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Abstract: The bacterial wilt pathogen, first known as Bacillus solanacearum, has undergone numerous 

taxonomic changes since its first description in 1896. The history and significance of this pathogen 

is covered in this review with an emphasis on the advances in technology that were used to support 

each reclassification that finally led to the current separation of Ralstonia solanacearum into three 

genomic species. Frequent name changes occurred as methodology transitioned from phenotypic, 

biochemical, and molecular studies, to genomics and functional genomics. The diversity, wide host 

range and geographical distribution of R. solanacearum has resulted in its inclusion in a “species 

complex” as genomic analyses of elucidated phylogenetic relationships among strains. Current 

advances in phylogenetics and functional genomics now open new avenues for research into the 

epidemiology and control of the devastating bacterial wilt disease. 
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1. Introduction 

The global impact of plant pathogenic bacteria on plants is significant, the greatest impact 

occurring in warm and humid regions of the world [1]. Among the economically important plant 

pathogenic bacterial species, the beta proteobacterium Ralstonia solanacearum (synonyms: Bacillus 

solanacearum, Bacterium solanacearum, Phytomonas solanacearum, Xanthomonas solanacearum, 

Pseudomonas solanacearum, Burkholderia solanacearum) is of particular interest to the scientific 

community because of its global distribution, wide host range (over 250 plant hosts in 54 plant 

families), aggressiveness under diverse environmental conditions [2,3] and its remarkable ability to 

retain pathogenicity genes in the absence of a host plant [4,5]. Commonly known as bacterial wilt, 

this bacterial disease has several other names such as brown rot of potato, Granville Wilt of tobacco, 

moko disease of banana, Bugtok disease, spewy eye, and other descriptive names. Plants affected by 

R. solanacearum include, but are not limited to, staple crops (potato), fruit crops (banana, tomato), 

oilseed crops (sunflower, groundnut), spice crops, fodder, flowers, forest trees (ironwood and 

eucalyptus), weeds and many ornamentals. R. solanacearum was listed as the second most destructive 

among plant pathogenic bacteria and has serious economic consequences [6]. Crop losses due to this 

pathogen worldwide are extremely difficult to evaluate due to irregularity in data collection; 

nevertheless, Elphinstone (2005) reported annual estimated losses estimated at one billion USD [7]. 

The taxonomy and nomenclature of the ‘bacterial wilt pathogen’ changed frequently with the 

evolution of new technologies. First named Bacillus solanacearum [8], the pathogen was reclassified 

multiple times before it was transferred to the current genus, Ralstonia. A historical review will 

emphasize the advances in technology that enabled increasingly greater precision in bacterial 
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classification. Phylogenetic and evolutionary studies have been widely applied to address the 

significant heterogeneity among strains. The discovery of new strains from different geographical 

habitats has prompted further reclassification based on genomic analyses. The major events in the 

taxonomic history of this organism over the past 124 years can be found in the timeline (Figure 1). 

Genome organization, pathogenicity-related effectors, virulence pathways, and genome-based 

phylogenetic relationships has increased our understanding of this heterogeneous pathogen. 

2.  1896 –1963: The discovery and early nomenclature 

Bacterial wilt symptoms were observed on multiple hosts in 1890 but little proof of pathogenicity 

was provided, and no descriptions of the casual organism were included in early studies. The wilt 

disease was described on potato in 1890 by T.J. Burrill, the first to isolate and re-inoculate the 

pathogen [9,10]. Bacterial wilt of tomato was described in 1891 by Byron D. Halsted, who attributed 

the disease to the same causal agent as he previously observed on cucumber and cantaloupe [11]. In 

1895 E. F. Smith isolated the bacterial wilt pathogen from both tomato and potato and demonstrated 

that it was different from the bacterial pathogen affecting cucumber [12,13]. Smith’s studies of the 

biology, pathogenicity, and the nature of symptoms expressed on multiple hosts led him to name a 

new bacterial species—Bacillus solanacearum [8]. Chester (1898) placed the organism into the genus 

Bacterium based on key bacteriological features including polar, rather than peritrichous flagella [14]. 

The bacterial wilt pathogen was later confirmed to have a single polar flagellum, and Chester’s 

classification was accepted by Smith [15]. Nevertheless, several bacterial wilt diseases continued to 

be attributed Bacillus sp., including “moko” (or slime disease) of banana, which was ascribed to 

Bacillus musae (Rorer, 1910, 1911). Smith proposed that these bacterial wilt pathogens be designated 

either Bacterium solanacearum or Pseudomonas solanacearum, based on Migula’s description of the genus 

Pseudomonas (Migula, 1894; [16]). Subsequently, this pathogen underwent further reclassifications to 

Phytomonas solanacearum (Bergey et al., 1923) and Xanthomonas solanacearum (Dowson, 1943) based on 

comprehensive studies of bacteriological characteristics, including the number and position of 

flagella. Following additional studies of multiple physical, nutritional and biochemical properties by 

different investigators, Breed et al., (1948), Savulescu (1948) and Dawson (1948) were in consensus to 

replace the organism back into Pseudomonas [12]. 
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Figure 1. Timeline highlighting the major events based on taxonomic and phylogenetic studies of bacterial wilt pathogen now in the Ralstonia solanacearum species 2 
complex (RSSC). Events in red boxes with red fonts indicate major changes in taxonomy and nomenclature. Blue boxes with blue fonts indicate milestones in the DNA-3 
based analyses of RSSC. Purple boxes with purple fonts represent genomic advancements of in understanding the diversity of multiple strains of RSSC. Bold labels with 4 
grey backgrounds indicate landmark taxonomic and genomic events. 5 
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3.  1964: Sub-classification of Pseudomonas solanacearum into races and biotypes 

In 1962, Buddenhagen, Sequeira, and Kelman characterized multiple strains of Pseudomonas 

solanacearum—isolated from Latin America and the United States—based on pathotype, colony type, 

serotype, biochemical type, lysotype, serotype and bacteriocinotype and grouped the strains into 3 

broad categories known as races [17]. Strains in race 1 induced symptoms on a broad host range 

including solanaceous crops and diploid banana; race 2 was associated with moko (slime) disease of 

triploid banana, Heliconia or both, while race 3 was primarily pathogenic to potato and tomato [18]. 

