 x 10® cfu/ml in
distilled water after cultivation. Forty-five-day-old cabbage
seedlings were infected with Xcc by spraying the leaves with
the bacterial suspension. Control plants were inoculated with
distilled water. During the Xcc infection assay, the inoculated
seedlings were maintained in a growth chamber under a 16-hour
photoperiod at 28°C and kept moist during the treatment. Plant
leaves were sampled at three-time points (2, 7, and 12 days post-
inoculation, dpi). For each time point, three to five plants per
replicate were sampled (three biological replicates). Following
collection, samples were immediately frozen in liquid
nitrogen and stored at —80°C prior to RNA extraction and
metabolomic analysis.

Metabolites estimation and analysis

The extraction method was following the MetWare
Biological Science and Technology Co., Ltd. (Wuhan, China)
standard protocol. Metabolite profiling was carried out using the
UPLC-ESI-MS/MS system (UPLC, Shim-pack UFLC Shimadzu
CBM30A system; MS, Applied Biosystems 4500 Q TRAP) by
comparing the fragmentation patterns, the retention time, and
the accurate m/z value to the standards in the MetWare self-
compiled database and the public databases.
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Metabolite data for samples with and without Xcc infection
analysis were conducted with the Analyst 1.6.1 software (AB
SCIEX, Ontario, Canada). The Pearson correlation coefficients
analysis, principal component analysis (PCA) and orthogonal
partial least squares discrimination analysis (OPLS-DA) of
identified metabolites between samples were carried out by the
corresponding functions in the R package. We used the variable
importance in projection (VIP) score obtained by the OPLS-DA
model to obtain the maximum differences between control and
Xcc infection. Metabolites with VIP >1.0 and fold changes >1.5
or <0.67 were determined as differentially accumulated
metabolites (DAMs). The KEGG database was used to
annotate and display the differential metabolites that are
correlated with the resistance of cabbage to Xcc infection.

Total RNA extraction and
RNA-seq analysis

Total RNA was extracted using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The concentration, quality, and
integrity of the extracted RNA were evaluated with 1% agarose
gel electrophoresis and an Agilent Bioanalyzer 5400 (Agilent
Technologies, Santa Clara, CA, USA). The RNA samples that
met the requirements were sent to MetWare for cDNA library
construction and transcriptome sequencing on an Illumina
HiSeq 2000 system. Clean data were obtained by filtering and
quality-controlling the raw data using the FastQC tool (http://
www.bioinformatics.babraham.ac.uk). The clean data were
uniquely mapped to the cabbage genome (B. oleracea cv. JZS
V2.0, http://brassicadb.cn). The gene expression levels were
estimated as fragments per kilobase per transcript per million
mapped reads (FPKM). Differentially expressed genes (DEGs)
were identified from the comparison of inoculated cabbages of
both lines at different time points to their respective controls by
using the DEseq R package if the FDR was <0.05 and |log2(fold
change)| was >1. The DEGs were further aligned with six
databases: GO (Gene Ontology), KEGG (Kyoto Encyclopedia
of Genes and Genomes), NR (NCBI non-redundant protein
sequences), KOG (a cluster of orthologous groups), Pfam
(protein family), and Swiss-Prot (a manually annotated and
reviewed protein sequence database).

Anti-bacterial activities of chlorogenic
acid and caffeic acid on X. campestris

To examine the effects of chlorogenic acid (95%, Aladding)
and caffeic acid (99%, Aladding) on the growth of Xcc, the Xcc
bacterial suspension with a density of 1 x 10® cfu/ml was diluted
2,000 times with sterilized water, and 50 ul of the dilution
suspension were spread on the 90 mm petri dish containing
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15 ml of NA medium (with agar). Next, we added the bacterial
suspension to the NA medium (without agar) at a ratio of
1:2,000. The final applied concentrations of these metabolites in
the NA medium were 0.5, 0.25, and 0.1 mM, respectively. Each
treatment was composed of three replicates. The bacterial
concentrations were calculated after 24 and 48 h of incubation
at 28°C.

Validation of gene expression from
transcriptome data

The RNA-sequencing results were confirmed by qRT-PCR
of 15 candidate DEGs. The sampled leaves of cabbage were the
same as those for transcriptome analysis. Three biological
replicates were used for each treatment. The DEG-specific
primers for qRT-PCR were designed by Primer3 web (http://
primer3.ut.ee/) for the amplification of gene fragments of
approximately 100-200 bp in length (Supplementary Table 1).
qRT-PCR was performed on an ABI QuantStudio 5 real-time
PCR detection system (ThermoFisher Scientific, USA) using a
Hieft® qPCR SYBR Green Master Mix. The total volume for
qRT-PCR was 25 pl and procedures were as follows: one cycle at
95°C for 5 min, 40 cycles at 95°C for 10 s, and 60°C for 30 s. The

2744% yas employed to calculate

relative quantitative method of
the target gene expression levels, which were then analyzed

in Excel.

Results

Phenotypes of the resistant
and susceptible lines after
X. campestris infection

The phenotypic differences during the infection of Xcc
between cabbage R and S lines in this study were shown
(Figure 1). There were no disease symptoms in the leaves at 2
dpi in either line. At 7 dpi, typical V-shaped chlorosis occurred
around the leaf edge in the S line, while no disease symptoms
were detected in the R line or control line. At 12 dpi, the S line
had severe V-shaped chlorosis around the leaf, whereas the R
line still had no visible black rot symptoms.

Analysis of metabolite profiling in
cabbage lines responsive to X.
campestris infection

The widely targeted metabolomics pipeline was used for the
metabolic profiling of the Xcc-infected plant leaf samples from
our resistant and susceptible cabbage lines on 7 and 12 dpi,
labeled as R7M-CK/R7M, R12M-CK/R12M, S7M-CK/S7M, and
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FIGURE 1

The phenotypes of the R and S cabbage lines in X. campestris infection assay. Representative leaves of the R and S cabbage lines infected by X.
campestris at 2, 7, and 14 days were shown. R, Xcc-resistant cabbage line; S, Xcc-susceptible cabbage line; dpi, Days post inoculation; Red

arrows indicate the symptoms of black rot

S12M-CK/S12M. A total of 799 metabolites were identified in
the tested samples, and correlation analysis of the detected
metabolites indicated high consistency of the samples,
confirming the reliability of the dataset (Supplementary
Figure 1). The PCA of detected metabolites showed distinct
metabolomic profiles at each time point during the course of
infection between the R and S lines (Figure 2A). The four types
of samples from the S line, S7M-CK, S7M, S12M-CK, and S12M,
were clearly separated between inoculation and controls, and
each separate group was strictly composed of the three biological
repeats of that group, confirming the high-quality of the sample
identities and metabolic data. However, much smaller internal
variations are present among all the samples from the R line

PC2(1264%)

PC1(3369

FIGURE 2

Group

A

*

compared with the variations from samples of the S line. This
supports the observation that the R lines show much smaller
phenotypic perturbation after Xcc infection compared with the
S line.

