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Abstract
Tobacco bacterial wilt, caused by Ralstonia solanacearum species complex (RSSC), poses a significant threat to 
tobacco production in most major tobacco-growing regions of China. Here, 204 strains of Ralstonia were isolated 
from infected tobacco plants across 12 provinces and autonomous regions in China. Molecular identification 
and biovar typing of the RSSC strains revealed that all the isolates were found in phylotype I (classified as R. 
pseudosolanacearum) and biovar III. Seven sequevars were identified and sequevar 15 was the most prevalent. 
Pathogenicity tests indicated that 29% of the strains showing high virulence were found in the southwest 
tobacco-growing region of China. Notably, significant pathogenic variation was observed within strains of the 
same sequevar, and no clear correlation was found between the sequevar type and pathogenicity. Using Oxford 
Nanopore sequencing, we analyzed 103 strains of tobacco R. pseudosolanacearum from different geographical 
origins and pathotypes. The pangenome of R. pseudosolanacearum is comprised of 9008 non-redundant genes, 
divided into a core genome (36%), accessory genome (48.7%) and isolate-specific genes (15%). Core genome 
functions were related to oxidation–reduction reaction process and DNA transcription regulation, while the 
accessory genome was linked to DNA recombination, integration, and transposition. SNP analysis revealed an 
average of 36,740 SNP loci per strain, indicating evolutionary purification with ka/ks value below 1. Phylogenetic 
analysis divided 99 strains into 4 main groups, with sequevars correlated to specific branches, reflecting 
evolutionary relationships. We identified 2226 genomic islands across the strains, with each strain containing 18–25 
islands, primarily related to translation regulation, transposition, and transposase activity. Analysis of virulence 
factors using the virulence factors database (VFDB) highlighted 1252 virulence genes within these islands, with a 
significant portion (36.5%) linked to effector transport systems, predominantly the type III secretion system (66.7%). 
Each strain averaged 60 type III effector proteins, with RipBK and RipAZ2 unique to highly pathogenic strains. 
This study provides a comprehensive understanding of pan-genome of R. pseudosolanacearum causing tobacco 
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Introduction
Tobacco bacterial wilt, caused by Ralstonia solanacearum 
species complex (RSSC), is a soil-borne disease that can 
significantly reduce tobacco yield and quality. It can cause 
poverty among farmers, and hinder development of the 
tobacco industry. The pathogen persists in both soil and 
water environments, and retains its pathogenicity even 
without a host plant [1, 2]. Soil contaminated with bac-
teria serves as the primary infection source, with patho-
gens easily spreading through irrigation water, farming 
tools, and crop residues [3]. RSSC can invade host plants 
through natural or mechanical wounds [4]. Once inside, 
it damages xylem tissue, leading to leaf yellowing and 
unilateral wilting, with water-soaked stem spots deep-
ening over time [5]. Tobacco bacterial wilt is widespread 
across China, affecting tobacco-growing areas in 30 prov-
inces. The disease incidence exceeds 30%, and when com-
bined with black shank disease, it can reach up to 75%. 
Continuous planting exacerbates disease rates especially 
in high rainfall areas with elevated field humidity, poten-
tially leading to complete crop failure [6, 7].

Ralstonia solanacearum species complex exhibits a 
broad host range, capable of infecting over 450 plant spe-
cies from 50 families [8]. In China, RSSC is classified into 
five races based on the host plant and symptom severity, 
with race 1 being predominant. Six biovars have been 
identified based on the oxidation of three disaccharides 
(maltose, lactose, cellobiose) and three hexols (manni-
tol, sorbitol, dulcitol) [9]. Most RSSC strains from China 
belong to biovar III, but this classification is insufficient 
for distinguishing strains within biovar II. Therefore, var-
ious techniques are essential to study genetic variation to 
explore the global population dynamics of RSSC. Fegan 
and Prior [10] proposed phylotypes to classify RSSC 
into four types, each nearly corresponding to a distinct 
species or subspecies. Specific primers and phylotype 
primers distinguish these bacterial strains through PCR 
amplification. This classification reflects genetic relation-
ships and associates strain phylotypes with geographical 
origins: Phylotype I (Asian branch); Phylotype II (Ameri-
can branch); Phylotype III (African branch); Phylotype 
IV (Indonesian clade). A taxonomic revision of R. sola-
nacearum by Safni et al. divided the four Phylotypes into 
three distinct species within the RSSC: (1) all phylotype 
II strains belong to R. solanacearum, (2) R. pseudosola-
nacearum includes all phylotype I and III strains, and (3) 
R. syzygii covers all phylotype IV strains [11, 12].

Based on similarity of endoglucanase genes (egl), evo-
lutionary type can be further divided into sequevars. In 

China, 14 sequevars of phylotype I have been reported, 
including variants 12, 13, 14, 15, 16, 17, 18, 34, 44, 48, 54, 
55, and two unidentified sequevars [13]. Two sequevars of 
phylotype II, including sequevars 1 and 7 have also been 
reported [13]. Sequevars 13, 14, 15, 17, 34, 44, 54, and 55 
can infect tobacco [14]. With the widespread application 
of molecular biology and high-throughput sequencing 
technology, the cost of obtaining high-quality bacterial 
genome information has decreased, facilitating research 
on the bacteria at genome level to uncover more infor-
mation on biology and pathogenicity. However, extensive 
structural variation within bacterial genomes and pro-
miscuity among bacterial strains and species can alter 
the standard genomic make-up for any particular spe-
cies, highlighting genomic plasticity and genetic diversity 
among bacteria. Reliance on a single reference genome 
may overlook structural and genetic variation related to 
any particular phenotype. Thus, genetic diversity of RSSC 
associated with tobacco bacterial wilt in China needs to 
be analyzed by pangenomics.

The concept of pangenome analysis was originally 
introduced during a genomic study of Streptococcus aga-
lactiae [15], with the definition of the entirety of genetic 
information within a species rather than for a particular 
or standard genotype. In traditional pangenomic analy-
sis, the core genome comprises genes and gene families 
shared by an evolving lineage, which are essential for 
growth and survival, and the additional genomic informa-
tion (accessory genome) aids in the understanding of spe-
cies diversity and metabolism [16]. Accessory genomes 
consist of genes present in one or more genomes, con-
sidered dispensable but contributing to species diversity 
and adaptation due to their high mobility. Research on 
Bacillus pangenomic differences has emphasized hori-
zontal gene transfer (HGT) as a driver of species adapta-
tion to new niches during evolution [17]. A study of 1311 
Pseudomonas aeruginosa genomes found that gradual 
evolution and HGT significantly contributed to anti-
microbial resistance and virulence mechanisms [18]. A 
study of 96 prokaryotic genomes revealed that approxi-
mately 40% of the genes were associated with metabolic 
functions, significantly expanding biosynthesis potential 
and improving population adaptability through intraspe-
cific metabolite exchange [19]. Studies have shown that 
accessory genomes may evolve faster than core genomes 
[20], leading to greater environmental selection pressure 
on affiliated genomes due to frequent gene transfer and 
acquisition of beneficial genes. A pangenomic study of 
the genome sequences of 131 strains of the RSSC from 

bacterial wilt in China, providing valuable insights into virulence variation and environmental adaptation of the 
pathogen.
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various hosts revealed multiple types of mobile genetic 
elements, which were crucial for enhancing genomic 
plasticity and environmental adaptability [21]. In another 
genomic analysisof eleven RSSC strains, approximately 
82% of metabolic pathways were conserved in core meta-
bolic pathways [22]. However, pangenomic function of 
RSSC associated with tobacco bacterial wilt in China has 
not been explored.

