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Abstract
Tobacco bacterial wilt caused by Ralstonia solanacearum invades tobacco plants during the whole growth period affect-
ing yield and quality. However, the transcriptome profiling of tobacco plant in response to bacterial wilt has not been well 
studied. In this study, we identified the transcriptional profiles of bacterial wilt-resistant (ac Yanyan97) and -susceptible 
(ac Honghuadajinyuan) tobacco cultivars infected with R. solanacearum at six time points by RNA sequencing. Gene 
expression analysis showed that the resistant cultivar manifested a faster change in the expression of defense-related genes 
than the susceptible cultivar during R. solanacearum infection, by which more differentially expressed genes (DEGs) were 
up-regulated rather than down-regulated at all time points. Functional analysis indicated that DEGs were involved in plant 
hormones, glutathione and secondary metabolic pathways associated with tobacco resistance to bacterial wilt induced by 
R. solanacearum. Through subsequent Short Time-series Expression Miner (STEM) and weighted correlation network 
(WGCNA) analyses, the phenylpropanoid metabolic pathway was identified as a key pathway for tobacco defense against R. 
solanacearum infestation. In summary, our results provide transcriptomic profiles of tobacco response to R. solanacearum 
infestation.
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Introduction

Over hundreds of millions of years of evolution, plants have 
developed a complex defense network against pathogens/
insects attack (Dodds and Rathjen 2010). Physical barri-
ers (e.g., wax, cuticle, and lignin) can protect plant cells 
against complex environmental elements (Underwood 
2012). In addition, plants produce some killing weapons, 

such as secondary metabolites (e.g., alkaloids and phenols) 
and inhibitory substances (Kuc 1995). Hormones also act as 
messengers in this battle, which mobilize the expression of 
related kinase cascade, defense-related genes, transcription 
factors, and so on (Dermastia 2019; Fesenko et al. 2019; 
Zhang et al. 2019). Although the effects of hormones are not 
as rapid as those of turgor changes and calcium oscillations 
changes, they are undoubtedly a kind of effective and well-
known long-distance transport molecules that induce plants 
to invest more troops and promote a coordinated defense 
strategy (David et al. 2013; Katagiri 2004; Pieterse et al. 
2009). The evolution of these powerful defense systems 
in plants has enabled them to compete effectively with the 
evolution of pathogens (Zhang et al. 2019; Anderson et al. 
2010; Han 2019).

Tobacco (Nicotiana tabacum) is a widely grown cash 
crop in the world (Sierro et al. 2014). The total tax revenue 
of tobacco in China reached 175.2 billion USD in 2017. It 
has been widely used in applied science and has great scien-
tific value. Tobacco is a versatile model organism for func-
tional genomics and biotechnology applications and is one of 
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the most effective plant material used in expressing foreign 
proteins (Nagata et al. 1992, Häkkinen et al. 2007; Ameye 
et al. 2017; Romeis et al. 2001). However, tobacco bacterial 
wilt caused by R. solanacearum is a devastating soilborne 
disease worldwide resulting in 10–30% losses in tobacco 
production (Elphinstone 2005). Therefore, it is important 
to study the tobacco defense mechanism and uncover the 
responsive defense genes during R. solanacearum infection.

R. solanacearum has a wide host range, attacking more 
than 250 plant species among 54 monocot and dicot botani-
cal families, and can survive for long periods under a wide 
range of environmental conditions (Mansfield et al. 2012). 
It is a highly diversified pathogen mainly encompassing four 
evolutionary types, five races and six biovars (Fegan and 
Prior 2005). Only evolutionary type I physiological race 1 
infects tobacco.

The molecular mechanism of the resistant and suscepti-
ble tobacco varieties can be divided into two types: qualita-
tive and quantitative. Tobacco plants have the capability to 
identify several effectors of R. solanacearum (e.g., ripB) 
which are recognized by the resistance proteins (e.g., Roq1) 
(Nakano and Mukaihara 2019; Thomas et al. 2020). How-
ever, tobacco molecular mechanism underlying quantitative 
(polygenic) resistance to this important pathogen remains 
unclear (Peeters et al. 2013). For example, the defense-
related genes controlling the bacterial wilt in tobacco, the 
action and the interaction mechanism between tobacco and 
R. solanacearum are still indefinite. Therefore, investigation 
and excavation of possible defense-related genes in tobacco 
germplasms based on transcriptomic level will not only 
deepen the understanding of the interaction between tobacco 
and R. solanacearum, but also will help to make rational use 
of bacterial wilt defense-related genes, thus serving tobacco 
breeding programs for disease resistance.

Some studies have reported plant interaction with R. sola-
nacearum, focusing on specific species such as Arabidopsis, 
tomato and potato. In Arabidopsis, Hu et al. inoculated the 
roots of the susceptible Col-5 and RRS1-R-containing resist-
ant Nd-1 plants with R. solanacearum strains harboring or 
lacking the virulence gene, PopP2 (Hu et al. 2008). It was 
found that ABA, aging and basal defense-related genes were 
up-regulated in response to disease infection. Inactivation of 
some disease-associated genes causes changes in the response 
of plants to pathogenic strains (Hu et al. 2008). Zuluaga et al. 
used the Scommersonii to infect the roots of the potato resist-
ant accession (F118) and susceptible accession (F97) (Zuluaga 
et al. 2015). It was found that 22.6% and 12.8% differentially 
expressed genes were identified as responsive to biotic stress 
in F118 and F97, respectively, and half of those genes were 
up-regulated and involved in plants response to pathogens in 
both cultivars. Hormone-related genes indicated that both 
ET and JA were induced in the susceptible cultivar F97, but 
not in resistant cultivar F118. In contrast, SA-related genes 

