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Abstract

Background Ralstonia solanacearum causes bacterial wilt of Pogostemon cablin which is an important aromatic herb and
also the main materials of COVID-19 therapeutic traditional drugs. However, we are lacking the information on the genomic
sequences of R. solanacearum isolated from P. cablin.

Objective The acquisition and analysis of this whole-genome sequence of the P. cablin bacterial wilt pathogen.

Methods An R. solanacearum strain, named SY 1, was isolated from infected P. cablin plants, and the complete genome
sequence was sequenced and analyzed.

Results The SY1 strain contains a 3.70-Mb chromosome and a 2.18-Mb megaplasmid, with GC contents of 67.57% and
67.41%, respectively. A total of 3308 predicted genes were located on the chromosome and 1657 genes were located in the
megaplasmid. SY1 strain has 273 unique genes compared with five representative R. solanacearum strains, and these genes
were enriched in the plant—pathogen interaction pathway. SY1 possessed a higher syntenic relationship with phylotype I
strains, and the arsenal of type III effectors predicted in SY1 were also more closely related to those of phylotype I strains.
SY1 contained 14 and 5 genomic islands in its chromosome and megaplasmid, respectively, and two prophage sequences in
its chromosome. In addition, 215 and 130 genes were annotated as carbohydrate-active enzymes and antibiotic resistance
genes, respectively.

Conclusion This is the first genome-scale assembly and annotation for R. solanacearum which isolated from infected P. cablin
plants. The arsenal of virulence and antibiotic resistance may as the determinants in SY1 for infection of P. cablin plants.
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(Capsicum annuum) (Genin and Denny 2012; Xian et al.
2020). Currently rated as the second most important plant
pathogenic bacterium worldwide (Mansfield et al. 2012;
Peeters et al. 2013; Chen et al. 2021), R. solanacearum
can survive in water and soil for a long time (Alvarez et al.
2008), and invades plants through wounds created on the
surface of roots by agricultural activities, infestation of nem-
atodes, or during the formation of lateral roots (Alvarez et al.
2008). Upon penetration into roots, this bacterium gradually
invades the xylem vessels, colonizes them, and replicates
extensively. The accumulation of bacterial cells and extra-
cellular substances strongly inhibits the ability of the vessel
to transport water to the aboveground plant tissues. Finally,
the infected plants wilt and die. The bacteria in the dead
plants are then returned to the rhizosphere, where they can
initiate the next infection cycle (Dalsing et al. 2015).

Phylogenetic analyses of Ralstonia strains that cause wilt
diseases revealed great genetic diversity (Genin and Denny
2012; Peeters et al. 2013; Prior et al. 2016). This group of
organisms is referred to as the R. solanacearum species
complex (RSSC). Members of the RSSC can be divided into
four phylotypes according to their geographical origins as
follows: phylotype I (Asian), phylotype II (American), phy-
lotype III (African), and phylotype IV (Indonesian) (Peeters
et al. 2013). Based on other methods, RSSC members can
also be divided into three species as follows: species com-
posed of phylotypes I and III, species composed of phylo-
type IIA and IIB, and species composed of phylotype IV
(Safni et al. 2014; Chen et al. 2021). The virulence factors
of R. solanacearum are critical for its pathogenicity (Peeters
et al. 2013). The ability to produce extracellular polysac-
charides, type IV fimbriae, and polycarboxylate siderophore
staphyloferrin B differs between strains in the RSSC (Chen
et al. 2021), while the arsenal of type III effector proteins
(T3Es) also varies substantially (Peeters et al. 2013; Sun
et al. 2017, 2019; Landry et al. 2020).