In this study, a total of 204 R. pseudosolanacearum 
strains were isolated from tobacco bacterial wilt samples 
collected across 12 provinces and autonomous regions 
in China. Molecular identification and pathogenic-
ity assays were performed on selected strains to assess 
sequence variation and pathogenicity differences within 
and between the bacterial populations. Pangenomic 
analysis of long-read whole genome sequencing data 
from 103 bacterial isolates revealed genomic diversity, 
enabling insights into the genomic structure, functional 
elements, and SNPs. This allowed further investigation 
into the relationships between SNP variation and popu-
lation evolution. Additionally, the study explored the dif-
ferences in type III effector proteins among pathogenic 
strains, evaluating the correlation between specific type 
III effector proteins and pathogenic types. These findings 
provide a comprehensive understanding of pangenomic 
characteristics of the R. pseudosolanacearum caus-
ing tobacco bacterial wilt in China, providing valuable 
insights into molecular variation, population variation, 
and establishing a basis for scientific strategies for disease 
management.

Results
Isolation and identification of Ralstonia strains from 
diseased tobacco
A total of 204 strains were isolated from main tobacco-
growing regions across Southeast China (Fujian, Anhui, 
Zhejiang, Guangdong and Jiangxi provinces), Southwest 
China (Yunnan, Sichuan, Guizhou and Guangxi Zhuang 
Autonomous Region), the middle and upper reaches 
of the Yangtze River (Hubei, Hunan and Chongqing 
Municipality) and Huanghuai tobacco-producing region 
(Henan Province) (Table S1). On 2,3,5-Triphenyl-tetra-
zolium chloride (TTC) medium, colonies of the isolated 
strains showed low motility and poor light transmission, 
with a pink center and a milky white periphery, lacking 
significant protrusion (Fig. S1A). On Nutrient Agar (NA) 
medium, colonies were also milky white with low motility 
and no significant protrusion (Fig. S1B). These morpho-
logical traits were consistent with typical characteristics 
of RSSC from tobacco. To confirm the identification, two 
pairs of species-specific primers (759/760 and Rsol-flic-
F/R, Table S2) of RSSC were used for PCR amplification 
of genomic DNA from the 204 isolates. The amplification 
yielded bands of 280  bp and 480  bp, respectively (Fig. 

S2A, B), confirming that all 204 isolates could be identi-
fied as RSSC.

Identification of phylotype, sequevar and biovar of 
Ralstonia strains from tobacco
Multiplex PCR amplification with primers specific to four 
different phylotypes (Table S2) and species-specific prim-
ers 759/760 was performed on the genomic DNA of the 
204 Ralstonia strains, yielding two bands of 144 bp and 
280  bp (Fig. S2C). These results confirmed that all iso-
lates belonged to phylotype I of the Asian origin, which 
are classified as R. pseudosolanacearum.

To analyze the sequevar of these strains, the egl 
sequences of all 204 strains were obtained after PCR 
amplification and sequencing of genomic DNA using the 
primers Endo-F and Endo-R (Table S2). A phylogenetic 
analysis of the egl gene sequences from 204 strains, along 
with 34 reference strains, was performed to construct a 
phylogenetic tree. The analysis identified seven sequence 
variants (sequevars), designated as 13, 14, 15, 17, 34, 44 
and 54, which constituted approximately 2.5%, 5.4%, 
34.3%, 27.5%, 3.9%, 26% and 0.5% of the total strains, and 
sequevar 15 emerged as the most prevalent (Fig. 1A).

To determine the biovar, these strains were inoculated 
into six biochemical media containing cellobiose, malt-
ose, lactose, mannitol, sorbitol or dulcitol, and the utili-
zation of these organic compounds was assessed based 
on oxidation activity and acid production. The results 
showed that a color change from blue to yellow in the 
biochemical medium indicated the effective utilization 
of all six substrates confirming that all 204 R. pseudoso-
lanacearum isolates from tobacco belonged to biovar III 
(Fig. S3).

In sequevar analysis, seven sequevars were identified in 
the middle and upper reaches of the Yangtze River, which 
have the largest number of sequevars among different 
tobacco-growing regions of China. Sequevars 13 and 
14 were exclusively identified in the middle and upper 
reaches of the Yangtze River and the southwest tobacco-
growing region, while sequevar 54 was unique to the 
middle and upper reaches of the Yangtze River (Fig. 1B). 
Thus, the distribution of sequevars varied significantly 
among provinces and autonomous regions.

R. pseudosolanacearum isolates from tobacco exhibit high 
variability in virulence
Based on ecological characteristics of different tobacco-
growing regions, as well as location, 63 isolates were 
randomly selected for pathogenicity testing. Each iso-
late was inoculated onto three tobacco varieties, Hong-
huadajinyuan (susceptible), K326 (moderately resistant) 
and Yanyan 97 (resistant), and the area under the disease 
progress curve (AUDPC) was calculated for each iso-
late on all three tobacco varieties based on the disease 
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incidence at these time points (Table S3). The virulence 
of 63 R. pseudosolanacearum strains was then ana-
lyzed by systematic clustering based on AUDPC values 
(Fig. 1C). Pathogenic types were classified into three cat-
egories: strong, medium, and weak.

The weakly pathogenic type (W), with 21 strains (33.3% 
of the total) was isolated from tobacco-growing regions 
in southeast, southwest, and the middle and upper 
reaches of Yangtze River. The weakly pathogenic strains 
inoculated into Honghua Dajinyuan resulted in a disease 
index ranging from 41.7–100, with an average of 81.9. 
The AUDPC values were between 7.2–19.5, with an aver-
age of 11.7. In K326, the weakly pathogenic strain pro-
duced a disease index ranging from 20.8–88.9, with an 
average of 66.8, and AUDPC values between 2.4–14.2, 
with an average of 9.3. Finally, in Yanyan 97, the weakly 
pathogenic strain resulted in a disease index ranging 
from 0–52.8, with an average of 27.1, and the AUDPC 
values from 0–13.0, with an average of 3.3.

