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The purpose of this study was to analyze the genetic
and pathogenic characteristics of Ralstonia pseudoso-
lanacearum in roses in Korea, and to examine the simi-
larities and differences between Korean isolates and
the first-reported European strains. Between 2017 and
2019, seventeen isolates from rose plants were identi-
fied as R. pseudosolanacearum using Ralstonia-specific
primers. All 17 isolates were identified as race 1 using
race-specific primers, and were confirmed as biovar 3
due to their ability to utilize carbon sources. Multiplex
PCR using phylotype discriminating specific primers
identified the 17 isolates as phylotype 1. Sequevar com-
parison with reference sequevars using the sequences
of the egl, mutS, and fliC genes, and only the eg/ gene,
revealed that the strains evaluated in this study cor-
responded to sequevar I-33. The pathogenicity in roses
differed depending on the rose cultivars. The different
methods used for the genetic characterization of R.
pseudosolanacearum indicate that the 17 rose bacterial
wilt isolates had the same genetic characteristics. The
lack of genetic variation in these isolates indicates their
recent introduction from other countries (likely Eu-
ropean countries). Therefore, appropriate quarantine
and control measures should be taken in order to avoid
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further increases in the pathogenicity and/or secondary
host range of R. pseudosolanacearum through genetic
mutation.
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In 2015, an unknown disease with atypical symptoms
was reported in roses (Rosa sp. cv. Armando, Sativa, and
Red Naomi) in the Netherlands. These symptoms differed
from those caused by fungal pathogens reported previ-
ously on roses, and included wilting of young shoots and
flower stalks, yellowing of leaves, and dieback of pruned
branches. The causal pathogen from diseased rose samples
was confirmed to be Ralstonia solanacearum, and this re-
cord of bacterial wilt in roses caused by R. solanacearum
was the first of its kind anywhere in the world (Tjou-Tam-
Sin et al., 2017a). As soon as bacterial wilt disease was
confirmed in roses, researchers and members of the Minis-
try of Agriculture in the Netherlands realized this posed a
serious problem for growers and distributors of roses, and
worked to quickly characterize the pathogen and identify
its positioning of classification. For example, Tjou-Tam-
Sin et al. (2017b) found that the pathogenic abilities of the
causal agent, R. solanacearum phylotype 1 (R. pseudo-
solanacearum) in a variety of rose cultivars depended on
inoculation methods and temperatures. They identified two
susceptible cultivars, and the sensitivity of both cultivars to
infection with R. pseudosolanacearum increased when they
were exposed to the pathogen by stem inoculation after
wounding, and at a temperature of 28°C. These results indi-
cate that this pathogenic bacterium has optimum conditions
under which symptoms appear on roses, and management
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techniques involving usage of resistant cultivars and meth-
ods to avoid scars produced during leaf detaching should
be applied. In addition, hierarchical classifications of 129
R. pseudosolanacearum strains isolated from roses in the
Netherlands were conducted based on the phylotype and
sequevar, and results were compared with an isolate from
India (Bergsma-Vlami et al., 2018). Bergsma-Vlami et al.
(2018) concluded that all strains were grouped into phylo-
type I and sequevar 33, which were well-matched with the
strain from India, and therefore all strains were found to
belong to the same monophyletic group. Studies aimed at
evaluating the genetic classification and pathogenicity of R.
pseudosolanacearum have aimed to develop to cope with
this emerging pathogen in the Netherlands.

After R. pseudosolanacearum was first reported from
roses in the Netherlands, bacterial wilt disease was re-
corded in two rose production sites in Switzerland in 2016.
Rose seedling imported by three companies in Switzerland
were also suspected to be infected with R. solanacearum
(EPPO Reporting Service no. 04-2017). However, eradica-
tion measures were implemented as soon as the pathogen
was confirmed to be R. solanacearum race 1, and Swit-
zerland’s National Plant Protection Organization (NPPO)
declared that it had successfully eradicated bacterial wilt in
roses in Switzerland in 2018 (EPPO Reporting Service no.
10-2018).

