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ABSTRACT

Transcriptome is used to determine the induction response of Pinellia ternata (Thunb.) Breit T2 plus
line (abbreviated as PT2P line) infected with Pectobacterium carotovorum. The main objective of the
study was to deal with the transcriptome database of PT2P line resistance to soft rot pathogens to
provide a new perspective for identifying the resistance-related genes and understanding the
molecular mechanism. Results indicated that water soaking and tissue collapse started at 20 h
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after PT2P line was infected by P. carotovorum. A total of 1360 and 5768 differentially expressed
genes (DEGs) were identified at 0 h and 20 h, respectively. After 20 h of infection, growth and
development-related pathways were inhibited. Meanwhile, DEGs were promoted the colonization of
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P. carotovorum pathogens in specific cell wall modification processes at the early infected stage.
A shift to a defensive response was triggered at 0 h. A large number of DEGs were mainly up-
controlled at 20 h and were substantially used in the pathogen recognition and the introduction of
signal transformation cascades, secondary metabolites biosynthesis, pathogenic proteins activation,
transcription aspects and numerous transporters. Furthermore, our data provided novel insights into
the transcript reprogramming of PT2P line in response to P. carotovorum infestation.
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1. Introduction . e
large quantities and has thousands of histories.

South Asia is the main producing area. It is mainly
used to treat lipid-

Pinellia ternata (Thunb.) Breit (abbreviated as PT)
is a traditional Chinese herbal medicine used in
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lowering and has anti-blocking, anti-tumor, anti-
early pregnancy, anti-emetic and other functions.
Due to its high medicinal value, the reduction of
wild PT resources has caused tension in the
Chinese herbal medicine market, which requires
large-scale planting. Pinellia ternata (Thunb.) Breit
T2 Plus line [1], hereinafter referred to as PT2P
line, is a unique chromosome-doubled excellent
variety in our laboratory. During the large-scale
planting process, numerous diseases will reduce
production of PT2P line.

Soft rot disease causes PT2P line tuber rot or
even failure to harvest. Pectobacterium caroto-
vorum, hereinafter referred to as P. carotovorum,
is a strong pathogen that induces water-soaking
lesions, soft rot and total collapse of the whole PT
[2]. The disease generally occurs in summer and
spreads widely. In order to control soft rot disease,
traditional measures are commonly applied, such
as crop rotation, use of certified tuber seed, sterile
tissue culture vaccine, proper disposal of infected
plant debris, application of copper or other bacter-
icides [3]. However, no strategy is currently avail-
able to completely protect plants from damage.
Therefore, an alternative approach is needed to
preserve PT from soft rot disease. Hence, it is
necessary for us to understand the molecular
mechanism of PT in response to P. carotovorum
infection and provide the necessary basis for the
prevention and control of PT soft rot disease.

The existence of R genes determines the disease
resistance of plants. They enable plants to recog-
nize pathogens and actively trigger the immune
system to resist microorganisms [4]. Many resis-
tant genes have been identified in the process of
resisting soil-borne pathogens in a variety of plants
[5]. However, a global study on PT disease resis-
tance, especially soft rot disease, is still in the
developmental stage.

R genes codes cytoplasmic proteins have con-
tained negative-triphosphate binding site (NBS)
and leucine-rich repeat (LRR) domains [6]. It is
common knowledge that plants are exposed to
various pathogens, such as fungi [7], bacteria [8],
viruses [9] and parasitic soil worms [10]. These
pathogenic microorganisms invade plant cells
seeking nutrients to promote their proliferation,

and thus, damage host cells [11,12]. The defense
mechanism of plants depends on recognizing inva-
sive pathogens by pattern recognition receptors
(PRRs) on the surface of cytoplasm [13]. It reflects
the incidence of apoplastic establishment of plant
contaminating pathogens through the molecules
which alienated into membrane related receptor-
like kinases (RLKs) or receptor-like proteins
(RLPs) [14]. The defense-related genes are induced
by pathogen related molecular patterns (PAMPs)
and/or damage related to molecular patterns
(DAMPs) to participate in intracellular signaling
pathways and initiate PTI reaction [15]. PTT is the
first layer of the defense mechanism in plants [16].
Under the action of PRRs, plant cells can recog-
nize pathogenic microbial proteins, trigger intra-
cellular signal transduction and activate an
adaptive response [17]. Plant PTI is involved in
the role of R gene in microbial elicitor recognition,
cell signal transduction and hypersensitivity [18].
Especially, PTI is initiated by the transcription of
a large number of genes to cascade signal amplifi-
cation through calcium-dependent protein kinases
(CDPKs) [19] and mitogen activated protein
kinases (MAPKs) [20,21].