Pogostemon cablin, commonly called patchouli, is an
important aromatic herb belonging to the Lamiaceae fam-
ily (Li et al. 2020). The essential oil extracted from this
plant is an important material in the cosmetics and perfume
industries (Phuwajaroanpong et al. 2020). In addition, the
plant and its essential oil have been widely used in tradi-
tional medicines and pharmacology (Phuwajaroanpong et al.
2020; Aisyah et al. 2021; Junren et al. 2021). P. cablin is
native to tropical regions of Asia and is extensively grown
in China, India, Brazil, Indonesia, Malaysia, and the Philip-
pines (Wang et al. 2018). P. cablin is susceptible to R. sola-
nacearum infection. The resulting bacterial wilt is difficult
to control and causes serious losses in P. cablin (Wang et al.,
2018; Zhang et al., 2020).

Since the first report of genome sequencing of the R.
solanacearum strain GMI1000, a growing number of other
strains have been sequenced (Salanoubat et al. 2002; Chen
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et al. 2021). There are close to 300 reports of the genome
assembly and annotation of R. solanacearum strains in the
NCBI database (https://www.ncbi.nlm.nih.gov/genome/
490). These data highlight the biodiversity of R. solan-
acearum strains and have helped to facilitate a better under-
standing of the evolutionary processes, gene regulatory net-
works, and pathogenic mechanisms of these bacteria (Prior
et al. 2016; Cho et al. 2019). However, genome sequence
data of the strain that causes bacterial wilt in P. cablin plants
are lacking, and a more comprehensive and detailed analysis
of comparative genomics is needed.

In this work, we isolated a R. solanacearum strain,
named SY1, from infected P. cablin plants, and sequenced
the whole genome of strain SY 1. Then, we investigated the
host-specific candidate genes, the T3Es, and the evolution-
ary relationships by comparative evolutionary and genomics
analyses.

Materials and methods
Strain Isolation and pathogenicity tests

Ralstonia solanacearum strain SY1 was isolated from the
stem leaching solution of one Pogostemon cablin (Blanco)
Benth. plant, which exhibited bacterial wilt symptoms, on
the Deqing traditional Chinese medicine production base
(111°83" N, 23°25" E), Deqing City, Guangdong Province
of China. The leaching solution of stem were patched on
the casamino acid-peptone-glucose (CPG) agar medium
for 24 h, as described previously (Tasset et al. 2010). One
selected clone was grown in CPG liquid medium for 16 h at
30 °C, followed by centrifugation at 4500 r/min for 5 min
to collect cells, and adjusted to 10’ CFU/mL in 100 mL
of sterile water. Four different cultivars of P. cablin plants
(Hainan; Gaoyao; Shipai; Yingni) were cultivated for
60 days (26 +2 °C with a 16-h/8-h light/dark photoperiod
and 70-80% relative humidity) in the greenhouse, then irri-
gated with these bacterial suspensions, and the photograph
of the plants were taken at 15 days of post-infection.

DNA extraction and genome sequencing
and assembly

The genomic DNA of R. solanacearum strain SY1 was
extracted using the HiPure Bacterial DNA Kit (Magen Bio,
Guangzhou, China) and analyzed for quality via a Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA), and
its concentration was determined using a Nanodrop (Thermo
Fisher Scientific, Wilmington, USA) following the manufac-
turer’s instructions. The genomic DNA was sequenced by a
PacBio long-read sequencer to obtain the complete genome
data. The quality-evaluated genomic DNA was fragmented
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using g-TUBE (Covaris, Woburn, Massachusetts, USA)
followed by end-repair to obtained the SMRTbell libraries.
The fragments with sizes larger than 10 kb were selected
by the Blue Pippin system according to the manufacturer’s
protocols (Pacific Biosciences, Menlo Park, CA, USA). To
estimate the quality and average size of the fragments of the
library, we used a Qubit 2.0 Fluorometer (Life Technolo-
gies, Carlsbad, CA, USA) and Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) according to standard
protocols. SMRT sequencing was done using the PacBio
Sequel system (Pacific Biosciences, Menlo Park, CA, USA),
and the obtained continuous long reads were used for de
novo assembly by the Falcon program (version 0.3.0) with
default parameters (Chin et al. 2016). The genome has been
deposited in GenBank under accession numbers CP071914
and CP071915 for the chromosome and megaplasmid,
respectively.