were down-regulated in both cultivars after pathogen infec-
tion. Similarly, hormone-related genes were highly induced 
in potato, indicating a significant difference in the response 
of the two accessions to the pathogens (Narancio et al. 2013). 
Wang et al. conducted transcriptional and protein-level stud-
ies using anti-inductive materials and found that the biosyn-
thesis of methionine cycle (MTC) and down-regulation of 
γ-aminobutyric acid (GABA) played an important role in the 
interaction between R. solanacearum and tomato plants (Wang 
et al. 2019). However, due to the specie specificity, response 
mechanisms to pathogen infection might be different among 
the different species. In tobacco, the molecular mechanism of 
plant resistance is controlled by multiple quantitative trait loci 
(QTL) which makes it more complex than other model plant 
species like Arabidopsis (Laurent et al. 2002; Laurence et al. 
2010). With regard to tobacco resistance to bacterial wilt, cur-
rent studies mainly focus on gene mapping, molecular marker-
assisted breeding, genetic transformation of defense-related 
genes and proteomics research. RNA sequencing (RNA-seq) 
is a favored high-throughput technology for genome-wide 
gene expression quantification providing highly accurate, and 
comprehensive transcriptome profiling (Wang et al. 2009). 
During multi-stages of pathogen infection, genes are differen-
tially expressed, thus studying plant responses in different time 
points is important. To determine the statistically significant 
time-dependent gene expression profiles, Short Time-Series 
Expression Miner (STEM) analysis is an ideal approach to 
identify genes with similar time-series characteristics (Ernst 
and Bar-Joseph 2006). Moreover, weighted gene co-expression 
network analysis (WGCNA) is a novel gene co-expression 
network-based method that illustrates the molecular interac-
tion mechanism and the relationship between gene networks 
(Langfelder and Horvath 2008).

The tobacco cultivar 'ac Yanyan97' is a moderately resist-
ant cultivar to tobacco-virulent R. solanacearum strains (Qian 
et al. 2013; Lan et al. 2014). Here, we studied the response of 
the ac Yanyan97 (resistant) cultivar and the susceptible culti-
var (ac Honghuadajinyuan) to R. solanacearum infection and 
investigated the potential genes involved in plant defense at 
different time points. We used gene enrichment and co-expres-
sion analyses to explore the role of tobacco DEGs in modeling 
phytohormones signaling, and focused on phenylpropanoid 
biosynthesis pathway. This study provides a large-scale tran-
scriptomic dataset that can open new insights into tobacco 
disease resistance to R. solanacearum.

Materials and methods

Plant materials and inoculation treatments

The N. tabacum cv ac Yanyan97 (Y) resistant cultivar and 
ac Honghuadajinyuan (H) susceptible cultivar were used 
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in the study. To maximize the purification of the external 
environment, and avoid erroneous effects on the results, all 
tobacco plants were grown in 1/2 MS medium (maintaining 
a sterile and nutrient-rich environment) under 24–26 °C in 
the daytime and 20–22 °C in the night, under a 16/8 h light/
dark photoperiod, until the tobacco plants reached the six-
leaf stage (about 45 days after germination). In such a harsh 
environment, all the plants we obtained for the experiment 
were similar in terms of tobacco development and health.

For inoculation treatments, the plants were first trans-
ferred to a lamina. Then we used a 25 g × 5/8-inch needle 
syringe to inject 1 cm from the base of the seedling stem 
(Fig S7-D) 1 mL of OD600 = 1.0 bacterial solution of R. 
solanacearum LC3-6 strain. LC3-6 of R. Solanacearum 
was isolated from the diseased plant of Flue-cured tobacco 
variety Yunyan87 in Baiyangba Town, Lichuan City, Enshi 
Prefecture, the main tobacco-producing area of Hubei 
Province, China. LC3-6 is the serial number of the isolated 
strain identified by Hubei Academy of Tobacco Sciences 
and Huazhong Agricultural University that belongs to the 
physiological race 1, biochemical type III, evolutionary type 
I, sequence variant 17.

The control was treated with sterile water instead of bac-
terial solution. Samples were collected from 1 cm beneath 
the crown area including the upper part of the root. The 
samples were harvested at 0, 12, 24, 36, 48, 72 and 120 
HPI (hour post-infection) from three independent biological 
replicates. All samples were immediately frozen in liquid 
nitrogen after sampling and stored at − 80 °C.

RNA isolation and quantification

RNeasy plant mini kit was used along with DNase treatment 
to extract the RNA of plant sample, according to the manu-
facturer’s instruction (QIAGEN, Germany). RNA Nano 
6000 Assay Kit of the Bio analyzer 2100 system (Agilent 
Technologies, CA, USA) was used to determine the quality 
and quantity of RNA.

RNA library preparation for transcriptomic analysis

Subsequently, 3 μg total RNA of each sample was used as 
input material for the RNA sample preparations. Sequenc-
ing libraries were generated using NEBNext® UltraTM 
RNA Library Prep Kit for Illumina® (NEB, USA) follow-
ing the manufacturer’s recommendations and index codes 
were added to attribute sequences to each sample. Second-
strand cDNA synthesis was subsequently performed using 
DNA Polymerase I and RNase H. The remaining overhangs 
were converted into blunt ends via exonuclease/polymerase 
activities. After adenylation of the 3′ ends of DNA frag-
ments, NEBNext Adaptors with hairpin loop structure were 
ligated to prepare for hybridization. To preferentially select 

cDNA fragments of preferentially 250–300 bp in length, the 
library fragments were purified using the AMPure XP sys-
tem (Beckman Coulter, Beverly, USA). Then, 3 µL USER 
Enzyme (NEB, USA) was used with size-selected, adaptor-
ligated cDNA at 37 °C for 15 min, followed by 5 min at 
95 °C before PCR was performed with Phusion High-Fidel-
ity DNA polymerase, Universal PCR primers and Index (X) 
Primer. Finally, the PCR products were purified (AMPure 
XP system) and library quality was assessed on the Agilent 
Bioanalyzer 2100 system.