Medium pathogenic strains (M), comprising 24 
strains (38.09%), were collected from southeast, south-
west, Huanghuai area, and middle and upper reaches 
of the Yangtze River. The moderately pathogenic strain 

inoculated into Honghua Dajinyuan resulted in a dis-
ease index ranging from 79.2–100, with an average of 
97.2, and AUDPC values were between 13.5–21.3, with 
an average of 17.7. When inoculated onto K326, the 
moderately pathogenic strain produced a disease index 
of 34.7 to 100, with an average of 87.4, and the AUDPC 
values ranged from 11.7 to 21.3, with an average of 15.5. 
For Yanyan 97, disease index for the moderately patho-
genic strain varied between 3.9–100, averaging 50.5, with 
AUDPC values ranging from 1.8–13.0, with an average of 
7.0.

Strongly pathogenic type (S), totaling 18 (28.57%), 
also originated from these regions. The disease index for 
the strongly pathogenic strain inoculated into Honghua 
Dajinyuan ranged from 97.2–100, with an average of 99.8. 
The corresponding AUDPC values ranged from 18.6–
22.1, with an average of 20.2. For the highly pathogenic 
strain inoculated into K326, the disease index ranged 
from 83–100, with an average of 97. The AUDPC values 
were between 12.5 and 21.4, with an average of 18.8. In 
the case of Yanyan 97, the disease index for the highly 
pathogenic strain ranged from 59.7–100, averaging 85.7, 

Fig. 1  Genetic analysis of RSSC isolates causing tobacco bacterial wilt in China. A Phylogenetic tree of the 204 isolates of RSSC based on partial egl gene 
sequences. The tree was generated using the Neighbor-Joining (NJ) method in MEGA version 10.0.5. Symbol “●” represents reference strains, and the 
other nodes represent the 204 isolates of RSSC from tobacco; B The number of sequevars in each province and autonomous region. Different colors 
indicate the abundance of sequevars, with darker colors signifying a greater abundance. This distribution reflects the genetic diversity of RSSC across dif-
ferent regions; C Systematic clustering of different pathotypes of RSSC isolates. In pathogenicity assays, the 63 strains of RSSC were inoculated onto three 
varieties of tobacco (Honghuadajinyuan, K326 and Yanyan 97). Based on disease index of the three varieties of tobacco on the 10th, 12th, 15th, 20th, 25th, 
and 30th days, the Area Under the Disease Progress Curve (AUDPC) was calculated. Colors indicate pathotype strength: red for strong pathotype, green 
for medium pathotype, and blue for weak pathotype
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and the AUDPC value spanned 10.7–19.5, with an aver-
age of 14.1.

All three pathogenic types were present in the south-
east, southwest, and middle and upper reaches of the 
Yangtze River. Notably, 61.11% (11/18) of the strong 
pathogenic strains were isolated from the southwest 
tobacco-growing areas, indicating that highly pathogenic 
strains dominate these regions.

Genomic characteristics of R. pseudosolanacearum isolates 
from tobacco in China
After genome sequencing and quality control, the assem-
bled clean data yielded the complete genome of tobacco 
R. pseudosolanacearum. The genome sizes of the 103 R. 
pseudosolanacearum strains ranged from 5,551,041  bp 
to 6,041,745  bp. The GC content spanned a range from 
66.8% to 67.2%, with an average of 66.9%. The genome 

consisted of a chromosome and a megaplasmid. The 
GC content of chromosome averaged 66.8%, while the 
megaplasmid had an average GC content of 67.1%. Cod-
ing gene counts ranged between 4,778 and 5,724 per 
strain. The gene-coding region accounted for an aver-
age of 85.8% of the entire genome, ranging from 84.8% 
to 86.2%. Average Nucleotide Identity (ANI) analysis 
was performed between the reference genome GMI1000 
and the genome sequences of 103 tobacco R. pseudo-
solanacearum strains. An ANI above 95% served as 
the standard for classifying them as the same species. 
Our findings showed that ANI values of all 103 strains 
exceeded 98% when compared to GMI1000 (Fig.  2A, 
Table S4), as well as among themselves, confirming that 
all tested strains belong to the same species as GMI1000.

The genomes of 103 tobacco R. pseudosolanacearum 
strains varied in size, with the largest being HBES4 

Fig. 2  Pan-genomic analysis of R. pseudosolanacearum isolates causing tobacco bacterial wilt in China. A Heat map of Average Nucleotide Identity (ANI) 
comparative analysis of the 103 R. pseudosolanacearum strains with reference strain GMI1000. Red represents the lowest average nucleotide consistency 
of 98.8% among the strains of R. pseudosolanacearum. When the color is lighter, the average nucleotide consistency among strains is higher. An arrow 
indicates the reference strain GMI1000; B Pan-genomic structure of the population of the R. pseudosolanacearum isolates from tobacco. The pangenome 
flower plot shows the core genome and unique genes for each strain, with different colors corresponding to different strains; C Gene accumulation 
curves for the pangenome; D Core gene solution curves for the pangenome. The calculative sizes were determined by selecting strains without replace-
ment in random order for 1,000 times; E Phylogenetic tree constructed using the core genome by the Neighbor-Joining method with 5,000 bootstraps. 
The black bold lines represent 10 reference isolates from different species in the R. solanacearum species complex
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(6,041,745  bp), isolated from the middle and upper 
reaches of the Yangtze River tobacco-growing region, 
and the smallest being JXFZ1 (5,551,014  bp) isolated 
from the Southeast tobacco-growing region. The size 
difference between these two genomes was 490,740  bp, 
accounting for over 8% of a whole genome. Even among 
strains isolated from the same field, significant differ-
ences in genome size were observed. Among the seven 
strains isolated from Enshi County, Hubei Province, the 
genome size of HBES4 was the largest among all isolates. 
The genome sizes of the remaining six strains from that 
county were ranked 43, 44, 47, 48, 50 and 78 among the 
103, with a maximum variation of 239,391  bp between 
them. These results indicate that genome sizes and struc-
tures of R. pseudosolanacearum isolates associated with 
tobacco bacterial wilt are diverse in different locations of 
China.

Pangenomic structures of tobacco R. pseudosolanacearum
In Orthologous gene cluster analysis of the 103 strains, 
the composition of core genome, accessory genome, and 
strain-specific genes of tobacco R. pseudosolanacearum 
was determined (Fig. 2B). The core genome consisted of 
conserved genes and gene families present in all bacterial 
isolates (3,269 non-redundant genes), while the accessory 
genome contained genes shared by at least two isolates 
(4,385 genes), and strain-specific genes, unique to indi-
vidual strains, accounted for 1,354 genes. Strain-specific 
genes along with the accessory genome form the dis-
pensable genome. When combined together, there were 
532,461 genes across all 103 genomes, but the pange-
nome consisted of 9,008 unique genes. Among these iso-
lates, CQFL from Sichuan Province contained the most 
strain-specific genes (226), followed by YNLC1 in Yun-
nan Province with 175 specific genes. The core genome 
accounted for 36.3% of the pangenome, while the dis-
pensable genome made up 63.7%, with 48.7% attributed 
to the accessory genome, and 15.0% to strain-specific 
genes.