The metabolites in the dataset could be categorized into 11
classes, including 160 phenolic acids, 118 lipids, 83 amino acids
and derivatives, 80 flavonoids, 78 organic acids, 71 alkaloids, 55
nucleotides and derivatives, 40 lignans and coumarins, 3
terpenoids, 1 tannin, and 110 others (Figure 2B). After the
differentially accumulated analyses, a total of 716 DAMs were
detected (Supplementary Table 2). Among them, 205 DAMs
were identified in Xcc-infected samples of the R line compared
with the control samples of the R line, 413 DAMs were identified
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Overview of metabolome analysis of R and S lines in response to X. campestris infection. (A) PCA of the variance-stabilized estimated raw
counts of differentially accumulated metabolites. (B) Category and number of metabolites identified in the tested samples. DAMs, Differentially
accumulated metabolites; NAMs, Non-differentially accumulated metabolites
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in Xcc-infected samples of the S line compared with the control
samples of the S line, and 673 DAMs were identified in R line
compared with S line. A heatmap of DAMs confirmed that
significant biochemical changes occurred after Xcc infection
(Supplementary Figure 2). As shown in the Venn graph, 99
upregulated and 33 downregulated DAMs were uniquely
identified in the R line, while 147 upregulated and 199
downregulated DAMs were uniquely identified in the S line
(Figures 3A, B). Based on comparisons between R and S lines, a
total of 240 upregulated DAMs were found in two Xcc-
inoculated comparisons, while 262 DAMs were downregulated
(Figures 3C, D). These DAMs might be contributing to the
resistance of the R line against Xcc infection. The heatmap
showed 99 and 240 upregulated metabolites (Figure 4), among
which the phenolic acids and flavonoids were the most
abundant. Furthermore, we identified the top ten upregulated
and downregulated DAMs in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line (Figure 5).
Five flavonoid metabolites: 6-hydroxyluteolin, luteolin-7-O-(6"-
malonyl)-glucoside-5-O-rhamnoside, kaempferol-3-
methoxycaffeoyldiglucoside, naringenin-4’-O-glucoside, and
naringenin-7-O-glucoside were classified into the top 10
upregulated DAMs at 7 dpi. After 12 days of inoculation, three
flavonoid metabolites were identified: Kaempferol-3-O-
sophoroside-7-O-glucoside, luteolin-7-O-(6"-malonyl)-
glucoside-5-O-rhamnoside and 6-Hydroxyluteolin were

R12M-CK vs R12M S7M-CK vs STM

ﬂ
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A SUAN
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=
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10.3389/fpls.2022.1005764

identified, supporting that flavonoids might be contributing to
the immune responses of the R line against Xcc infection.

KEGG pathway analysis of DAMs between the R and S lines
showed that six common KEGG pathways were enriched at 7 dpi
and 12 dpi (Supplementary Figure 3), including “Flavonoid
biosynthesis” and “Phenylpropanoid biosynthesis” pathways.
We also found the “Flavone and flavonol biosynthesis”
pathway enriched at 7 dpi and the “Plant hormone signal
transduction” pathway enhanced at 12 dpi.

RNA-seq analysis and identification of
differentially expressed genes in cabbage
during X. campestris infection

In order to evaluate the molecular mechanisms associated
with cabbage resistance to black rot, global transcriptome
changes of leaf samples on Days 2, 7, and 12 after infections
were used for RNA-seq analysis, labeled as R2T-CK/R2T, R7T-
CK/R7T, RI2T-CK/R12T, S2T-CK/S2T, S7T-CK/S7T, and
S12T-CK/S12T. Importantly, all the leaf samples for RNA-seq
analysis were from the same leaf sample pools as the widely
targeted metabolic study, ensuring the high quality of the dataset
for integrated metabolic and transcriptomic studies.
Approximately 43.4-76.6 million raw reads were generated
from the 36 tested samples. After quality control, 253.21 Gb of

R12M-CK vs R12M S7M-CK vs STM

$12M vs R12M

7
kvA

S7M-CK vs R7TM-CK

D

$12M-CK vs R12M-CK

Venn graph for up and downregulated DAMs from the pairwise comparisons. (A) Upregulated DAMs in Xcc-infected samples of the two
cabbage lines compared with the control samples at 7 and 12 dpi; (B) Downregulated DAMs in Xcc-infected samples of the two cabbage lines
compared with the control samples at 7 and 12 dpi; (C) Upregulated DAMs in the R line compared with the S line at 7 and 12 dpi; (D)
Downregulated DAMs in the R line compared with the S line at 7 and 12 dpi.

Frontiers in Plant Science

05

frontiersin.org


https://doi.org/10.3389/fpls.2022.1005764
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Alkaloids

FIGURE 4

10.3389/fpls.2022.1005764

Flavonoids.

CyebRG 180
theopedo's
£750G 15 s

Others

Amino

acids and
derivatives.

Yy
g:;,f,}{;,{f
S R

@78 g

Heatmaps of differentially accumulated metabolites for putative candidate metabolites responsible for the resistance of the R line against X.
campestris infection. Red bars indicate upregulated DAMs; Green bars indicate downregulated DAMs; The closing parentheses indicate the

categories of metabolites

clean data were included. The GC content percentage was
approximately 46.71%-48.87% of these reads, and the Q30
quality scores of reads were above 93.97%, suggesting that the
accuracy and reliability of sequencing data were reliable enough
for further studies (Supplementary Table 3). The percentage of
reads mapped to the reference cabbage genome was almost the
same for R (93%) and S (93.09%). On average, 88.73% of these
mapped reads were uniquely mapped to the genome, and
56.41%-68.47% of these reads were mapped to exons
(Supplementary Table 3).