Sequencing, assembly, and functional annotation

The clustering of the index-coded samples was performed 
on the cBot Cluster Generation System using the TruSeq PE 
Cluster Kit v3-cBot-HS (Illumia) according to the manu-
facturer’s instructions. After cluster generation, the library 
preparations were sequenced on an Illumina Hiseq platform 
and paired-end reads of 125/150 bp were generated. In this 
step, clean data (clean reads) were obtained by removing 
reads containing adapter, reads containing ploy-N and low-
quality reads from raw data by fastqc. At the same time, the 
clean data for Q20, Q30 and GC content were calculated. All 
the downstream analyses were based on the clean data with 
high quality. Reference genome, N. tabacum K326 genome 
(Sierro et al. 2014), and gene model annotation files were 
downloaded directly from SGN website. The index of the 
reference genome was built using Hisat2 and the paired-
end clean reads were aligned to the reference genome using 
Hisat2 (v2.0.5) (Sierro et al. 2014; Daehwan et al. 2015). 
We selected Hisat2 as the mapping tool for that Hisat2 can 
generate a database of splice junctions based on the gene 
model annotation file, which obtain a better mapping result 
than other non-splice mapping tools (Mortazavi et al. 2008).

cDNA preparation and qRT‑PCR

Candidate transcriptome genes were verified by qRT-PCR 
analysis using three biological replicates. Gene-specific 
primers were designed using Primer 5.0 and commercially 
synthesized (Qinco, China). The first-strand cDNA was 
synthesized from 2 μg of total RNA using SuperScript III 
Reverse Transcriptase (Invitrogen) according to the manu-
facturer's instructions and reverse transcribed into cDNA, 
followed by 100-fold dilution. RT-PCR was performed in 
a 10 μL reaction volume containing 5 μL of 100 × diluted 
cDNA as a template, each with 0.25 μL of forward and 
reverse gene-specific primers, and 4.5 μL of SsoFast Eva-
Green Supermix with low ROX (Bio-Rad, Hercules, CA). 
The qRT-PCR reaction was carried out on an Applied Bio-
system 7500 Real-Time PCR System (Applied Biosystem, 
Foster City, CA) at 95 °C for 2 min, then at 95 °C for 40 
cycles of 5 s and at 60 °C for 35 s. The qRT-PCR product 
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ranged from 80 to 200 bp. The relative quantification of 
gene expression was calculated and normalized using EF-1α 
(Accession No: LOC107788982) as an internal standard. 
After qRT-PCR, the dissolution profile was used to confirm 
the specificity of the primers. The dissociation parameters 
were 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. 
The Ct(2−ΔΔCt) method was compared to calculate the fold 
change in the gene expression levels (Pfaffl 2001).

Gene network construction and visualization 
(WCGNA)

Co-expression networks were constructed using the 
WGCNA (v1.29) package in R. We drew heatmaps for each 
module based on correlation coefficients, with a deeper 
color representing a higher degree of correlation. To fur-
ther explore interactions among genes in each module, we 
selected those genes with the highest connectivity to draw 
the gene network. In addition, information regarding the 
functions of differentially expressed genes was collected 
from Unigene annotations, and these genes were subjected to 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (Ogata et al. 2000) significant enrichment 
analyses to identify the biological functions and metabolic 
pathways in which these genes participate. Cytoscape (Shan-
non et al. 2003) was used to visualize the final interaction 
network.

Short time‑series expression miner (STEM) analysis

The STEM analysis of the total DEGs of four important 
temporal gene expression profiles (81_Y, 20_Y, 81_H 
and 20_H) was performed using the STEM version 1.3.11 
developed by (Ernst and Bar-Joseph 2006). The studied 
DEGs were all stratified into different profiles based upon 
various expression patterns calculated by STEM analysis, 
respectively.

Results

Global transcriptome profiling of tobacco response 
to R. solanacearum infection

A total of ~ 2.58 billion raw reads were obtained from 78 
libraries, and 25–52 million reads were generated by each 
library. In total, ~ 767G clean bases were obtained and ~ 0.3% 
of the total pair-end reads were filtered and trimmed. The 
transcriptome data was aligned with the N. tabacum cv. 
K326 reference genome (Sierro et al. 2014) and approxi-
mately ~ 92% of the clean reads were mapped to ~ 88,000 
transcripts. Afterward, we performed a principal component 
analysis (PCA) with normalized read counts to assess the 

