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Exploring the genetic diversity of recent Ralstonia
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Abstract The increasing prevalence of Ralstonia
pseudosolanacearum phylotype 1 (phy I) in agri-
cultural regions across Europe highlights the need
for heightened awareness and preventive measures.
Recent detections in multiple European countries
span a range of agricultural systems, host plants, and
natural aquatic environments. These findings have
been linked either to infected plant material at import
(interceptions) or to plants cultivated in specific
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European regions, often after importation of infected
plant material. To investigate the genetic diversity
of these emerging populations, we analysed whole-
genome sequence (WGS) data from a collection of
62 R. pseudosolanacearum phy 1 isolates, including
those recently obtained in various European coun-
tries, using average nucleotide analysis (ANI) and
core genome multilocus sequence typing (cgMLST).
ANI analysis revealed two distinct major clades: the
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"rose clade", comprising isolates from rose, potato,
surface water, and bittersweet, most closely match-
ing with sequevar 33, and the "major ginger clade",
including isolates from members of the Zingiberaceae
family, with the best match to sequevar 30. Addition-
ally, several minor clades of Zingiberaceae isolates
and a "tomato clade” (most closely related to seque-
var 18) were identified. Pathogenicity assays with
high inoculation titers were performed on tomato
to assess the biological relevance of the observed
genetic diversity. Our findings suggest multiple inde-
pendent introduction events of virulent R. pseudo-
solanacearum phy I populations into Europe between
2015 and 2024. Given the genetic variability of the
introduced bacterial isolates, the pathogen’s ability to
systemically infect a broad range of host plants which
can differ per isolate, and its persistence in diverse
agricultural and environmental niches, the implemen-
tation of stringent import control measures for plant
material entering the European Union is strongly
recommended.

Keywords Ralstonia pseudosolanacearum -
Surface water - Zingiberaceae - Solanaceae -
Rosaceae

Ralstonia pseudosolanacearum phylotype 1 (phy
I), the causal agent of bacterial wilt, is a recognized
invasive plant pathogen in both agricultural and natu-
ral ecosystems (Vailleau & Genin, 2023). It is listed
as a quarantine organism by the European Union
(EU). Following the taxonomic revision of the Ral-
stonia solanacearum species complex (RSSC), R.
pseudosolanacearum (phy 1 and III) was desig-
nated as one of the three described bacterial species
within the RSSC, alongside Ralstonia solanacearum
(phy II) and Ralstonia syzygii (phy 1V) (Prior et al.,
2016; Safni et al., 2014). R. pseudosolanacearum
phy I has a remarkably broad host range, capable of
infecting over 300 plant species belonging to more
than 40 plant families. These include major crops,
such as potato and tomato, as well as a wide variety
of ornamentals (EFSA Panel on Plant Health (EFSA
PLH Panel) et al., 2019; Genin & Denny, 2012; Pau-
del et al., 2020; Savary et al., 2019). Members of
the RSSC infect host plants via their roots, primar-
ily through wounds, and rapidly colonize the xylem
vessels, spreading systemically through the plant
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(Genin, 2010). Similar to R. solanacearum phy II,
R. pseudosolanacearum phy 1 can survive and mul-
tiply in aquatic weeds and disperse through surface
water (Vogelaar et al., 2023), making eradication
efforts challenging or even impossible (Alvarez et al.,
2010; Elphinstone, 2005). The international trade
of plants has contributed to the spread of members
of the RSSC globally, facilitated in part by the long
latency period before visible symptoms of the disease
develop and appear in infected plants (Elphinstone,
2005). Therefore, implementation of stringent import
control measures for plant material entering the Euro-
pean Union is strongly recommended.

Several studies have demonstrated substantial
genetic diversity within the RSSC (Subedi et al.,
2024; Yahiaoui et al., 2017) with individual R. pseu-
dosolanacearum phy 1 isolates differing in terms
of virulence and host range (Overeem et al., 2023;
Sharma et al., 2022). Although R. pseudosolan-
acearum phy I remains virulent under cooler tem-
peratures (Bocsanczy et al., 2012, 2017; Dewberry
et al.,, 2024), it primarily thrives in warm, humid
conditions typical of tropical climates, where bacte-
rial population densities can reach 10® colony-form-
ing units (CFU) per gram of plant tissue during late
stages of the disease (Alvarez et al., 2010; Rivera-
Zuluaga et al., 2023). Rising global temperatures due
to climate change are likely to increase the risk of
R. pseudosolanacearum phy 1 outbreaks in temper-
ate regions. The International Plant Protection Con-
vention (IPPC) has recently emphasized that climate
shifts, particularly temperature changes, may signifi-
cantly impact the distribution, severity, and manage-
ment of plant pathogens (IPPC Secretariat, 2022).