A total of 15,980 DEGs in the 12 comparison groups were
identified by using DESeq with FPKM values. In infected samples of
the R line, 321 genes were upregulated and 303 genes were
downregulated at 2 dpi compared with the control samples of the
R line, while only nine genes were upregulated and eight genes were
downregulated at 7 dpi, and 50 genes were upregulated and 15
genes were downregulated at 12 dpi (Figure 6A). The total number
of upregulated and downregulated genes in the R line is similar,
being over-represented at 2 dpi. In the S line, the three comparisons
(S2T-CK vs S2T, S7T-CK vs S7T, and S12T-CK vs S12T) generated
575, 137, and 1,006 upregulated genes, as well as 2,465, 92, and 353
downregulated genes, respectively (Figure 6B). Most of the genes of
Xcc-infected samples in the S line were downregulated at 2 dpi and
upregulated at 12 dpi compared with the control samples of the S
line, indicating that the defense response genes in the S line after Xcc
infection were not induced successfully during the early infection
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stage, which might result in the Xcc susceptible phenotypes of the S
line. Moreover, the number of DEGs in the infected S line was
significantly higher than the one in the infected R line, and these
transcriptomic data are consistent with the metabolomic finding
that the metabolites after Xcc infection in the R line are more stable
than the ones in the S line (Figure 2). To explore the molecular
mechanisms of how the R and S lines respond to Xcc infection
(Figure 6C), we found that 3,451 genes were upregulated and 3,858
genes were downregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line at 2 dpi; 4,215
genes were upregulated and 4,313 genes were downregulated at 7
dpi; 3,013 genes were upregulated and 3,493 genes were
downregulated at 12 dpi. The above results indicated that there
were significant changes in gene expression levels between the R
and S lines following Xcc infection. Then we performed Venn
diagram analyses for different comparisons (Figure 7). Only three
common genes were upregulated and no genes were downregulated
at all tested time points in Xcc-infected samples of the R line
compared with the control samples of the R line. Twenty-nine genes
were upregulated and two genes were downregulated in Xcc-
infected samples of the S line compared with the control samples
of the S line. We also analyzed DEGs between the R and S lines. A
total of 1,199 genes were upregulated and 1,635 genes were
downregulated in six comparisons at all three-time points, while
75 genes were upregulated and 85 genes were downregulated in
only three Xcc-inoculated comparisons.
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FIGURE 5
Top 10 up and downregulated DAMs in X. campestris infected samples of the R line compared with the X. campestris infected samples of the S
line. (A) Seven days after Xcc infection; (B) Twelve days after Xcc infection; Orange bars indicate upregulated DAMs, and green bars indicate
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Bar graph of up and downregulated genes from pairwise comparisons. (A) Number of DEGs in Xcc-infected samples of the R line compared
with the control samples of the R line at 2, 7, and 12 dpi; (B) Number of DEGs in Xcc-infected samples of the S line compared with the control
samples of the S line at 2, 7, and 12 dpi; (C) Number of DEGs in the R line compared with the S line at 2, 7, and 12 dpi.
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line compared with the S line at 2, 7, and 12 dpi. Black circles indicate common DEGs for different comparisons.

Venn graph for up and downregulated DEGs from the pairwise comparisons. (A) Upregulated DEGs in Xcc-infected samples of the R line
compared with the control samples of the R line at 2, 7, and 12 dpi; (B) Downregulated DEGs in Xcc-infected samples of the R line compared
with the control samples of the R line at 2, 7, and 12 dpi; (C) Upregulated DEGs in Xcc-infected samples of the S line compared with the control
samples of the S line at 2, 7, and 12 dpi; (D) Downregulated DEGs in Xcc-infected samples of the S line compared with the control samples of
the S line at 2, 7, and 12 dpi; (E) Upregulated DEGs in the R line compared with the S line at 2, 7, and 12 dpi; (F) Downregulated DEGs in the R
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Functional annotation of DEGs in
cabbage lines responsive to X.
campestris infection

The 15,980 DEGs between the 12 comparison groups were
aligned by comparing their sequences against GO, KEGG, NR,
KOG, Pfam, and Swiss-Prot public databases (Supplementary
Table 4). Based on the GO terms, 684 DEGs in the three
comparisons of the R line were assigned to three GO classes:
biological process, cellular component, and molecular function,
with 22, 16, and 10 categories, respectively (Supplementary
Figure 4A). In the S line, 4,271 DEGs were assigned to 26
biological process categories, 18 cellular component categories,
and 12 molecular function categories, respectively
(Supplementary Figure 4B). We also analyzed the GO
annotation of DEGs at three-time points between the R and S
lines after inoculation. A total of 11,737 DEGs were assigned to
28 categories of biological process, 16 categories of cellular
components, and 12 categories of molecular function
(Supplementary Figure 4C). GO enrichment analysis of the
DEGs in the biological process categories was analyzed to
evaluate the response of cabbage to Xcc infection
(Supplementary Table 5). Our data showed that the “response
to reactive oxygen species” and “response to toxic substance”
categories were present in all nine comparisons of R-CK vs R; S-
CK vs S; and S vs R. We also found that “phenylpropanoid-

» o«

related process,” “flavonoid metabolic-related process,” “plant
hormone metabolic related process,” “defense response to
Gram-negative bacterium,” and “immune response related
process” to these comparisons, supporting our findings above
made by metabolomic analysis.

To explore the enriched biological pathways, we extracted
the top 50 enriched KEGG pathways across all nine comparisons
(Supplementary Figure 5). Among these, we found that “MAPK
signaling pathway-plant” and “Phenylpropanoid biosynthesis”
were present in these comparisons. We focused on direct
comparisons between the R and S lines, and there are 28
KEGG pathways commonly present in all three comparisons,
including “plant-pathogen interaction” and “plant hormone
signal transduction.” Moreover, the “flavonoid biosynthesis”
pathway was enriched in both 2 dpi and 7 dpi between the R
and S lines, highlighting the key role that the flavonoid
biosynthesis pathway plays in cabbage’s defense responses to
Xcc infection.

DEGs and DAMs involved in resistance
to X. campestris

With the above integrated metabolic and transcriptomic

analysis, we tried to further combine the large data and
analysis together. We also proposed a working hypothesis of
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how cabbage responds to Xcc infection. A list of differentially
regulated disease-resistance genes and metabolites was obtained
from our data (Supplementary Tables 2, 6). We focused on the
profile of DEGs and DAMs associated with plant hormones in
Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line, especially SA, JA, and ET.
Twenty-one genes (including 19 upregulated and two
downregulated) were related to the SA metabolism pathway.
Thirty-four JA metabolism-related genes were downregulated.
Twelve genes (including 11 upregulated and one downregulated)
were related to the ET metabolism pathway. These DEGs include
the synthesis, degradation, and transcriptional regulation of
corresponding plant hormone pathways. In addition, we found
the accumulation of SA was upregulated and its degraded
metabolite SAG was downregulated in Xcc-infected samples of
the R line compared with the Xcc-infected samples of the S line.
We also found that 16 genes (including 11 upregulated and five
downregulated) were related to the phenylpropanoid and
flavonoid metabolism pathway. Furthermore, most of the
phenylpropanoid and flavonoid pathway-related metabolites
were upregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line. We also
investigated and validated the inhibitory effects of two flavonoid
pathway metabolites, chlorogenic acid and caffeic acid, on Xcc
growth. The growth of Xcc was significantly inhibited by three
different concentrations of chlorogenic acid and caffeic acid,
respectively (Figure 8). Among these, 0.5 mM chlorogenic acid
and 0.5 mM and 0.25 mM caffeic acid can completely inhibit the
growth of Xcc at 24 h and 48 h.