These race designations were principally based on pathogenicity to various hosts and phenotypic 

characteristics of the bacterial strains, whereas the concept of race for pathogenic fungi was defined 

by the ability of a pathogen to infect a specific host variety or cultivar (for example, races of Puccinia 

graminis were pathogenic on specific varieties of wheat). In contrast, the term race as then applied to 

P. solanacearum indicated pathotype (specificity to host genera and/or species) in conformance to the 

subsequent use of the term pathovar [19]. Buddenhagen and Kelman (1964) classified their strains into 

4 biochemical types (or biotypes) based on the biochemical system devised by Hayward (1964) 

[18,20]. The biotype designation was based on the ability of a strain to oxidize three disaccharides 

(sucrose, maltose, lactose) and three hexose alcohols (mannitol, sorbitol, dulcitol). Hayward found 

that 95 isolates from potato from different geographical locations worldwide were all biotype 2. 

However, potato also was affected by the broad host range strains of P. solanacearum in race 1, and 

except for the observation that most race 3 potato strains were also classified as biotype 2, no other 

direct relationship between race and biotype was found [18,20]. 

Table 1. Classification of Pseudomonas solanacearum strains into biotypes based on oxidation of three 

disaccharides and three hexose alcohols [20,21]. 

Biotypea 
Disaccharides Hexose Alcohols 

References 
Lactose Maltose Cellobiose Dulcitol Mannitol Sorbitol 

1 - - - - - - [20] 

2 + + + - - - [20] 

3 + + + + + + [20] 

4 - - - + + + [20] 

5 + + + - + - [21]b 
aBiotype is synonymous with biovar. Hayward initially described only four biotypes; bstrains from mulberry 

were tentatively classified as race 4, biotype 5 by He et al., 1983, and later reclassified as race 5, biotype 5 [21]. 

In a study conducted on 29 strains isolated from 14 cultivated and wild host plants in China (He 

et al., (1983) reported that strains affecting sweet potato, olive, casuarina, and several other hosts were 

in biovars 3 and 4 [21]. However, strains from mulberry showed unusual characteristics with respect 

to pathogenicity and biochemical tests; thus, a new group—race 4, biotype 5—was proposed to 

include mulberry strains [21]. However, Aragaki and Quinon (1965) had previously described a novel 

P. solanacearum race from ginger, which was further described as biovar 4 by Pegg and Moffet, 1971 

[22,23]. The mulberry strain was later renamed race 5, biotype 5 [24]. 

The use of a race/biovar system of classification based on host range and selected biochemical 

properties used for differentiation of strains within P. solanacearum [18,20,21] were informal and did 

not follow the Code of Nomenclature as no specific characteristics were discovered that permitted a 

formal classification system. The race and biovar system, while useful, failed to unravel the details 

about the origin and evolution of P. solanacearum. While some strains only affected the host grown in 

a specific geographical region, notable diversity also existed among strains isolated from the same 

host. This caused a problem in classification of the strains based on the host of origin [25]. Hayward 

suggested that the differences in nutritional patterns and geographical sites of origin be used to 

formally classify the strains and predicted that the species would be divided into subspecies in the 

imminent future [2]. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2020                   doi:10.20944/preprints202009.0182.v1

https://doi.org/10.20944/preprints202009.0182.v1


 

4.  1989: Classification into two divisions based on RFLP patterns 

Analyses using Restriction Fragment Length Polymorphism (RFLP) analysis was used by Cook, 

et al. (1989) to develop a classification system for P. solanacearum species based on 62 strains [25]. 

Differences in locations of unique restriction enzyme sites were observed using Southern Blots with 

cloned DNA fragments used as probes that specified virulence and the hypersensitive response. 

Twenty-eight unique groups or multi-locus genotypes (MLGs) were discovered based on RFLP 

patterns and the calculation of similarity coefficients resulted in the placement of the 28 MLGs into 

two divisions. Division I comprised MLGs 8 to 23 and included all members of race 1 biovars 3 and 

4 and 5. Division II consisted of race 1 biovar 1 strains, and all members of races 2 and 3. Division II 

comprised MLGs 1 – 7 and 24 – 28 and formed three subdivisions (i) MLGs 1 – 7 consisted of race 1 

biovar 1 strains from various hosts; (ii) MLGs 24, 25 and 28 were race 2 biovar 1 strains from banana, 

plantain, and heliconia; (iii) MLGs 26 and 27 included race 3 biovar 2 strains from potato. Several 

probes failed to distinguish between some strains in division I, indicating a close relationship among 

these strains. Race 1 biovar 1 potato strains were isolated in Kenya, Costa Rica, and Australia whereas 

race 3 biovar 2 potato strains were isolated in Israel, Colombia, Sri Lanka, and Australia. The two 

major divisions showed a loose relationship between the strains and their overall geographical 

origins and to a lesser extent, their hosts of origin. The probes used for this classification of strains 

specified virulence and hypersensitivity but Cook et al. (1989) found no significant correlations 

between host range and MLG group based on RFLP analysis [25]. Nevertheless, the 63 strains were 

clearly separated into two major divisions, and Cook et al., (1989) suggested that the groups may 

have evolved separately with respect to their geographical origins [25]. 

5.  General taxonomic revision of the genus Pseudomonas. 

While plant bacteriologists continued to depend on the race/biovar system of classifying the 

bacterial wilt pathogen, the ‘competition’ method of DNA hybridization had been employed to 

determine the relatedness of strains in the genus Pseudomonas and the evolutionary history and 

relationships between many Pseudomonas species were analyzed using DNA-DNA hybridizations in 

vitro [26]. A high degree of competition reflected a close relationship between strains. Using DNA 

from two P. solanacearum strains, 769 and 776, as references and DNA from other Pseudomonas species 

as the competitor, no homology was observed between P. solanacearum and other species. However, 

an unusual DNA homology was reported between P. solanacearum strains 769 and 776, and P. cepacia 

strain 382 though they did not show similar phenotypic characteristics. The homology was re-

evaluated using a direct DNA binding experiment and negligible homology was observed between 

the species [26]. 

Genome coding for ribosomal ribonucleic acid (rRNA) was highly conserved and appeared to 

be less variable than DNA [27,28]. The rRNA-DNA competition percentage was higher compared to 

the DNA-DNA competition percentage using the same reference and competitor strains for both 

hybridizations. Thus, Palleroni et al. (1973) used rRNA-DNA hybridization assays to compare species 

of Pseudomonas [29]. Five groups were established based on the rRNA-DNA homologies. Pseudomonas 

solanacearum was included in homology group II along with P. pickettii, P. marginata (= P. gladioli) P. 

cepacia, P. pseudomallei, P. mallei, and P. caryophylli. The intragroup competition percentage was higher 

compared to the intergroup percentage indicating that members within the group were related. 