Pathogenic microorganisms can tear up the cell
wall by secreting the cell wall degrading enzyme
(CWDE) [22] to create an invasion point, cross the
plant cell wall, and obtain water and nutrients
from plant protoplasts. Damaged cell wall frag-
ments, such as galacto-oligosaccharide uronic
acid, can lead to the expression of defense genes
and the production of reactive oxygen species
(ROS). At this time, PAMP conducts signal trans-
duction to monitor the integrity of the cell wall,
and microbial invasion is further prevented [23].
Jasmonic acid (JA), salicylic acid (SA), ethylene
(ET) and other plant hormones are the key regu-
lators of anti-necrosis factor defense response,
which play an important role in regulating the
transduction pathway and downstream activation
of defense response [24].

Some members of PAMPS response genes and
transcription factors (TFs) family are considered
as important participants in transcriptional repro-
gramming and affect host susceptibility and
immune defense through various ways [25].



Pathogenic microorganisms have evolved a variety
of strategies to inhibit host PTI, such as secret
toxins [26], triggering type III effectors [27],
synthesizing host hormone analogues or elicitors
to affect host hormone levels [28]. Transcriptomics
can explore the molecular mechanism of plant
transcription reprogramming under pathogen
infection [25,29,30]. At the same time, it helps
discover new resistance genes, which provides the
background for the development of plant-resistant
varieties.

The first transcriptome database of PT was built
by Huang [31] to research the whole transcrip-
tome information, but he has not built PT resis-
tance to soft rot pathogens transcriptome database
to reveal the molecular mechanism to prevent the
soft rot disease. PT2P line is a unique chromo-
some-doubling strain in the laboratory, with many
excellent characteristics, such as high volume, dis-
ease resistance, and high photosynthetic efficiency.
This is completely different from the experimental
materials of PT by Huang et al. Although Lu et.al
[1] have established a conventional transcriptome
database of PT2P line to study its growth charac-
teristics, they have not established transcriptome
database of PT2P line resistance to soft rot patho-
gens. Therefore, it is necessary to establish
a transcriptome database of PT2P line resistance
to soft rot pathogens. In this research, it was the
first time to establish the transcriptome database
of PT2P line resistance to the soft rot pathogens to
provide a new perspective for identifying the resis-
tance-related genes and understanding the mole-
cular mechanism.

2 Materials and methods
2.1. Plant material and pathogen inoculum.

Sterile PT2P line was harvested during their
petiole extension period from an experimental tis-
sue culture room at Zunyi Medical University in
Guizhou province, China. First, P. carotovorum
was cultivated with LB liquid medium to OD
value of 0.6, which was measured at a wavelength
of 600 nm. Then, PT2P line materials were inocu-
lated with the same batch for research, set 0 h
group and 20 h group, and set up a control
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group at the corresponding time point. The test
group was co-cultivated by a PT2P line with 5 ml
of P. carotovorum solution with an OD value of
0.6, and each group was repeated three times. The
control group was co-cultured on the PT2P line
with 5 ml of LB medium, and three repetitions
were performed in each group. The co-cultivation
conditions were maintained at 2000 Lx light inten-
sity, 12 h/d illumination time and 25 * 1°C of
culture temperature.

2.2 Total RNA isolation and Illumina sequencing

Sprout samples of PT2P line were implanted in
liquid nitrogen and stored at —80°C prior to
RNA release. A composite sample was made by
mixing an equal number of shoots. The total RNA
was separated from the composite sample using
the OMEGA RNA Kit in accordance with the
manufacturer’s guidelines. RNA-seq library emi-
nence control is based on the Agilent 2100
Bioanalyzer ~and Real-Time PCR  System.
Subsequently, the sequences were performed
using the Illumina HiSeq ™ 2000 platform.

2.3 De novo assembly and transcriptome
analysis

In the present study, the raw material in the
FASTQ format was made qualitatively available
using FastQC and analyzed by removing the read-
ings of sequential adapters, anonymous nucleo-
tides (Nradio >10%) and low quality (>5 quality
scores). The enduring high-quality reading was
a combined denovo via the Trinity application
bundle [32]. After that, the demolition sequence
was removed using the CORSET software package
and continued to be cut to very long unigenes. The
output level of this text was standardized to allow
FPKM to use RSEM and Bowtie2 with default
settings [33,34]. Analysis of diverse gene expres-
sion (DEG) was accomplished via the DESeq2v
1.26.0 package. DEGs have | log2 (radio) | =1
and P value | log2 < 0.05 considered important.
The topGO package (v 2.37.0) in Bioconductor
v 3.10 and KOBAS 3.0.0 software were used to
analyze GO and KEGG enrichment of DEGs,
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respectively. For an overview of the full function-
ality, the generation was interpreted from five

sources, including the  eggNOG  v5.0
(Evolutionary  Genealogy of Genes: Non-
supervised Historical Groups), GO (Gene
Ontology) and KEGG release 92.0 (Kyoto

Encyclopedia of Genes and Genetics) and Swiss
Prot 2019_11 release. Diamond BLASTX v0.9.31
software with E-value <1 x 10-10 was used to
crack against the data details of KEGG genetic
annotations, eggNOG and Swiss-Prot. HMMER
v3.2.1 software has been used to resist the Pfam
release of the 32.0 gene annotation database. GO
categories were obtained using the Blast2GO v5.2
software.