Moreover, in the pathogen perception and signaling
pathway, we found most of the signaling receptor or co-
receptor genes were upregulated and several defense-negative
regulator genes were downregulated in Xcc-infected samples of
the R line compared with the Xcc-infected samples of the S line.
In the stomatal defense pathway, most genes were
downregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line, including LecRK-V.5,
AHAS3, 10, 11, and CAXI, 2, 3, 5 genes. In the pathogen defense-
related ROS regulation pathway, most genes were upregulated in
Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line, including PRX34, GLPI,
HUP39, CAT2, CAT3, APX2, and APX5 genes. Moreover,
proline, ascorbic acid, and glutathione antioxidant metabolites
were upregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line. For the defense
response of cabbage induced by Xcc effectors, we found ZARI,
ZEDI, ZRK1, ZRK4, RPM1, and RIN4 were upregulated in Xcc-
infected samples of the R line compared with the Xcc-infected
samples of the S line. We also found that the expression of some
sugar-related genes changed during Xcc infection. Thirty DEGs
(including 11 upregulated and 19 downregulated) were related to
the sugar metabolism pathway. To get a global view of DEGs
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involved in resistance to Xcc, we propose a working model of
how these genes and metabolites are responding and
coordinating together in cabbage’s responses to Xcc
infection (Figure 9).

qRT-PCR verification of gene expression

To confirm the transcriptomic results, qRT-PCR was
conducted on representative DEGs from ROS oxidative signal,
SA metabolism pathways, JA signaling pathways, ET signaling
pathways, and flavonoid metabolism pathways. For all 15 genes,
the expression profiles shown by the qRT-PCR were similar to
the fold change data in the RNA-Seq analysis (Supplementary
Figure 6), confirming the reliability of our RNA-Seq dataset.
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Discussion

Perception and signaling of cabbage to
pathogen during X. campestris infection

Plant defense responses generally start with the detection of
pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptor (PRR) proteins located on the external
surface (Jones and Dangl, 2006). Similarly, we found that
some of the PRRs genes were significantly induced in Xcc-
infected samples of the R line but not in Xcc-infected samples
of the S line (Figure 9, Supplementary Table 6).

The above-detected DEG of PRRs has been previously shown
to be involved in plants’ innate immunity responses. Functional

analysis indicated that BIR2 affects the formation of complexes
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BAKI1-FLS2 by interacting with BAKI, thereby negatively
regulating plant innate immunity (Halter et al., 2014). SOBIR1
is involved in BAK1-mediated immune signaling as a suppressor
of BIR1, which constitutively activates immune responses when
overexpressed in plants (Gao et al., 2009; van der Burgh et al,
2019). A recent study found that BIR2 and SOBIR1 could
interact with LPS from Xcc and participate in LPS perception
(Hussan et al., 2020). Previous research has shown that LysM
receptor protein CEBiP and LysM receptor kinase CERK1 could
form a chitin-enhanced heteromeric complex to activate PTI
signal transduction in rice (Kaku et al., 2006; Shimizu et al,
2010). Recognition of chitin in Arabidopsis is mediated by
CERKI1, LYK4, and LYK5 through homodimerization and
phosphorylation (Miya et al., 2007; Cao et al., 2014). Atlyk4/
Atlyk5-2 double mutants resulted in a complete loss of chitin-
triggered immunity, including ROS accumulation and resistance
to A. brassicicola (Cao et al., 2014). Recent research indicated
that LYK2 could constitutively interact with LYKS5 in the cell
plasma membrane to activate pathogen-elicitor-induced
resistance (Giovannoni et al., 2021). In addition, LYK2
contributes to both basal and elicitor-triggered resistance to
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bacteria, and overexpression of LYK2 enhances resistance to P.
syringae and increases the expression of resistant-related genes
during pathogen infection. Paparella et al. (2014) reported that
the functional absence of AtLYK3 could affect SA-mediated
responses. In addition to chitin recognition, CERK1 and two
LysM domain proteins (LYP2, LYP3) are indispensable for
peptidoglycan perception and immunity to bacterial pathogen
infection (Willmann et al., 2011). Hussan et al. (2020) reported
that an LRR-RLK protein LIK1 is involved in Xcc LPS
perception, then phosphorylated by CERKI. The above
suggests that the recognition of Xcc by the receptors plays an
important role in the cabbage’s defense response to
Xcc infection.

Plants recognize pathogen PAMPs through PRR receptors
and co-receptors on the cell membrane surface and
phosphorylate BIK1. Activation of BIK1 inhibits pathogen
growth by positively regulating ROS burst through
phosphorylation of RbohD (Yuan et al., 2021). Previous
research has shown that BIKI paralog proteins PBL1, PBL2,
and PBS1 are involved in the regulation of PTI. The pbl mutant
is compromised in several PTI responses triggered by PAMPs
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(Lu et al, 2010; Zhang J. et al,, 2010). In our study, BIKI and
most PBSI-like genes were upregulated in Xcc-infected samples
of the R line compared with the Xcc-infected samples of the S
line. Moreover, a DENN domain protein gene, SCD1, was found
to be downregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line. Korasick
et al. (2010) identified that SCDI was a negative regulator of
basal resistance against bacteria, and an scdI-1 mutant exhibits
constitutive activation of defense responses. Desclos-Theveniau
et al. (2012) reported that LecRK-V.5 negatively regulates
stomata innate immunity and overexpression lines
demonstrate defective stomata closure, leading to pathogenic
bacteria entering the leaves and serious disease. Moreover, the
reduction of LecRK-V.5 expression increases SA and ROS
accumulation causes insensitivity to COR-mediated stomata
re-opening and suppresses JA-induced defense responses
(Gilardoni et al., 2011; Arnaud et al., 2012; Desclos-Theveniau
et al, 2012). In our study, two lectin receptor kinase genes,
LecRK-V.5, were significantly downregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples
of the S line (Figure 9, Supplementary Table 6), supporting the
important roles of the LecRK-V.5 gene in the interaction between
cabbage and Xcc. Taken together, our analysis suggested that the
R line could more actively mobilize these transmembrane
signaling receptors or co-receptors to sense Xcc than the S line
to activate the cabbages’” defense responses to Xcc infection (see
Step 1 in the model, Figure 9).