overall differences of the infected transcriptome at different 
time points and provided an overview of the transcriptome 
landscape in the different cultivars and time points (Fig. 1A). 
The resistant (Y3, Y5, Y7, Y9, Y11, Y13) and suscepti-
ble (H3, H5, H7, H9, H11, H13) cultivars can be obviously 
distinguished from each other, and the control groups were 
obviously clustered together (Y1, Y2, Y4, Y6, Y8, Y10, 
Y12) and (H1, H2, H4, H6, H8, H10, H12), respectively. 
The resistant cultivar is more clearly separated in the 24 
HPI treatment, while the susceptible cultivar is more distinct 
until 48 HPI. Samples at 12, 24, 36, 48, 72 and 120 HPI were 
clustered far away from control samples, which show that R. 
solanacearum infection induced different gene expression 
profiles. To analyze the expression level of all genes, we 
used the total mapped reads of all genes, calculating gene 
expression level as fragments per kilobase of exon model per 
million mapped fragments (FPKM) (Figs. S1 and S2). Genes 
with false discovery rate (FDR) < 0.05 and absolute value 
of log2 (FC) ≥ 2 were selected as differentially expressed 
genes (DEGs) for further analysis. When cross-comparing 
RNA-seq data, we detected a total of ~ 27,818 (~ 25%) DEGs 
between the resistant and susceptible cultivars at least in 
one time point (Table S1). Compared with the mock group 
(water treatment), more up-regulated genes were detected in 
the Y and H cultivars than down-regulated genes at the early 
time points of inoculation. Y cultivar at 12, 24, 36, 48, 72 
and 120 h exhibited 612 (452 up and 160 down), 5067 (3252 
up and 1815 down), 5406 (3601 up and 1805 down), 8606 
(5216 up and 3390 down), 10,148 (5582 up and 4566 down) 
and 8464 (5909 up and 2555 down) DEGs, respectively. The 
H samples at 12, 24, 36, 48, 72 and 120 h exhibited 288 (144 
up and 44 down), 322 (246 up and 76 down), 964 (883 up 
and 81 down), 3504 (2391 up and 1113 down), 5376 (3489 
up and 1887 down) and 13,912 (7581 up and 6331 down) 
DEGs, respectively (Fig. 1B, Tables S2 and S3). The number 
of DEGs in the resistant cultivar was significantly higher 
than that in the susceptible cultivar at 120 h, and the number 
of DEGs in the resistant cultivar increased significantly after 
24 h of infection. Interestingly, the number of DEGs in the 
Y cultivar decreased after 120 h of inoculation, while the 
number of DEGs of the susceptible cultivar from the begin-
ning to end showed an upward trend.

The distribution of up- and down-regulated DEGs at the 
six time points after inoculation was analyzed. A total of 
24 DEGs, 396 DEGs and 1676 DEGs were detected only 
at 12 vs 24 h, 36 vs 48 h and 72 vs 120 h in both Y and H 
after inoculation, respectively (Fig. 1C). We found that the 
number of shared DEGs in the Y and H cultivars showed 
an increasing trend at the late stage of inoculation. These 
results indicate that the changes in gene expression of Y 
and H cultivars had similarities, and their resistant mecha-
nisms had commonalities. The resistant Y cultivar had more 
differentially expressed genes that differed and responded 
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Fig. 1   Landscape of transcriptomics in tobacco response to R. sola-
nacearum at six time points. a PCA plot for RNA-seq dataset at 12, 
24, 36, 48, 72 and 120 h time points after R. solanacearum inocula-
tion in resistant (Y) and susceptible (H) tobacco cultivars. b Number 
of genes significantly changed in the expression of Y and H cultivars 

following R. solanacearum infection. Fold change in gene expres-
sion was calculated as log2 (log2FC) in tobacco with and without 
R. solanacearum infection at the same time points. c Venn diagrams 
illustrating the number of up- and down-regulated transcripts over the 
time course of R. solanacearum infection
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earlier to the bacterial infection. However, fewer number of 
constitutive DEGs among all time points were expressed in 
the H group (Fig. S3).

Functional analysis of DEGs in resistant 
and susceptible tobacco cultivars under R. 
solanacearum infection

To elucidate the involved primary metabolic pathways, the 
DEGs at each time point were subjected to KEGG pathway 
analysis (Table S2). Compared with the sterile water con-
trol, the DEGs at 12, 24, 36, 48, 72 and 120 h were signifi-
cantly assigned to 14, 10, 8, 5, 22 and 13 pathways in the Y 
cultivar, as well as 14, 14, 13, 22, 17, and 21 pathways in 
the H cultivar (P < 0.05), respectively. The top ten pathways 
of each time point are listed in Fig. 2. Of these significant 
pathways, glutathione metabolism, phenylpropanoid bio-
synthesis, cysteine and methionine metabolism, oxidative 
phosphorylation, MAPK signaling pathway, plant–patho-
gen interaction and plant hormone signal transduction were 
involved in the response of the Y cultivar to R. solanacearum 
at all post-infestation time points (Fig. 2A). Similarly, glu-
tathione metabolism, phenylpropanoid biosynthesis, alpha-
linolenic acid metabolism, and arginine and proline metabo-
lism were involved in the response of the H cultivar to R. 
solanacearum at all post-infestation time points (Fig. 2B). 
KEGG results showed that the phenylpropanoid biosynthesis 
and glutathione metabolism pathways were enriched in both 
resistant and susceptible tobacco.

Dynamic differences identification in tobacco 
transcriptome through short time‑series expression 
miner (STEM) analysis

To understand the dynamic differences of tobacco tran-
scriptome in response to R. solanacearum infection, we 
carried out Short Time-series Expression Miner (STEM) 
analysis with total DEGs (Ernst and Bar-Joseph 2006). 
Four important temporal gene expression profiles (81_Y, 
20_Y, 81_H and 20_H) are presented in the plates (Fig. 3, 
Table S3). Profiles 81_Y and 20_Y contained genes from 
the Y cultivar within 12–120 HPI following the onset of 
R. solanacearum infection. Profile 81_Y embodied the 
most transcripts (2764), in which DEGs of this profile 
controlled the glutathione metabolism, plant–pathogen 

interaction and MAPK signaling pathway (Fig. 3A). These 
transcripts were up-regulated immediately after 12 h of 
infection and this up-regulation continued in the same 
trend until the latest time of infection 120 h, suggest-
ing that the invasion of R. solanacearum induced these 
defense pathways continuously. Most of the genes in the 
20_Y profile were involved in the primary metabolism of 
carbohydrates, lipids and amino acids.