In 2017, wilting and yellowing symptoms were observed
on leaves of rose plants grown on large flower farms in
Korea. The causal pathogen was reported to be R. sola-
nacearum phylotype 1 (R. pseudosolanacearum) making
Korea the third country in the world following the Nether-
lands and Switzerland to record R. pseudosolanacearum
infections in roses (Kim et al., 2019). It is likely that R.
pseudosolanacearum infections in roses spread to Korea
through the importation of propagating plant materials such
as root stocks and branches for cut flowers from European
countries such as the Netherlands. To confirm this, the
causal pathogens of bacterial wilt on roses from Korea and
the Netherlands must be compared based on their genetic
characterization. Thus, this study aimed to evaluate wheth-
er the R. pseudosolanacearum infecting roses in Korea and
the Netherlands are genetically similar. We evaluated this
using traditional and hierarchical classifications such as
race and biovar, and phylotype and sequevar, respectively.
We also studied the pathogenic properties of R. pseudoso-
lanacearum isolated from roses and a strain isolated from
potatoes (Solanum tuberosum) in roses and tomatoes (.
lycopersicum), which are the natural host and the most sen-
sitive to infection. As such, the two aims of our study were
to characterize the phenotypic and genetic variation of R.

pseudosolanacearum infecting Korean roses, and to evalu-
ate the pathogenicity of R. pseudosolanacearum depending
on host range.

Materials and Methods

Biosafety approval. Kangwon National University granted
biosafety approval for the experiments conducted as part
of this study, and all R. solanacearum and R. pseudosola-
nacearum strains were maintained under the direction of
the Korean Biotechnology Industry Organization (Korea-
Bio).

Isolation of R. pseudosolanacearum from wilting symp-
tomatic roses. Stem cuttings of roses with wilting and die-
back symptoms were collected from rose farms in Taean,
Goyang, Paju, and Jangsu cities/districts. The stems of dis-
eased roses were sliced in sections of 2 cm, with each sec-
tion including symptomatic and asymptomatic parts. Stem
sections were sterilized with 70% EtOH and then washed
three times with distilled water. Stem sections were placed
in extraction bags (Bioreba, Reinach, Switzerland) and 2
ml of 10 mM MgCl, was added to the samples for macera-
tion. Each 1 ml aliquot of rose stem extract was serially di-
luted, and 100 pl of extract was plated on modified SMSA
(semi selective South Africa agar) medium and incubated
at 28°C for 2 days (Elphinstone et al., 1996). For confirma-
tion of R. pseudosolanacearum, typical pink mucoid colo-
nies with red center were amplified with R. solanacearum—
specific primers 759/760 (Supplementary Table 1) (Opina
et al., 1997). Between 2017 and 2019, we isolated a total of
17 R. pseudosolanacearum strains from roses. Our analysis
also included one R. solanacearum strain isolated from
potatoes (Korean Agricultural Culture Collection; KACC
10697), in order to compare the phenotypes and genotypes
of this strain and those isolated from Korean roses (Supple-
mentary Table 2).

Phenotypic characterization of R. pseudosolanacearum.
To identify the race of the R. pseudosolanacearum isolated
from Korean roses, race-specific primers from previous
studies were used (Supplementary Table 1). We included
the following race-specific primers: PS-IS-F/PS-IS-R for
race 1, ISRso19-F/1SRsol9-R for race 2, 630/631 for race
3, and two kinds of primers (AKIF/AKIR and 21F/21R)
for race 4 (Fegan et al., 1998; Horita et al., 2004; Lee and
Khor, 2003; Lee et al. 2001). However, there is no avail-
able specific primer for race 5, and we did not test for race
5 in this study. The PCR reaction consisted of 100 ng/ul
DNA of each strain, 400 mM of each primer, and 12.5 pl
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of 2x EmeraldAmp GT PCR Master Mix (Takara, Tokyo,
Japan) in a total volume of 25 pl. Reactions were carried
as described for each race-specific primer’s protocol. PCR
products were confirmed on 1% of agarose gel and ob-
served under UV light.