Responses of cabbage to pathogen
entry and colonization during
X. campestris infection

Plants have evolved defense mechanisms for stomata closure
and/or inhibiting pathogen-mediated stomata re-open upon
sensing PAMPs to actively prevent bacteria from entering
plant leaves (Melotto et al., 2006). Stomata operate as osmotic
machines when the plasma membrane H'-ATPase is activated.
The activity of this proton pump induces H" extrusion, causes
membrane potential hyperpolarization, induces K;, channels
while deactivating K*,,,; channels, and uptakes charged solutes
and water, leading to the guard cells to swell and open
(Schroeder and Neher, 1987). Several pathogens can re-open
stomata by hijacking these regulatory elements (Liu et al., 2009).
Interestingly, three H"-ATPase genes were downregulated in
Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line. This indicated that the R line
could more actively promote stomata closure and/or inhibit
pathogen-mediated stomata re-open than the S line to protect
against Xcc in the plant leaf (see Step 2 in the model, Figure 9,
Supplementary Table 6). However, two H'-ATPase genes,
AHAI and AHA2, were upregulated at 7 dpi and 12 dpi,
respectively. This may suggest that the R line allows the
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stomata to absorb more CO, for photosynthesis at the late
infection stage to maintain the energy for growth and
resistance. In addition to H" ions, the transport of Ca** ions is
also involved in the regulation of immune-associated stomata
movement. Four CAXs genes were downregulated in Xcc-
infected samples of the R line compared with the Xcc-infected
samples of the S line, which might block the efflux of Ca®" ions
from the cytosol (Figure 9, Supplementary Table 6). Research
has indicated that the deletion of CAX genes results in ROS and
SA accumulation, thereby increasing disease resistance
(Modareszadeh et al., 2020; Zhang et al., 2020). Elevation of
cytosolic Ca”* ions is known to repress H'-ATPase activity,
cause apoplastic alkalinization, activate K, channels, and lead
to stomatal closure (Bolwell et al., 2002).

Apoplastic alkalinization has been shown to be important
for the generation of ROS by cell wall-associated peroxidases in
response to pathogen attacks (Bolwell et al., 2002). A previous
study has shown that repressing the cell wall peroxidase gene
PRX34 could impair the oxidative burst and cause enhanced
susceptibility to both bacterial and fungal pathogens (Daudi
etal.,, 2012). The GLPs provide resistance to H,O, accumulation
(Christensen et al., 2004). Moreover, hypoxia-response
unknown protein (HUP) genes have been found to be
substrates of stress-related MAPKs, acting as positive
regulators of plant immune responses, and overexpression of
HUP leads to ROS accumulation and enhanced disease
resistance (Palm-Forster et al., 2017). In our study, these genes
were also upregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line. The
accumulation of ROS in cabbage may increase resistance to
Xcc. However, excessive ROS accumulation can cause biofilm
system damage and even cell death (Lushchak, 2011). To adapt
to ROS toxicity, plants usually protect themselves against ROS
by having an antioxidant system that maintains ROS
concentrations. In our data, two catalase genes (CAT2, CAT3)
and two ascorbate peroxidase genes (APX2, APX5) were
upregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line, and they encode
enzymes that scavenge hydrogen peroxide in plants (Figure 9,
Supplementary Table 6). We also found several antioxidant
DAMs upregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line,
including proline, ascorbic acid, and glutathione (Figure 9,
Supplementary Table 2). Moreover, compared with the S line’s
control, these metabolites are downregulated in the S line.
Similar results were observed in a temporal and spatial
assessment of the interaction between cabbage and Xcc (Gay
and Tuzun, 2000).

Based on our data, during Xcc infection, the R line may
effectively sense pathogens, prevent pathogens from entering
leaves by regulating stomata closure, and activate oxygen bursts.
In addition, while efficiently controlling pathogens, the R line
could maintain the balance of oxidative stress in cabbage by
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coordinating the above genes and metabolites to prevent damage
to plants due to the excessive plant defense responses (see Step 3
in the model, Figure 9).

Defense responses of cabbage induced
by X. campestris virulence effectors

To overcome plant basal defense responses, pathogens often
secrete virulence-effector proteins into the host cell to subvert
immunity and promote pathogenesis (Jones and Dangl, 2006).
As a result of host-pathogen coevolution, plant resistance genes
can activate their own defense responses by recognizing the
perturbation of plant target proteins by pathogenic effectors
(Zhang et al,, 2017). The NLR protein SUMM?2 was shown to
indirectly recognize the disruption of the MEKK1-MKK1/2-
MPK4 kinase cascade by pathogen effectors through CRCK3,
which activates SUMM2-mediated defense responses (Zhang
et al,, 2017; Devendrakumar et al, 2018). Our current study
showed that CRCKs and most of MEKK1 were downregulated in
the R line compared with the S line (Figure 9, Supplementary
Table 6). This may also indicate that this disease-resistant model
or similar model also exists in cabbage and Xcc interactions.
Previous research has shown the Xcc effector AvrAC uridylylates
BIK1 to reduce its kinase activity and consequently inhibit
downstream immunity (Feng et al., 2012). In plants, Wang
et al. (2015) reported that BIK1 paralog PBL2 acts as a decoy
for AvrAC enzymatic activity, and the plant immune receptor
ZAR1 can indirectly recognize uridylylation of PBL2 by AvrAC
through RKS1/ZRKI1. ZAR1 has been shown to form pre-
activation complexes with ZRK3, ZRK6, and ZRK15 (Wang
et al., 2015; Seto et al,, 2017). In our data, ZARI and ZRK4 were
upregulated at all three-time points in Xcc-infected samples of
the R line compared with the Xcc-infected samples of the S line
(Figure 9, Supplementary Table 6). Notably, ZAR1 has been
shown to form complexes with the protein kinase ZED1 to
recognize the effector HopZla through HopZla-mediated
acetylation of ZEDI1 (Lewis et al., 2013). ZEDI was
upregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line. Based on our data,
ZAR1, ZED1, and ZRK4 may be involved in the recognition of
Xcc virulence effectors, thereby activating the downstream
immune responses (see Step 4 in the model, Figure 9).

The type IIT effector AvrRpt2 can cleave RIN4 and lead to the
activation of RPS2-mediated disease resistance (Mackey et al.,
2003). RIN4 can also interact with RPM1, and manipulation of
RIN4 by another effector, AvrRpm1, could trigger the activation
of defenses induced by RPM1 (Mackey et al., 2002). AvrRpt2 can
inhibit RPM1-mediated disease resistance when Arabidopsis
interacts with Pst DC3000 expressing both avrRpml and
avrRpt2 (Ritter and Dangl, 1996). Interestingly, Mackey et al.
(2003) reported that overexpression of RIN4 can suppress the
ability of RPS2-mediated disease resistance and the interference
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of AvrRpt2 on RPM1 function. This partly supports our study.
In our data, RIN4 and RPM]I were upregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples of
the S line, and no differential expression of RPS2 was detected
between the two lines (Figure 9, Supplementary Table 6).
Therefore, the resistance to Xcc effector activation in cabbage
may depend on RPMI. Earlier studies showed that the Xcc
bacterium carries effector AvrXccC, highly homologous to
effector AvrB of P. syringae, whose activities lead to enhanced
defense responses in the plants (Mackey et al,, 2002; White
et al., 2009).

