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Abstract Identification and classification of members of
the Ralstonia solanacearum species complex (RSSC) is
challenging due to the heterogeneity of this complex. Whole
genome sequence data of 225 strains were used to classify
strains based on average nucleotide identity (ANI) and
multilocus sequence analysis (MLSA). Based on the ANI
score (>95%), 191 out of 192(99.5%) RSSC strains could
be grouped into the three species R. solanacearum, R.
pseudosolanacearum, and R. syzygii, and into the four
phylotypes within the RSSC (LII, III, and IV).
R. solanacearum phylotype 1 could be split in two groups
(IIA and 1IB), from which IIB clustered in three subgroups
(IIBa, IIBb and 1IBc). This division by ANI was in accor-
dance with MLSA. The IIB subgroups found by ANI and
MLSA also differed in the number of SNPs in the primer
and probe sites of various assays. An in-silico analysis of
eight TagMan and 11 conventional PCR assays was per-
formed using the whole genome sequences. Based on this
analysis several cases of potential false positives or false
negatives can be expected upon the use of these assays for
their intended target organisms. Two TagMan assays and
two PCR assays targeting the 16S rDNA sequence should
be able to detect all phylotypes of the RSSC. We conclude
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that the increasing availability of whole genome sequences
is not only useful for classification of strains, but also shows
potential for selection and evaluation of clade specific
nucleic acid-based amplification methods within the RSSC.

Keywords MLSA - ANI - in-silico analysis - Ralstonia
solanacearum species complex - Phylogenetic
classification

Introduction

Bacteria belonging to the Ralstonia solanacearum spe-
cies complex (RSSC) are the causative agents of dis-
eases in plants of many different botanical families. It is
estimated that the cumulative host range of the pathogen
exceeds 250 plant species (Genin and Denny 2012).
These include economically important crops such as
banana, tomato, tobacco, strawberry, peanut and potato
(Denny 2006). Its relatively long survival both in water
and soil contributes to the spread of the pathogen, for
example through irrigation or planting in infested soils
(Schonfeld et al. 2003; van Elsas et al. 2000). The RSSC
ranks second in the list of the economically most im-
portant bacterial plant pathogens (Mansfield et al. 2012)
and detection of the pathogen in plant propagation ma-
terial, soil and irrigation water is important to manage
the disease. Recently, the RSSC underwent several in-
stances of phylogenetic reclassification based on results
using advanced molecular techniques. These
reclassifications call for reinvestigation of species iden-
tity of bacterial strains deposited in collections.
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Previous studies demonstrated a high phylogenetic
complexity within the RSSC (Prior et al. 2016). For the
phylogenetic classification of strains within the RSSC
different principles have been used. Traditionally, the clas-
sification was based on differences in host range, resulting
in a subdivision in five races (Buddenhagen 1962) and on
biochemical properties resulting in six biovars or biotypes
(Hayward 1964). More recently, molecular phylogenies
based on ITS sequence, the eg/ and the #rpB genes differ-
entiated four phylotypes (I, II, III and IV) and phylotype II
was further differentiated into IIA and IIB. Each phylotype
harbours predominantly strains from a specific geographic
origin: phylotype I from Asia, phylotype III from Aftica,
and phylotype IV from Japan, the Philippines and Austra-
lia (Ailloud et al. 2015; Safni et al. 2014). In contrast,
strains of phylotype II have a more global distribution
and were retrieved from Europe, Africa, Asia, and South
America. Grouping within the phylotypes was done on the
basis of the endoglucanase gene (eg/) sequences resulting
in 53 sequevars (Albuquerque et al. 2014). Recently this
overlapping classification has been resolved by Safni et al.
(2014) who used a polyphasic approach to revise the
species complex into three species: R. solanacearum (phy-
lotypes IIA and 1IB), R. pseudosolanacearum (phylotypes
I'and I1I) and R. syzygii (phylotype IV) with three subspe-
cies, R. syzygii subsp. syzygii, R. syzygii subsp.
celebesensis and R. syzygii subsp. indonesiensis. The ro-
bustness of this classification system was confirmed by
whole genome sequencing (Ailloud et al. 2015). Further-
more sequence variation identified in single-copy
orthologous genes (n=686) among the genomes of 39
strains suggest that phylotypes IIA and 1IB may represent
different subspecies of R. solanacearum while phylotype I
and III are suggested to represent subspecies of
R. pseudosolanacearum (Zhang and Qiu 2016).