2.4 Statistical analysis

The SPSS22.0 software was used for statistical
analysis. Results were shown as mean + standard
deviation (Mt SD), and intergroup comparison
was carried out using one-way analysis of variance
(ANOVA) or Student’s t-tests. Significant differ-
ence was set to P < 0.05.

3. Results

Soft rot is very harmful to PT. In order to explore
the molecular mechanism of PT resistance to
pathogens of soft rot infection, PT2P line and
P. carotovorum were used as experimental mate-
rials. It was speculated that PT2P line would be
reprogrammed transcription in the process of
infection by this pathogen. Therefore, after deter-
mining the precise onset time of PT2P line being
treated by the pathogen, we used RNA sequen-
cing to analyze the DEGs of 0 h and 20 h in the
process of pathogen invasion. After GO and
KEGG analysis, we found that PT2P line response
to the infection of P. carotovorum though regu-
lates DEGs involves in cell wall modification,
pathogen perception and signaling transduction,
transcription factors, pathogenesis related and
defense proteins, secondary and primary metabo-
lisms, nutrient and ion transporters, calcium and
MAPK signaling cascades, and phytohormonal
activation pathway.

3.1. P. carotovorum infect PT2P line and
symptoms

Through  research, it was found that
P. carotovorum has a strong infectivity. After
20 h of infection, PT2P line began to appear water-
soaked, and some tissues became soft and col-
lapsed (Figure 1).

3.2 De novo assembly and transcriptome
analysis

Total 575, 440, 450 pure reads were separated from
618, 196, 180 raw reads, corresponding to clean
bases 86.3 Gb. The Q20/Q30 fraction,
N proportion, and GC percentages were 98.54%/
95.24%, 0.00% and 54.48%, respectively. Using
Trinity, the clean sequences were further denovo
assembled and clustered into 75, 51 unigenes.
Transcript abundance findings revealed that 18,
slowly countenance transcripts 612 (FPKM <1)
and 19, transcripts had substantial appearance of
657 (FPKM >10). The DEGs among inoculated
versus mock-inoculated trials were allocated with
an edge of log,fold change >1. Besides, 1112 and
5520 DEGs were specifically expressed at 0 h and
20 h, respectively (Figure 2a and Table S1). A total
of 248 DEGs were constitutively expressed at both
time points (Figure 2b).

3.3 DEGs functional annotations and
classifications

To study the potential function of these DEGs, GO
enrichment analysis was carried out, and accord-
ing to the results, they were divided into molecular
function (MF), cell composition (CC) and biologi-
cal process (BP). From the GO term analysis cor-
responding to BP, it was found that some BP
entries only appear at 0 h, such as ‘anatomical
structure development’, ‘multicellular organism
development’, ‘multicellular organismal process’,
‘developmental process’. The unique BP items at
20 h include ‘response to stress’, ‘biological regula-
tion’, ‘regulation of biological process’, ‘defense
response’, ‘cellular response to stimulus’. Some
BP entries appear at both time points, such as
‘response to the stimulus’, ‘response to hormone’,
and ‘response to the endogenous stimulus’,
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Figure 1. The incidence of PT2P line in the test group and control group at 0 h and 20 h.
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Figure 2. DEGs among test group (Tg) and control group (Cg) at 0 and 20 h. (a) The number of up- and down-regulated DEGs at two
time points. (b)The uniqueness and commonality of DEGs at two time points.

‘response to organic substance’, ‘regulation of cel-
lular process’, ‘Oxidation-reduction process’,
‘response to chemical’ and a large number of dif-
ferential genes in these items increased signifi-
cantly from 0 h to 20 h.

From the GO term analysis corresponding to
CC, it was found that only one CC entries
‘nucleus’ appeared at 0 h. The unique BP items
at 20 h include ‘membrane’, ‘membrane part’,

‘intrinsic component of membrane’, ‘integral com-
ponent of membrane’, and ‘cell periphery’. Some
CC entries were appeared at both points in time,
such as ‘extracellular region’, ‘external encapsulat-
ing structure’, ‘cell wall’ and ‘apoplast’. The DEGs
were enriched with these items to increase signifi-
cantly from 0 h to 20 h.