By fitting the pangenomic accumulation curve and 
core genome reduction curve of tobacco R. pseudoso-
lanacearum, we found that both curves conformed to 
Heap’s law (n = kNγ) pangenomic model: addition of new 
sequenced bacterial isolates to the pangenome resulted 
in a continuous increase in non-redundant gene set 
(Fig. 2C). When the genome of the 25th newly sequenced 
strain was added, the pangenome exhibited a logarithmic 
increase in non-redundant genes, maintaining a rapid 
growth. Subsequently, as more genomes were included 
up to all 103 strains, the growth rate of non-redundant 
genes slowed but continued to show an increasing trend, 
confirming the open nature of the pangenome.

With continuous addition of newly sequenced 
genomes, most initially conserved core genes were still 

found to be present across all strains. As more R. pseu-
dosolanacearum genomes were added, some homologous 
genes present in earlier genomes, transitioned from core 
genes to accessory genes as they were no longer found in 
all strains. The number of core genes decreased to 3,269 
upon inclusion of all 103 strain genomes (Fig. 2D). This 
indicated that tobacco R. pseudosolanacearum strains 
from different locations in China might exhibit high 
genetic variability.

To clarify the taxonomic status of tobacco-infecting 
Ralstonia strains in China, the genomes of 10 reference 
strains representing different phylotypes within RSSC, 
along with 103 tested strains of tobacco-infecting Ral-
stonia strains were subjected to phylogenetic analyses. 
A core genome phylogenetic tree was constructed based 
on 113 single-copy core genes of R. pseudosolanacearum, 
revealing two distinct branches. The first branch was 
comprised of the 103 tobacco Ralstonia strains along 
with reference strains GMI1000, RS 476, and FQY_4, all 
classified as R. pseudosolanacearum. The second branch 
included the strains CMR15, Po82, and UW163, classi-
fied as R. solanacearum, along with LLRS1 (R. syzygii), 
MGYGHGUT (R. pickettii), and SN82F48 (R. mannito-
lilytica) (Fig. 2E).

Functional annotation of the pangenome of tobacco R. 
pseudosolanacearum
To investigate the primary functions of the core genome, 
accessory genome, and specific genes of R. pseudosola-
nacearum, COG functional annotation was conducted 
for each component of the pangenome (Fig.  3A). A 
total of 9,008 genes within the tobacco R. pseudosola-
nacearum pangenome were categorized into 20 COG 
functional groups out of a maximum 21 categories. The 
core genome was associated with 13 functional catego-
ries, primarily related to translation, ribosome structure 
and biosynthesis. In contrast, the accessory genomes 
were linked to 11 functional categories, and also cen-
tered around translation, ribosome structure and biosyn-
thesis. Notably, a higher proportion of genes in the core 
genome were annotated for these functions compared to 
those in the entire accessory genome. Specific genes were 
classified into 20 functional categories, with predomi-
nant functions including replication, recombination, and 
repair, translation, functional correlation of mobile ele-
ments (prophage and transposon).

The GO function annotation of 9,008 genes in the 
pangenome of R. pseudosolanacearum was performed 
(Fig.  3B), and the results were classified into three cat-
egories: biological processes, cellular components, and 
molecular functions. The core genome was primarily 
associated with biological process such as transcriptional 
regulation, transport, and signal transduction. Addi-
tionally, cell membrane and intracellular components 



Page 7 of 15Kang et al. BMC Microbiology          (2025) 25:775 

were found to be involved. For molecular functions, 
ATP binding was linked to oxidoreductase activity. The 
accessory genomes was associated mainly with DNA 
recombination, integration, and transposition in biologi-
cal processes. It also included functions related to the 
cell membrane and inner membrane. Molecular func-
tions showed correlations with the binding of specific 
sequence DNA and transcription factor binding activity. 
The specific genes were primarily linked to the functions 
of redox processes and transcriptional regulation within 
biological processes. The functions of cell components 
such as membrane and intima are related. Functions 
related to membranes and intracellular components were 
also observed. Additionally, molecular functions revealed 
correlations with the binding of specific sequence DNA 
and the binding activity of specific sequence transcrip-
tion factors. More genes related to DNA recombina-
tion, integration and transposition were annotated in the 
accessory genome, probably associated with DNA rear-
rangement and gene sequence transposition caused by 
transposons occurring more frequently in the accessory 
genome. This higher frequency of transposon activity 

may explain the increased mutation rate in the accessory 
genome of tobacco R. pseudosolanacearum.

The pangenome was subjected to KEGG functional 
annotation of all 9,008 genes (Fig.  3C, D). The results 
showed that both the core and accessory genomes were 
linked to metabolism, genetic information processing, 
environmental signal recognition, cell components, bio-
logical systems, and human diseases. The core genome's 
KEGG annotation highlighted carbohydrate metabo-
lism, amino acid metabolism, energy metabolism, lipid 
metabolism and secondary metabolites synthesis under 
"metabolism", signal transduction and membrane trans-
port under "environmental signal processing" and cellular 
community under "cellular process" (Fig. 3C). Moreover, 
the KEGG annotation of the accessory genome focused 
on amino acid metabolism, carbohydrate metabolism, 
and xenobiotics biodegradation and metabolism within 
"metabolism", membrane transport within "environmen-
tal signal processing" and cell mobility and prokaryotic 
community within the "cellular process" (Fig. 3D).

Fig. 3  Function annotation of core, accessory and specific genes in genomes of of R. pseudosolanacearum isolates causing tobacco bacterial wilt in China. 
A COG function annotation of core, accessory, and specific genes. The Clusters of Orthologous Groups (COG) database was used to annotate the func-
tions of these genes, providing insights into their roles in various biological processes; B GO function annotation of core, accessory, and specific genes. 
The Gene Ontology (GO) database was used to annotate the core, accessory, and specific genomes. The annotations were categorized under Biological 
Processes, Cellular Component, and Molecular Functions, with a maximum of 10 terms displayed for each category; C KEGG pathway function annotation 
of core, accessory, and specific genes. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the core and accessory ge-
nomes. The annotations were categorized under Metabolism, Genetic Information, Environmental Information, Cellular Information, Organismal System, 
and Human Diseases, with a maximum of 10 pathways displayed for each category
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Analysis of SNP loci of tobacco R. pseudosolanacearum
Using the GMI1000 genome as reference, the genomes 
of 103 strains were each compared to the reference 
genome, yielding comprehensive SNP loci data. A total 
of 3,645,466 SNPs were predicted, with an average of 
36,740 SNPs per strain. Among these, 84.73% of SNPs 
were located in protein-coding genes, and 57.49% of 
these mutations were synonymous (Fig.  4A, B). Further 
analysis of SNPs frequency within coding genes revealed 
that most coding genes contained fewer than 50 SNPs 
(Fig.  4C). The Ka/Ks ratio for nearly all coding genes 
was less than 1, suggesting that the genome of R. pseu-
dosolanacearum primarily underwent purifying selection 
(Fig. 4D).