Functional annotation

The NCBI prokaryotic genome annotation pipeline com-
bined with Prokka (version 1.11) was used to predict the
open reading frames (ORFs) (Seemann 2014; Tatusova et al.
2016). CRISPR elements were estimated by CRISPRfinder
(version 4.2.17) (Grissa et al. 2007). The rRNAs were pre-
dicted using the program rRNAmmer (version 1.2), SRNAs
were predicted by the program cmscan (version 1.1.2), and
tRNAs were predicted by the program tRNAscan (version
1.3.1) (Lagesen et al. 2007; Nawrocki and Eddy 2013; Lowe
and Chan 2016). In addition, tandem repeat elements, inter-
spersed repeat elements, and transposons were predicted by
the programs TRF (version 4.09) (Benson 1999), Repeat-
Masker (version 4.0.5) (Tarailo-Graovac and Chen 2009),
and TransposonPSI (version 1.0.0) (http://transposonpsi.
sourceforge.net/) (Vij et al. 2016), respectively. The pre-
dicted genes of strain SY1 were annotated by BLASTN
(E-value < le—5) based on sequence similarity, and using
GO, Cluster of Orthologous Groups of proteins (COQG),
KEGG, Swissport, and NCBI nonredundant protein (NR)
databases. For protein family annotation, Pfam_Scan (ver-
sion 1.6) was applied based on the Pfam database (version
32.0) (Finn et al. 2014). GIs and prophages were predicted
using Island Viewer (version 4.0) (http://www.pathogenom
ics.sfu.ca/islandviewer/upload/) (Bertelli et al. 2017) and
Phage_Finder (version 2.0) (Fouts 2006), respectively. The
type III effectors of the strain SY1 were predicted by the
T3E database (Peeters et al. 2013). The phylogenetic tree
was generated by the REALPHY program (https://realphy.
unibas.ch/realphy/) based on the whole genome of the strain
SY1 and other sequenced R. solanacearum genomes (Bertels
et al. 2014). The Comprehensive Antibiotic Resistance Data-
base (CARD) (Alcock et al. 2020) and the Carbohydrate-
Active enZYmes (CAZy) (Lombard et al. 2013) database

were used to perform the advanced annotations. All analysis
was conducted using the default parameters.

Identification of orthologous genes

The genome alignments of strain SY1 and five other rep-
resentative R. solanacearum strains were performed in
an all-against-all comparison based on MUMmer 3 pack-
age (version 3.3.3) (http://mummer.sourceforge.net/) with
default parameters (Kurtz et al. 2004). The orthologous gene
clusters in genomes of strains were identified consecutively
by combining the programs of DIAMOND (parameters of
E-value < 1¢7, query cover > 30%) and OrthoMCL (version
2.0) with default parameters (Buchfink et al. 2015; Silva-
Pereira et al. 2019). The putative proteins of strain SY1 and
core orthologs were aligned with BLASTP. The score for
each pair of significant matched proteins was assigned based
ona 1x 1077 cut-off value (Hirsh and Fraser 2001). Pairwise
comparison of the Average Nucleotide Identity (ANI) was
performed by JSpeciesWS (http://jspecies.ribohost.com/
jspeciesws/#analyse) (Richter et al. 2015).

Substitution rate estimation

The nonsynonymous mutation rate (Ka) and synonymous
mutation rate (Ks) were calculated based on KaKs_Calcula-
tor Toolbox software (using the free ratio model with default
parameters) (version 2.0) (Wang et al. 2010). The Ka/Ks
values higher than 0.5 (Wang et al. 2015) were considered
as the positively selected genes within the R. solanacearum
strains.