Over the past decade, numerous studies have dem-
onstrated the expansion of the geographical distri-
bution of R. pseudosolanacearum phy I, which has
spread far beyond its center of origin in Asia (Lowe-
Power et al., 2024). Until recently, this bacterium had
not been detected in outdoor agricultural systems or
natural aquatic environments in Europe, and it had
only been sporadically reported in restricted green-
house cultivation systems. Europe has now seen sev-
eral outbreaks of R. pseudosolanacearum phy I in
cultivated crops, including roses, tomato (Solanum
lycopersicum) and ginger (Zingiber officinale), either
with or without symptoms (Table 1). Symptoms were
similar, including wilting, leaf yellowing, and brown
vascular discoloration (Fig. 1). The findings of R.
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Table 1 Findings of Ralstonia pseudosolanacearum phy I in Europe in recent years

Isolation source Year Country Import/cultivated mate-  Presence of symptoms  Reference
rial
Rosa sp. 2015-2018 Netherlands Cultivated material Symptomatic & asymp- EPPO 2015/182",
tomatic 2020/040, 2017/017,
Tjou-Tam-Sin et al.,
2017a, 2017b
Rosa sp. 2015 Belgium Import Symptomatic EPPO 2016/039
Rosa sp. 2016, 2022 Poland Cultivated material Symptomatic & asymp-  EPPO 2017/018,
tomatic 2022/170
Rosa sp. 2021 Greece Cultivated material Symptomatic EPPO 2024/088, Holeva
et al., 2024
Irrigation water (from 2015-2018 Netherlands EPPO 2020/040
rose)
Solanum lycopersicum ~ 2020-2022 Italy Cultivated material Symptomatic EPPO 2022/194
Solanum lycopersicum 2021 Germany Cultivated material Asymptomatic EPPO 2021/140
Cucumis sativus 2022 Germany Cultivated material Asymptomatic EPPO 2022/195
Zingiber officinale 2021-2023 Germany Cultivated material * Symptomatic& asymp-  EPPO 2021/140,
tomatic 2023/092
Zingiber officinale 2022 Germany Cultivated material Symptomatic EPPO 2022/195
Zingiber officinale 2022-2023 Switzerland Cultivated material % Symptomatic& asymp-  EPPO 2023/187
tomatic
Zingiber officinale 2023 Slovenia Cultivated material * Symptomatic EPPO 2023/234, this
paper
Zingiber officinale 2024, 2025 Netherlands Import Symptomatic& asymp-  This paper
tomatic rhizomes
Curcuma longa 2021-2023 Germany Import Symptomatic rhizomes  This paper
Solanum tuberosum 2017% Hungary Cultivated material Asymptomatic This paper
Solanum dulcamara 2021-2023 Netherlands Symptomatic & asymp-  EPPO 2023/254, Voge-
tomatic laar et al., 2023
Surface water 2022 Hungary EPPO 2022/242
Surface water 2020-2023 Netherlands EPPO 2021/179,

2023/165, 2023/254

* EPPO reporting ID in EPPO global database (EPPO, 2025)
& Identified in 2023 after re-analysis of older RSSC findings

% 1st year of cultivation after import of rhizomes

pseudosolanacearum phy I in tomato and cucumber
(Cucumis sativus) in Germany (Table 1) were linked
to ginger, as these plants were grown in the same
greenhouse. In response to the finding of R. pseu-
dosolanacearum phy 1 in cultivated ginger, the EU
implemented stricter import checks for ginger and
curcuma rhizomes (European Commission, 2024).
These measures led to the interception of R. pseudo-
solanacaerum phy 1 in several consignments of rhi-
zomes, identifying this as an introduction pathway
into the EU. Beyond cultivated plants, R. pseudosola-
nacearum phy I has been found in surface water in
The Netherlands and Hungary, as well as in the weed

bittersweet (Solanum dulcamara) (Table 1), indicat-
ing the pathogen’s potential to establish in the EU. A
noteworthy finding is the retrospective identification
of R. pseudosolanacearum phy 1 from asymptomatic
potato samples from Hungary in 2017. These samples
were initially broadly classified as RSSC and were
re-analyzed after the finding of the pathogen in sur-
face water, leading to the first confirmed report of R.
pseudosolanacearum phy 1 in potato on the European
continent.