Among 103 strains of R. pseudosolanacearum, 99 
strains were selected to construct the SNP phylogenetic 
tree based on their genome SNPs loci (Fig.  4E). The 
topology of the phylogenetic tree revealed that all isolates 
clustered into four groups, with similar sequence vari-
ants defining each group. The red, green, purple and blue 
groups were primarily represented by sequevars 17, 15, 
34 and 44, respectively. The genetic evolutionary relation-
ship among R. pseudosolanacearum strains, as reflected 
by the SNPs phylogenetic tree exhibited high similarity 
with the sequevars identified by the egl gene. However, 
sequevars 15 and 44 were also present in a branch pre-
dominantly composed of sequevar 17, and sequevars 14, 

15, and 17 were found within a branch largely formed by 
sequevar 44.

Identification of genomic islands (GIs) from tobacco R. 
pseudosolanacearum
Genomic islands (GIs), which are mobile genetic ele-
ments, play a crucial role in the adaptive evolution of 
bacterial populations and the acquisition of genes related 
to survival. A total of 2,226 GIs were predicted in 103 
strains of R. pseudosolanacearum, with each strain con-
taining an average of 22 GIs. These islands ranged in 
length from 3,144 bp to 59,034 bp, with an average length 
of 14 kb and an average GC content of 63.7%. The num-
ber of encoded genes varied among the genomic islands.

To further explore the function of the GIs in R. pseu-
dosolanacearum, gene annotation was conducted using 
COG, GO and KEGG databases. Functional annotation 
of 2,226 GIs containing coding genes revealed that host-
associated prophage and transposon functions accounted 
for the largest proportion at 17.5%, followed by tran-
scription. Additionally, genes related to replication, and 
recombination and repair represented 11.3% and 8.8% of 
all annotated genes, respectively (Fig. 5A).

GO functional annotation of these 2,226 GIs was cat-
egorized into three groups: biological processes, cel-
lular components, and molecular functions. Biological 
processes were mainly divided into DNA-mediated 
transposition and translation regulation. In the cellular 

Fig. 4  SNP analysis in the genomes of R. pseudosolanacearum isolates from tobacco. A Proportion of SNPs occurring in coding and non-coding regions 
of the genome. This panel shows the distribution of SNPs across different genomic regions, highlighting the relative abundance of SNPs in coding versus 
non-coding areas; B The proportion of different types of SNPs in the gene coding region. This panel categorizes SNPs based on their type (e.g., synony-
mous, non-synonymous) within the coding regions, providing insights into the nature of genetic variation; C Frequency distribution of SNPs in coding 
genes. This panel presents the frequency of SNPs across coding genes, showing how SNPs are distributed among different genes and their potential 
impact on gene function; D Ka/Ks frequency distribution map. This panel shows the ratio of non-synonymous to synonymous substitutions (Ka/Ks) across 
the genome, which can indicate regions under positive selection, neutral evolution, or purifying selection; E Phylogenetic tree constructed based on 
whole-genome SNPs. The dendrogram was generated by MEGA version 10.0.5 using the Neighbor-Joining (NJ) method. Sequevars 13, 14, 15, 17, 34, and 
44 are represented by yellow, grey, green, red, purple and blue, respectively
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components category, functions were associated with 
intracellular substances and plasma membrane; in 
molecular functions, genes were linked to DNA binding 
and transposon activity (Fig. 5B).

Functional annotation of genes carried by 2,226 GIs 
was conducted using the KEGG database. The results 
demonstrated that the GIs contained genes involved 
in metabolism, genetic information processing, envi-
ronmental information processing, cellular processes, 
organic systems, and human diseases. Notably, over 50% 
of the genes were associated with metabolic pathways, 
which mainly includes energy metabolism, amino acid 
metabolism and secondary metabolic pathways, such as 
symbiotic factors and vitamins. Additionally, 712 genes 
were implicated in signal transduction in environmental 
information processing (Fig. 5C).

Bacterial GIs typically harbor virulence factors. Based 
on matches with virulence factors database (VFDB), 10 
virulence factors were identified within the 2,226 GIs, 
encompassing 1,252 genes related to virulence. The 
number of virulence factors associated with the effec-
tor transport system reached 457, representing 36.5% 
of all virulence factors identified in GIs, with the major-
ity linked to the type III secretion system (305/457) 
(Fig. 5D).

Analysis of type III effectors from tobacco R. 
pseudosolanacearum
Tobacco RSSC possesses a diverse range of virulence fac-
tors, and numerous studies have demonstrated the signif-
icant role of Type III effectors in the interaction between 
tobacco and RSSC. Prediction from the Type III effector 
protein database identified 90 types of type III effector 

Fig. 5  Analysis of genomic islands (GIs) and type III effectors of R. pseudosolanacearum isolates from tobacco. A COG function annotation of genes be-
longing to 2226 GIs. The Clusters of Orthologous Groups (COG) database was used to annotate the functions of genes within the 2226 genomic islands, 
providing insights into their roles in various biological processes; B GO function annotation of genes belonging to 2226 GIs. The genes within the 2226 
genomic islands were annotated based on the Gene Ontology (GO) database. The annotations are categorized under Biological Processes, Cellular Com-
ponent, and Molecular Functions, with a maximum of 10 terms displayed for each category; C KEGG pathway function annotation of genes belonging to 
2226 GIs. The annotations are categorized under six main pathways: Metabolism, Genetic Information, Environmental Information, Cellular Information, 
Organismal System, and Human Diseases, with a maximum number of pathways displayed for each category; D Function annotation of virulence factors 
of genes belonging to 2226 GIs. The genes within the 2226 genomic islands were annotated based on the Virulence Factor Database. This panel provides 
insights into the virulence factors associated with these genes, highlighting their potential roles in pathogenicity; E Number of type III effectors in dif-
ferent pathotypes. Different colors signify different pathotype strains, and overlapping types indicate type III effectors shared by different pathogenic R. 
pseudosolanacearum strains
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proteins across 103 strains of R. pseudosolanacearum, 
averaging 60 types per strain. This suggests that certain 
effector proteins are not universally present in all bacte-
rial isolates.

The association between these specific effectors and 
pathogenicity among bacterial isolates was analyzed in 
more detail in three representative isolates. The results 
revealed 88 type III effector proteins from three patho-
genic strains, with 80 effector proteins being common 
among them (Fig.  5E). The weakly pathogenic strains 
did not exhibit any specific Type III effector proteins. In 
contrast, the virulent strains exhibited unique type III 
secreted effector proteins, namely RipBK and RipAZ2. 
Additionally, RipS6 and RipG4 were identified as specific 
effector proteins. The highly and moderately pathogenic 
strains contained three other type III effector proteins 
(RipG3, RipBO and RS_T3E_Hyp18). These results indi-
cate that some specific type III effectors might be the 
key factors involved in virulence level of R. pseudosola-
nacearum from different tobacco-planting locations in 
China.