Results

Isolation of pathogenic bacteria and pathogenicity
tests

One Pogostemon cablin (Blanco) Benth. plant, which exhib-
ited bacterial wilt symptoms, was sampled from the Deqing
traditional Chinese medicine production base (111°83" N,
23°25" E), Deqing City, Guangdong Province of China
(Fig. 1A). The leaching solution of the stem was cultured
and a large number of milky white colonies were obtained
(Fig. 1B and C). The back infestation test showed that this
strain can caused the typical wilt symptom on four cultivars
of P. cablin plants (Hainan; Gaoyao; Shipai; Yingni) which
were irrigated with the bacterial suspensions after 15 days
of post-infection. Comparison of 16S rRNA gene sequences
demonstrated that this strain is a member of the family R.
solanacearum, and we named this pathogenic strain SY1.
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Fig.1 Isolation and pathogenicity tests of Ralstonia solanacearum
strain SY1. A and B Ralstonia solanacearum strain SY1 was iso-
lated from the stem of one Pogostemon cabli (Blanco) Benth. plant,
which exhibited bacterial wilt symptoms, on the Deqing traditional
Chinese medicine production base (111°83' N, 23°25" E), Deqing
City, Guangdong Province of China. Morphology of R. solanacearum
strain SY1 colonies. A single colony of the strain SY1 was streaked

Genome sequencing, assembly, and functional
annotation

To explore the interaction mechanisms of R. solanacearum
strain SY1 with P. cablin, we sequenced the genome of the
strain SY1 using the PacBio Sequel platform. A total of
1.50 Gb of polymerase reads with 255-fold coverage of the
whole genome were obtained by SMRT sequencing. After
removing adapters and low-quality or ambiguous reads, and
using the program MECAT (Xiao et al. 2017), we assem-
bled the clean data into two scaffolds, one chromosome and
one megaplasmid, of approximately 3.70 Mb and 2.18 Mb,
respectively (Fig. 2A and B). A total of 3,308 and 1,657
predicted genes were located in the chromosome and the
megaplasmid, respectively. The GC content of the chromo-
some was 67.57%, and that of the megaplasmid was 67.41%
(Table 1). Different strategies were also used to predict the
numbers of clustered regularly interspaced short palindromic
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and cultivated on CPG medium at 30 °C for 24 h. D Symptoms on P.
cablin plants (the cultivars from left to right, Hainan; Gaoyao; Shipai;
Yingni) generated by R. solanacearum strain SY1 15 days post-inoc-
ulation. Roots of P. cablin plants were irrigated with bacterial suspen-
sions (10" CFU/mL) and photographed 15 days later. CFU, colony-
forming units

repeats (CRISPR), genomic islands (GIs), prophages, inter-
spersed repeats, tandem repeats, and transposons in the chro-
mosome and the megaplasmid (Table 1). The Non-Redun-
dant Protein Database (NR) species distribution statistics
indicated that 91.74% of the genes belonged to the R. solan-
acearum, which suggested that the genome we obtained was
high quality (Figure S1).

Genetic relationship between strain SY1 and other
virulent strains

We performed phylogenetic analysis between strain SY1 and
five representative sequenced strains of R. solanacearum
(GMI1000, EP1, CMR15, IPO1609, and PSI107) based
on their whole genomes using the REALPHY platform
(Fig. 2C). In addition, in this study, we compared these
six R. solanacearum strains and explored the specific and
shared genes between the genomes of strain SY1 and these
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Fig.2 General genomic features of Ralstonia solanacearum strain
SY1. A Circos plot of the strain SY1 chromosome. The strain SY1
chromosome contig with a full length of 3,702,477 bp, 67.57% GC
content, and 3308 predicted genes. B Circos plot of the strain SY1
megaplasmid. The strain SY1 megaplasmid contig with a full length
of 2,177,065 bp, 67.41% GC content, and 1657 predicted genes. From
the outermost circle to the center indicates the size of the chromo-
some, the annotated genes (the second and third circles represent the
positive and negative strands, respectively, and different colors indi-
cate the different COG functional classifications), non-coding RNAs

five representative strains (Fig. 2D). We established that
273 genes were unique to strain SY 1. Using the C-Sibelia
program (Minkin et al., 2013), we identified synteny blocks
between strain SY1 and the five representative strains
(Fig. 3). In strain SY1, collinear blocks accounted for
92.70% (versus EP1), 91.04% (versus GMI1000), 82.09%
(versus CMR15), 76.84% (versus PSI07), and 71.63% (ver-
sus IPO1609) of the total gene length (Table 2).