Eight representative strains from five members of Pseudomonas homology group II were 

sequenced and rDNAs were amplified to determine their phylogenetic relationships [30]. Their 

dendrogram showed that P. cepacia, P. andropogonis, P. caryophylli, P. gladioli pv. gladioli were grouped 

into one cluster with 94.2% sequence similarity to each other. Likewise, P. solanacearum and P. pickettii 

were grouped with Alcaligenes eutrophus at 95.3% and 92.8% similarity, respectively, and high genetic 

homology was obtained between P. pickettii and P. solanacearum. Clustering of strains into two distinct 

groups was consistent with findings of the earlier studies conducted [26,31–33]. Genomic diversity 

was also reflected in low DNA-DNA hybridization values (<70%) among reference strains [26,34]. 
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6.  1992: Determination of Pseudomonas solanacearum subgroups using PCR amplification and t-

RNA consensus primers 

Two t-RNA consensus primers T3A and T5A designed by Welch and McClelland (1991) were 

used to amplify a set of DNA fragments in 112 P. solanacearum strains using PCR, and after fingerprint 

analysis, three groups emerged [35,36]. Type 1 corresponded quite well to P. solanacearum strains in 

Division II described by Cook (1989) and Type 2 strains were represented by strains which cause 

Blood Disease of Banana (BDB) described by Eden-Green and Sastraatmadja, (1990); Type 3 strains 

included biovars 3, 4, and 5 and corresponded to Division I described by Cook et al. (1989) [25,37]. 

The unusual strains of Pseudomonas syzygii sp. nov., which cause Sumatra disease of cloves (Syzygium 

aromaticum) [38,39] were clearly distinct from other P. solanacearum strains in Types 1 and 3 and in 

some publications were considered type 4. Clove strain B9043 was biovar 1 and clove strain R142 was 

biovar 2, an unusual finding as biovar 2 was almost exclusively associated with potato race 3 strains. 

Additional comparisons of representative strains from international collections were needed before 

the taxonomy of P. solanacearum could be clarified. 

Species-specific 16s RNA genes were used as targets to identify strains at the species level (Seal 

et al.,1993), and PCR primers were developed to distinguish P. solanacearum, P. pickettii and P. syzygii 

[40]. A close relationship between P. solanacearum, P. syzygii and the BDB strains was confirmed but 

required further molecular studies to resolve their differences [40]. The nucleotide sequence and 

predicted structure confirmed the inclusion of P. solanacearum, P. syzygii, P. pickettii along with BDB 

in the beta subdivision of purple bacteria. 

7.  1992: Transfer of Pseudomonas homology group II into the new genus Burkholderia 

Seven species in the Pseudomonas homology group II (P. cepacia, P. mallei, P. pseudomallei, P. 

pickettii, P. solanacearum, P. gladioli, and P. caryophylii) were reclassified based on their phenotypic 

characteristics, cellular lipid and fatty acid composition, DNA-DNA homology values and 16s rRNA 

sequencing [41]. Five strains in homology group II, selected from P. cepacia, P. mallei, P. pseudomallei, 

P. pickettii, and P. solanacearum, were used as type strains and two strains of P. gladioli and P. 

caryophylii were used as reference strains. Strain EY274 of P. aeruginosa was used for taxonomic 

comparison. The polar lipid and fatty acid composition showed that these Pseudomonas strains 

diverged widely from the existing genus Pseudomonas leading Yabucchi et al. (1992) to propose a new 

genus Burkholderia [41]. The DNA-DNA homology comparisons and the phylogenetic analyses 

strengthened the case for transfer of the group into the new genus [41]. 

Analysis of 16S rDNA sequences of 24 strains resulted in further division into two groups. The 

first group included B. solanacearum biovar 3, 4, and 5 strains and the second group included Biovars 

1, 2. Distance-based and parsimony-based trees were the basis for further separation into 

subdivisions 2a and 2b. An aberrant strain ACH0732 isolated from tomato in the Northern Territory 

of Australia had a 16S rDNA sequence and protein profile like strains in biovars 3 and 4 but was 

phenotypically similar to biovar 2 strains. The positioning of this aberrant strain based on 

dendrograms created from different methodologies is summarized in Table 2. 

Table 2. Relationship of an aberrant strain, ACH0732, based on dendrograms derived from different 

Burkholderia solanacearum gene sequences [42]. 

Method used to create the dendrogram 
Position of strain ACH0732 in the 

dendrogram 

16S-23S rRNA intergenic spacer region 

sequences  
Outside of all three clusters  

Polygalacturonase gene sequences Outside of all three clusters  

Endogluconase gene sequences Division 2b  

16S rDNA-based PCR Division 1  

ITS multiplex PCR  Division 2b  
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8.  1995: Transfer of Burkholderia solanacearum into the new genus Ralstonia 

Burkholderia solanacearum and B. pickettii were like each other but differed from the five other 

species in the genus Burkholderia [41]. Moreover, the dendrogram of auxanotrophic tests showed a 

close relationship between B. solanacearum, B. pickettii, and Alcaligens eutrophus [43]. Two kinds of 

ornithine-Lipids, OL-1 and OL-2 were characteristics of cellular lipids of Burkholderia species but 

these were lacking in B. picketii, B. solanacearum, and B. eutropha strains, and failure to utilize galactose, 

mannitol, mannose and sorbitol further distinguished them from Burkholderia species. Based on key 

differences between these strains and typical Burkholderia strains, the description of the genus 

Burkholderia was revised and the new taxa, Ralstonia gen.nov., Ralstonia pickettii comb.nov, Ralstonia 

solanacearum comb.nov., and Ralstonia eutropha comb. nov were proposed. The genus Ralstonia was 

named in honor of the bacteriologist Ericka Ralston who, along with Palleroni and Doudoroff, was 

the first to describe Pseudomonas picketti [44]. She had also shown the relationship between the P. 

pickettii and Pseudomonas solanacearum based on DNA homology. At this point, the heterogeneity of 

R. solanacearum was not yet fully explained and continued to be an area for future research [45]. 

9.  1996-2000: Diversity studies of the Ralstonia solanacearum species complex 

Molecular studies confirmed wide diversity among P. solanacearum strains leading to the term 

‘species complex’ first proposed for P. solanacearum by [46]. The term was modified by Taghavi et al. 

in 1996 to include Pseudomonas syzygii and BDB strains [42]. The latter strains appeared to be closely 

related to the RSSC by 16S rRNA gene sequence analyses despite their phenotypic differences from 

R. solanacearum [42]. Pseudomonas syzygii had similar nucleotide sequences with members of the RSSC 

but previously had been considered a separate entity because of its distinct phenotype [38,42]. 