Discussion
The expansion of tobacco bacterial wilt, caused by RSSC, 
into northern regions presents a growing concern for 
tobacco cultivation, particularly in the context of global 
warming and changes in the tobacco planting system. 
Our study isolated 204 R. pseudosolanacearum strains 
from 12 provinces and cities in China, with the major-
ity originating from warm tropical low latitudes. Nota-
bly, the isolation of strains from high latitudes, such as 
Xinyang and Zhumadian in Henan Province, suggests 
an alarming trend of northward expansion, which aligns 
with previous reports on the changing distribution pat-
terns of the pathogen [13, 23]. The predominant biovar 
of RSSC infecting tobacco in China has been type III. 
However, infection caused by biovars I, II, and IV has 
also been reported [13]. In our study, all 204 R. pseudo-
solanacearum strains isolated from tobacco were identi-
fied as biovar III with no other biovars detected. These 
findings confirm the dominance of biovar III in the RSSC 
populations affecting tobacco in China. In this study, dif-
ferent phylotypes of RSSC correspond to different geo-
graphical origins. It provides insight into the relationship 
between genetic variation and geographical distribution 
during genome evolution [24]. All 204 strains of RSSC 
were classified as phylotype I (R. pseudosolanacearum) 
through PCR primers which can distinguish biovars and 
phylotypes, and aligned with the phylotype reported for 
Japanese tobacco isolates [25]. However, reports indicate 
that phylotype assignments do not always align with spe-
cific geographical origins [26], which may result from the 
spread or mutation of RSSC through international trade.

At least 19 sequevars of RSSC have been identified in 
China, and sequevars 13, 14, 15, 17, 34, 44, 54, and 55 are 
capable of infecting flue-cured tobacco [14, 27]. The dis-
tribution of sequevar 15 was predominantly observed in 
low altitude regions, whereas sequevar 54 was exclusively 
present in high altitude areas [14]. In this study, seven 
distinct sequevars were identified, with sequevar 15 rep-
resenting the dominant population, consistent with pre-
vious studies [14]. However, sequevar 55, which is also 
capable of infecting flue-cured tobacco, was not found in 
this study. This absence may be due to the predominance 
of disease samples collected in low-altitude tobacco-
planting areas, coupled with a relatively small number of 
isolates collected from Yunnan-Guizhou Plateau region.

In the identification of pathogenicity among strains iso-
lated from various tobacco-planting regions in China, we 
observed that three distinct pathogenic strains were pres-
ent in the middle and upper reaches of the Yangtze River, 
as well as in the southwest and southeast tobacco-plant-
ing regions. This indicated a diverse distribution of differ-
ent pathogenic strains within tobacco-growing regions. 
Among the strong pathogenic strains isolated from the 
southwest tobacco-planting region, they represented 61% 
of R. pseudosolanacearum, suggesting that the pathoge-
nicity in this area may be greater than in others, such as 
the southeast and Huanghuai areas or those along the 
Yangtze river. This observation implies potential varia-
tions in the pathogenicity of R. pseudosolanacearum 
from different geographical sources.

In this study, pangenome sequencing analysis from 103 
strains of R. pseudosolanacearum from tobacco revealed 
that the functions of the core genome were mainly asso-
ciated with redox and transcriptional regulation, consis-
tent with previous reports on core genome functionality 
[16]. Genomic variations associated with recombinant 
DNA and repair functions are significantly enriched in 
the accessory genome [28], which further illustrates the 
role of frequent variation in affiliated genes as a driving 
force for evolution within RSSC. Additionally, the open 
pangenome structure of this species highlights its consid-
erable evolutionary potential and high genomic plasticity 
[29]. Our results confirmed the conclusion and indicated 
that tobacco R. pseudosolanacearum might have strong 
ability to adapt to environmental change. We conducted 
an analysis of the evolutionary pressure on genes of 
R. pseudosolanacearum from tobacco in China and 
observed that the Ka/Ks ratio of the majority of protein-
coding genes in the genome was less than 1, indicating 
purifying selection. Previous studies have identified two 
homologs of the WRKY gene family in Populus, desert 
and salt-sensitive, that showed adaptive evolution under 
salt stress and were important for high salt tolerance [30].

This study analyzed the genetic evolution of R. pseu-
dosolanacearum in China utilizing SNP loci within the 
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genome to construct a phylogenetic tree. In this study, 
the cross-distribution indicated that genetic variation 
within R. pseudosolanacearum was mainly captured 
through egl gene analysis. However, SNPs across entire 
bacterial genomes introduced more extensive variations, 
meaning that phylogenetic trees based on whole genome 
SNPs provided a more precise reflection of evolutionary 
relationships than those based on single-gene markers 
such as egl. The abundance of SNP loci in the bacterial 
genome facilitates a comprehensive understanding of sin-
gle nucleotide mutation-induced variations and genetic 
distance. A phylogenetic tree based on whole-genome 
SNPs provides greater resolution compared to the trees 
derived from conserved single or multiple genes such as 
egl, mutS, and gdhA. However, factors influencing the 
genetic evolution of RSSC likely extend beyond single 
nucleotide mutations. Large insertions or deletions may 
also significantly impact genome size and gene expres-
sion. When the Ka/Ks ratio exceeds 1, it reflects strong 
positive selection acting on the gene, highlighting ongo-
ing rapid evolution [31]. In this study, a few coding genes 
exhibited a Ka/Ks ratio greater than 1, which might indi-
cate positive selection with beneficial non-synonymous 
mutations retained through natural selection. This sup-
ports the hypothesis that the functions of these positively 
selected genes may play a crucial role in bacterial survival 
and evolution. However, further research is needed into 
these specific genes and their effects on survival.

Horizontal gene transfer was found to occur frequently 
in the dispensable genome, making it the most dynamic 
and mobile part of the species genome. This process not 
only contributed to fluctuations in genome size but also 
played a crucial role in driving the evolutionary adapt-
ability of the population. In this study, the pangenome 
analysis revealed a high proportion of accessory genes 
in R. pseudosolanacearum, highlighting its active inter-
action with the surrounding environment and potential 
for enhanced environmental adaptability. It is consistent 
with the conclusion of previous report [21]. Furthermore, 
the identification of specific genes in different strains 
suggested distinct genomic variations that may confer 
environmental adaptability advantages to certain strains 
in their particular environments.

The GIs are widely distributed in RSSC, leading to fre-
quent gene gain and loss, which enhances the genome’s 
adaptability and competitiveness in specific ecologi-
cal niches [32]. Previous studies have identified 21 GIs 
in strain CQPS-1 of RSSC isolated from a continuous 
cropping area of tobacco [24]. In our study, we further 
explored the GIs present in 103 R. pseudosolanacearum 
strains, specifically focusing on the CQPS-1 strain, 
revealing that each strain contained between 18–25 GIs. 
Furthermore, we identified 10 types of virulence factors 
within these GIs, which may have a significant effect on 

transport systems. Earlier findings suggested that bacte-
ria frequently acquire virulence factors and drug resis-
tance genes via GIs [33]. This indicates that pathogenic 
virulence factors encoded by GIs may play a critical role 
in disease promotion among tobacco plants.