For the biovar determination, all 17 strains isolated from
Korean roses and KACC 10697 were cultured in mineral
medium with 1% carbon sources (disaccharides: lactose,
maltose, and cellobiose; sugar alcohols: mannitol, sorbitol,
and dulcitol) at 28°C for two weeks, and the ability of the
strains to utilize the carbon sources was evaluated (Hay-
ward, 1964; Hayward et al., 1990). Distilled water was
used as a negative control.

Genetic characterization of R. pseudosolanacearum. To
determine the phylotype of the R. pseudosolanacearum
isolated included in our study, we used multiplex PCR
with four kinds of forward primers for each phylotype
(phylotype I, Nmult21:1F; II, Nmult21:2F; phylotype
III, Nmult23:AF; and phylotype IV, Nmult22:InF) and
one reverse primer (Nmult22:RR), as reported previously
(Supplementary Table 1) (Fegan and Prior, 2005), as well
as the R. solanacearum—specific primers 759/760 (Opina et
al., 1997). Total genomic DNA (100 ng/ul) of 17 R. pseu-
dosolanacearum isolates obtained from roses in Korea and
KACC 10697 was added to 12.5 pul of 2x EmeraldAmp
GT PCR Master Mix, with a final volume of 25 pul. The
PCR conditions were as follows: one pre-denaturing step at
96°C for 5 min, followed by 30 cycles with denaturation at
95°C for 15 s, annealing at 50°C for 30 s, and extension at
72°C for 30 s, and then a final extension step at 72°C for10
min. PCR products were confirmed on 1% of agarose gel.
Phylotypes were also determined based on a phylogenetic
tree created using Mega X software (Kumar et al., 2018;
Tompson et al., 2003) using 16s TRNA gene partial se-
quences with representative strains from each phylotype.
To evaluate the sequevars of the 17 R. pseudosola-
nacearum strains isolated from Korean roses, multi locus
phylogeny was applied, using three individual genes: the
endoglucanase gene egl, the DNA repair gene mutS, and
the flagellin gene fliC. The analysis was also conducted
using only the eg/ gene, as described by Bergsma-Vlami
et al. (2018). The amplicons for egl, mutS, and fliC were
produced with Endo-F/Endo-R, mutS-RsF1570/mutS-
RsR1926, and Rsol fli_for/Rsol fli_rev primers, respec-
tively (Supplementary Table 2) (Poussier et al., 2000;
Schonfeld et al., 2003; Wicker et al., 2007), and each
sequence was trimmed using Vector NTI suit 8.0 (Thermo
Scientific, Waltham, MA, USA), and aligned with Clust-
alW. The phylogenic tree was generated using the neigh-

bor-joining method with 1,000 bootstraps in Mega X with
different sequevars (Supplementary Table 3).

Pathogenicity test. The pathogenicity test was conducted
in roses (cv. Fuego and cv. Hera) and tomatoes (cv. Mon-
eymaker) grown for 4 weeks. Roses and tomatoes were
inoculated with RW 078, which was chosen as a repre-
sentative strain amongst the strains isolated from Korean
roses. KACC 10697 and distilled water were used as a
positive and negative control, respectively. Inoculations
were conducted by drenching 50 ml of bacterial suspension
in 10 mM MgCl, buffer (approximately 10° cfu/ml) from
overnight cultured on casamino acid peptone glucose (CPG)
medium (Tjou-Tam-Sin et al., 2017b). Inoculated roses
and tomatoes were incubated at 25°C and 70% relative
humidity for 30 days and 14 days, respectively, to produce
typical symptoms of wilt. Disease severity was recorded to
the following scale: 0 =no symptoms, 1 = wilting on lower
leaves, 2 = discoloration and up to 50% of wilting symp-
toms on leaves, 3 = discoloration and upper 50% of wilting
symptoms on leaves, 4 = died for roses; 0 = no symptoms,
1 = up to 50% of wilting symptoms on leaves, 2 = more
than 50% of wilting symptoms on leaves, 3 = died for to-
matoes.

Statistical analysis. Two independent experiments were
conducted. Disease severity was carried out by analysis of
variance (ANOVA) with strain means separated by Dun-
can’s multiple range test at P < 0.05 using SAS software
(SAS Institute, Cary, NC, USA).