The 81_H and 20_H profiles contained genes from H 
cultivar within 12–120 HPI following onset of R. sola-
nacearum infection. The (1,433) up-regulated genes of 
profile 81 were mainly involved in some primary metabo-
lism pathways (e.g., glutathione metabolism, nucleotides, 
carbohydrates and lipids, as well as energy production) 
(Fig. 3B). In the 81_H profile, genes controlling the cir-
cadian rhythm were significantly up-regulated only at 24 h 
after R. solanacearum infection, while the phenylpropa-
noid biosynthesis pathway was within the down-regulated 
genes of the 20_H profile. For the phenylpropanoid meta-
bolic pathway, there is a significant difference between the 
Y and H materials; in the susceptible material H, it always 
shows a downward trend, while in the disease-resistant 
material Y, there are two small up-regulated crests.

Co‑expression network construction of tobacco 
plants under R. solanacearum infection

To identify the activation of specific biological processes, 
the potential relationships between modules (co-expres-
sion genes) and traits need to be determined. There-
fore, based on the log2 (FPKM) values, we constructed 
a weighted gene co-expression network using a soft 
thresholding power (β = 6) with higher adjacency (Fig. 
S4). Using a heatmap-based plot incorporating different 
module assignments and gene dendrograms, we initially 
visualized the topological overlap matrix (TOM) of DEGs 
after R. solanacearum infestation (Fig. 4A). Obviously, 
each module in this chart had high overlaps, so we divided 
the network into 19 modules. Then we performed gene 
expression pattern plots on these 19 modules to analyze 
the expression characteristics of each module. As shown 
in Fig. 4B, the expression was characterized by obvious 
up-regulated expression after inoculation. The gene KEGG 
enrichment analysis of light red module was found to be 
significantly enriched in phenylpropane, phenylalanine and 
flavonoid metabolic pathways (Fig. 4C). Further graphics 
presented some valuable genes related to flavonoid meta-
bolic pathways, such as C4H, 4CL, and peroxidase that 
served as hub genes (Fig. 4D). They appear to be central 
genes playing significant role in plant–pathogen interac-
tions. The interactions trigger the regulation of plant pri-
mary metabolic genes.

Fig. 2   KEGG pathway enrichment analysis of DEGs in the tobacco 
transcriptome induced by R. solanacearum in six time points. Data 
were visualized using a scatter diagram with q-value levels indicated 
by ‘ − log10 (padj)’ and an enrichment factor indicative of individual 
pathways. Values in parentheses represent the number of components 
in each pathway present in the DEG dataset. The right panel repre-
sents KEGG pathway combinations at different time points (parenthe-
ses number) in the Y (a) and H (b) cultivars

◂
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Potential genes involved in tobacco resistant to R. 
solanacearum

Through the previous analysis, phenylpropanoids path-
way occurred at all time points in the Y and H cultivars 
(Figs. 2, 3, 4C). The phenylpropanoid metabolic pathway 
contains numerous important precursors involving the bio-
synthesis of peroxidase and secondary metabolites that 
are closely related to plant disease resistance. On further 
analysis, we identified a diverse group of defense-related 
genes that have differentially transcriptional responses 

after R. solanacearum infestation. The majority of these 
genes belong to metabolite synthase, hormone and patho-
gen-related genes. The gene families that could be interest-
ing targets for disease resistance engineering are further 
elaborated below.

To confirm the RNA-seq results, the expression profiles 
of several selected DEGs were tested by quantitative real-
time PCR (qRT-PCR). The high correlation coefficients of 
log2-fold changes obtained from RNA-seq and qRT-PCR 
results suggested that the RNA-seq data in this study were 
validated (Fig. S5).

Fig. 3   Time-series transcriptome analysis of significant DEGs 
induced by R. solanacearum infection in tobacco. Example of clus-
ter81 and cluster20 in Y (a) and H (b) tobacco cultivar infection R. 

solanacearum. The top 20 KEGG pathways for each profile are listed 
in the lower portion. Enrichment scores are shown as -log10 (padj)
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Oxidative stress‑related genes induced by R. 
solanacearum attack

Reactive oxygen species (ROS) play an important role in 
plant responses to biotic stresses including pathogenic bac-
teria infestation. Interestingly, we found that the response 
of peroxidase genes was different before and after infection. 
The expression of several peroxidase genes was significantly 
up-regulated at 24 h after inoculation in the Y material, 
while the susceptible material (H) showed normal expres-
sion (Fig. 5). This result is consistent with other reports 
which indicated that the peroxidase gene is involved in the 
plant defense system against R. solanacearum (Brown and 
Allen 2004; Flores-Cruz and Allen 2009).

Secondary metabolites‑related genes induced by R. 
solanacearum attack

Low molecular weight secondary metabolites (called phyto-
alexins) are one of the best defensive tools against pathogen 

infection in plants. Therefore, we focused on the enriched 
DEGs of secondary metabolites in the phenylpropanoid met-
abolic pathway. Interestingly, we found that genes related 
to scopoletin synthesis were up-regulated in the Y cultivar 
(Fig. 6), which was more obvious in the mid-stage of inocu-
lation, while nicotine synthesis-related genes were up-reg-
ulated more obviously in the H cultivar, especially in the 
early stage of inoculation. From this point of view, it seems 
that the antibacterial effect of scopoletin induced resistance 
to R. solanacearum infection. Some studies have found that 
the plant resistance to bacterial pathogens is closely related 
to the rate and intensity of the accumulation of scopoletin 
(Goy et al. 1993), which is in agreement with the results 
found in this study.