From the GO term analysis corresponding to
MF, the unique items belonging to 0 h included
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Figure 3. Important enriched GO terms at the two time points.

‘nucleic acid binding’, ‘transferase activity’, ‘trans-
ferring hexosyl groups’. The unique items belong-
ing to 20 h include ‘catalytic activity’, ‘transferase
activity’, ‘and ‘kinase activity’. Some CC entries
appeared at both time points, such as ‘DNA bind-
ing’, ‘oxidoreductase activity’, ‘transferase activity’,
‘transferring glycosyl groups’ and the DEGs
enriching these items increased significantly from
0 h to 20 h (Table S2).

cellular response to stimulus-
response to chemical 4
oxidation—reduction process-
regulation of cellular process-
response to organic substance -
response to endogenous stimulus -
response to hormone
developmental process -
multicellular organismal process -
multicellular organism development-
anatomical structure development|

3.4 DEGs involved in cell wall modification

The DEGs genes encoding glucosidase two subunit
beta, xyloglucan endotransglucosylase/hydrolase
protein  23/30/33 (XTH23/30/33) were up-
regulated at 0 h and 20 h. However, a large num-
ber of DEGs involved in the cell wall modification
process such as gene encoding the 3-ketoacyl-CoA
synthase (KCS), pectinesterase (PE), cellulose



synthase-Like (CesAL), xyloglucan endotransglu-
cosylase/hydrolase (XTH), polygalacturonase inhi-
bitor (PGI), glucosidase 2 subunit beta (GAS2),
pectinesterase/pectinesterase  inhibitor ~(PMEI)
and glucan endo 1,3-beta-glucosidase were up-
regulated at 20 h. In contrast, co-operative DEGs
encoding diligent protein, pectate lyase (PL) and
expansin (EXP) were down-regulated (Table S3).

3.5. DEGs involved in pathogen insight and
signaling transduction

The DEGs receptors contain lectin domains
(LecRKs) such as the G-type and L-type LecRKs
at 0 h. A large number of DEGs encoding receptor
kinases (RKs) were up-regulated at 20 h, such as
the G-type LecRKs, L-type LecRKs, LRR receptor-
like serine/threonine-protein kinase (LRRRLKS),
calcium-dependent protein kinases (CDPKs),
cysteine-rich receptor-like kinases (CRKs), calmo-
dulin-binding receptor-like cytoplasmic kinase
(CRCKs), mitogen-activated protein kinases
(MAPKs), mitogen-activated protein kinases
kinases kinases (MAPKKKs) and lysin motifs
(LysMs). Meanwhile, receptors such as CBL-
interacting protein kinases (CIPKs) were down-
regulated (Table S4).

3.6. DEGs encoding TFs

The TFs analysis found that 20 TFs were up-
regulated at 0 h and annotated as NAC, bHLH,
LBD, WRKY, ERF, and G2-like. The down-
regulated TFs were GeBP and C,H,. Several TFs
such as WRKYs, MYBs, NACs, ZFPs, Trihelix,
GeBP, B3, G2-like and C;H belonging to different
families were up-regulated at 20 h. The down-
regulated TFs were ZF-HD, NF-YC, GATAY,
GRAS, TCP, ARF, GRF at 20 h. It was easy to
notice that the pathogen-related TFs such as
NACs, WRKYs and G2-like were up-regulated at
0 h and 20 h. MYB, ZFP, Trihelix and C;H were
specifically up-regulated at 20 h. LBD was specifi-
cally up-regulated at 0 h (Table S5).
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3.7. DEGs encoding pathogenesis and defense
proteins

The DEGs analysis of pathogen-related defense
proteins found that only nonspecific lipid-
transfer protein 2-like (nsLTP2L) was up-
regulated. The thaumatin-like protein (TLP) was
down-regulated at 0 h. But after 20 h, the up-
regulated genes included nsLTPs, BONI-
associated protein 2 (BAP2), cationic peroxidase
1(PNC1), chitinase 1/10 L (CHI 1/10 L), endochi-
tinase EP3-like, major allergen Pruar 1-like, major
pollen allergen Bet v1-D/H-like, NDR1/HIN1-like
protein 1/3 (NHL1/3), endoglucanase 12, peroxi-
dase 12/25/51 L/N1/PX2, probable glutathione
peroxidase 2, thaumatin-like protein 1, endogluca-
nase 12. The up-regulated defense protein does not
appear at 0 h, except for nsLTPs which appear at
both time points (Table S6).