Results

Isolation of R. pseudosolanacearum from infected roses.
From May to November in 2017-2019, which are rose cul-
tivating season in greenhouse, bacteria were isolated from
roses in which stems showed signs of wilting and the lower
parts of leaves showed signs of yellowing. The isolated
bacteria were cultured on modified SMSA medium. Typi-
cal mucoid colonies, i.e., those that were pinkish with red
centers were collected on CPG medium, and 17 isolates
were confirmed as R. solanacearum by PCR with spe-
cific primer sets 759/760. Furthermore, all 17 strains were
clustered with R. pseudosolanacearum strains UQRS649
and 650 based on partial 16S rRNA gene and 16S-23S
rRNA internal transcribed spacer region sequences (data
not shown). As such, all 17 strains isolated from roses in
Korea were identified as R. pseudosolanacearum. Of the
17 strains, nine were isolated from greenhouses on farms
in Taean, four from Goyang, two from Jangsu, and one
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Fig. 1. Gel electrophoresis of PCR products for race determination of Ralstonia pseudosolanacearum strains isolated from Korean roses
using specific primer sets for each race. (A) PCR products produced with primers PS-IS-F/PS-IS-R. The arrow indicates 1,070 bp bands,
which are consistent with race 1. (B-D) PCR products produced with specific primer sets for race 2, 3, and 4, respectively. No amplicons
of expected sizes (arrows) for race 2 (1,884 bp), 3 (357 bp), and 4 (165 bp) were produced. M, 1 kb DNA ladder for A and B (Thermo
Scientific, Waltham, MA, USA) and 100 bp DNA ladder for C and D (MGmed, Seoul, Korea); lanes 1-17, R. pseudosolanacearum iso-

lates from Korean roses; lane 18, KACC 10697.

from Paju. The rose cultivars from which the R. pseudo-
solanacearum were isolated were cv. Fuego, cv. Hera,
cv. Giorgio, and cv. Santorini for nine, four, two, and two
strains, respectively.

Race and biovar determination of R. pseudosola-
nacearum strains isolated from Korea. All 17 R. pseudo-

solanacearum strains isolated from Korean roses produced
1,070 bp amplicons, which was the expected amplicon size
produced by the primers specific to race 1 (PS-IS-F/PS-IS-
R). No products were amplified in the PCR reactions using
specific primers for races 2, 3, and 4. These results indicate
that all 17 strains belonged to race 1 (Fig. 1). For biovar
determination, all 17 strains were found to utilize three

Table 1. Biochemical tests for biovar determination of Ralstonia pseudosolanacearum strains isolated from Korean roses

Carbon RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW KACC DWNT I* 2 3 4 5
source 007 008 010 014 016 017 020 021 030 059 060 065 068 075 076 077 078 10697

Maltose + 4+ + + + 4+ + + 4+ + + 4+ + + + 4+ + - - - -+ + - +
Lactose + 4+ + + + 4+ + + 4+ + + 4+ + + o+ 4+ o+ - - - -+ 4+ - +
Cellobiose + + + + + + + + + 4+ + + + + 4+ + + - - - -+ 4+ -+
Mannitol + + + + + + + 4+ + + + + + + 4+ + o+ + - - - — 4+ + +
Sorbitol + + 4+ + + 4+ 4+ + + + 4+ + + 4+ 4+ o+ o+ + - - - -+ 4+ -
Dulcitol + 4+ + + 4+ + + + 4+ + + 4+ + + + + + + - - - -+ + -

DW, sterilized distilled water; NT, no treatment; +, positive to metabolize disaccharides and sugar alcohols; —, negative reaction.

‘Biovar.
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Fig. 2. Phylotype determination of Ralstonia pseudosola-
nacearum strains isolated from Korean roses. (A) Gel electro-
phoresis of multiplex PCR products with race and R. pseudoso-
lanacearum specific primer sets. Arrows indicate 144 bp bands
which are consistent with phylotype I, and 280 bp bands which
are consistent with R. solanacearum. (B) Phylogenetic tree of
R. pseudosolanacearum strains isolated from Korean roses and
different phylotypes of R. solanacearum using partial 16s rRNA
gene sequences based on neighbor-joining method. Numbers at
each branch indicate bootstrap values greater than 50. Burkhold-
eria cepacia ATCC 25416 was used as the out group.

disaccharides (lactose, maltose, and cellobiose) and three
sugar alcohols (mannitol, sorbitol, and dulcitol), whereas
KACC 10697 was not able to utilize these three disaccha-
rides. Thus, the 17 strains isolated from Korean roses were
determined to be biovar 3 (Table 1).