To better evaluate the gene ontology (GO) and func-
tional classification of these strain SYl-specific genes,
we performed GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis (Fig. 4). Genes
specifically expressed in strain SY1 were enriched in the
GO terms ‘DNA metabolic process’, ‘cellular macromol-
ecule metabolic process’, ‘nucleic acid metabolic process’,

(black means tRNA and red indicates rRNA), GC content (orange and
blue bars indicate that the GC content in this layer is higher or lower
than the average GC level of the genome, respectively), and GC skew
curve (orange and purple bars indicate that the GC skew curve in this
layer is higher or lower than zero, respectively). C Phylogenetic tree
constructed based on the whole genome of five representative R. sola-
nacearum strains and the strain SY1. D Venn diagram showing the
shared or unique gene families between strain SY1 and the five repre-
sentative R. solanacearum strains

and ‘nucleobase-containing compound metabolic process’.
Subsequently, we performed KEGG pathway analyses
using genes specifically expressed in strain SY 1. The main
enriched pathways were ‘plant—pathogen interaction’, ‘mis-
match repair’, and ‘nucleotide excision repair’ (Table S1 and
S2). These results demonstrated that although SY1 has high
similarity with other R. solanacearum strains, it still may has
many different genes which involve physiology, biochemis-
try and pathogenicity.

Identification and comparative analysis of the type
lll effector of R. solanacearum strain SY1

R. solanacearum delivers an array of effector proteins via
its type III secretion system (Landry et al. 2020; Xian et al.
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Table 1 General feature of the Ralstonia solanacearum strain SY1
genome

Features Chromosome Megaplasmid Total
Size (bp) 3702477 2177065 5879524
G+C content (%) 67.57 67.41 67.52
Coding genes 3308 1657 4965
tRNA 55 4 59
23S_rRNA 3 1 4
16S_rRNA 3 1 4
5S_rRNA 3 1 4
sRNA 6 1 7
CRISPR number 2 1 3
Genomic islands 14 5 19
Prophage 2 0 2
Interspersed repeats 30 10 40
Tandem repeats 204 119 323
Transposon 1 4 5

2020). Although members of the RSSC can infect many
hosts, each strain has its own specific effector proteins,
which largely determine their host range (Peeters et al. 2013;

Fig.3 Synteny map of the
genomes of strain SY1 and five
representative R. solanacearum
strains: GMI1000, EP1,
CMR15, IPO1609, and PSI107

ps\07

@ Springer

Xian et al. 2020). To explore the characteristics of the strain
SY1 effector protein arsenal, we analyzed the potential type
III effectors of strain SY1 using the T3E database (Peeters
et al. 2013). We identified 56 effectors in the strain SY1
genome (Fig. 5), and analyzed the presence of these effec-
tor proteins in 12 additional RSSC strains that have been
sequenced. The effector proteins of strain SY1 are similar
to those of phylotype I strains, such as GMI1000, 224, and
YC45, but differ substantially from those of phylotype II and
IV strains. In addition, we established that strain SY1 con-
tains more than one copy of the effectors RipJ and RipAX2,
but only pseudogene copies of the effectors RipAO and
RipBA (Fig. 5). These results demonstrated that SY1 also
contents the arsenal of type III effectors, and these effectors
has high similarity with that of phylotype I R. solanacearum
strains.

Genomics islands and prophage elements

Genomic islands (GIs) are DNA fragments resulting from
horizontal gene transfer between different bacterial genomes
(Rodriguez-Valera et al. 2016). In this study, we screened the
sequences of the chromosome and megaplasmid of strain
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Table2 Comparison of collinearity between strain SY1 and other
strains of Ralstonia solanacearum

Strain Collinear with SY1 (%)
EP1 92.70
GMI 1000 91.04
CMRI15 82.09
PSI07 76.84
1PO1609 71.63