3.8. DEGs involved in primary and secondary
metabolisms

The DEGs were allocated to enriched categories to
identify the pathways of PT2P line transcriptome.
Among them, a large number of DEGs were
related to important pathways (Figure 4a), such
as ‘Pentose and glucuronate interconversions’,
‘Sulfur relay system’, ‘Flavonoid biosynthesis’,
‘Diterpenoid biosynthesis’, ‘Folate biosynthesis’,
‘Cutin’, ‘suberine and wax biosynthesis’,
‘Nitrogen metabolism’, ‘Cysteine and methionine
metabolism’, ‘Starch and sucrose metabolism’, at
0 h. However, several defense-related pathways
were a significantly enriched category at 20 h
(Figure 4 B), which include ‘Plant hormone signal
transduction’, ‘Plant—pathogen interaction’, ‘alpha
—Linolenic acid metabolism’, ‘Diterpenoid bio-
synthesis’, ‘Sphingolipid metabolism’,
‘Phenylalanine, tyrosine and tryptophan biosynth-
esis’, ‘Ubiquinone and other terpenoid—quinone
biosynthesis’, ‘Phenylalanine metabolism’,
‘Phenylpropanoid  biosynthesis’,  ‘Glycerolipid
metabolism’. Moreover, the ‘Diterpenoid biosynth-
esis’ pathway was constitutively enriched at two-
time points (Table S7).
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Figure 4. Classification of the DEGs in KEGG pathways at 0 h (a) and 20 h (b). The ratio of the DEGs being annotated in the

conforming pathway is described.

3.9. DEGs encoding nutrient and ion
transporters

Transporter ABC transporter G family member
10-like, Aluminum-activated malate transporter
12, nucleobase-ascorbate transporter 3, AAA-
ATPase, putative ABC transporter B family mem-
ber 8, V-type proton ATPase subunit G. Al-

activated malate transporter 12, nucleobase ascor-
bate transporter 3, AAA-ATPase, these three
transporters also remained up-regulated at 20 h.
Besides, various calcium and phospholipid along
with  bidirectional sugar, Cation-transporting
P-type ATPase, copper, Ammonium, lysine/histi-
dine, phosphate, sulfate, zinc, Sugar/inositol,
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Figure 5. DEGs involved in plant-pathogen interaction pathway (a) and expression patterns of representative DEGs (b).

cadmium/zinc, amino acid, GABA, nitrate, metal,
organic cation/carnitine, transporters were corre-
spondingly induced (Table S8).

3.10 Calcium and MAPK signaling pathways
during P. carotovorum interactions

The data analysis found 18 DEGs were related to
plant-pathogen interaction pathways at 20 h
(Table S9). Among them, 15 DEGs were up-
regulated and 3 DEGs were down-regulated.
Cytoplasmic Ca®" was precipitously aggregated
during the perception of PAMPs. We revealed
that CDPK family had been updated, regulated
and  phosphorylated to  regulate  HR.
Cyclicnucleotide-gated channels (CNGCs) and
CAM/CML were regulated by HR and statistical

closure. Identified WRKY transport-factors
(WRKY 25/33) were up-regulated and PR1 was
down regulated after infection. Thus, the results
suggest that the infection of P. carotovorum effects
PTI pathways, and P. carotovorum bacteria can
induce down-regulation of defense-related genes.
Furthermore, RPS2 was down-regulated, and wea-
kened the hypersensitivity response. Meanwhile,
we found that the chitin elicitor receptor kinase 1
(CERK1) was up-regulated in response to PAMPs
of P. carotovorum such as constitution (Figure 5).

3.11 Phytohormonal activation in
P. carotovorum infection

The results showed that almost no DEGs were
enriched in the plant hormone signal transduction
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pathway at 0 h, but 55 DEGs were enriched in the
plant hormone signal transduction pathway at
20 h. Among the 55 DEGs, 30 DEGs were up-
regulated and 25 DEGs were down-regulated dur-
ing infected by P. carotovorum (Table S10). The
results showed that the expression of hormone-
related genes was significantly reversed at 0 h
and 20 h. Four kinds of DEGs involve the Auxin
pathway which affects cell enlargement and plant
growth. JAA, SAUR was down-regulated in test
samples, at 20 h. A-ARR, a gene related to cytoki-
nin synthesis, was up-regulated at 0 h but down-
regulated at 20 h. Two kinds of DEGs involved the
gibberellin affected stem growth and induced ger-
mination, GID2 was down-regulation and DELLA
was up-regulation at 20 h. Two kinds of DEGs
involve the abscisic acid which affect stomatal
closure seed dormancy. PYL was down-regulated
and PP2C was up-regulated at 20 h. Two kinds of
DEGs were involved in the ethylene pathway
which affects fruit ripening senescence. EBFI1/2
and ERFI were up-regulated at 20 h. Two DEGs
were involved in the Brassinosteroid which affects
cell elongation and cell division. BR11 was up-
regulated and BSK was down-regulated at 20 h.
Some DEGs were involved in the jasmonic acid
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pathway which affects ubiquitin mediated proteo-
lysis, monoterpenoid biosynthesis, indole alkaloid
biosynthesis, and senescence stress response at
20 h. NPR1 and TGA were up-regulated, but PR-
1 was down-regulated (Figure 6).