Phylotype and sequevar determination of R. pseudoso-
lanacearum strains isolated from Korean roses. The 17
R. pseudosolanacearum strains isolated from Korean roses
were amplified as 144 bp amplicons with the phylotype

1 specific primers, but there was no amplification when
specific primers for phylotypes 2, 3, and 4 were used. 280
bp amplicon was produced when using the 759/760 prim-
ers, which are R. solanacearum—specific primers. As such,
we are confident there were no false positives in the PCR
reactions, and all 17 R. pseudosolanacearum strains iso-
lated from Korean roses are thought to belong to phylotype
I (Fig. 2A). Based on partial sequences of the 16s TRNA
gene, all R. pseudosolanacearum strains were grouped
with GMI1000, which was identified as phylotype I, but
segregated from representative strains for phylotypes II, III,
and IV (Fig. 2B). Thus, the phylotype determination of the
R. pseudosolanacearum strains isolated from Korean roses
indicated that these strains belong to phylotype I, based on
results from PCRs using phylotype specific primers and
partial sequences of the 16S rRNA gene.

To analyze the sequevars, a phylogenetic tree was
constructed using each partial sequence for eg/ (acces-
sion no. MT380137 of representative strain RW078), fliC
(MT380138), and mutS (MT380139) genes of all 17 R.
pseudosolanacearum strains isolated from Korean roses.
All strains clustered with PD7195 and PD7216, and Rs-
09-161 which were isolated from roses in Netherlands and
eggplants (S. melongena) in India (Fig. 3A) (Bergsma-
Vlami et al., 2018; Ramesh et al., 2014), respectively, and
as such the sequevar was determined to be 1-33. In addi-
tion, the tree based on only egl/ sequences was grouped all
17 R. pseudosolanacearum strains isolated from Korean
and Dutch roses, as well as strains CFBP 8468 and CFBP
8469, which caused bacterial wilt on Rodrigues Island
into sequevar 1-33 (Fig. 3B) (Bergsma-Vlami et al., 2018;
Yahiaoui et al., 2017). The trees created based on partial
sequences of egl, fliC, and mutS, and egl alone were similar
to each other; therefore, 17 R. pseudosolanacearum strains
isolated from Korean roses were determined to be sequevar
1-33.

Pathogenicity of R. pseudosolanacearum strains isolated
from Korean roses. Inoculation with the representative
strain, RW 078, resulted in the earlier appearance of symp-
toms in tomato plants than infection with strain KACC
10697. Wilting and blighting of leaves were observed
seven days after inoculation, and all inoculated tomato
plants eventually died (Fig. 4). In contrast, tomato plants
inoculated with strain KACC 10697 showed wilting and
browning of the lower leaves until the end of the observa-
tion period. However, inoculation with strain KACC 10697
did not produce any visible symptoms on roses of both cv.
“Fuego” and “Hera” until 30 days after inoculation, while
strain RW 078 produced typical symptoms including wilt-
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Fig. 3. Sequevars determination of Ralstonia pseudosolanacearum strains isolated from Korean roses and different sequevars of R. sola-
nacearum using egl, fliC, and mutS gene sequences (A) and egl/ gene sequences only (B) based on neighbor-joining method. Numbers at
each branch indicate bootstrap values greater than 50. Parentheses in B indicate the sequevars previous reported.

ing and blighting of leaves from the lower to upper parts of
the plants, and symptoms became more pronounced with
time (Fig. 5). Interestingly, the leaves of inoculated roses
cv. “Fuego” eventually became blighted and died, while
inoculated roses of cv. “Hera” did not show any wilting nor
blighting symptoms, with the exception of a few yellow-
ing leaves on the lower parts of the plants. Instead, roses
of cv. “Hera” had reduced growth compared to the roses
inoculated with distilled water (control treatment), indi-
cating that strain RW 078 negatively affected the normal
physiological state in these roses. We re-isolated typical

colonies from both cv. “Fuego” and “Hera” roses, and con-
firmed that those isolates were R. pseudosolanacearum (R.
solanacearum phylotype I) strain by multiplex PCR with R.
solanacearum and phylotype specific primer sets (Supple-
mentary Fig. 1). Therefore, pathogenicity tests conducted
on roses inoculated with strain RW 078 satisfied Koch’s
postulates.