Sequences of the intergenic spacer region for 19 strains of R. solanacearum, one BDB strain and 

one strain of P. syzygii corroborated the division of the species complex as proposed by Taghavi 1996 

[42,47]. Three distinct groups were formed based on polygalacturonase and endoglucanase gene 

sequences. 

10.  Exopolysaccharide production and differentiation of strains. 

Exopolysaccharides have an important role in the virulence of R. solanacearum [48,49]. The eps 

operon is responsible for coding the proteins necessary for the biosynthetic pathway of EPS I [49,50]. 

The involvement of 10 regulatory promoters and more than 3 activation signals demonstrated the 

role of EPS I for inducing wilt by R. solanacearum [50,51]. The massive production of EPS I is controlled 

by the complex intricate operon in the EPS I pathway, and is associated with distinguishing features 

between strains [50]. 

11.  2000: Identification of the African sub-division 

Phylogenetic trees generated from PCR-RFLP, AFLP, and sequencing of 16S rRNA and the hrp 

gene region had separated all the R. solanacearum species into two major groups (Asian and 

American) corroborating previous analyses (Cook et al., 1989). With the inclusion of many African 

strains (some biovar 1 and others biovar 2), three different approaches were used to resolve the 

ambiguous position of R. solanacearum strains originating from Angola, Madagascar, Reunion Island, 

or Zimbabwe [52]. PCR-RFLP analysis of the hrp gene region placed African biovar 1 strains into the 

‘Asiaticum’ division, showed further differentiation between the African and American biovar 1 

strains [53,54]. The AFLP and 16s rRNA placed the biovar 2 strains from Angola, Madagascar, 

Reunion Island and Zimbabwe closer to the ‘Americanum’ strains. Thus, a new subdivision (2c) was 

described to accommodate these strains [53]. Partial sequencing of hrpB genes of 31 strains in the 

Ralstonia species complex concurred with the previous findings [52]. Different restriction patterns 

were obtained for P. syzygii and BDB confirming the differences between these strains and other R. 

solanacearum strains [53]. 
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12.  2002: First whole genome sequence of the type strain: general structure of the chromosome 

and megaplasmid 

Publication of the first whole-genome sequence of R. solanacearum strain GMI1000 opened the 

way for further studies on population diversity, phylogenetics and comparative genomics of R. 

solanacearum in addition to research on secretion systems, pathogenicity and virulence factors [55]. 

The large 3.7 Mb replicon in R. solanacearum, referred to as the ‘chromosome’ was associated 

with basic cellular survival mechanisms including DNA replication, DNA repair, transcription, 

translation, and cell cycle functions [55]. The chromosome shares common genes with other species 

whereas the 2.1 Mb megaplasmid harbors a relatively large number of genes with obscure functions 

[55]. The presence of a large plasmid in R. solanacearum had been previously reported in 1982 by 

Rosenberg et al. (1982) using screening protocols developed by Eckhardt [56,57]. The plasmid was 

detected by visualization of a slowly migrating band with a molecular weight greater than 450 X 106 

daltons observed in 8 of the 9 strains investigated. The megaplasmid was later shown to be the 

reservoir of genes that function in motility, host colonization, exopolysaccharide synthesis, and 

environmental adaptation [55]. Similar nucleotide composition in the protein-coding regions of both 

replicons was evidence that chromosome and megaplasmid may have evolved together over a long 

period; thus, the plasmid, in a redundant state may have retained several housekeeping gene 

functions essential for survival [58]. Both replicons harbor genes that function under diverse 

environmental conditions and may play a role in the survival of the bacterium [58]. 

Non-coding sequences that showed some homology with known proteins, termed Alternative 

Codon Usage Regions (ACURs), were present in strain GMI1000 [55]. Such regions were observed in 

93 different sequence locations throughout the R. solanacearum genome and were characterized by 

large differences in base composition [59]. (The average base composition for the entire genome was 

67% G+C with variations ranging from 50 to 70% G + C content). Nearly half of the ACURs contained 

encoded insertion sequences, mobile elements, open reading frames, and genes encoding effector 

proteins [60]. The inclusion of encoded sequences in the ACUR region suggested that horizontal gene 

transfer had occurred in the species. Furthermore, the presence of truncated insertion sequences and 

possible pathogenicity islands (PAIs) may be indicators of rapid evolution in the genome [60]. The 

conjugative transposon site, recombinational hotspots, and nearly perfect tandem duplication 

present a strong case for horizontal gene transfer and possibly important evolutionary changes in the 

genomic composition [55]. 

Fifteen of 40 candidate genes responsible for pathogenicity had a G+C content that differed from 

the average G+C content of strain GMI1000 (67%) suggesting that these genes were acquired 

following horizontal gene transfer [55]. The 30 kb regions flanking the hrp gene cluster were devoid 

of insertion sequences and showed similarities in the G+C content with an ACUR. Researchers 

suggested that the flanking regions with virulence-related genes may have co-evolved with the core 

genome of R. solanacearum [55]. Sets of genes encoding hemagglutinin-related genes and a subclass 

of T3SS-dependent effectors were variable among strains. Formerly known as avirulence factors—

these genes may contribute to host specificity traits [61,62]. The presence of ancestral T3SS, variable 

virulence genes, and horizontally acquired elements make R. solanacearum a highly successful 

pathogen in diverse environments causing disease on a wide range of hosts. 

Genetic transfer between bacteria may favor adaption to different environmental conditions as 

well as modify the host range [63,64]. Recombination and horizontal gene transfer no doubt play 

important roles in determining the evolution of pathogenic bacteria and the tendency of bacteria to 

exchange genetic materials between distantly related species can make species definition ambiguous. 

Similarities in the presence of pathogenicity and essential genes, nucleotide percentage and 

distribution patterns, and use of codons indicated that the chromosome and megaplasmid in R. 

solanacearum have coevolved over time [55,58]. Bacterial functions associated with motility, virulence, 

and resistance are associated with both replicons [65]. 