4. Discussion

By comparing the test group with the blank con-
trol group, we found that 563 DEGs were up-
regulated and 797 DEGs were down-regulated in
an experimental group at 0 h. This hints that when
PT2P line was exposed to P. carotovorum, the
immune response started. A large number of
DEGs were changed dramatically, at 20 h. There
were 3,983 DEGs that were up-regulated and 1785
DEGs that were down-regulated. It is meant that
PT2P line launched a large-scale defensive
response. At the same time, it was found 1112
genes specifically expressed at 0 h, and 5520
DEGs specifically expressed at 20 h. There were
248 DEGs expressed in both time points. This
means that PT2P line resistance with
P. carotovorum infection is more diverse and
intense at 20 h.
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Figure 6. DEGs are involved in the plant hormone signal transduction pathway (a) and expression patterns of representative DEGs

(b).



The analysis of MF showed that only a small
amount of DEGs were enriched in DNA binding,
oxidoreductase activity, transfer glycosyl, nucleic
acid binding, transferase activity, and transfer hex-
osyl function, at 0 h. The MF with abundant DEGs
at 20 h was catalytic activity, transferase activity,
kinase activity, DNA binding, oxidoreductase
activity, transfer of glycosyl transferase activity,
transferring glycosyl groups. However, the entries,
which appear at 0 h, such as ‘nucleic acid binding’
and ‘transferase activity, transferring hexosyl
groups’ were not detected at 20 h. This implies
that the PT2P line has made tremendous adjust-
ments to the MF in response to the pathogen
invasion.

The analysis of CC showed that a small amount
of DEGs were enriched in the cytoplasm, cell wall,
external encapsulation structure, nucleus and
extracellular region. However, there are almost
no DEGs enriched in the components related to
the cell membrane at 0 h. Unsurprisingly, a large
number of DEGs were significantly enriched in
cellular components, such as cell walls, exosomes,
membrane components, membrane intrinsic com-
ponents, at 20 h. PT2P line is still mainly in the
stage of growth and development at 0 h. At this
time, the defense response to pathogens is still in
the preparatory stage. The pathogen begins to
destroy the cell wall and cell membrane, causing
cell component repair. Furthermore, large-scale
cell component repair occurs on the cell mem-
brane and cell wall, at 20 h.

The analysis of BP showed that a small number
of DEGs were detected at 0 h. Those DEGs were
begun to be enriched in ‘response to stimulus’,
‘endogenous stimuli’, ‘hormones’, and regulation
of cellular processes, which are associated with the
plant pathogen response, but more DEGs were
involved in the development of organ structures.
A large number of DEGs were significantly
enriched to ‘response to stimulation’, ‘defense
response’, ‘hormone response’, ‘stress response’,
‘biological regulation’, ‘regulation of cell proce-
dures’, at 20 h. What was interesting was that
there was almost no DEGs enrichment about tis-
sue, organ structure and other developmental pro-
cesses. We also observed that some GO terms
shared with 0 h and 20 h, such as ‘response to
stimulus’, ‘response to the endogenous stimulus’,
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‘response to organic substance’, ‘regulation of cel-
lular process’, ‘oxidation-reduction process’,
‘response to the chemical’, ‘response to hormone’.
The number of DEGs enriched in those GO terms
at 20 h was significantly higher than that at 0 h.
The defense response at 20 h was stronger than
that at 0 h. We were surprised to find that almost
no DEGs were significantly enriched in develop-
ment-related BP term at 20 h. Hence, it was found
that PT2P line began to change growth and devel-
opment state to defensive state, at 0 h.
Furthermore, large-scale defense responses were
caused, and the development process was slowed
down, at 20 h.

The KEGG analysis found that the transcrip-
tome was dynamic and time-dependent. Large
numbers of DEGs were significantly enriched in
important defense response pathways such as
‘plant endogenous hormones’, ‘plant-pathogen
interactions’, ‘immune signal transduction’, ‘bio-
synthesis of secondary metabolites’, at 20 h.