For the recent R. pseudosolanacearum phy 1
findings, the diagnostic procedure described in
EU 2022/1193 (European Commission, 2022) was
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Fig. 1 R. pseudosolanacearum phy 1 symptoms observed in
naturally-infected plant material in European countries. (A):
Black necrosis of pruned branches and purulent discharge of
creamy white slime on cut wounds in the stems of ornamen-
tal rose plants in the Netherlands. Necrosis and intense brown
discoloration of the stems at the lower part of the rose plants,
just above the ground, in Poland. Severe wilting of young rose
shoots in the Netherlands; (B) Collapsed tomato plants during
fruit enlargement in fields in Italy. Severe wilting, leaf yellow-
ing, browning of the shoots, stem collapse, and desiccation of
infected tomato plants; (C) Ginger plants under greenhouse
and foil cultivation in Germany showed leaf yellowing, brown-

followed. R. pseudosolanacearum was isolated from
small pieces of vascular tissue of symptomatic or
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ing of the shoots, wilting, and desiccation. Internal glassy dis-
coloration and light brownish of a ginger rhizome upon cut-
ting. Structural grey discoloration in parts of the endodermis in
a curcuma rhizome upon cutting; (D) Ginger plants cultivated
in a foil tunnel in Switzerland showed leaf yellowing, brown-
ing of the shoots, wilting, and desiccation; (E) Brown discolor-
ation with discharge of creamy white bacterial slime upon cut-
ting of a ginger rhizome infected with R. pseudosolanacearum
in the Netherlands; (F) Stem segments of bittersweet plants
in the Netherlands showing discoloration of the vascular tis-
sue. All images are shown on a different scale. Panel B images
were kindly provided by C. Delvago

asymptomatic plants, specifically stems or petioles of
rose and tomato plants or roots of rose, potato tubers
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or ginger and curcuma rhizomes. For ginger, approxi-
mately 20 rhizomes were visually inspected for inter-
nal vascular symptoms. Each rhizome was cut longi-
tudinally and vascular tissue from symptomatic plant
material was immersed in (approximately 5 mL) 0.01
M phosphate-buffered saline (PBS) and incubated
at room temperature (RT) for 30 min with agitation
(100 rpm). After incubation, 50 pL of the extract was
plated onto semi-selective mSMSA plates using dilu-
tion plating (Elphinstone et al., 1996).

Vascular tissue from asymptomatic plant material
was first macerated and then mixed with (approxi-
mately 10 mL) 0.05M phosphate buffer (PB) followed
by incubation under the same conditions. In some
cases, tissue debris was removed by filtration and/or
low-speed centrifugation. Depending on the buffer
volume, extracts were sometimes concentrated by
centrifugation (e.g. 15 min at 7,000 g), after which
the supernatant was discarded, and the pellet resus-
pended in 1.5 mL 0.01M PB. Subsequently, 50 pL
was plated onto semi-selective mSMSA plates using
dilution plating (Elphinstone et al., 1996).

For surface water samples, two 50 mL aliquots
were each concentrated by high speed centrifuga-
tion (e.g. 15 min at 7,000 g), resuspended in 0.5 mL
0.1M or 0.01M PB and plated using 100 pl aliquots
on semi-selective mSMSA medium (Elphinstone
et al.,, 1996). Incubation of the mSMSA plates was
performed for up to six days at 28°C. Colonies with
typical Ralstonia morphology on mSMSA medium
(fluidal purplish colour) were purified after incuba-
tion on nutrient agar (NA) or yeast peptone glucose
agar (YPGA) media (Lelliott & Stead, 1987) for
two to three days at 28°C as described previously
(Bergsma-Vlami et al., 2018). DNA was extracted
from pure cultures by heating at 95°C for 15 min or
using commercial kits (DNeasy Blood and Tissue Kit
(QIAGEN, Netherlands) or, for strain NIB Z 3685,
the Gentra Puregene Yeast/Bact. Kit (QIAGEN,
according to the protocol for Gram-negative bacteria)
and identified by TagMan® real-time PCR (Vree-
burg et al., 2016, 2018; Weller et al., 2000). Alter-
natively, a conventional PCR (Pastrik et al., 2002)
or an immunofluorescence test (IF test; LOEWE
07356/01 antiserum) was used for identification pur-
poses. The determination of the phylotype was per-
formed by multiplex conventional PCR (Fegan &
Prior, 2005), DNA barcoding on the partial endoglu-
canase (egl) and mutS genes (Wicker et al., 2007), or

by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) (van
de Bilt et al., 2018). Sequevar assignment was based
on the egl gene sequence used for RSSC phylogenetic
inference, following the previously described meth-
odology (Cellier et al., 2023b).