Discussion

Although R. pseudosolanacearum evaluated in this study
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Fig. 4. Pathogenicity of the representative strain, RW 078, Ral-
stonia pseudosolanacearum isolated from Korean roses, and
KACC 10697 on tomato plants cv. “Moneymaker”. Photographs
were taken at 14 days post inoculation (A). Disease severities are
shown the average wilting symptoms on a scale from 0 to 3 (mean
+ SE). n = 9 plants per treated strain. Different letters on bars
with error bars indicate significant differences between strain and
negative control (DW) according to Duncan’s multiple range test
at P <0.05 (B).

were isolated from only four areas in Korea, diseased roses
are frequently reported from areas where roses are culti-

vated at a large scale in Korea, indicating that this disease
may be prevalent in Korean rose farms, and that no control
strategies against it are currently being implemented. This
suggests that this disease could spread to all rose farms in
Korea in the near future, as roses are multiplied via vegeta-
tive propagation plant materials. To address this problem,
early diagnosis and field trials are important. However,
the early diagnosis of bacterial wilt pathogens on many
horticultural crops mainly tomato plants from fields in-
volves cutting stems, which are placed in clean water and
then observed for bacterial streaming (Mansfield et al.,
2012). However, the accuracy of this method depends on
the freshness of the diseased plants. In this study, however,
the confirmation of R. pseudosolanacearum by bio-PCR
analysis of bacterial colonies using primers 759/760 and
Nmult21:1F/Nmult22:RR (Fegan and Prior, 2005; Opina
et al., 1997) was a suitable, easy, and quick way to identify
this pathogenic bacterium.

R. solanacearum have the ability to induce disease in
more than 450 plant species in 55 families (Hayward and
Hartman, 1994), indicating that this species is of eco-
nomic importance, due to yield loss and deterioration of
marketability of various plants (Mansfield et al., 2012).
This pathogen is also able to adapt to new hosts and areas,
which results in the evolution of its virulence (Remenant
et al., 2010). As such, R. solanacearum was thought to be
a species complex decades ago (Gillings and Fahy, 1994),
and more recently this pathogen is referred to as the R.
solanacearum species complex (RSSC) (Fegan and Prior,
2005), which means RSSC strains have hyper- heterogene-
ity. Therefore, RSSC strains must be divided into specific
classifications which accurately reflect their characteristics.
RSSC strains can be phenotypically categorized into clas-
sifications such as races (Buddenhagen et al., 1962) and
biovars (Hayward, 1964) that reflect pathogenicity in dif-
ferent host plants, and the utilization of three disaccharides
and three hexose alcohols, respectively. More recently,
RSSC strains have been divided into four phylotypes based
on geographical origin using newly developed molecular
tools (Fegan and Prior, 2005). RSSC strains have also been
divided into three species, namely R. solanacearum, R.
pseudosolanacearum, and R. syzygii, in a polyphasic taxo-
nomic study (Safni et al., 2014) as well as proposed seque-
vars (sequence variant) based on endoglucanase (eg/) gene
sequences (Fegan and Prior, 2005).