Due to recent developments in sequencing tech-
niques as well as in bioinformatics, annotated whole
genome sequences of a high number of RSSC strains
have become available; 192 at the time of this study.
These sequences include the chromosome as well as the
megaplasmid that most strains of the RSSC possess
(Salanoubat et al. 2002). These genomic sequences
can be used to assess phylogenetic relationships, for
instance by the calculation of average nucleotide iden-
tity (ANI), which measures the sequence distance be-
tween strains using all homologous genomic regions
(Arahal et al. 2014). ANI analysis was previously suc-
cessfully applied to confirm the phylogenetic identity of
a small number of well-characterized Ralstonia strains
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(Prior et al. 2016; Remenant et al. 2010). Classifying
strains into species based on ANI analysis scores is the
new gold standard for prokaryotes (Richter and
Rossello-Mora 2009). In addition, multilocus sequence
analysis (MLSA) has been successfully exploited for the
classification of RSSC strains. This method relies on the
simultaneous analysis of not one but several loci and
allows for a higher resolution than phylogeny deduced
from 16S rRNA genes (Glaeser and Kampfer 2015).
Wicker et al. (2011) used seven housekeeping and two
virulence genes to separate Ralstonia strains into the
four phylotypes and identified eight clades within these
phylotypes. An approach using a large number of com-
plete genome sequences for phylogenetic analysis can
be a powerful tool to re-assess the phylogeny of the
RSSC and to classify novel strains.

Detection and classification of strains belonging to the
RSSC is currently largely performed by PCR based assays.
A large number of published PCR assays were designed to
detect all or specific groups of the RSSC. One of the first
PCR assays to be described is based on 16S rDNA se-
quences and enables the detection of all 50 pathogenic
Ralstonia strains that were analysed and which belonged to
the four different phylotypes (Seal et al. 1993). For detec-
tion purposes TaqgMan assays were developed, such as the
one targeting the endoglucanase gene (eg/) of ten race 1
strains from China (Huang et al. 2009). Many assays were
developed for specific phylotypes, such as phylotype 1IB,
the causative agent of potato brown rot in Europe (Guidot
et al. 2009). Similarly, primers were developed by Pastrik
et al. (2002) and Fegan and Prior (2005), that are able to
distinguish subgroups of the RSSC based on the ITS
sequences. Moreover, a TagMan assay in a triplex format
was designed that enabled detection of the regulated potato
pathogens R. solanacearum and R. pseudosolanacearum
as well as Clavibacter sepedonicus, and also included a
potato amplification control (Vreeburg et al. 2018). Al-
though the developed primers and probes reacted specifi-
cally with the panel of target strains involved in the studies,
the number of strains tested was often limited and they
were in many cases not classified according to the pres-
ently used phylotype system. Therefore, in this study, we
test the primer and probe fit for several PCR and TagMan
assays on a large number of strains classified according to
the newest system, in an in-silico approach.

The high number of available whole genome se-
quences creates new opportunities to review the phylog-
eny of the RSSC complex and the specificity of nucleic
acid-based assays. In this study, we used 225 whole
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genome sequences, 33 belonging to the species
R. insidiosa, R. mannitolilytica and R. picketti and 192
belonging to the RSSC, with an emphasis on
R. solanacearum and R. pseudosolanacearum strains,
and characterized them by ANI and MLSA analysis. We
compared the phylogenetic information generated by
both methods. In addition, we used whole genome
sequences and an in-silico analysis to support selection
of PCR assays based on the predicted specificity of the
19 commonly used PCR based methods for detection
and diagnostics.