Whole-genome sequencing (WGS) was performed
on multiple platforms: strain PD 7123 was sequenced
on the PromethION P2 Solo (Oxford Nanopore
Technologies (ONT), UK), while other isolates were
sequenced on the NovaSeq 6000 (either at GenomeS-
can in Leiden, Netherlands or at Eurofins Genomics,
Ebersberg, Germany), the PacBio Sequel II system
(NIB Z 3685 at Novogene GmbH, Munich, Ger-
many), or the NextSeq 2000 (Illumina, USA). ONT
sequencing was performed using the Native Barcod-
ing Kit 24 V14 following the gDNA protocol. For
the Novaseq 6000, libraries were prepared using the
NEBNext® Ultra IT DNA Library Prep kit, with frag-
mentation performed on a Covaris ME220, followed
by adapter ligation and PCR amplification. Quality
and yield were assessed with the Fragment Analyzer
(Agilent Technologies, USA) or Qubit 2.0 fluorom-
eter (Thermo Fisher Scientific, USA). For PacBio
sequencing, HiFi SMRTbell libraries were prepared
and sequenced using the PacBio Sequel II system
(Pacific Biosciences, USA). PacBio raw reads were
processed to generate circular consensus sequences
(CCS) using pbceces v6.4.0 (Pacific Biosciences). For
the NextSeq 2000, libraries were prepared using the
Illumina DNA Prep (M) Tagmentation kit with Illu-
mina Unique Dual Indexes. Five amplification cycles
were performed, with quality control via a Qubit 4.0
fluorometer (Thermo Fisher Scientific, USA) and a
D1000 ScreenTape on the TapeStation 4200 (Agilent
Technologies, USA). Ralstonia libraries were equi-
molarly pooled and 150PE sequencing was performed
with a 300-cycle P1 cartridge and flow cell combi-
nation. Read assembly was performed as follows: 1)
[lumina reads were assembled using SPAdes v3.14
in shovill 1.1.0 (GBBC 3080) or SKESA v2.5.0 (for
all other isolates) (Prjibelski et al., 2020; Souvorov
et al., 2018). 2) PacBio reads were assembled using
Flye v2.8.1-b1676 (Kolmogorov et al.,, 2019). 3)
ONT reads were assembled using Autocycler v0.2.0
with Canu v2.2, Flye v2.9.5, Miniasm v0.3, NECAT
v0.0.1, NextDenovo v2.5.2, and Raven v1.8.3, fol-
lowed by sequence correction with Medaka v2.0.1
(Wick et al., 2025). Raw read files, assemblies and
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annotations have been deposited under DDBJ/ENA/
NCBI BioProjects PRINA1122974 (GBBC 3080),
PRINA1175583 (NIB Z 3685), and PRINA1227534
and PRINA663270 (all other isolates, Table 2).

Average Nucleotide Identity (ANI) analysis was
performed using PYANI v0.2.12 (ANIm method)
(Pritchard et al., 2016). The output was processed in
R v4.4.0 using ape v5.8 and the phylogenetic tree was
generated using ggtree v3.12.0 and tidyverse v2.0.0
(Paradis & Schliep, 2019; Wickham et al., 2019; Yu
et al., 2017). Whole genome Multi Locus Sequence
Typing (wgMLST) was performed using ChewB-
BACA v3.3.5 (M. Silva et al., 2018), using a training
file created with isolate PD 7123 for the "rose clade"
and GMI1000 for the "major ginger clade" (Salanou-
bat et al., 2002). A wgMLST scheme was generated
for the “rose” and “major ginger” clades. Subse-
quently, the generated scheme was used to perform
allele calling on the two distinct clades. Finally, after
removing paralogous genes, a cgMLST was deter-
mined, of which the allele call on the number of loci
present in all genomes was used to generate a mini-
mum spanning tree (MST) in R v4.4.0, with pack-
ages ape v5.8, ggnetwork v0.5.13, igraph v2.03, and
tidyverse v2.0.0 (Briatte, 2024; Csardi et al., 2024;
Paradis & Schliep, 2019; Wickham et al., 2019). All
R scripts are available at https://github.com/NPPO-
NL/Rpseudo-europe.