The KEGG analysis showed that many DEGs
were tangled in cell wall alteration at two times,
such as KCS and XTH23/30/33 were up-regulated
to restrict pathogen invasion at 0 h. The up-
regulation of XTHs might be related to cell wall
thickening. This suggests that a small-scale defense
response was initiated even at the beginning of
PT2P line exposure to pathogens. The tendency
of KCS [35] and CesA L [36] to up-regulate expres-
sion during pathogen infection has been reported
in other species. What is more, KCS involved in
the biosynthesis of very long-chain fatty acids and
functional wax [37] improve the resistance of
plants [38]. PG was one of the CWDEs to resist
infection. We found that PG was down-regulated
and PGIP and PMEI were up-regulated in 20 h,
indicating that PGIP and PMEI control PG activity
[39,40]. The glycosidase-coding genes (beta-
glucosidase (bgl44/44 1) and glucanendo 1, 3-beta-
glucosidase can degrade cellulose and hemicellu-
lose. The up-regulation of these genes proves that
the cell wall structure was damaged. KCS, PE,
XTH, GAS2, continuous up-regulation at 0 h and
20 h proved that the war on the cell wall at two-
time points did not stop. The down-regulated
genes encode diligent protein involved in the cyto-
toxic lignin biosynthesis [41], implied that this
gene is not a key gene to resist P. carotovorum
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infection. IAA can induce EXP, which relaxes the
cell wall. As everyone knows, relaxing the cell wall
was the key to plant growth, but it also makes
plants vulnerable to biological invaders. It was
found that JAA and EXP were down-regulated
at 20 h.

Moreover, there was no differential expression
of transcription factors LBD at 20 h compared
with the up-regulated expression of 0 h. LBD
promoted plant cells no longer relax to promote
development and transform the stage for the
defense pathogen invasion [42,43]. In our
research, the secondary metabolite biosynthesis
was activated on a large scale at 20 h and this
metabolic process was selectively and progressively
induced. The initiation of the defense response
was observed at 20 h because the number of
DEGs related to ‘response to stress’ in GO analysis
increased from 46 at 0 h to 457 at 20 h.
Simultaneously, ‘phenylalanine’, ‘tyrosine and
tryptophan biosynthesis’, ‘plant-pathogen interac-
tion’ and ‘plant hormone signal transduction’
pathways were activated. In our research, DEGs
enrichment associated with the biosynthesis of
terpenes-quinones, such as phenylpropane and
quinone, mainly induced at 20 h. The phenylala-
nine biosynthetic pathway was essential to induce
the biosynthesis of p-phenol and initiated the basic
defense response. The ‘Flavonoid biosynthesis’,
might be associated with limited the growth of
pathogens, significantly induced at 0 h, but not
significant enrichment at 20 h. This means that
the flavonoid metabolism has begun to induce
resistance at the initial stage of exposure to patho-
genic bacteria, and when the disease occurs, the
related resistance may have failed and switched to
other more effective methods. The ‘Diterpenoid
biosynthesis’ was significantly enriched at 20 h. It
might contribute to the defense [44] of
P. carotovorum.

In our research, the data show that the
PRRs were significantly induced at 20 h. The up-
regulation was also reflected in the significant
enrichment of the ‘kinase activity’ at 20 h. The up-
regulation of WRKY may involve PAMP or effec-
tor protein directly activated by PTI pathway [45].
RLK has been shown to be induced by necrotrophs
immune responses, whereas Lys M-RLK can be
treated as a defense activator [46]. It is worth

mentioning that G types of LecRKs were involved
in plant defense, while RLKs might interact
directly with the conduction of downstream reac-
tions [47]. P. carotovorum may induce the expres-
sion of genes related to planting hypersensitivity to
promote infection. Therefore, the up-regulation of
RLKs involved in this hypersensitivity reaction
may promote the susceptibility of PT2P line to
a certain extent.

Our data show that at 20 h, PTI activation
induces various branch kinases (STKs, CRCKs,
CRKs) involved in the immune-signaling pathway
[48,49]. Our research data show that the SRK and
CDPK were mainly up-regulated at 20 h, which
might cause widespread plant resistance to patho-
gens. The TFs related to the development of the
disease, such as NAC, bHLH, WRKY, ERF, G2-like
were up-regulated at 0 h and these TFs were still
up-regulated at 20 h. Some of the TFs with sig-
nificant functions were particularly noteworthy.
For example, bHLH can promote water absorption
in tomato leaves and make the leaves become
water soaking. Some pathogens can enter the apo-
plast with the diffusion of water and further infect
plants [50]. Our data show that bHLH were up-
regulated and PT2P line showed water soaking
symptoms. Therefore, we speculate that the infec-
tion of P. carotovorum on PT2P line may be simi-
lar to that of X. gardneri infecting tomatoes. The
up-regulation of NAC may regulate the accumula-
tion of sugar and amino acids in the ABA pathway
and exert its anti-disease function to resist bacteria
[51]. In other plants, WRKYs can interact directly
with PAMP or effector proteins to inhibit PTT and
ETI [52]. WRKYs were regulated by MAPKs and
could trigger ROS outbreak [53] and regulated
hormone signaling pathway [45]. WRKYs adjust
the small RNA to promote plant immune through
epigenetic mechanisms of histone methylation,
proteasome-mediated degradation and intracellu-
lar retrograde signaling [52]. ERF had a new func-
tion in coordinating wound defense response, and
repair might be involved in cell wall cellulose
biosynthesis [54]. ERF up-regulated at 20 h,
might play an important role in wound repair of
PT2P line. Simultaneously, the specific transcrip-
tion factors induced at 20 h and also aroused our
interest, such as ZFPs could regulate plant resis-
tance to pathogens [55], and it is also the most