Plant hormone‑related genes induced by R. 
solanacearum attack

Previous studies have found that crop plants showed effec-
tive resistance against R. solanacearum infection through 

Fig. 3   (continued)
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Fig. 4   Weighted gene co-expression network analysis. a Heatmap of 
the gene network light colors represent low overlap, and gradually 
darkened red represents higher overlap of gene pairs from various 
data sets. Diagonal lines represent different modules. b An example 
of one module heatmaps in each network module. c KEGG pathway 
enrichment analysis of the light yellow module. d The most highly 
connected gene network in the DEGs light-yellow module after R. 
solanacearum infection. The red node represents the anti-correlation 
gene, while the blue node represents the gene of unknown function

the regulation of hormone. The primary role of salicylic 
acid (SA) is to establish systemic acquired resistance 
(SAR), a long-lasting and broad-spectrum form of disease 
resistance (David et al. 2013; Durrant and Dong 2004). 
To determine the changes of SA-related genes in tobacco 
plants after R. solanacearum infection, we analyzed the 
log2fold-changes at 12, 24, 36, 48, 72 and 120 h Fig. S6. 
Results revealed a significant increase in the synthesis-
related genes of SA in both cultivars infected by R. sola-
nacearum; however the increase in the disease-resistant 
cultivar (Y) was more obvious (Fig. 7). Isochorismate 
synthase (ICS) and phenylalanine ammonia lyase (PAL) 
are the two major genes involved in ICS and PAL syn-
thetic pathways, respectively, which together participate to 
synthesize PR1, which is also a major gene for SA signal 
transduction (Dempsey et al. 2011). Following R. solan-
acearum infestation, all PAL, ICS and PR1 genes were up-
regulated in the early stage of infection, and the expression 
trend in Y materials was obviously high.

Hereafter, we analyzed other hormone signaling path-
ways. The auxin signaling-related genes were up-regulated 
in the early inoculation stage, but the up-regulation trend 
was more obvious in the susceptible materials. Genes 
related to jasmonic acid (JA) and ethylene signaling path-
ways showed also up-regulated expression and the trend 
of the up-regulation in the disease-resistant materials was 
more obvious. These results indicate that these genes 
might have effective defense effects, which deserve fur-
ther exploration.

Discussion

Tobacco bacterial wilt is one of the most economically 
important soilborne diseases that affects significantly the 
yield and quality of tobacco. R. solanacearum can survive 
in non-host plants or soil; once the host plant appears, it 
causes a devastating damage (Genin 2010; Stéphane 2010). 
Plant response to a pathogenic bacterium is a complex pro-
cess which depends on many factors. Up to now, there is 
no in-depth understanding of a series of reactions induced 
by R. solanacearum in tobacco (Peeters et al. 2013). The 
transcriptional response of plants to pathogen infection 

is a dynamic and complex reprogramming process com-
posed of signals and compounds, which varies with the 
time of infection (Libault 2018; Fendrych et al. 2018; 
Kong et al. 2017). Studies on the transcriptome response 
of tobacco to R. solanacearum infection are rare, mainly 
focused on small genomes such as Arabidopsis, tomato 
and potato using leaf samples and untreated materials as 
control. Moreover, the studying period is short, so the 
results obtained cannot accurately reflect the changes in 
the transcriptome level during R. solanacearum infection.

In this study, we analyzed the dynamic changes of the 
transcriptome profiles of two tobacco cultivars showing 
different resistance level to R. solanacearum infection as 
shown in Fig S7. Unlike previous studies, we used tis-
sue culture seedlings (sterile seedlings) as experimental 
materials to avoid the possible interference of the external 
environment, especially the complex rhizosphere environ-
ment, on the transcriptome results. At the same time, the 
actual production experience shows that the grafted mate-
rial improves resistance to R. solanacearum, so RNA-seq 
samples were collected from 1 cm beneath the crown area 
including the upper roots. Controlled by R. solanacearum-
specific variables, our method ensured further specificity 
by the purified environment and analyzed the transcrip-
tome profiles regarding only plant responses to the bacte-
rial infection.

Through the KEGG enrichment analysis of disease-
resistant (Y) and -susceptible materials (H) at different time 
points, it was found that the two materials had the same 
enrichment results including phenylpropanoid biosynthe-
sis, glutathione metabolism and other pathways (Fig. 2). To 
further judge whether these pathways differed in the two 
materials, we performed an STEM analysis and found that 
glutathione metabolism showed up-regulated trend, while 
phenylpropanoid displayed down-regulated trend in the sus-
ceptible materials (Fig. 3). This might explain the different 
tolerance level between the two materials which was further 
verified by WGCNA analysis (Fig. 4).

Previous analysis showed that the phenylpropanoid 
pathway frequently occurred (Figs. 2, 3, 4C). The phe-
nylpropanoid metabolic pathway contains numerous dis-
ease resistance precursors of secondary metabolites and 
salicylic acid synthesis. Salicylic acid is one of the key 
defense-related hormones that activates defense responses 
against biological and semi-biotrophic pathogens (Loake 
and Grant 2007). The primary role of SA is to establish 
SAR (Durrant and Dong 2004). Previously, it was reported 
that mutants of NahG gene, which can degrade SA in 
plants, were less resistant to R. solanacearum indicat-
ing positive correlation between SA and plant resistance 
to bacterial wilt (Denance et al. 2013). Interestingly, our 
study found that the expression of ET-, ABA-, JA-, and 
SA-related genes was up-regulated in both cultivars, and 
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Fig. 5   Heatmap of phenylpropanoid biosynthesis-related gene expression. Values are presented as fold change relative to control (water treat-
ment in the same period)
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Fig. 6   Effects of R. solan-
acearum infestation on second-
ary metabolites biosynthesis. 
Heatmap of secondary metabo-
lite biosynthesis-related gene 
expression. Values are presented 
as fold change relative to the 
control (the same period of 
water treatment)
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all of these differentially expressed genes were relatively 
more pronounced in the resistant cultivar (Fig. 7).