SY1 for the presence of GIs using Island viewer software
(Bertelli et al. 2017). As shown in Fig. 6, 14 and 5 GIs were
identified in the chromosome and megaplasmid, respec-
tively, by the IslandPath-DIMOB program. For the chromo-
some, the lengths of the GIs ranged from 7888 to 60,907 bp,
with an average size of 24,200 bp, and a total of 338,806 bp.
There were 303 genes in the 14 GIs, which mainly encode
transcriptional regulators, transposases, phosphatases, and
sugar kinases, for example, L-iditol 2-dehydrogenase, PHB
depolymerase family esterase, AAA family ATPase, glu-
tathione S-transferase, FAD-dependent oxidoreductase, and
SAM-dependent methyltransferase. For the megaplasmid,
the lengths of the GIs ranged from 15,023 to 39,648 bp,
with an average size of 25,022 bp, and a total of 125,110 bp.
There were 89 genes in the 5 GIs, which mainly encode IS5-
like element IS1421 family transposases, LysR family tran-
scriptional regulators, MFS transporters, ABC transporter
substrate-binding proteins, transcriptional regulators, man-
nose-binding lectin proteins, oxidoreductases, AAA family
ATPases, and antitoxins.

A Top 20 of GO Enrichment

G0:0006259 DNA metabolic process { | N RIS - (0.025)
G0:0044260 cellular macromolecule metabolic process- [ NG s 0.057)

G0:0044068 modulation by symbiont of host cellular process- [l 1(0.11)

G0:0090304 nucleic acid metabolic process 40013
G0:0043170 macromolecule metabolic process 6(0.13)
G0:0006139 nucleobase-containing compound metabolic process 40013
G0:0006952 defense response 1(0.13)
G0:0009607 response to biotic stimulus 1(0.13)

GOterm

GO:0031347 regulation of defense response

G0:0035821 modification of morphology
or physiology of other organism

G0:0043207 response to external biotic stimulus

G0:0044003 modification by symbiont
of host morphology or physiology

G0:0048583 regulation of response to stimulus
GO:0051701 interaction with host

GO:0051707 response to other organism

G0:0051817 modification of morphology or physiology
of other organism involved in symbiotic interaction

G0:0052031 modulation by symbiont of host defense response

G0:0052173 response to defenses of other organism
involved in symbiotic interaction

G0:0052200 response to host defenses

G0:0052255 modulation by organism of defense response
of other organism involved in symbiotic interaction

1(013)
1(013)
1(013)
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1(013)
1(013)
1(013)
1(013)
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50 100
Gene Percent(%)
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0.100
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0.025

Accurate identification of prophages is important for the
comprehensive study of a pathogen’s genome and its genetic
potential (Bondy-Denomy et al. 2016). In this study, using
the program Phage_Finder (Fouts 2006), we found that the
megaplasmid of the strain SY1 does not have a prophage
region that can be predicted, while the chromosome con-
tains two prophage regions (Table S3). These two prophage
sequences had a total size of 55,624 bp. The lengths of
prophage regions 1 and 2 were 36,895 bp (from 1,188,544 to
1,225,438 bp, with a GC content of 65.87%) and 18,729 bp
(from 1,396,400 to 1,415,128 bp, with a GC content of
66.67%), respectively. A total of 78 protein-coding genes
were predicted in these prophage sequences of the strain
SY1 chromosome, which encoded integrases, RNA-binding
proteins, transcriptional regulators, phage capsid scaffolding
proteins, and phage tail proteins.

Carbohydrate-active enzymes, antibiotic resistance,
and substitution rate (Ka/Ks) analysis

Carbohydrate-active enzymes (CAZymes) are families of
enzymes involved in the breakdown of carbohydrates into
smaller components by creation, degradation, and modifica-
tion of glycosidic bonds (Montgomery et al. 2017). In this
study, 215 genes in the strain SY1 genome were annotated
as CAZyme family genes (Figure S2). Among them, gly-
cosyl transferases and glycoside hydrolases were the most
abundant, followed by carbohydrate-binding modules, car-
bohydrate esterases, auxiliary activities, and polysaccharide
lyases.