13.  2005: Introduction of a phylotype-based classification of the Ralstonia solanacearum species 

complex 
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Successive molecular advances made through analysis of t-RNA consensus primers, 16s rRNA 

sequences, PCR-RFLP, and AFLP profiles divided the RSSC into major phylogenetic groups 

[42,52,53]. Sequence analysis of the ITS region later formed the basis for the separation of the RSSC 

into four distinct groups, and a phylotype-based classification system was proposed [66]. The four 

phylotypes were further subdivided into sequevars which consist of groups of strains showing high 

similarity based on partial sequences of the endoglucanase (egl) gene [67,68]. Different clonal lines 

within the sequevars were further differentiated using genomic fingerprinting methods such as rep-

PCR, RAPD, AFLP, or PFGE. The phylotypes along with their respective phenotypic characteristics 

are presented in Table 3. 

Table 3. Phylotypes of the Ralstonia solanacearum species complex [67]. 

Phylotype General Geographical Origin Phenotypic Characteristics  

I  Asia  Biovars 3, 4 and 5  

II America Biovars 1, 2 and 2Ta 

III Africa and surrounding islands Biovars 1 and 2T 

IV  Indonesia 
Biovars 1, 2 and 2T; P. syzygii and 

BDB 
aBiovar 2T = 2N 

The introduction of phylotype and sequevar as new standards for classification led to further 

comparisons of phylogenetic relationships among the worldwide population of R. solanacearum 

strains [66,68]. Most strains had previously been characterized by race and biovar and now had to be 

re-evaluated before conclusions could be made regarding their phylogenetic relationships. The 

relationships between phylotypes and their hosts of origin are shown in Figure 2. 

 

Figure 2. Phylogenetic relationships in the Ralstonia solanacearum species complex. Minimum 

spanning tree V2 [69] was generated from conancated sequences of six chromosomal housekeeping 

genes (adk, dnaA, gap, gdh, gyrB and rplB) and two megaplasmid genes (hrpB and egl) using GrapeTree 

software [70]. The number of compartments within a circle indicates the number of strains in the 

group. The number between any two lines is the distance between two strains calculated using the 

same software. The same strains were used in the ClonalFrame analyses. The details of the strains are 

provided in Supplemental Table 1. 

14. 2006-2007: Core genes, pathogenicity genes, and relationships among phylotypes 
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An analysis of genetic diversity of 17 R. solanacearum strains using GMI1000 as the reference 

strain showed that only 53% of 5,074 genes from GMI1000 were in the core genome whereas 46% 

represented variable genes; the majority of the genes responsible for pathogenicity were core genes 

[62]. Variable genes were organized into genomic islands of two types, one of which had no 

counterpart in the core genome and may have been acquired from foreign genomes through lateral 

gene transfer. The second type had a GC content closer to the core genome. Ancestral genes may be 

lost by mutation during evolution or acquired through lateral gene transfer and subsequently 

transferred between strains in different phylotypes through the vertical gene transfer [62]. In contrast 

to the vertical transfer of genetic elements in ACUR, prophage/insertion sequences appeared to have 

been transferred horizontally between the populations [62]. 

The stable and conserved nature of the housekeeping genes associated with the basic cellular 

functions also could be used to track the evolutionary forces acting on the interaction between 

bacteria and their hosts [71]. Housekeeping genes in the core genome are usually indispensable for 

bacterial survival and evolve slowly [71]. In contrast, the variable ‘flexible’ or ‘accessory’ genomes 

are dispensable, although they may affect fitness and adaptation of bacteria. 

In an evolutionary study of 58 R. solanacearum strains belonging to four phylotypes, five house-

keeping genes and three virulence-related genes were analyzed by multilocus sequence typing 

(MLST). A high level of polymorphism was observed among alleles present in both the chromosome 

and the megaplasmid [71]. The housekeeping genes were variable for phylotype III strains whereas, 

these genes were highly clonal in the other phylotypes [71]. Furthermore, the egl genes involved in 

the degradation of cell wall products and the hrpB gene involved in the Type III secretion system 

showed high levels of recombination in phylotype III and phylotype IV strains. 

The high level of diversity in R. solanacearum was highlighted by the differences between the 

nucleotide composition, host range, and adaptability. Castillo and Greenberg provided two possible 

explanations for diversity within otherwise clonal populations: First, the populations may have 

evolved separately in geographical isolation resulting in a distinct population structure for each 

phylotype [71]. The recombination analyses showed that the major and minor parents of a 

recombinant sequence in Phylotypes III and IV were from their own respective subpopulations from 

the same geographical niche and not from phylotypes I (Asia) or II (America) [71]. A second 

explanation hinged upon the presence of rare genotypes that recombine at high rates and some 

emerge as clones through selective advantage and compete with the preexisting subpopulations to 

acquire a geographical niche [72]. Strains in phylotypes III and IV were the most diverse suggesting 

that rare genotypes may exist whereas the Phylotypes I and II have clonal complexes that may have 

developed after acquiring genes that confer selective advantages over the original genotypes [71]. As 

might be expected, geographical isolation and spatial distance appeared to be the driving force in 

shaping the population structure of this species. 

15.  2010: Whole-genome analysis of strains from three groups 

Remenant et al. 2010, 2011 conducted whole-genome comparative analysis of stains from each 

phylotype, including GMI1000, CFBP2957, IPO1609, and Molk2 CMR15, PSI07 (Table 4) [73,74]. Data 

from three completely sequenced tomato strains, CFBP2957, CMR15, PSI07 isolated in French West 

Indies, Cameroon, and Indonesia, respectively, were compared to data from pre-existing completely 

sequenced strains GMI1000, IPO1609, Molk2. They concluded that phylotype IV strains were 

sufficiently different to warrant classification as a separate species which they named R. haywardii 

and proposed that only phylotype II strains be retained as P. solanacearum whereas phylotype I and 

III strains were proposed as a new species, R. sequeirae. 
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Figure 3. Circa plot showing the presence of predicted Genomic Island in representative strains of 

each Phylotype of RSSC. Track 1 (outer circle) shows the relative size of respective genomes: 

Phylotype I (GMI1000), Phylotype II (CFBP2957), Phylotype III (CMR15) and Phylotype IV (PSI07). 