Previous studies also found that cell autophagy plays an
important role in plant immune responses. Feng (2012) reported
that cell autophagy negatively regulates AvrAC-activated ETI
responses in host plants. They also found that AvrAC has the
ability to interact with ATG8a of the autophagy pathway. In
addition, the resistance activated by AvrAC on atg5 and atg7
mutants was further expanded, resulting in a decrease in Xcc
growth in mutants compared to wild-type plants. Similar results
have been found in our data (Figure 9, Supplementary Table 6).
Seven autophagy genes were downregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples
of the S line, including ATG3, ATG7, ATG8a, two ATGI10, and
ATGI01, suggesting cell autophagy might be involved in the
resistance of the R line to Xcc.

Reprogramming of hormone metabolism
pathways in resistance to X. campestris

Plant hormone resistance pathways are mainly dependent
on salicylic acid, jasmonic acid, and ethylene, which are involved
in the regulation of different types of disease resistance signaling
pathways (Bari and Jones, 2009). To study whether hormone-
mediated pathways in cabbage against Xcc, we examined the
profile of DEGs and DAMs associated with plant hormones. We
found that many, especially SA, JA, and ET, played crucial roles
in the interaction of cabbage following Xcc infection (see Step 5
in the model, Figure 9, Supplementary Tables 2, 6). The two
enzymes, phenylalanine ammonia-lyase 1 (PAL1) and
isochorismate synthase 1 (ICS1), are the key enzymes in the
SA synthesis pathway. The two enzymes of salicylic acid
glucosyltransferase 1 (SGT1) and BA/SA carboxyl
methyltransferase 1 (BSMT1) play important roles in the SA
modification pathway, catalyzing the formation of SA 2-O-f3-D-
glucoside (SAG) and methyl salicylate (MeSA), respectively.
SAG and MeSA do not appear to be biologically active and are
incapable of inducing SA-mediated defense responses by
themselves (Hennig et al, 1993; Dempsey et al, 2011). Our
data showed that two ICSI and two PALI genes were
upregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line, while SGT1 and
BSMT1 were downregulated. Based on our metabolome data, the
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accumulation of SA in Xcc-infected samples of the R line was
higher than that in Xcc-infected samples of the S line. Moreover,
SAG was downregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line. Compared
with the S line’s control, SAG was upregulated in Xcc-infected
samples of the S line. Early research indicated that decreased
resistance by AtSGT1 overexpression results from a reduction in
SA content, which is at least partly due to the increase in MeSAG
and MeSA levels at the expense of SA (Song et al., 2008). For
transcriptional regulation of the SA-mediated pathways in
cabbage responsive to Xcc infection, we found that SARDI and
MYB96 were upregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line. Previous
studies have reported that overexpression of SARDI can control
SA synthesis by regulating ICSI at the transcriptional level,
thereby activating defense responses (Zhang Y. X. et al., 2010).
Moreover, MYB96 mediates upregulated expression of ICSI and
PALI by promoting SA biosynthesis to induce pathogen
resistance response (Seo and Park, 2010). Two other
transcription factors, MYB70 and WHY1, were established as
important downstream components of SA-mediated defense
responses, which are upregulated in Xcc-infected samples of
the R line compared with the Xcc-infected samples of the S line.
WRKY70 acts as the activator of SA-induced genes and the
inhibitor of JA reaction genes, integrating JA- and SA-mediated
signal convergence nodes in plant defense (Desveaux et al., 2004;
Li et al, 2004). Compared with Xcc-infected samples of the S
line, five JA-inducible genes (four coronatine-induced genes and
one vegetative storage protein gene) were significantly
downregulated in Xcc-infected samples of the R line after
inoculation with Xcc. A recent study reported that SA activates
the RpfB-dependent diffusible signaling factor turnover by
altering the cytoplasmic pH in Xcc, thereby negatively
regulating the production of virulence factors (Song et al,
2022). We also found NDRI, EDSI, and its interaction partner
PAD4 were upregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line and act as
regulators of signaling to mediate the accumulation of SA, which
activates systemic acquired immunity (SAR) in plants (Dempsey
et al, 2011). Rong et al. (2010) demonstrated that NDRI1 is
required for Xcc-induced defense responses in Arabidopsis.
Combined with our data, this suggests that the SA signaling
pathway plays an important role in cabbage resistance to
Xcc infection.

The SA and JA/ET defense pathways are mutually
antagonistic. Therefore, we evaluated the regulation pattern of
JA metabolism in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line (Figure 9,
Supplementary Tables 2, 6). Our data showed that two
metabolites 13(S)-hydroperoxy-octadecatrienoic acid and
hexadecanedioic acid were downregulated at 12 dpi, which
belongs to the upstream of the JA synthesis pathway. Another
upstream metabolite 12-oxo-phytodienoic acid, was upregulated
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at 7 dpi and downregulated at 12 dpi. The five enzymes,
lipoxygenase, OPDA reductase, acyl-CoA oxidase, a
multifunctional protein, and 3-ketoacyl-CoA thiolase are the
key enzymes at the upstream of the JA synthesis pathway
(Acosta and Farmer, 2010). In our data, these genes were
downregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line, which might result in
the reduction of final catalytic products. Constantino et al.
(2013) reported that LOX3 negatively regulates induced
systemic resistance to C. graminicola in maize. We found two
JARI genes, which catalyze the formation of biologically active
jasmonyl-isoleucine (JA-Ile) conjugates, were downregulated in
Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line (Staswick and Tiryaki, 2004). JA-
Ile is a negative regulator of stomatal defense by specifically
promoting interaction between JAZ1 and COI1 (Melotto et al.,
2006). We found JAZI and COII were downregulated in Xcc-
infected samples of the R line compared with the Xcc-infected
samples of the S line. As a molecular mimic of JA-Ile, COR can
also manipulate JAZ-COI1 co-receptor complexes, leading to the
removal of JAZ repressors and liberating MYC2 from inhibition.
Therefore, COR activation of JA signaling induces the
expression of ANAC019, ANACO055, and ANAC072 directly
through MYC2 (Zheng et al, 2012; Kazan and Manners,
2013). These NAC TFs inhibit the accumulation of SA by
repressing ICS1 and activating BSMT1, leading to the
virulence effects of COR in plants to subvert immunity and
promote pathogenesis. Interestingly, MYC2, MYC3, MYC4,
ANACO019, and ANAC072 were downregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples of
the S line. Moreover, MYC2 can specifically suppress EDSI
promoter activity to negatively regulate the SA signaling
pathway (Qiu, 2016). Based on our data, an induced SA signal
pathway and a repressed JA signal pathway were proposed in the
R line during Xcc infection.