The causal agent of typical bacterial wilt symptoms on
ornamental roses was previously confirmed as R. sola-
nacearum (race 1 and biovar 3) by Tjou-Tam-Sin et al.
(2017a), and Bergsma-Vlami et al. (2018) reported the
phylogenetic assignment of R. pseudosolanacearum isolat-
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Fig. 5. Pathogenicity of the representative strain, RW 078, Ralstonia pseudosolanacearum isolated from Korean roses, and KACC
10697 on roses cv. “Fuego” and cv. “Hera”. Photographs were taken at 30 days post inoculation (A). Disease severities are shown the
average wilting symptoms on a scale from 0 to 4 (mean = SE). n =9 plants per treated strain. Different letters on bars with error bars in-
dicate significant differences between strain and negative control (DW) according to Duncan’s multiple range test at P < 0.05 (B).

ed from roses as phylotype I and sequevar 33. In our study,
all 17 R. pseudosolanacearum strains isolated from Korean
roses were determined to belong to race 1 and biovar 3 by
race-specific primers, and the ability to metabolize three
disaccharides and three sugar alcohols, respectively. These
results suggest the strains evaluated in our study are simi-
lar to the R. pseudosolanacearum found in roses from the
Netherlands. In addition, the phylotype was identified as
phylotype I using phylotype specific primers. To clarify the
phylotype, we generated a phylogenetic tree based on par-
tial 16s rRNA gene sequences, and all 17 strains isolated
from Korean roses were clustered with GMI 1000, which
corresponded to phylotype I (Poussier et al., 2000; Safni et
al., 2014), indicating that these strains belong to phylotype
1. The sequevar determination based on analysis of the eg/,

mutS, and fliC genes revealed that all 17 R. pseudosola-
nacearum strains isolated from Korean roses clustered with
two isolates from roses from the Netherlands and isolate
Rs-09-161, which was isolated from eggplants in India in
2009, in agreement with previous reports (Bergsma-Vlami
et al., 2018). Furthermore, based on eg/ gene sequences
alone, all 17 R. pseudosolanacearum strains isolated from
Korean roses were clustered with three representative R.
pseudosolanacearum isolates from roses in the Nether-
lands, as well as isolated CFBP 8468 and CFBP 8469. The
17 R. pseudosolanacearum isolates collected from Korean
roses showing bacterial wilt symptoms belonged to race
1, biovar 3, phylotype I, and sequevar 1-33, which exactly
matched those of R. pseudosolanacearum reported from
roses in the Netherlands. These results imply that there is
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little genetic diversity between Korean and Dutch of R.
pseudosolanacearum, suggesting the recent introduction of
this pathogen to Korea via propagation materials from oth-
er countries (possibly the Netherlands). On the other hand,
it is also possible that there is no progression in evolution
of the pathogen, such as in virulence genes and infection
capability, which allows the pathogen to survive in new
sites

Bergsma-Vlami et al. (2018) also indicated that infected
planting materials represent crucial pathways for long
distance dispersal of R. pseudosolanacearum and Korea
imports shoot and root stock of roses from European coun-
tries. As such, regulations such as quarantine at the border
must be enforced before pathogens can enter the country
through imported materials.

Regarding pathogenicity in tomato plants, the represen-
tative strain, RW 078, resulted in more severe and earlier
symptoms than strain KACC 10697, which was isolated
from potatoes in Korea. Additionally, strain RW 078 pro-
duced typical symptoms in roses of cv. “Fuego”, including
wilting and blighting, but inoculation of these roses with
strain KACC 10697 resulted no symptoms. There are many
reasons why different strains of R. solanacearum have
different pathogenicities, but we focused on type III secre-
tion system (T3SS) effector repertoires associated with
virulence of these two strains. Therefore, we completed
whole genome sequences of strain RW 078, compared with
GMI1000 and Rs-09-161, which are deposited into phy-
lotype 1, and then analyzed T3SS effector repertoires with
those strains in which 65 effectors are commonly present
among these three strains, while RipAS, RipAT, RipAU,
and RipAW are missed or RipBA and RS _T3E Hyp6 are
only added in strain RW 078 (unpublished data). We hope
that in the future we will be able to provide a clear picture
of T3SS effector repertoires to support rose breeding strate-
gies. Another issue is that R. pseudosolanacearum causes
different symptoms in different rose cultivars. In our study,
roses of cv. “Fuego” were more sensitive to R. pseudo-
solanacearum than roses of cv. “Hera”. Thus, resistance
and sensitivity tests must be performed because resistant
cultivars (such as cv. “Hera” used in this study) could be
harboring the pathogen without showing symptoms, which
may result in these materials becoming key agents for dis-
persal of this pathogen.
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