The Ch tag stands for the chromome and the mp tag stands for the megaplasmid. Track 2 shows the 

relative positions of predicted genomic islands in their respective genomes. Track 3 is a scatter plot 

showing the GC content of the virulence gene coding sequences in the genome. Track 4 is a ribbon 

plot showing the links between the genomic islands in each genome. The image was generated using 

supplemental data of Remenant, et al. [73]; Island Viewer 4 software was used to predict genomic 

islands present in the GMI1000 genome retrieved from NCBI GenBank genome database. The Circa 

plot was created with Circa software (http://omgenomics.com/circa). 

Table 4. Reference strains of Ralstonia solanacearum, R. sygyzii, and BDB: their characteristics and 

origins. 

Strain No. Race, Biovar, Phylotypea Host Origin Reference 

GMI1000 R 1, Bv 3, Phylotype I Tomato French Guyane [75] 

K60 R 1, Bv 1, Phylotype IIA  Tomato North Carolina, USA [12] 

CFBP2957 Phylotype IIA Tomato French West Indies [76] [73] 

IPO 1609 R 3, Bv 2, Phylotype IIB Potato The Netherlands [77]  

Molk2b R 2, Bv 1, Phylotype IIB Banana Philippines  [62, 78] 

ACH0732 R1, Bv 2  Tomato Australia [47] 

R240 R1, Bv N2   [47] 

R780 R1, Bv N2 Potato Indonesia [47] 

CMR15 Phylotype III Tomato Cameroon                                                                                                                                                                                                                                                                                                                                                                    [73,79] 

PSI07 Phylotype IV Tomato Indonesia [66,73] 

R229 BDBc Phylotype IV Banana  Indonesia [74] 

R24 R. syzygii Phylotype IV Clove Indonesia [74] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2020                   doi:10.20944/preprints202009.0182.v1

http://omgenomics.com/circa
https://doi.org/10.20944/preprints202009.0182.v1


 

a Ralstonia solanacearum unless otherwise indicated; b Molk2, was originally isolated from banana in 

Mindanao, the Philippines by A. Raymundo, unpublished; c Blood Disease Bacterium. 

The core genomes, dispensable genomes, and strain-specific genomes were 28%, 39% and 33% 

of the pan-genome, respectively [73]. Strain-specific genes encoding proteins with uncertain function 

ranged from 73 to 84% [73]. The density of the genomic islands was twofold higher on the 

megaplasmid of strains CFBP2957, CMR15, and PSI07 than the chromosome [73]. A toxic operon rhi 

was also found on the megaplasmid of strains CFBP2957 and PSI07 that was thought to have been 

acquired from Burkholderia rhizoxinica and Pseudomonas fluorescens through natural transformation 

[80–82]. An additional R. solanacearum strain Po82 isolated from potato in Mexico also contained 

nearly all of the rhi genes [83]. This strain was also pathogenic to banana and solanaceous crops. 

Phylogenetic analysis of different virulence factors of these six strains showed frequent addition and 

deletion events in the genomes of these strains. The presence of a plasmid was also reported in strains 

CMR15 and PSI07 [73]. The type III effector HopAF1 was reported in both R. solanacearum strain Po82 

and Xanthomonas banana wilt strain X. campestris pathovar musacearum 481 [83,84]. Likewise, the 

organization of Type IV effector genes on strain CMR15 of Ralstonia and virB cluster of pXAC64 

plasmid in Xanthomonas citri strain (give the strain number here) was nearly identical [73,85]. 

Genome shrinkage with larger deletions and subsequent gene loss may be the consequence of 

selective pressure to colonize different hosts [86,87]. For example, BDB and Ralstonia syzygii strains 

specific to banana and clove, respectively are disseminated by insect vectors (xylem-feeding Hindola 

spittlebugs) which reduces their competitive behavior [39]. The megaplasmids in BDB strain 229 and 

R. syzygii strain R24 are considerably smaller than the megaplasmids in other R. solanacearum strains 

[74]. Genome shrinkage in both these species may be attributed to the limited host species of these 

strains [74]. Strains R229 and R24 were devoid of a plasmid pRSI13 unlike the Phylotype IV strain 

PSI07 whereas the rhizoxin (rhi) operon was present on both the BDB and Phylotype II strain CBP2957 

[73,74]. As the Phylotype II (CBP2957) and Phylotype IV (BDB) strains form a distinct division, 

Remenant et al. [74] suggested that extrachromosomal gene transfer of rhi operon into the common 

ancestor of these two Phylotypes II and IV had a role in the evolutionary makeup [74]. The absence 

of fliC and fliT gene in the genome of these strains explains the lack of motility in [39,74]. The average 

nucleotide identity (ANI) between completely sequenced Phylotype IV strains R229, R24 and PSI07 

was above 98% [74]. As the DNA-DNA hybridization level of 70% is equivalent to 95% ANI value, 

the three species BDB, R. syzygii and rest of Phylotype IV strains were proposed to be single genomic 

species [74]. 

16.  2012: Identification of eight clades with distinct evolutionary patterns 

Multilocus sequence analysis was also used to unravel complex evolutionary patterns within the 

RSSC. In a study involving 89 strains representing a broad geographic distribution, Wicker [88] 

separated RSSC, the species into eight clades with distinct evolutionary lineages. 
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Figure 4. Graphviz network representing the genealogy of Ralstonia solanacearum species complex 

(RSSC) strains, representing geographically distinct phylotypes, generated using ClonalFrame v 1.0 

[89]. Eight genes (adk, dnaA, gap, gdh, gyrB, rplB, hrpB and egl) were concatenated and aligned using 

progressive MAUVE alignment plugin [90]. The aligned sequences were used as input for 

ClonalFrame. The numbers inside the circle represent the ID of each strain correspond to Supplement 

Table 1. Circles without numbers represent the unknown parental node. Ancestral node is marked by 

a unique colored dot line for each Phylotype. Plant host image adjacent to the circle represents the 

hosts from which the strains were isolated. Gene sequences for each strain were extracted from the 

NCBI GenBank database. 

Ralstonia solanacearum was divided into four distinct evolutionary lineages (phylotypes) and 

eight clades based on distinct evolutionary patterns [88]. Phylotype IIA contained clades 2 and 3 

while phylotype IIB contained clades 4 and 5. Clades 1 and 6 were included in phylotypes I and III, 

respectively. Finally, phylotype IV was comprised of clades 7 and 8 [88]. Studies of recombination 

patterns and demographic histories of R. solanacearum involving seven housekeeping genes and two 

virulence-associated genes revealed that recombination occurred in seven out of nine genes [88]. 