Materials and methods

In total, 225 Ralstonia strains were analysed, 192 of
which from the RSSC complex. Of these strains, 20
were kindly provided by the Dutch General Inspection
Service (NAK, Emmeloord, The Netherlands). Whole
genome sequencing data, originating from different
countries and isolated from various hosts, were generat-
ed by HiSeq (137) or PacBio (10) sequencing or extract-
ed from the NCBI Genbank (79). One strain was se-
quenced with both PacBio and HiSeq. The metadata of
all these isolates are listed in Table S1.

Reference strains

For each phylotype and species, a reference was chosen
for identification of the strains and determination of the
closest relative in the MLSA. If available, the type
strains of the respective phylotype were selected as a
reference strain. For all reference strains see Table 1.

DNA extraction

Strains were grown on yeast peptone glucose agar
(YPGA) (per litre: yeast extract 5 g, peptone 5 g, glu-
cose 10 g, agar 15 g) at 25 °C. DNA was extracted using
the Wizard® Magnetic DNA Purification System for
Food (Promega, Leiden, The Netherlands). DNA was
extracted according to the manufacturer’s protocol from
approximately one full inoculation loop (10 pl) of bac-
terial slime collected from multiple colonies on plates.
The elution of DNA was performed in two steps, in
which subsequently 50 pl eluate and 75 pl elution buffer
were used. For quantification, the DNA solutions were
analysed with the Infinite® 200 PRO (Tecan,
Mainnedorf, Switzerland) using the Quant-iT™

Table 1 Reference strains for the five phylotypes and the other Ralstonia spp. used in this study

GenBank Reference

Origin

Host

Phylotype

Species

Collection name

Salanoubat et al. (2002)

This study
This study
This study

GCA_000009125.1

French Guyana

USA

Lycopersicon esculentum

Ralstonia pseudosolanacearum

GMI1000

De novo assembly

Lycopersicon esculentum

A

R. solanacearum

NCPPB325"
PD2673

De novo assembly

Netherlands
Réunion

Solanum tuberosum

1B

I

R. solanacearum

Pelargonium capitatum De novo assembly

R. pseudosolanacearum

R. syzygii

LMG9673"
PSI07

Remenant et al. (2010)

Zhang et al. (2014)
Suzuki et al. (2015)

GCA_000442475.1

Lycopersicon esculentum Indonesia GCA 000283475.1

v
NA

GCA_900455575.1

Australia

Homo sapiens

R. insidiosa

AU12-08

GCA_000743455.1

Japan

USA

Homo sapiens

R. mannitolilytica NA

NCTC10894

Daligault et al. (2014)

Homo sapiens

NA

R. pickettii

ATCC 275117

NA not applicable

85

T type strain of the given species
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PicoGreen™ dsDNA Assay Kit (ThermoFisher, Wal-
tham, USA) according to the manufacturer’s protocol.
DNA samples (5 pl) were run on 1% agarose gels to
check for quality of high molecular weight DNA.

Next generation sequencing (NGS)

136 of the strains used in this study were sequenced using
only [llumina HiSeq (Table S1). A random sheared shot-
gun library preparation was performed using the Truseq
Nano DNA Library Prep kit (dual indexing) following
the manufacturer’s protocol. The samples were loaded on
a paired end flowcell, using the Hiseq PE cluster kit V4.
A cBot was used for cluster generation (Illumina). The
procedure was continued with sequencing on a Hiseq
2500 (Illumina, San Diego, USA) on which 125 bp
paired-end sequences were generated.

Ten of the strains were sequenced only with the PacBio
Platform (Pacific BioSciences, Menlo Park, USA)
(Table S1). One strain (PD2673) was sequenced with both
[llumina HiSeq and PacBio sequencing. For the PacBio
sequencing. DNA was sheared to 6 Kb and two SMRT
bell libraries were prepared using the kit Barcoded
Adapters for Multiplex SMRT sequencing in combination
with the Sequel Binding Kit V2.0 and the Sequel Poly-
merase 2.0 Kit. Per library, a pool with sheared DNA of all
strains was used as input. The library preparation was
completely performed according to the manufacturer’s
protocol. Sequencing was done on a Sequel system. For
coverage of the PacBio sequencing see Table S2.

Both sequencing procedures were operated at the
services of Business Unit Bioscience, Wageningen
Plant Research (Wageningen, The Netherlands).