The ANI-based phylogenetic tree reveals two
major clades: the “rose clade”, comprising isolates
from rose, potato, surface water, and bittersweet, and
the “major ginger clade”, comprising isolates from
Zingiberaceae family members (Fig. 2A). Within the
“rose clade”, all R. pseudosolanacearum phy 1 iso-
lates were most closely associated with sequevar 33
(Table 2). These included the recent findings in rose,
potato, surface water, and bittersweet, as well as the
previously described Indian isolate Rs-09-161 from
eggplant (Ramesh et al., 2014). ANI scores within
this clade were consistently high (>99.97%). A dis-
tinct sub-lineage within the “rose clade” was also
associated with sequevar 33 and consisted of four R.
pseudosolanacearum phy 1 isolates obtained from
imported plant material intercepted in the Nether-
lands between 1988 and 2006, including: anthurium
(PD 1255-Réunion Island, France and PD 5415-
Ghana), potato (PD 3634-Kenya) and tomato (PD
3597-Kenya) (Fig. 2A; Table 2). Despite sharing
the same sequevar designation (sequevar 33), these
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isolates formed a genetically distinct lineage (ANI ~
99.3%) within the ANI tree (Fig. 2A), highlighting
the limitations of sequevar classification in fully cap-
turing phylogenetic relationships. The “major ginger
clade” included nineteen R. pseudosolanacearum phy
I isolates from Zingiberaceae hosts collected between
1993 and 2024. These isolates were associated with
sequevar 30 (Table 2). However, several recently
identified R. pseudosolanacearum phy 1 isolates
in Germany from imported curcuma (AGQB#45,
AGQB#119 and AGQB#48, all sequevar 17) and gin-
ger (AGQB#125, sequevar 14) are outside the “major
ginger clade" not clustering together. This demon-
strates considerable genetic diversity among isolates
from these hosts (Fig. 2A). An additional smal clade
was identified based on two R. pseudosolanacearum
phy I isolates recovered from outdoor tomato cul-
tivation in Italy (CREA-DC 2104 & 2105, sequevar
18). Genetically distinct from the “rose clade” and
the “major ginger clade” these isolates appear to
represent an independent introduction event. Their
closest known relative in this analysis is Rs-10-244,
which was isolated from Capsicum in India in 2010
(Ramesh et al., 2014). Additional comparison with
publicly available Ralstonia genomes revealed a
high degree of similarity with strains SM732 and
SM734. These strains were both isolated in Bangla-
desh in 2012 from Solanum melongena plants grafted
on Solanum sisymbriifolium rootstock and Solanum
virginianum, respectively (data not shown) (Subedi
etal., 2024).

To further explore intra-clade diversity, cgMLST
analyses was performed using ChewBBACA. The
core-genome, defined as the set of protein-coding
genes shared by all isolates, consisted of 4,405 genes
for the "rose clade" and 3,795 genes for the "major
ginger clade". Despite having similar overall genome
sizes, the smaller core-genome of the "major ginger
clade" indicates a higher level of genomic variability
among its isolates.

Minimum spanning tree (MST) analysis based on
cgMLST revealed very limited variation among the
"rose clade" isolates (Fig. 2B). All isolates were con-
sidered clonal due to SNPs in 0-3 core genes, except
for Rs-09-161 (25) (Ramesh et al., 2014), which
showed minor divergence of 73 core genes with SNPs
compared to PD 8114 (3) and PD 7901 (4). In con-
trast, the "major ginger clade" exhibited three distinct
clonal lineages and two distinct singletons (Fig. 2C):
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Table 2 R. pseudosolanacearum phy 1 isolates used in this study

Isolate Isolated from Country of origin Country of isolation Year Best Assembly number
matching
sequevar
Rs-10-244 Capsicum sp. India India 2010 48 GCA_000671315.1
PD 4190 Momordica char- Philippines Netherlands 2001 45 GCA_048285315.1
antia
1449-11/2017 Solanum tuberosum Hungary Hungary 2017 33 GCA_048287215.1
1451-11/2017 Solanum tuberosum Hungary Hungary 2017 33 GCA_048287255.1
1452-11/2017 Solanum tuberosum Hungary Hungary 2017 33 GCA_048287175.1
1453-11/2017 Solanum tuberosum Hungary Hungary 2017 33 GCA_048287195.1
1454-11/2017 Solanum tuberosum Hungary Hungary 2017 33 GCA_048287315.1
1455-11/2017 Solanum tuberosum Hungary Hungary 2017 33 GCA_048287295.1
508-11/2022 Surface water Hungary Hungary 2022 33 GCA_048287155.1
518-11/2022 Surface water Hungary Hungary 2022 33 GCA_048287235.1
573-11/2022 Surface water Hungary Hungary 2022 33 GCA_048287335.1
CLFF/3806/22 Rosa sp. Poland Poland 2022 33 GCA_048285755.1
torn/5623/16 Rosa sp. Poland Poland 2016 33 GCA_048285255.1
PD 1255 Anthurium andrae-  France (Reunion) Netherlands 1988 33 GCA_049726525.1
anum
PD 3597 Solanum lycoper- Kenya Netherlands 1999 33 GCA_048285775.1
sicum
PD 3634 Solanum tuberosum Kenya Netherlands 1999 33 GCA_049726275.1
PD 5415 Anthurium andrae- Ghana Netherlands 2006 33 GCA_048285475.1
anum
PD 7123 Rosa sp. Netherlands Netherlands 2015 33 GCA_048285495.1
GBBC 3080 Rosa sp. Netherlands Belgium 2015 33 GCA_040183095.1
Rpseud-SA1 Rosa sp. Greece Greece 2021 33 GCA_048285395.1
Rpseud-SP3 Rosa sp. Greece Greece 2021 33 GCA_048285375.1
PD 7413 Rosa sp. Russia Netherlands 2018 33 GCA_048284555.1
PD 7424 Rosa sp. Russia Netherlands 2018 33 GCA_048284535.1
PD 7901 Surface water Netherlands Netherlands 2020 33 GCA_048285265.1
PD 7902 Surface water Netherlands Netherlands 2020 33 GCA_048284545.1
PD 8114 Surface water Netherlands Netherlands 2021 33 GCA_048286335.1
PD 8131 Surface water Netherlands Netherlands 2021 33 GCA_048285285.1
PD 8157 Solanum dulcamara Netherlands Netherlands 2021 33 GCA_048284485.1
PD 8184 Solanum dulcamara Netherlands Netherlands 2021 33 GCA_048285185.1
PD 8473 Surface water Netherlands Netherlands 2023 33 GCA_048285845.1
Rs-09-161 Solanum melongena India India 2009 33 GCA_000671335.1
PD 1256 Solanum melongena France (Reunion) Netherlands 1988 31 GCA_049726545.1
AGQB#27 Zingiber officinale ~ Peru Germany 2021 30 GCA_048285555.1
AGQB#49* Zingiber officinale ~ Peru Germany 2022 30 GCA_048285075.1
AGQB#54* Zingiber officinale  Thailand Germany 2022 30 GCA_048286315.1
AGQB#82* Curcuma longa Bangladesh Germany 2022 30 GCA_048286375.1
AGQB#99* Curcuma longa Thailand Germany 2023 30 GCA_048286435.1
AGQB#103 Zingiber officinale ~ China Germany 2023 30 GCA_048287275.1
NIB Z 3683 Zingiber officinale ~ Peru Slovenia 2023 30 GCA_048285795.1
NIB Z 3685 Zingiber officinale ~ Peru Slovenia 2023 30 GCA_048284835.1
RC5-2 CH Zingiber officinale ~ Peru Switzerland 2023 30 GCA_048285485.1
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Table 2 (continued)