Pathogens can enhance host susceptibility by manipu-
lating hormone signaling (Dermastia 2019, Katagiri 2004; 
David et al. 2013, Zhang et al. 2019). Similarly, the response 
of tobacco plants to R. solanacearum infection is also in 
line with this characteristic, showing a close correlation 
with various hormones. The comparative proteome studies 
of resistant cultivars showed that the expression of apical 
membrane antigen might enhance the resistance of tomato 
to R. solanacearum, while the apical membrane antigen was 
regulated by SA. In comparison of tomato resistant culti-
vars, it was found that the expression of signal transduction-
related genes of ET, JA, and IAA was up-regulated, and 
the expression of GA-related genes was down-regulated 
(Takeaki et al. 2012). Moreover, in potato resistant cultivars, 

the expression of ET and JA signaling-related genes was 
up-regulated, while the expression of SA-related genes was 
down-regulated in both ecotypes (Zuluaga et al. 2015). Inter-
estingly, our study found that the expression of ET-, ABA-, 
JA-, and SA-related genes was up-regulated in both cultivars, 
and all of these differentially expressed genes were relatively 
more pronounced in the resistant cultivars (Fig. 7).

Low molecular weight secondary metabolites (called 
phytoalexins) are one of the best plant defense means 
against pathogen infection (Kuc 1995; Hammerschmidt 
1999; Ahuja et al. 2012). Since the introduction of the 
phytoalexin hypothesis in 1940, the defense effects of 
these compounds have been proven effectively by vari-
ous experimental methods (Hammerschmidt 1999). The 
phenylpropanoid metabolic pathway is a precursor for the 
synthesis of many metabolites, such as nicotine, scopoletin 

Fig. 7   Effects of R. solanacearum attacking tobacco plants on hormone biosynthesis-related genes. This is a heatmap of SA biosynthesis-related 
gene expression. Values are presented as fold change relative to mock
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Table 1   Summary of RNA 
sequencing data from water, 
R. solanacearum-treated Y 
(ac Yanyan97) and H (ac 
Honghuadajinyuan) root 
samples

Sample Raw_reads Error_rate Q20 Q30 GC (%) Mapping ratio

H1_1 30,908,939 0.03 97.2 95.28 42.85 92.81%
H2_1 28,049,999 0.03 96.72 95.22 42.94 93.00%
H3_1 29,181,694 0.02 97.36 96.09 43.12 93.09%
H1_2 31,528,134 0.03 96.92 95.5 43.36 93.40%
H2_2 34,152,242 0.03 96.84 94.13 42.91 92.80%
H3_2 30,277,836 0.03 97.58 93.26 43.05 93.49%
H1_3 30,136,461 0.03 96.88 94.86 43.5 92.99%
H2_3 29,238,014 0.03 96.13 94.34 43.35 92.91%
H3_3 28,576,496 0.02 97.28 95.97 43.29 92.74%
H1_4 35,094,896 0.03 97 94.09 43.09 93.09%
H2_4 30,528,930 0.03 96.87 94.68 43.11 93.07%
H3_4 32,049,803 0.03 97.67 93.43 42.97 93.84%
H1_5 28,983,645 0.02 97.49 96.29 43.09 92.46%
H2_5 29,885,704 0.02 97.16 95.83 43.02 93.84%
H3_5 28,852,844 0.03 96.7 95.18 43.25 93.16%
H1_6 29,465,038 0.02 97.27 95.98 43.29 93.74%
H2_6 30,451,196 0.03 96.91 94.93 43.04 92.57%
H3_6 34,941,031 0.03 96.14 94.18 43.03 91.69%
H1_7 29,856,006 0.02 97.23 95.57 43.33 92.79%
H2_7 27,841,316 0.02 97.19 95.88 43.06 92.45%
H3_7 32,924,531 0.03 97.78 93.74 43.24 93.30%
H1_8 30,108,174 0.03 96.97 95.56 42.88 93.15%
H2_8 30,281,317 0.03 97.07 95.17 42.74 92.83%
H3_8 34,535,479 0.03 97.61 93.35 42.98 93.33%
H1_9 30,278,617 0.03 97.03 95.25 43.36 92.57%
H2_9 33,095,208 0.02 97.38 96.15 43.11 93.17%
H3_9 30,194,805 0.03 97.72 93.53 43.24 94.21%
H1_10 31,277,253 0.03 97.22 95.29 42.85 91.86%
H2_10 29,922,225 0.02 97.26 95.62 42.98 93.11%
H3_10 31,949,209 0.03 97.63 93.45 43.2 93.06%
H1_11 27,366,530 0.02 97.22 95.91 43.12 93.68%
H2_11 33,740,608 0.02 97.23 95.92 43.22 93.40%
H3_11 33,753,366 0.03 97.72 93.5 43.37 94.10%
H1_12 29,611,405 0.02 97.37 96.12 42.83 93.16%
H2_12 29,897,798 0.02 97.29 96 42.59 92.22%
H3_12 32,240,857 0.03 97.9 93.95 42.81 93.18%
H1_13 34,373,865 0.02 97.28 96.01 43 93.39%
H2_13 29,916,178 0.03 97.57 93.25 42.7 93.63%
H3_13 30,928,652 0.03 97.49 93.08 43.25 93.35%
Y1_1 42,731,960 0.02 97.87 93.79 42.93 95.61%
Y2_1 25,755,746 0.02 95.25 90.34 41.99 91.98%
Y3_1 37,385,701 0.02 97.76 93.57 42.78 95.32%
Y1_2 38,914,963 0.02 97.48 92.89 42.83 94.91%
Y2_2 31,293,526 0.02 97.84 93.76 42.72 94.70%
Y3_2 38,072,355 0.02 97.8 93.69 42.69 94.06%
Y1_3 42,542,937 0.02 97.59 93.17 42.91 94.33%
Y2_3 31,037,094 0.02 97.79 93.56 42.63 95.45%
Y3_3 29,363,694 0.02 97.77 93.57 42.57 95.17%
Y1_4 32,008,936 0.02 96.72 90.97 42.24 93.90%
Y2_4 33,654,891 0.02 97.85 93.82 42.51 94.66%
Y3_4 31,655,373 0.02 97.87 93.84 42.4 94.25%
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and so on, which are often closely related to plant resist-
ance (Sun et al. 2014; Seo et al. 2012). Based on our RNA-
seq data, the expression of genes related to scopoletin syn-
thesis was up-regulated in the resistant cultivar, especially 
in the mid-stage of inoculation, while the expression of 
genes related to nicotine synthesis was up-regulated in the 
susceptible cultivars, especially at the early stage of inocu-
lation. From this point of view, it seems that scopoletin is 
more effective in dealing with the infection of R. solan-
acearum (Fig. 6). This is in line with its reported role as 
an antibacterial compound, where the level of scopoletin 
significantly increases after pathogen invasion and exhibits 
pathogenic toxicity in vitro (Carpinella et al. 2005; El-
Oirdi et al. 2010; Silva et al. 2002; Gnonlonfin et al. 2012). 
The resistance of some plant species to pathogens was 