Phylotype IV appeared to be the main donor for inter-phylotype gene exchange. Phylotypes II, III, 

and IV were described as clonal populations as shown by the linkage disequilibrium with the 

predominant role of recombination rather than mutation. The phylotype II and IIB subpopulations 

were clonal whereas the IIA subpopulation was diverse and highly recombinogenic [88]. 

The extent of recombination was not easily determined by comparing studies of Castillo and 

Greenberg (2007) and Wicker et al. (2010) as the strains included in each study differed; nevertheless, 

conclusions regarding mutation and linkage patterns were consistent between the two studies [71,88]. 

Wicker et al. (2010) suggested that the Australian/Indonesian region was the most probable origin for 

R. solanacearum due to the diversity, gene flow, topology, and branch length characteristics, which 

were in concordance with previous findings by Fegan, 2005 [67,88]. Phylotype I strains harbor specific 

genetic elements that may have an important role in their worldwide dissemination and infection of 

new hosts such as woody perennials. Similarly, Phylotype IIA showed worldwide distribution [88]. 
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17.  Pathogenicity functions elucidated through genomic studies 

Genomic studies of function, regulation, and pathogenicity provided information that 

eventually leads to further taxonomic changes. Ralstonia solanacearum has been used as one of the 

model systems for studies related to soil survival in the saprophytic phase, adaption to new hosts 

and pathogenicity—including the production of pectinolytic enzymes, cell wall degradation, 

production and regulation of virulence factors [18,50,91,92]. Exopolysaccharides were known to have 

an important role in virulence of R. solanacearum [since very early studies of etiology by E.F. Smith 

[15] but genetic information has helped to unravel a very complex host-pathogen relationship. Genes 

related to key bacterial functions such as survival, saprophytic competition, adaption, chemotaxis, 

and infection have been thoroughly reviewed by Denny and Huang, (1993); Shell, (2000); Genin, 2002, 

2004; Jacobs and Allen, (2016) [4,50,59,60,93,94]. 

18.  2013: Gene gain and loss contributing to adaption and bacterial fitness 

Cluster analysis of orthologous genes showed that the clusters with translation, ribosomal 

structure, and biogenesis activity were the most stable in R. solanacearum whereas the genes involved 

in motility, transcription, lipid transport, and metabolism showed high mobilities [78]. Gene clusters 

associated with pathogenicity and adaptation were highly unstable. The gene gain or loss varied 

depending on the location of the genes on the chromosome. 

Genes in the megaplasmid showed high gain or high loss compared to those in the chromosome 

[78]. However, chromosomal genes present in the “cell motility” class showed high gain in the 

chromosome compared to the megaplasmid. Thus, the differential gene gain and loss in both 

replicons suggest a variable contribution for adaptation and bacterial fitness [78]. Hot spots are 

genomic regions having higher single nucleotide variations (SNVs) whereas the cold spots have very 

few variations [95]. The hot spots were dominant in the megaplasmid indicating higher gene 

variation, whereas cold spots were usually present on the chromosome [78]. No autocorrelation was 

found in the distance between the hotspots and the Insertion Sequence (IS) elements suggesting that 

IS played no role in the clustering of hotspots and cold spots [78]. Horizontal gene transfers occurred 

frequently between the Molk2 banana Phylotype IIB strain and the two tomato strains, GMI1000 and 

CFBP2957 in Phylotypes I and IIA, respectively [78]. 

A unified nomenclature for the Type3 effector (T3E) proteins was proposed by Peeters et al. [96] 

to bring consistency and avoid the use of dual names for single effectors. They proposed renaming 

94 orthologous T3E genes, giving each a uniform generic name. The effectors in R. solanacearum were 

designated as Rip (Ralstonia Injected Proteins) to simplify the nomenclature and 2 groups of 

conserved effectors were later identified in 10 strains [96,97]. In addition to the generic name (Rip) 

for the genes, some portion of the previous name was incorporated into the new name for ease of 

identification. (AvrA was changed to RipAA; PopP1 to RipP1). The GALA gene family was 

designated by a G extension, as in RipG1, RipG2 etc [96]. 

The discovery of cold-tolerance genes or cool temperature virulence factors in R3bv2 strains was 

also revealed by comparative transcriptome analysis (Meng et al., 2015). The adaptation of the R3bv2 

strains to the cooler temperature conditions was due to upregulation of a specific quorum sensing-

dependent protein, AidA, and a hypothetical protein AidC [98]. 

Table 5. Operons and gene products of significance in pathogenesis and genomic studies of Ralstonia 

solanacearum species complex. 

Operons/gene 

products 
Name Function References  

Eps operon 
Extracellular 

polysaccharide 
Production of EPS I [49,50] 

Cel, PME, PG 
cellulase, pectin 

methylesterase, 
Plant cell wall degradation [50,99,100] 
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cellobiosidase and 

polygalacturonases 

PehA Pectin methylesterase 
Exposes pectin to degradation by 

removing its methoxy groups  
[50,101] 

PehB 
endo- polygalacturonic acid 

esterase 
Pectin degradation [50,102] 

PehC 
exo- polygalacturonic acid 

esterase 
Pectin degradation [50,91] 

PehX 
endo- polygalacturonic acid 

esterase (similar to PehB) 

Aids conversion of complex 

polygalacturonic acid and pectin 

into simple monomeric, dimeric, 

or oligomeric units 

[50] 

LecM 
Mannose-fucose binding 

lectin 

Contributes to cool temperature 

virulence of R3bv2 strains 
[98] 

AidA, AidC 
Quorum-sensing protein 

and a hypothetical protein 

Contributes to cool temperature 

virulence of R3bv2 strains  
[98] 

19.  2014 - 2020: Division into three genomic species, phylogenomics and effector repertoires 

In a multifaceted polyphasic analysis of 68 strains from four phylotypes, Safni et al. 103] 

proposed further taxonomic revision of the diverse group of strains in phylotype IV. Phenotypic 

characterization including whole-cell fatty acid composition analysis, DNA base composition, DNA-

DNA hybridization, ITS and egl gene analysis led to a proposal to further amend the species complex 

(Fig 5). 

 

Figure 5. Taxonomic revision of Ralstonia solanacearum species complex phylotypes into three species: 

R. pseudosolanacearum (origin: Asia and Africa), R. solanacearum (origin: America) and R. syzygii 

(origin: Indonesia). . 