Isolate Isolated from Country of origin Country of isolation Year Best Assembly number
matching
sequevar
PD 2272 Curcuma longa Netherlands Netherlands 1993 30 GCA_048285365.1
(import) **
PD 3196 Curcuma longa Netherlands Netherlands 1997 30 GCA_048285385.1
(import) **
PD 3570 Curcuma longa Thailand Netherlands 1999 30 GCA_048286345.1
PD 3822 Curcuma alismati-  South Africa South Africa 2000 30 GCA_048284565.1
folia
PD 4138 Curcuma longa Netherlands Netherlands 2001 30 GCA_048285195.1
(import) **
PD 5537 Curcuma sp. Israel Netherlands 2008 30 GCA_048286355.1
PD 5777 Curcuma sp. Thailand Netherlands 2009 30 GCA_048285505.1
PD 7098 Curcuma sp. Netherlands Netherlands 2015 30 GCA_048285235.1
(import) **
PD 8575 Curcuma sp. Netherlands Netherlands 2014 30 GCA_048285155.1
(import) **
PD 8621 Zingiber officinale ~ Peru Netherlands 2024 30 GCA_048285815.1
CREA-DC 2104 Solanum lycoper-  Italy Italy 2022 18 GCA_048285735.1
(I2116) sicum
CREA-DC 2105 Solanum lycoper- Italy Italy 2022 18 GCA_048285175.1
12120) sicum
GMI1000 Solanum lycoper- French Guiana French Guiana 1968 18 GCA_000009125.1
sicum
AGQB#45 Curcuma longa Costa Rica Germany 2021 17 GCA_048285135.1
AGQB#48* Curcuma longa India Germany 2022 17 GCA_048284515.1
AGQB#119* Curcuma longa Vietnam Germany 2023 17 GCA_048285085.1
PD 3205 Anthurium andrae-  Phiippines Netherlands 1997 17 GCA_049726405.1
anum
UW640 Zingiber officinale  Australia Australia unknown 16 GCA_048285355.1
PD1419 Solanum tuberosum Japan Japan 1989 15 GCA_049726445.1
AGQB#125* Zingiber officinale  China Germany 2024 14 GCA_048285455.1
PD 3278 Morus sp. China China 1998 12 GCA_049726425.1

* =interception at border control point

** =interception at border control point, country of origin unknown

group 1 (isolates 26-31), group 2 (32-35) and group
3 (38—44), and singleton isolates AGQB#54 (36) and
AGQB#82 (37) (corresponding isolate names are
depicted in Fig. 2A). The number of loci with at least
one SNP difference among the three distinct clonal
lineages in the "major ginger clade" ranged from 115
to 559 (Fig. 2C), which supports the idea that this
clade has a higher level of genomic diversity.