linked to the rate and intensity of scopoletin accumula-
tion (Gnonlonfin et al. 2012). These results represent a 
very important step in assessing the defense function of 
the scopoletin.

In addition, peroxidase genes are associated with plant 
defense against R. solanacearum. Interestingly, we found 
that peroxidase responsive genes expressed differently 
before and after R. solanacearum infection (Fig. 5). The 
Y martials reveal up-regulated transcript of peroxidase 
responsive genes, the highest transcript was at 24 HPI. 
The H martials also showed synchronic increase in the 
level of peroxidase responsive genes with the increase of 
the time of infection, but not as high as that of Y martials.

To sum up, we studied the direct and indirect defense 
responses of two tobacco cultivars, ac Yanyan97 (resistant) 

Table 1   (continued) Sample Raw_reads Error_rate Q20 Q30 GC (%) Mapping ratio

Y1_5 35,734,617 0.02 96.43 94.82 42.49 93.88%
Y2_5 39,522,091 0.02 96.78 95.27 42.8 94.33%
Y3_5 38,176,468 0.02 97.7 93.4 42.89 94.83%
Y1_6 30,716,650 0.02 96.4 89.96 42.49 94.33%
Y2_6 29,686,027 0.02 97.78 93.65 42.53 94.33%
Y3_6 37,153,166 0.02 97.83 93.75 42.54 93.27%
Y1_7 39,490,058 0.02 96.5 90.52 42.52 94.27%
Y2_7 38,470,491 0.02 96.6 90.72 42.49 94.54%
Y3_7 35,930,832 0.02 97.72 93.45 42.66 95.14%
Y1_8 36,369,083 0.02 96.47 90.49 42.67 93.81%
Y2_8 34,858,648 0.02 96.66 90.9 42.8 93.69%
Y3_8 41,996,019 0.02 97.54 93.08 42.39 93.82%
Y1_9 38,146,611 0.02 96.84 91.21 42.71 94.68%
Y2_9 31,815,787 0.02 96.62 90.77 42.82 94.35%
Y3_9 52,638,043 0.02 97.8 93.64 42.77 95.34%
Y1_10 29,835,837 0.02 97.52 92.91 42.46 94.45%
Y2_10 35,009,205 0.02 96.79 91.14 42.68 93.63%
Y3_10 34,516,714 0.02 97.75 93.5 42.68 94.23%
Y1_11 39,717,146 0.02 96.91 91.37 42.9 94.87%
Y2_11 39,296,759 0.02 97.63 93.2 43 95.46%
Y3_11 31,225,261 0.02 97.81 93.62 42.87 95.40%
Y1_12 38,098,642 0.02 96.88 91.35 42.57 94.04%
Y2_12 35,216,154 0.02 96.86 91.25 42.41 94.01%
Y3_12 37,979,281 0.02 97.82 93.66 41.82 93.22%
Y1_13 40,114,582 0.02 97.73 93.46 42.81 95.48%
Y2_13 32,867,427 0.02 96.79 91.01 42.51 95.10%
Y3_13 34,971,424 0.02 97.68 93.38 42.53 90.52%

Summary of RNA sequencing and mapping using the N. tabacum cultivar K326 genomes as the reference. 
Columns represent: number of raw sequencing reads, number of clean reads, error_rate, Q20, Q30, GC 
content, total_reads, and ratio of sequences mapped to the genome. Y and H correspond to resistant and 
susceptible cultivars of N. tabacum, respectively. The numerical values 1, 2, 3 indicate the different bio-
logical replicates, whereas + R, + H indicates the treatment of R. solanacearum and the treatment of sterile 
water, respectively. For example, H1_0 represents the first sample of susceptible cultivar at 0 h; H1_12 + R 
represents the first sample of susceptible cultivar after 12  h of inoculation R. solanacearum treatment, 
H1_12 + H is the first sample of the same period control (water) treatment, and so forth, samples for 12, 24, 
36, 48, 72, 120 h of inoculation in turn
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and ac Honghuadajinyuan (susceptible), grown under 
aseptic conditions to R. solanacearum infection at differ-
ent time points (Table 1). Dynamic transcriptome analysis 
showed a strong transcriptomic response 48 h after infec-
tion that continued until 120 HPI. During these stages, the 
phytohormones scopoletin and peroxidase were involved in 
tobacco resistance to the bacterial wilt. This work reveals 
the interaction between tobacco and R. solanacearum for 
the first time and not only provides some insights into the 
molecular and biochemical mechanisms of tobacco resist-
ance to R. solanacearum, but also highlights the unique-
ness of tobacco itself. The parallelly expressed defensive 
genes reported in this study may be of great significance 
and could contribute to the progress of tobacco breeding 
for bacterial wilt resistance.
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