B Top 20 of KEGG Enrichment
Plant-pathogen interaction { [ )
Mismatch repair [ ]
Nucleotide excision repair
DNA replication
GeneNumber
Cell cycle - Caulobacter
e 1
He I bi . z
lomologous recombination 4
g . 3
3 o
g Porphyrin and chiorophyll metabolism{
= I
© ABC transporters { [ ] qvalue
a
Purine metabolism { 075
0.50
Quorum sensing . 025
Two-component system
Microbial metabolism in diverse environments |
Biosynthesis of secondary metabolites {
Metabolic pathways { [ ]

0.0 0.2 03

0.1
RichFactor

Fig.4 Top 20 enriched GO and KEGG pathways of strain SY 1-specific genes. The g-value was generated by multi-test correction of the p-value
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Fig.5 Identification and comparison of type IIl effector genes in
strain SY1 and the other R. solanacearum strains. The different
colored rectangles represent the status of effector protein genes in the
corresponding strains. The meanings of the different colors in the rec-

Furthermore, we analyzed the antibiotic resistance genes
(ARGsS) in the strain SY1 genome via the Comprehensive
Antibiotic Resistance Database (CARD) (Alcock et al.
2020) and identified 130 ARGs (Table S4). These ARGs
were involved in resistance to fusidic acid, fosfomycin,
nitrofurantoin, isoniazid, triclosan, rifampicin, ethambutol,
pyrazinamide, streptomycin, and amoxicillin.

To evaluate the evolutionary dynamics, we used the MUM-
mer 3 package (Hurst 2002) to identify the orthologous genes
between these six strains, and the nonsynonymous mutation
rate (Ka)/synonymous mutation rate (Ks) ratio of the genes
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tangles are shown in the legend on the top right. The phylotypes col-
umn indicates the phylotype of the different strains. The description
column shows the potential physiological or biochemical functions of
effector proteins that have been described

was calculated by the free ratio model (Li et al. 2009). We
found four values of Ka/Ks> 0.5 (positive selection), which
involved four genes encoding a DUF2244 domain-containing
protein, an ATPase, a (2Fe-2S)-binding protein, and a BON
domain-containing protein (Table S5).
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Fig.6 Circular and horizontal plots of genomic islands (GIs) iden-
tified in the strain SY1 chromosome (A, circular plot; C, horizon-
tal plot) and megaplasmid (B, circular plot; D, horizontal plot). The
orange bars represent the predicted GIs identified by SIGI-HMM, the

Discussion

Since the whole genome of R. solanacearum strain
GMI1000 was first sequenced in 2002 (Salanoubat et al.,
2002), an increasing number of R. solanacearum strains have
been sequenced due to advances in sequencing and analysis
technologies (Tan et al. 2019; Chen et al. 2021). However,
although P. cablin production is seriously threatened by R.
solanacearum, there have been few studies on the R. sola-
nacearum strains isolated from P. cablin. In this study, we
isolated the strain SY1 from P. cablin and sequenced and
analyzed its whole genome, providing an important research
basis for studying the characteristics of R. solanacearum in
P. cablin, examining the molecular mechanisms of the inter-
action between R. solanacearum and P. cablin, and develop-
ing targeted biological control methods (Wang et al. 2018).
One R. solanacearum strain, phylotype I, isolated from a
sweet pepper in South China, was been named as Rs-SY1
(Du et al. 2017). Here, the strain named as SY 1, although
the names look similar, they are two different strains. In this
study, we selected five additional virulent R. solanacearum
strains, which sequenced and published earlier, and done
more research works, GMI1000 (Zhang et al. 2020), EP1 (Li