To evaluate the biological relevance of the genetic
diversity observed among the R. pseudosolanacearum
phy I isolates associated with recent European find-
ings, pathogenicity assays were conducted on S.
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lycopersicum (tomato) cv. ‘Moneymaker’. Two inocu-
lation methods were employed: 1. injecting a bacte-
rial suspension (10°%-10% CFU/mL in 10 mM PB) at
the base of a tomato stem just below the first true
leaves with a sterile syringe with a needle and incuba-
tion of the young tomato plants at 27-28/20 °C (day/
night) under a 16/8 h light/dark cycle and 70-80%
relative humidity (%RH), or 2. direct needle/pin-
prick inoculation from a bacterial colony and incu-
bation of the young tomato plants at a 28/25 °C day/
night temperature under similar light/dark and %RH
conditions. Symptom development was monitored
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Araceae

A

Cucurbitaceae
Moraceae
Rosaceae

Solanaceae

Surface water

Zingiberaceae

0.2

Fig. 2 Phylogenetic and core genome multilocus sequence
typing (cgMLST) analysis of R. pseudosolanacearum phy
I isolates. (A) A phylogenetic tree was constructed using hier-
archical clustering (UPGMA method) of ANI values. Isolates
belong to the “rose” and “major ginger” clade are numerically
labeled (1-44), corresponding to labels in panels B and C. Iso-
late designation for isolates belonging to the "rose clade" is
given in green, while for "major ginger clade" isolates is given
in blue. The matrix, country of origin, and year of isolation for

and recorded qualitatively for up to 14 days post-
inoculation (dpi). All R. pseudosolanacearum phy
I isolates included in the pathogenicity assays were
highly virulent on tomato regardless of their original
host (Table 3; Fig. 3). Typical Ralstonia symptoms,
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each isolate are indicated, with matrix colours corresponding
to the legend on the left. Minimum spanning trees illustrate
the cgMLST-based relationships among “rose clade” (panel
B) and “major ginger clade” (panel C) isolates, respectively.
Each circle represents an isolate, numbered as in panel A. The
circle colour indicates the matrix from which the isolate was
obtained (B) or the country of origin (C). Numbers on the
connecting lines (edges) represent the number of allelic differ-
ences between isolates

including rapid wilting and necrosis, manifested in
50-100% of the inoculated plants. Initial signs of
leaf wilting typically appeared within 1-7 dpi, except
for AGQB#103, which had a delayed wilt onset
of 10 days (Table 3). The pathogen’s identity was
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Table 3 Results from the pathogenicity tests upon inoculation of R. pseudosolanacearum phy 1 in young tomato plants (cv. Money-

maker)
R. pseudosolanacarum phy I isolate ~ Plant/Matrix # inocu- # inoculated plants % plants with  # dpi that first
lated plants with symptoms symptoms symptoms
observed
PD 8575 Curcuma sp 10 5 50 4
PD 7192 water (from green- 10 10 100
house rose cultiva-
tion)
PD 7123 Rosa sp 10 10 100 3
PD 8565 Rosa sp 10 10 100 5
PD 7413 Rosa sp 10 10 100 5
PD 7424 Rosa sp 10 10 100 5
PD 7901 surface water 10 10 100 6
PD 7902 surface water 10 10 100 6
PD 8114 surface water 10 10 100 3
PD 8131 surface water 10 10 100 7
PD 8157 S. dulcama 10 9 90 4
PD 8184 S. dulcama 10 10 100 4
PD 8621 Zingiber officinale 10 10 100 7
GBBC 3080 Rosa sp 10 10 100 3
AGQB#27 Zingiber officinale 10 7 70 4
AGQB#48 Curcuma longa 10 10 100 4
AGQB#103 Zingiber officinale 4 100 10
NIB Z 3683-D1560/23-8 Zingiber officinale 5 5 100 1
NIB Z 3685 Zingiber officinale 5 5 100 1

Fig. 3 Bacterial wilting and necrosis observed on young
tomato plants (cv. Moneymaker) inoculated with R. pseu-
dosolanacearum phy 1 at 7 dpi (A) Negative control (PBS

confirmed by its successful re-isolation on the semi-
selective mSMSA medium, followed by its identifica-
tion using TagMan® real-time PCR (Vreeburg et al.,
2016), IF testing, or MALDI-TOF MS (van de Bilt
et al., 2018), thus fulfilling Koch’s postulates.
Bacterial wilt caused by R. pseudosolanacearum
phy I is one of the most destructive bacterial plant
diseases in tropical and subtropical climates (Subedi
et al., 2020). It is particularly challenging to manage
due to its high genetic diversity, its ability to colonize