In previous studies, the tobacco RSSC pangenome in 
China contained various virulence factors, including 
the type II secretion system, which produces extracel-
lular enzymes such as cellulase that facilitate the infec-
tion process [34, 35]. The Type VI secretion system is 
also reported to be significant for pathogen colonization 
within the host [34]. The functionality of these secretion 
systems relies on the conserved protein TssM, which 
promotes protein transport across the membrane [36]. 
In this study, we identified 103 R. pseudosolanacearum 
strains that exhibited type III effector proteins, along with 
unique strain-specific proteins. We also identified type III 
effector proteins in different strains with their pathogenic 
types. Notably, RipBK and RipAZ2 are particularly asso-
ciated with strong pathogenic strains. Importantly, these 
two effectors were not detected in GMI1000, CFBP2957, 
CMR15, Po82 and PSI07 strains, and their specific func-
tion remains to be elucidated. Moreover, RipBO has been 
previously referred to as Hyp16 [37], but no studies have 
connected it to pathogenicity. Additionally, RipS6 has 
been implicated in potentially reducing the virulence of 
R. solanacearum from potato showing a greater num-
ber of missense mutations compared to GMI1000 [38]. 
RipS6 belongs to the SKWP family, while both RipG3 
and RipG4 are part of the GALA protein family, which 
includes F-box and leucine-rich repeats. The functions 
of RipBK and RipAZ2 remain unclear. While the knock 
out of any single effector protein does not impact the 
virulence of Pseudomonas aeruginosa [39], the simul-
taneous knock out all seven effectors from this family 
significantly reduces the pathogenicity of Pseudomonas 
aquatilis. Lastly, the role of RS_T3E_Hyp18 in pathogen-
esis remains unclear, despite being identified as a puta-
tive protein. While biological functions of many effectors 
have been ascertained, there are still some unidentified 
T3Es, and as well, their functions undetermined.

In conclusion, pan-genome analysis of high-quality 
whole-genome sequencing data from 103 R. pseudo-
solanacearum strains causing tobacco bacterial wilt 
in China revealed genomic variations among different 
strains, with detailed analysis of genome structure and 
functional annotation. Single nucleotide polymorphism 
(SNP) loci were identified in R. pseudosolanacearum, 
elucidating the relationship between SNP variations and 
population evolution. The study further investigated dif-
ferences in genomic islands and type III effectors among 
strains with varying pathogenicity levels. These com-
prehensive investigations provide valuable insights into 
the pan-genome characteristics of Chinese tobacco R. 
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pseudosolanacearum populations, facilitating in-depth 
analysis of molecular variations and population evolu-
tion and laying a foundation for developing scientific and 
rational disease control strategies.

Materials and methods
Isolation of RSSC causing tobacco bacterial wilt
From 2022 to 2023, infected stems of tobacco exhibiting 
bacterial wilt symptoms were obtained from the South-
east tobacco-growing region of China (Fujian, Anhui, 
Zhejiang, Guangdong and Jiangxi provinces), the South-
west region (Yunnan, Sichuan, Guizhou and the Guangxi 
Zhuang, Autonomous region), the Yangtze River region 
(Hubei, Hunan and Chongqing) and the Huanghuai 
region (Henan province). Tobacco stem samples with 
typical necrotic lesions were cut to 8  cm and stored at 
4 °C.

Isolation of RSSC was conducted using the serial dilu-
tion method. The surface of infected tobacco stems were 
cleaned with water, dried, disinfected with 75% ethanol 
for 30 s, and sliced vertically along the junction between 
diseased and healthy tissues (with sections no more than 
1 cm thick). The tissues were soaked in sterile water for 
at least 2  h. The resulting leachate was diluted to 10–6 
and 10–7 concentrations under sterile conditions. Finally, 
a 5–10 μL sample of the diluted solution was taken and 
spread on selective TTC or NA media. The plates were 
incubated at 28 ± 2 °C for 3–5 d.

Identification of RSSC strains from tobacco
Bacterial genomic DNA was extracted from infected 
tobacco stems using the TIANamp Bacteria DNA Kit 
(DP302, China) according to the manufacturer’s protocol. 
The specific amplification of RSSC DNA was performed 
in a MyCycler™ Thermal Cycler (Bio-rad, Hercules, CA) 
using two specific primers, 759/760 and Rsol-flic-F/Rsol-
flic-R (Table S2) [40, 41]. The PCR reaction conditions 
were: 95℃ for 5  min; 30 cycles of 95℃ for 30  s, 58℃ 
for 30 s, and 72℃ for 15 s; 72℃ for 5 min; and 4℃ for 
2  min. PCR products were detected by 1% agarose gel 
electrophoresis.

The phylotype identification of the RSSC strains was 
carried out using a phylotype multiplex PCR, which 
involved 759/760 primers along with Nmult21:1F/
Nmult22:RR, Nmult21:2F/Nmult22:RR, Nmult23:AF/
Nmult22:RR or Nmult22: InF/Nmult22:RR primers 
(Table S2) [10]. The PCR reaction conditions and gel 
electrophoresis were the same as described above.

For sequevar identification, the egl gene sequence of 
the RSSC strains was amplified using Endo-F/R prim-
ers (Table S2) [10]. PCR products were sequenced by the 
AOKE Biological Technology Company (Wuhan, China). 
For reference strains, 34 previously identified sequevar 
(including 4 phylotypes and 27 sequevars) were obtained 

from GenBank. The phylogenetic tree was constructed 
using MEGA10.0.5 software (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​e​g​a​s​o​f​t​w​a​r​
e​.​n​e​t​/) with the Neighbor-joining (NJ) method, and ​b​o​o​
t​s​t​r​a​p analysis was performed based on 5000 replicates. 
Sequevars were defined after isolates were grouped with 
reference isolates with strong bootstrap support.

For biovar identification, the tested strains were inocu-
lated into six biochemical media containing cellobiose, 
maltose, lactose, mannitol, sorbitol or dulcitol, and incu-
bated at 28 ± 2 °C for 21 d. The biochemical type of RSSC 
was determined by assessing the oxidation of the three 
hexanols and three disaccharides in the tested strains, 
indicated by a color change from blue-green to light yel-
low in the medium.