A complementary phenotypic analysis of strains representing all four phylotypes revealed that 

phylotype I and III strains utilized nitrate as an energy source under anaerobic conditions unlike the 

phylotype II and IV strains [3]. Proteomic analysis of 73 bacterial strains using mass spectrometry 

also supported differentiation into 3 distinct species [3]. 

Prior et al. group used the denitrification assays based on Dalsing et al. [104] whereas Safni et al. 

[103] used the method of Hayward in 1964 for denitrification assays [103,104]. The use of different 

assays for denitrification may explain the differences in results [3,103]. The Maximum Unique 

Matches index (MUMi) and Average Nucleotide Identity (ANI) analyses were used to delineate the 

species of the RSSC, also supported the division of the species complex into 3 distinct groups, 
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concurring with results of DNA-DNA hybridization studies [3,103] . Results from these analyses 

confirmed that the phylotype II strains clustered into a single species, R. solanacearum; phylotypes I 

and III comprised a second species, R. pseudosolanacearum with two subspecies (IIA and IIB); and 

phylotype IV strains merited a separate species, R. syzygii with three subspecies, syzygii, indonesiensis, 

and celebensis [3,103]. 

Comparative genomic analysis shows the adaptation of closely related populations of the RSSC 

to distinct host ranges. This was particularly relevant in the study of potato brown rot strains, moko 

strains, and strains non-pathogenic to banana (NPB). Each of these groups has closely related 

populations that have thrived well in hosts of distinct geographical locations [105]. Genes responsible 

for host range adaptions were analyzed and found to be minimal in clades containing brown rot 

strains, moko strains, and NPB. The moko strain UW163 (phylotype IIB) and the NPB strain IBSBF 

1503 were closely related based on genomic content, but the latter strain was unable to infect banana 

and apparently had gained the ability to infect members of the Curcurbitacae. These host range 

differences were associated with differences in their transcriptomic profiles which differed in 

pathogenicity studies. Gene expression was convergent under similar environmental conditions, 

whereas virulence gene expression depended on the inoculated host [105]. The ripAA genes lost in 

the NPB during the divergent evolution from the Moko IIB lineage conferred resistance to the tomato 

strain, GMI1000 [106]. This suggests the ripAA may play a role as an effector for inducing banana wilt 

by moko strains. The strain, however, can have an avirulence factor conferring the resistance in the 

host range of NPB strains excluding the host range of moko strains [105]. Homology with the other 

soil-borne plant pathogenic bacteria in between the unknown proteins acquired by the brown rot 

strains was found suggesting the role of these genes in bacterial adaptation [105]. 

The use of Multi Locus Sequence Analysis (MLSA), proteomic analysis, Double DNA 

hybridization (DDH), Single Molecule Real Time (SMRT) sequencing techniques have elucidated 

evolutionary patterns and pathogenicity-related gene regulatory mechanisms in this diverse and 

heterogeneous pathogen. However, positioning and classification of unique strains, such as ACH732 

in the RSSC remains uncertain [47,52,73,88]. The R. syzygii strain DTP602 also is considered a 

misnomer based on ANI and DDH values and reevaluation of its classification has been proposed 

[107]. 

In recent years, the whole-genome sequencing-based phylogenomic studies—providing a 

comprehensive understanding of genome biology and constituents—are increasing [108–111]. Whole 

genome-based comparative genomic analysis is an advanced approach for locating the function of 

specific unknown genes, tracing evolutionary patterns based on genome organization, horizontal 

gene transfer events, and taxonomic positioning of strains. Models for host specificity studies are 

based on effector repertoires, functional diversification, and effector-triggered immunity. These 

studies are significant, especially, with respect to effector proteins-triggered elicitation and 

suppression of plant immunity [112,113]. In a recent study, Nakano and Mukaihara [114] revealed 

that R. solanacearum affects plant pattern-triggered immunity (PTI) using multiple effector proteins 

and modulate jasmonate signaling to stimulate infection. Specific genes within a whole-genome 

reference strain can be further analyzed to determine pathogen signaling in the environment, 

virulence pathways and pathogen adaption to host defense mechanisms. The increasing genome 

database has an imperative contribution in predicting the role of genes in host adaptation and 

virulence and their evolutionary hierarchy [109]. As of a current NCBI Genome Assembly and 

Annotation report (July 2020), 91 strains of Ralstonia solanacearum have been completely sequenced, 

13 additional strains were in chromosome level, 57 strains were in scaffold state and 41 were in contig 

phase. The R. syzygii subsp. indonesiensis genomes have been included under R. solanacearum genome 

in NCBI database. Two genomes were found for R. syzygii subsp. celebesensis: A2-HR Mardi 

(CP019911.1) and R229 (FR854067.1). One genome was found for R. syzygii subsp. syzygii: R24 

(FR854088.1). 

20. Conclusions and Future Research 
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Significant research advances have been made over the past 124 years on the bacterial wilt 

pathogen, first described as a Gram-positive rod, Bacillus solanacearum. Frequent name changes have 

occurred as methodology transitioned from phenotypic, biochemical, and molecular studies, to 

genomics and functional genomics. The diversity, wide host range and geographical distribution of 

R. solanacearum resulted in its inclusion in a “species complex” as genomic analyses of elucidated 

phylogenetic relationships among strains. Lower costs for whole-genome sequencing has enabled 

researchers to go beyond MLST-based analyses to describe the diversity and evolutionary 

relationships among strains. In 2015, there were only 10 completely sequenced genomes. In 2020, 18 

years after the publication of the first genome sequence for R. solanacearum, 211 whole genome 

sequences have been published in the NCBI GenBank database for the three currently described 

species in the RSSC, R. solanacearum, R. pseudosolanacearum and R. syzygii. The broad host range and 

diversified distribution of RSSC throughout the world will no doubt lead to the discovery of new 

strains in the future, leading to further taxonomic modifications of RSSC. Next generation sequencing 

has set a rapid pace while advancing the taxonomic and phylogenomic research. A comprehensive 

analysis of the genomic biology of this pathogen is still needed to understand the recombination 

events and evolution of this devastating pathogen. To resolve the evolutionary hierarchy (both 

ancestral and recent) of this pathogen, it is important to elucidate that how RSSC genomic 

constituents, genes or gene clusters, react in different niches associated with divers hosts, and leading 

to species delineation. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Ralstonia 

solanacearum species complex strains used in different analyses. 
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