@ Springer

0,1 M). (B) Plant inoculated with isolate AGQB#27 (seq 30)
from ginger. (C) Plant inoculated with isolate AGQB#48 (seq
17) from curcuma

hosts systemically, and its ability to persist in a wide
range of agricultural and environmental niches (Vail-
leau & Genin, 2023). Between 2015 and 2024, the
number of R. pseudosolanacearum phy 1 findings
increased across Europe. These were linked to either
infected plant material at import (interceptions),
to plants cultivated in specific European regions,
often after importation of infected plant material, or
to reservoirs such as natural aquatic environments
(Tables 1 and 2).
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Our comparative genomic analysis of 62 R. pseu-
dosolanacearum phy 1 isolates, including those
recently found in various European countries,
revealed several distinct genetic clades. Three clades
are particularly noteworthy: the "rose clade", the
"major ginger clade" and the “tomato clade”. The
"major ginger clade" showed the highest level of
genetic diversity among the isolates, comprising three
clonal lineages and two divergent isolates (groups 1
to 3, and isolates AGQB#54 and AGQB#82, Fig. 2C).
No consistent association could be established
between clonal lineages and the geographical origin
of the isolates. Furthermore, the "major ginger clade"
did not contain all recently detected R. pseudosola-
nacearum phy 1 isolates from ginger and curcuma,
with four isolates falling outside this clade. In con-
trast, the “rose clade” exhibited minimal variation,
with recent isolates appearing clonal (Fig. 2B). The
closest relative to the “rose clade” identified in this
analysis was Rs-09-161, a R. pseudosolanacearum
phy I isolate from eggplant in India in 2009 (Ramesh
et al., 2014).

Despite the growing availability of genomic data
and a recent study on molecular epidemiology (Cel-
lier et al., 2023a, 2023b), our understanding of the
population dynamics of R. pseudosolanacearum
phy I at the field level remains limited (Yahiaoui
et al., 2017). However, the persistence of this patho-
gen in aquatic environments for multiple successive
years suggests that its establishment in Europe is
likely (Vogelaar et al., 2023). This risk is expected to
increase with climate change, given that R. pseudo-
solanacearum phy I proliferates optimally at tempera-
tures above 30°C, with an optimal metabolic capacity
at 35°C (Wang et al., 2020). This aligns with IPPC
predictions that temperature shifts will significantly
affect plant pathogen dynamics (IPPC Secretariat,
2022).

The invasive potential of R. pseudosolanacearum
phy I to new environments might be further enhanced
by its wide host range and its broad virulence (He
et al., 2021; Vailleau & Genin, 2023). Our findings
demonstrate that, irrespective of the original host,
European R. pseudosolanacearum phy I isolates con-
sistently exhibit high virulence on tomato, includ-
ing rapid wilting and necrosis in 50-100% of the
inoculated plants. Although more natural and less
aggressive inoculation methods might give differ-
ent results these results are consistent with previous

reports of highly virulent R. pseudosolanacearum
phy I isolates in other Solanaceous plants (Tjou-Tam-
Sin et al., 2017b), including potato (Overeem et al.,
2023). Similarly, rose plants (cv. ‘Aqua’ or cv. ‘Papa
Meilland’) exhibited chlorosis and necrosis of leaves
at 17 dpi (Holeva et al., 2024), and plant death at
28°C already after 18 dpi (cv. ‘Armando’) upon stem
inoculation (Tjou-Tam-Sin et al., 2017b). In some of
our pathogenicity experiments, European R. pseudo-
solanacearum phy 1 isolates were more virulent on
tomato than R. solanacearum phy Il isolates (data not
shown). This is consistent with earlier findings that a
higher proportion of R. pseudosolanacearum phy 1
isolates can overcome partial resistance in crops such
as the scarlet eggplant (Solanum aethiopicum) (Silva
et al., 2024).

In conclusion, the increasing prevalence of R.
pseudosolanacearum phy 1 in European agricultural
areas requires greater awareness and coordinated phy-
tosanitary action. This pathogen can affect and per-
sist in a wide range of host plants and environmen-
tal reservoirs (Lebeau et al., 2011; Lopes & Rossato,
2018; Santiago et al., 2017; Vailleau & Genin, 2023;
Wicker et al., 2012). At the EU level, official phy-
tosanitary measures should focus on preventing the
entry of infected plant material, e.g. through strength-
ened surveillance and early detection. This is impor-
tant since the introduced isolates show relatively large
genetic variability and thus new introduction might
come with new risks, e.g. different host range or cli-
mate adaptation. Import control should be primarily
focused on propagative plant material, however, based
on the German experiences, plant material designated
for consumption that could be used as planting mate-
rial might be considered as well. Furthermore, efforts
should be made to prevent local spread, for instance
through annual surveys of high-risk host plants and
waterways. Although the pathogen is present in some
parts of Europe it is not widespread. Once R. pseu-
dosolanacearum phy 1 becomes widely established,
eradication or containment would be extremely chal-
lenging, if not impossible.
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