Pathogenicity assays of RSSC strains
A total of 63 RSSC strains from different locations in 
China (Table S3) used for inoculation were grown on NA 
medium lacking TTC. Bacterial suspensions were pre-
pared by washing bacterial cells from the plates with ster-
ile water and diluted to a concentration of 1 × 108 CFU/
mL (OD600 = 0.1). For each strain, bacterial suspensions 
were then used for inoculation onto eight 30  day-old 
tobacco seedlings of each cultivar, Honghuadajinyuan 
(susceptible), K326 (moderately resistant) and Yanyan 
97 (resistant). The plants were separated into four blocks 
in a randomized complete block design. The experiment 
was repeated three times. A total of 8  ml bacterial sus-
pensions were injected onto the root of each tobacco 
plant. Treatment of sterile water served as control. Fol-
lowing inoculation, the seedlings were grown in a green-
house maintained at 28 ± 2 °C with 95% humidity. Disease 
severity was assessed at 7-d intervals up to 30 days post-
inoculation (dpi), and corresponding disease index were 
calculated. The area under the disease progress curve 
(AUDPC) was calculated for all varieties, and then clus-
tered using SPSS software with square Euclidean distance 
as the clustering method. Based on AUDPC values, the 
pathogenic types of the RSSC strains were subsequently 
placed into high, medium and weak.

Genome sequencing and function annotation
A total of 103 strains of tobacco R. pseudosolanacearum 
were isolated from four tobacco-growing regions, and 
specific strain details are provided (Table S1). Genomic 
DNA was extracted using the STE (Sodium Chloride-
Tris–EDTA) method, and the concentrations of the DNA 
were assessed using the Qubit system (Thermofisher, 
USA). The integrity and purity of the genomic DNA were 
evaluated by performing electrophoresis on a 1% aga-
rose gel at 180  V for 20  min. Genomic DNA quality of 
tobacco R. pseudosolanacearum was checked and quanti-
fied using NanoDrop Spectrophotometer (Thermofisher, 
USA).

https://www.megasoftware.net/
https://www.megasoftware.net/
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Initially, the BluePippin automatic recovery system 
(Sage Science, USA) was used to isolate large DNA frag-
ments, followed by end repair using the Oxford Nano-
pore Technologies SQK-LSK109 ligation kit for adapter 
ligation, and subsequent sequencing on the Nanopore 
platform (Novogene, Beijing, China). Quality control was 
implemented using NanoPlot software [42], applying a 
threshold of Q > 7 to ensure high-quality data.

To predict the coding genes of the sequenced genomes 
of R solanacearum, GeneMarkS (Version 4.17) software 
was utilized, and the whole genome size, GC content, 
number of coding genes and the proportion of coding 
genes in the genome of each sample were determined.

Functional annotation was performed using the COG 
database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​r​e​s​e​a​r​c​h​/​c​o​g​
/), GO database (https://www.geneontology.org), KEGG 
database (https://www.genome.jp/kegg/), and PHI ​d​a​t​a​b​
a​s​e (www.phi-base.org/). Predicted genes were compared 
using BLASTP software against the COG, GO, KEGG 
and VFDB (https://www.mgc.ac.cn/VFs/), with param-
eters set to e-value ≦ 10–5, similarity ≧40%, and sequence 
coverage ≧ 40%. For each gene sequence, the highest 
scoring values from the BLAST results were selected as 
the final result for the gene functional annotation. Addi-
tionally, nucleotide consistency between 103 strains of 
R. solanacearum and the reference strain GMI1000 was 
compared using OAT ANI (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​z​b​i​​o​c​l​​o​u​d​.​​n​e​​t​/​
t​o​o​l​s​/​o​r​t​h​o​a​n​i) and heatmap was ​g​e​n​e​r​a​t​e​d using pheat-
map package in R software (v4.3.2) with Hierarchical 
Clustering.

Pangenome analysis of 103 strains of tobacco R. 
pseudosolanacearum
The CD-HIT (Cluster Database at High Identity with Tol-
erance) tool [43] was used for the genome-wide analysis 
of 103 tobacco R. pseudosolanacearum and reference 
GMI1000. Each XLS file generated contained a compre-
hensive set of clustering results, including the number 
of genes, core genome, and both accessory and specific 
genes. The clustering results for the pangenome, core 
genome, accessory genome, and strain-specific genes 
were transformed into matrix files to obtain the cor-
responding datasets. The expansion of the pangenome 
was estimated using the "micropan" package in R soft-
ware based on the Heap’s law model, and the attenuation 
parameter alpha was calculated through 5000 random 
number permutations. In addition, 10 strains of diverse 
phylotypes were selected from the RSSC. These strains, 
along with 103 tobacco R. pseudosolanacearum, were 
included in a pangenome analysis using CD-HIT soft-
ware to derive the single-copy core gene sequence. The 
protein amino acid sequences of these single-copy core 
genes were obtained using GeneMarkS software and 
aligned using MUSCLE software. The resulting sequence 

alignment was then imported into TreeBeST software for 
the generation of an evolutionary tree using the Neigh-
bor-joining method.

The GMI1000 strain was designated as the reference 
strain. MUMmer alignment software was used to con-
duct whole genome alignment between each sample and 
the reference sequence to identify variant sites, followed 
by preliminary filtering to detect potential SNP sites. A 
100-bp sequence flanking each side of the SNP site from 
the reference sequence was extracted, and then aligned 
with the assembly results using BLAT software for veri-
fication of the SNP site. SNPs from sequences with an 
alignment length less than 101 bp were considered unre-
liable and removed, and repetitive regions identified 
through multiple alignments also were excluded. BLAST, 
TRF, and Repeatmask software were used to predict 
repeat regions within the reference sequence, and SNPs 
located in these regions were filtered out to obtain reli-
able SNPs. The number, types, and genomic locations of 
identified SNPs were tallied, and natural selection pres-
sure on protein-coding genes was assessed based on 
the ratio of non-synonymous mutations to synonymous 
mutations within individual protein-coding genes. The 
SNP locus matrix file from the entire genome of tobacco 
R. pseudosolanacearum strains was converted to a Fasta 
format file and then imported into MegaX for phyloge-
netic tree generation using the Neighbor-joining method 
based on the SNPs in the genome.

Identification of genome islands and type III effectors
The presence of genome islands in the genomes of 103 
strains of tobacco R. pseudosolanacearum was predicted 
using IslandPath—DIOMB software (Version 0.2). This 
analysis focused on dinucleotide bias and mobility genes 
(such as enzymes or integrases), which are indicative of 
phylogenetic bias and translocation events.

The Type III secretion system (T3SS) effector proteins 
of 103 strains of tobacco R. pseudosolanacearum were 
predicted based on the T3Es database (​h​t​t​p​​s​:​/​​/​i​a​n​​t​.​​t​o​u​​l​
o​u​​s​e​.​i​​n​r​​a​.​f​​r​/​b​​a​c​t​e​​r​i​​a​/​a​​n​n​o​​t​a​t​i​​o​n​​/​s​i​t​e​/​p​r​j​/​T​3​E​v​3​/). Based 
on the pathogenicity results for the strains of tobacco R. 
pseudosolanacearum, the functions of various type III 
effector proteins were annotated and the specific type III 
effector proteins of different pathogenic strains were ana-
lyzed based on their varying levels of pathogenicity.
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