Synergistic interactions also exist between the SA and JA/ET
defense pathways. According to transcriptome and metabolome
analyses, we evaluated the regulation pattern of ET metabolism
in Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line (Figure 9, Supplementary Tables 2,
6). We found 1-aminocyclopropane-1-carboxylic acid (ACC)
was downregulated in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line. The
enzymes that catalyze AdoMet to ACC and ACC to ethylene
are ACC synthase (ACS) and ACC oxidase (ACO), respectively
(Bleecker and Kende, 2000). We found ACO genes were
upregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line. Moreover, we found
that EIN3 and two EILI genes were upregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples of
the S line. As the core TFs, EIN3/EIL1 activates a large number
of downstream pathways. For example, ROS production is
diminished in ein3 eill double mutants under the Flg22
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treatment (Mersmann et al., 2010). In rice, EIL1 is involved in
disease resistance by activation of ROS during M. oryzae
infection (Yang et al, 2017). However, Zhang et al. (2016)
reported that LeEILs could activate the expression of TERF1
and play a role in ROS scavenging in tobacco. These data suggest
that ET mediates SA-induced ROS production in an EIN3/EIL1-
dependent manner. Moreover, EIN3/EIL1 can negatively
regulate ICS1 expression and SA biosynthesis to suppress
plant immunity (Chen et al., 2009). Therefore, EIN3/EIL1 may
play an important role in cabbage during Xcc infection by
participating in the crosstalk of ET and SA. In addition, we
found three ERF4 and one ERFI1 gene were upregulated in Xcc-
infected samples of the R line compared with the Xcc-infected
samples of the S line. AtERF4 and AtERF11, both belonging to
the VIIIa (B-1a) subgroup of the ERF family, are reported to
regulate defense responses to pathogens by the SA/ET-regulated
signaling pathways (Nasir et al., 2005; Wu et al., 2020). Lai et al.
(2013) reported that overexpression of BrERFI1 enhanced
resistance to R. solanacearum infection, and the transcript
levels of BrERFI1 were significantly increased by exogenous
SA. They also found a significant increase in the transcription of
the ACC oxidase gene and the production of H,O, in the ERFI1
overexpression transgenic lines, while the transcription of CAT1,
involved in scavenging H,O, production, was decreased. A
recent study found that ERF11 could activate the transcription
of BT4 to increase resistance to P. syringae (Zheng et al., 2019).
They also found that BT4 functions in the defense process
against pathogens and is modulated by the SA/ET signaling
pathway. In our study, we found one BT4 and two BT5 genes
were upregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line. Unexpectedly,
another BT4 gene was downregulated. Overall, we suggest the
ethylene signaling pathway acts as a regulatory node to control
the cabbage immune responses to Xcc, which not only promotes
SA-mediated immune responses but also prevents unregulated
defense responses that are detrimental to plant growth
and development.

Previous studies showed that the effectors of Xcc mediate the
manipulation of ABA biosynthetic pathways as a virulence
mechanism, leading to the suppression of defense responses
(Ho et al, 2013). Moreover, Hu et al. (2022) reported that
phytopathogen effectors bind and inhibit the function of TOPPs
by negatively regulating SnRK2 phosphorylation and hijacking
ABA signaling to induce water soaking in plant leaves, which
causes the apoplast to become a water-rich environment
conducive to the growth of pathogens. Another study found
that Xcc infection increases the water percentage of B. oleracea
seedlings (Vega-alvarez et al, 2021). In our data, we found
TOPP2 was upregulated and three SnRKs were downregulated in
Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line. In addition, ABA and NCED9
of the ABA biosynthesis pathway were downregulated at 12 dpi
in Xcc-infected samples of the R line compared with the Xcc-
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infected samples of the S line (Figure 9, Supplementary Table 6).
Moreover, ABA was upregulated in Xcc-infected samples of the S
line compared with the control samples of the S line (Figure 9,
Supplementary Table 2). These results were similar to a
proteome analysis of the interaction between cabbage and Xcc
(Santos et al,, 2019). Based on our data, the R line may enhance
plant disease responses to Xcc by reducing the accumulation of
ABA and suppressing ABA signaling. This will inhibit the
colonization of pathogens.

Sugar metabolisms pathway
are associated with resistance
to X. campestris

Plants also actively compete with pathogens for nutrients,
thus blocking pathogens’ access to sugar to control diseases
(Oliva and Quibod, 2017). Zhang et al. (2018) reported that
glucose as a carbon source and diffusible signal factor family
signal precursor is a benefit to Xcc for virulence factor
production and pathogenicity. A previous study showed that
stomatal opening is impaired in plant guard cells lacking STP
transporters (Fliitsch et al., 2020). SUCs are involved in sucrose
loading into the phloem as an important transporter, and
sucrose is released from phloem parenchyma cells into the
apoplast by members of the SWEET transporter family (Chen
etal, 2012; Ludewig and Flugge, 2013). Most of these genes were
downregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line, which suggests that
the R line might more actively regulate sugar transport to protect
against Xcc infection. Bacterial pathogen effector molecules are
able to increase the activity of SWEET systems to enhance sugar
efflux (Chen et al,, 2012; Zhang et al., 2018). Furthermore, we
also found some of these genes were upregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples of
the S line, which enhances plants’ monosaccharide uptake
activity to compete with pathogens for extracellular sugars
(Yamada et al., 2016).

During infection, pathogens modify the plant sugar
metabolism for the growth of plant pathogens, competing for
valuable energy for plants’ normal growth and defense responses
(Tauzin and Giardina, 2014). Zhang et al. (2018) reported that
some sucrose hydrolase genes are upregulated in both pathogens
and plants during Xcc infection. Zhao et al. (2015) found that
elevated CWINVs activity contributes to callose deposition and
cell wall reinforcement during pathogen infection, therefore,
partially induces pathogen resistance. Xiang et al. (2011)
reported that A/N-INVs are involved in the dynamic balance
of oxidative stress by regulating the expression of oxidative stress
defense genes. In our data, these invertase genes were
differentially expressed in Xcc infected samples of the R line
compared with the Xcc-infected samples of the S line. In
addition, IDD2, similar to maize indeterminatel (IDI), was

frontiersin.org


https://doi.org/10.3389/fpls.2022.1005764
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

downregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line. idl mutant showed
increased accumulation of sucrose and more susceptibility to
Ustilago maydis (Kretschmer et al., 2017). We also found two
starch synthase genes were upregulated and BAMS5 was
downregulated in Xcc-infected samples of the R line compared
with the Xcc-infected samples of the S line. Rapid starch
degradation in guard cells has been proven to play an
important role in stomata opening (Horrer et al., 2016).
Moreover, we found malic acid, citric acid, isocitric acid,
succinic acid, and fumaric acid were upregulated in Xcc-
infected samples of the R line compared with the Xcc-infected
samples of the S line (Supplementary Table 2). Based on the
above data, the R line may actively regulate sugar production
and restrict mobilization into the apoplast to block Xcc’s access
to nutrients as an alternative way to prevent colonization. In
summary, cabbage and Xcc engage in a tug-of-war in which the
cabbage limits Xcc’s access to nutrients as an effective defense
strategy (see Step 6 in the model, Figure 9).