0

200k 400k 600k 800k ™ 12M  14M  16M  1.8M 2M

green bars represent the Gls identified by IslandPick, and the blue
bars represent the analysis by IslandPath-DIMOB. The red boxes rep-
resent the integrated search results

et al. 2016), CMR15 (Ravelomanantsoa et al. 2016), PS107
(Landry et al. 2020), and IPO1609 (Gonzélez et al. 2011),
representing phylotypes I, I, III, IV, and IIB1, respectively.
Phylogenetic analysis of strain SY1 and these five strains
demonstrated that strain SY1 can be classified into phylotype
I, which includes strains mostly from Asia, and this result
is consistent with the generally accepted view that the evo-
lutionary relationships among R. solanacearum strains are
related to their geographical origin (Peeters et al., 2013).
In addition, the Average Nucleotide Identity (ANI) analysis
also found that strain SY 1 and strain GMI1000 had the high-
est correlation (Table S6 and S7). However, we established
that the strain SY1 has many genes that differ from the two
representative strains of phylotype I. KEGG pathway analy-
sis showed that the unique genes of strain SY1 were mainly
enriched in the pathways of ‘plant—pathogen interaction’,
‘mismatch repair’, and ‘nucleotide excision repair’, which
may function in host-specific infection and survival in cer-
tain environments. Noteworthy, four genes were enriched in
the pathway of ‘plant—pathogen interaction’ (Table S1). Two
of them were annotated as the “HlyD family efflux trans-
porter periplasmic adaptor subunit”, and the other two were
annotated as the “ATP-binding cassette domain-containing
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protein”. These genes were reported plays a key role in the
pathogenicity and drug resistance of pathogens (Schmidt and
Hensel 2004; Kostakioti et al. 2005). It remains to be deter-
mined whether strain SY1 has a stronger ability to infect P.
cablin than other R. solanacearum strains, or if it is more
suitable for the soil environment of P. cablin production
areas.

In this study, we investigated the arsenal of effectors
of R. solanacearum strains, which are key to determin-
ing the host range of a particular strain (Genin and Denny
2012). Using the T3E database (Peeters et al., 2013), we
predicted the potential type III effectors of the strain SY1
and compared them with the effector proteins in 12 other
RSSC strains that have been sequenced. Our results were
consistent with those of the comparative genomics analy-
sis; the effector proteins of strain SY1 were similar to those
of phylotype I strains (which includes strains mostly from
Asia) but largely differed from those of strains from other
phylotypes. Thus, strain SY1 has an arsenal of effectors
that allow for pathogenesis of host plants in Asia. Notably,
strain SY1 also has strain-specific type III effectors, such
as the effectors encoded by J4H89_06410, J4H89_15630,
J4H89_18075, and J4H89_24965 genes (Table S2). Among
these, J4AH89 06410 and J4H89_24965 encode effectors
that are similar to the type III effectors from Pseudomonas
amygdali and Burkholderia pseudomallei, respectively
(Table S2). We speculated that these may have been obtained
through horizontal gene transfer. In addition, although R.
solanacearum can infect hundreds of different hosts and has
a large pool of effector proteins, specific strains may have
a host preference. We noticed that the strain SY1 has more
than one copy of the effectors RipJ and RipAX2, but only a
pseudogene copy of RipAO and RipBA. The effector pro-
teins of R. solanacearum have functional redundancy, and
many effector proteins are also recognized by host immunity
(Landry et al. 2020). It is noteworthy that since RipJ belongs
to the well-known YopJ family of acetyltransferases but is
an avirulence protein that triggers bacterial wilt resistance in
Solanum pimpinellifolium (Pandey et al. 2021). These results
suggest that the role of these effectors in strain SY1 infection
may be amplified or negligible during the infection of some
specific host plants.

Conclusions

Here, we sequenced the complete genome of the R. solan-
acearum strain SY 1 isolated from infected P. cablin plants.
Comparative genomics analysis of strains of R. solan-
acearum from different phylotypes demonstrated the genetic
diversity and host specificity of these strains. Strain SY1 was
classified into phylotype I though it contained 273 unique
genes. The analysis of strain-specific genes and type III
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effectors suggested that these genes and effectors may con-
tribute to the host specificity of the strain SY 1. These results
extend our knowledge of R. solanacearum genomes, laying
the foundation for further studies on the interaction between
P. cablin and R. solanacearum and providing a theoretical
basis for the prevention and control of bacterial wilt.
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