widely induced transcription factor at 20 h. ERF
was an integrator of the hormone pathway,
directly responsible for the transcriptional regula-
tion of several jasmonate (JA)/ethylene (ET)
responsive defense genes [56]. JA and ET play
important roles in regulating defense responses
to resist bacteria [57]. It was surprising to find
that all the TFs associated with growth and devel-
opment such as ZF-HD [58], NF-YC [59], GRAS
[60], TCP [61], ARF [62], GRF [63] were down-
regulated at 20 h. This again confirms our hypoth-
esis that PT2P line slowed down the growth and
development  process in  response  to
P. carotovorum infection.

Our data show that in the process of abscisic
acid hormone signaling, the down-regulation of
PYL and up-regulation of PP2C inhibited stomatal
closure and seed dormancy and increase suscept-
ibility of PT2P line. At 20 h, a large number of
DEGs were enriched in a- linoleic acid metabolic
pathways which might increase jasmonic acid pro-
duction. The up-regulation of JAZ and MYC2
promoted the senescence and stress response,
monoterpene biosynthesis and indole alkaloid bio-
synthesis. Besides, we also observed that a large
number of DEGs are significantly enriched in the
phenylalanine metabolic pathway at 20 h, accom-
panying PAL up-regulation, which can also
synthesize salicylic acid [64]. NRPI and TGA
were up-regulated at 20 h and PRI down-
regulated, while PRI was up-regulated at 0 h.
This suggests that down-regulated PRI weakens
disease resistance and PT2P line might be pre-
pared to strengthen resistance through DNA tran-
scription to PRI by regulating the salicylic acid
pathway because we have found that NPRI and
TGA were up-regulated at 20 h (Figure 6). This
implies that the response of PT2P line to
P. carotovorum infection was a tug of war in the
salicylic acid pathway. It was found that a number
of DEGs were significantly enriched in diterpene
biosynthesis; this process can synthesize gibberel-
lins, with GID2 down-regulation and DELLA up-
regulation promoting ubiquitin mediated proteo-
lysis. TFs were not found to be involved in this
pathway, meaning that stem growth and induced
germination cannot be promoted. Down-
regulation of A-ARR genes inhibits cell division
and seems to slow the developmental process.
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The down-regulation of AUX/IAA and ARF
caused most SAUR and AUX/IAA down-
regulation to inhibit cell enlargement and plant
growth. P. carotovorum may use another virulence
factor to manipulate host responses and promote
colonization, which is a product of ROS, leading to
oxidative bursts that regulate HR to promote sus-
ceptibility. We found that the number of DEGs
enriched at ‘oxidoreductase activity’ was signifi-
cantly increased from 0 h to 20 h.

In another word, this study provides
a perspective to understand the molecular
mechanism of PT2P line resistance to soft rot
pathogens. At the same time, it will lay
a theoretical foundation for controlling the soft
rot caused by this pathogen in many ways, such
as controlling bHLH, EXP and RLKs in an appro-
priate way to reduce the susceptibility of PT2P
line. The ERF and other genes were regulated to
speed up the repair of the cell wall, block or
strengthen the specific process to control the soft
rot caused by this pathogen, and even for screen-
ing resistant varieties of PT2P line.

5. Conclusion

PT2P  line  exhibited  symptoms  after
P. carotovorum bacterial infection at 20 h. PT2P
line down-regulated the expression of growth and
development-related genes and started to repro-
gram disease resistance-related genes, during
infection. The molecular mechanism of PT2P line
resistance to pathogens is regulated by the expres-
sion of genes relative to ‘pathogen perception and
signaling transduction’, ‘cell wall modification’,
‘pathogenesis-related and defense proteins’, ‘sec-
ondary and primary metabolism’, ‘nutrient and
ion transporters’, ‘Calcium and MAPK signaling
cascades’, ‘Phytohormonal activation’.
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