Phenylpropanoid and flavonoid
metabolisms pathway are associated
with resistance to X. campestris

Phenylpropanoids, flavonoids, and their derivatives can
function as important components of defense responses in
plant-pathogen interactions (Ranjan et al, 2019; Li et al,
2021). In our study, we noted the differential regulation of
transcripts and metabolites related to the phenylpropanoid
and flavonoid pathways between the R and S lines
(Supplementary Tables 2, 6). At the transcript level, we
observed upregulation of genes encoding the enzymes PAL,
chalcone synthase (CHS), chalcone isomerase-like (CHIL),
flavonoid 3’-monooxygenase (F3'M), and flavonol synthase
(FLS) in Xcc-infected samples of the R line compared with the
Xcc-infected samples of the S line. Moreover, our data identified
lower expression of genes encoding the enzyme coumarate 3-
hydroxylase (C3H) in Xcc-infected samples of the R line
compared with the Xcc-infected samples of the S line, while
half of the annotated 4-coumarate: CoA ligase (4CL) and
cinnamic acid 4-hydroxylase (C4H) genes were upregulated in
Xcc-infected samples of the R line compared with the Xcc-
infected samples of the S line. Changes in the expression levels
of these genes might eventually result in a consistent
accumulation of the products of the catalytic reactions.

In accordance with the metabolome data, we observed
different accumulations of the metabolites (or their
derivatives), including cinnamic acid, p-coumaric acid, p-
coumaroylquinic acid, Caffeoyl quinic acid, p-
coumaroylshikimic acid, caffeic acid, chlorogenic acid, ferulic
acid, coniferin, sinapic acid, syringin, naringenin, prunin,
luteolin, and kaempferol in Xcc-infected samples of the R line
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compared with the Xcc-infected samples of the S line
(Supplementary Table 2). Most of these metabolites were
upregulated. Islam et al. (2018) reported that flavonoids
positively regulate the resistance of Chinese cabbage to Xcc.
Moreover, we found that two flavonoid pathway metabolites,
chlorogenic acid and cafteic acid, can inhibit the growth of Xcc in
the culture medium (with or without agar, Figure 8). These two
metabolites were all upregulated in Xcc-infected samples of the R
line compared with the Xcc-infected samples of the S line. It can
be speculated that the antibacterial function of flavonoid
pathway metabolisms contributed to the cabbage’s resistance
to Xcc. Based on our data, we propose that reprogramming of the
phenylpropanoid and flavonoid metabolism leads to resistance
of the R line to Xcc.

Conclusions

In summary, we observed that the transcript and metabolite
profiles between the R and S lines undergo marked
reprogramming during Xcc infection. A large number of
pathogen-related genes/metabolites were identified between the
Rand S lines, and therefore, we proposed a working model of the
cabbage-Xcc interactions (Figure 9, Supplementary Tables 2, 6).
This model helps to better understand the defense response of
cabbage to Xcc infection and provides research clues and
resource data.

The initial mechanism of plant defense signals occurs at the
beginning of infection, with the PAMPs being detected by the
PRR proteins of the cabbage cell. Between the resistant and
susceptible cabbage lines, we found several genes that were
upregulated and probably involved in these perception
pathways, including BIKI, PBLs, LYPI/2, LYKs, and SOBIRI.
Some other genes were downregulated and might play negative
roles in these pathways. These transmembrane signaling
receptors, or co-receptors, can be essential to sense Xcc and
promote plant innate immunity. After perception, we found the
R line may more actively promote stomatal closure and/or
inhibit pathogen-mediated stomatal re-open than the S line by
preventing Xcc from entering leaves. Genes involved with ROS
production and scavenging were all upregulated, including
PRX34, GLPs, CAT2/3, and APX2/5. Moreover, several
antioxidant metabolites were upregulated in Xcc-infected
samples of the R line compared with the Xcc-infected samples
of the S line. This may indicate that a balance of ROS
accumulation, maintaining some genes/metabolites
upregulated and others downregulated, may be important for
effectively inhibiting or reducing Xcc survival and avoiding
damage to plant growth.

Once the pathogen overcomes the first line of defense,
successful pathogens often secrete virulence-effector proteins
into the host cell to subvert immunity and promote
pathogenesis. At this stage, plants initiate another mechanism
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to interact with the pathogen effectors. In this study, we
identified upregulated genes ZEDI, ZRKs, ZARI, RIN4, and
RPM1, which have been reported as the receptors for effectors’
perception. Moreover, compared with the Xcc-infected samples
of the S line, cell autophagy genes were shown to be
downregulated in Xcc-infected samples of the R line, which
may indicate a negative regulation of this pathway. Plant defense
responses are highly correlated with the levels of plant
hormones, especially SA. As seen in the model, the SA
pathway was activated while the JA pathway was inhibited in
the resistant cabbage line during Xcc infection. In this study, SA
plays a positive role in the induction of defense responses against
Xcc in cabbage. ET can modulate the balance of defense
responses stimulated by SA, while JA and ABA negatively
regulate resistance to Xcc. Moreover, cabbage protects itself
from Xcc by regulating energy metabolism. Secondary
metabolites also play an important role in plant defense.
Several phenylpropanoid and flavonoid-associated metabolites
were identified with increased abundance and were associated
with plant defense responses. Moreover, two flavonoid pathway
metabolites, chlorogenic acid and caffeic acid, can significantly
inhibit the proliferation of Xcc. Our present results provide
important guidance for a better understanding of the
molecular resistance of Xcc, which may aid in promoting the
breeding of resistant varieties to control the black rot of cabbage.
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SUPPLEMENTARY FIGURE 1
Correlation analysis of the variance-stabilized estimated raw counts of
differentially accumulated metabolites.

SUPPLEMENTARY FIGURE 2

Heatmap visualization of identified metabolites in comparisons. (A): R7M-
CK vs R7M; (B): R12M-CK vs R12M; (C): S7TM-CK vs S7M; (D): S12M-CK vs
S12M; (E): S7M vs R7M; (F): S12M vs R12M.

SUPPLEMENTARY FIGURE 3
Top 20 KEGG enrichment pathway of identified DAMs in comparisons. (A):
S7M vs R7M; (B): S12M vs R12M.

SUPPLEMENTARY FIGURE 4

GO assignment of identified DEGs in comparisons. (A): Comparison
between control and inoculated resistant line. (B): Comparison between
control and inoculated susceptible line. (C): Comparison between
inoculated resistant and susceptible line.

SUPPLEMENTARY FIGURE 5

Top 50 enriched KEGG pathways at all nine comparisons. (A): R2T-CK vs
R2T; (B): R7T-CK vs R7T; (C): R12T-CK vs R12T; (D): S2T-CK vs S2T; (E):
S7T-CK vs S7T; (F): S12T-CK vs S12T; (G): S2T vs R2T; (H): S7T vs R7T; (1):
S12T vs R12T.

SUPPLEMENTARY FIGURE 6

Confirmation of expression profiles of select DEGs in R line compared
with S line using gRT-PCR.
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