Sequence data processing

Whole genome assembly was performed for all Illumina
HiSeq sequenced strains using SPAdes 3.11.1
(Bankevich et al. 2012). The strain PD2763 was se-
quenced using both the PacBio and the Illumina HiSeq
platforms. For the PacBio reads, de-multiplexing was
performed by aligning the barcodes to the sub-reads
with pyPaSWAS version 3.0 (https://doi.org/10.1371
/journal.pone.0190279) and selecting the best
matching barcodes for binning (https://github.
com/swarris/pyPaSWAS/wiki/Demultiplexing). Canu
version 1.6 (Koren et al. 2017) was used to assemble
the PacBio reads, using a minimum read length of 1 kb
and a minimum overlap of 500 bp. After this, ARCS
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(Yeo et al. 2017) was used to create scaffolds of these
assemblies using the 10x Illumina read sets. Genome
sequences were deposited at NCBI (Table S1). In addi-
tion, publicly available genomes were downloaded from
NCBI (Table S1).

All whole genome assemblies belonging to Ralstonia
strains were downloaded from NCBI. All of the ge-
nomes were compared to the reference strain collection
using FastANI (Jain et al. 2018) and genomes that did
not have at least 95% identity to a reference strain were
left out of the analyses, because they did not belong to
Ralstonia spp.

A three-step quality check was performed for all the
strains before including them in the analyses: presence
of the 16S rRNA gene, the maximum sequence diver-
gence between 16S rRNA copies, and BUSCO scores.
All 16S rRNA sequences (both completed and partial)
were extracted from each genome. All genomes that
contained no 16S rRNA sequences were excluded from
the study. Per genome, all 16S rRNA sequences were
aligned using MUSCLE (Edgar 2004). Subsequently
the divergence between each sequence entry within the
alignment was calculated. Divergence was calculated by
identifying whether there is an overlap between the two
sequence entries in the same multiple sequence align-
ment (divergence was only calculated for overlapping
sequences), then divergence was calculated by dividing
the number of variable positions in the overlapping
region by the length of the overlapping region. Genomes
that had greater than 0.05 16S rRNA sequence diver-
gence were excluded. The remaining genomes should
either be single strain assemblies or contain closely
related strains. To rule out contamination by closely
related strains we calculated the BUSCO scores for each
genome based on the prokka protein predictions. The
protein sequences were analyzed using BUSCO v3.0.2
(Seppey et al. 2019) and betaproteobacteria_odb9 line-
age dataset. Only the genomes that had at least 95%
BUSCO score and less than 10% duplicated,
fragmented or missing genes were kept.

ANI

Average nucleotide identity (ANI) analysis was per-
formed using FastANI (Jain et al. 2018) with default
settings comparing all strains to each other. The species
demarcation was set at an ANI threshold value of 95%
identity from the reference strains (the type strain when it
was present) (Goris et al. 2007). A neighbour joining tree
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was generated from a distance matrix derived from the
pairwise sequence identity matrix using BioPerl module
Bio::Tree::DistanceFactory. A heat map was constructed
in R studio using the seatmap function from the package
‘Complex Heatmap’ (Schlesner et al. 2016).

MLSA

A multilocus sequence analysis (MLSA) was performed
based on nine protein coding genes (adk, egl, fliC, gdhA,
gvrB, leuS, mutS, ppsA and rplB). Egl and fliC are
located on the megaplasmid, whereas the remaining
genes are located on the chromosome. These have been
used previously in the study of the RSSC phylogeny
(Wicker et al. 2011). The sequences were aligned using
the MUSCLE alignment program (Edgar 2004) and
concatenated. For seven strains, the fliC gene could
not be located and was replaced by a sequence of gap
values (°-°) in the concatenated sequence.A maximum
likelihood phylogenetic tree was constructed using 1Q-
Tree 1.6.19 using edge-proportional partition model
(—spp) and 1000 bootstrap. Eight strains belonging to
the species R. insidiosa (Ri), 15 strains belonging to
R. pickettii (Rp) and 10 strains of R. mannitolilytica
(Rm) obtained from NCBI Genbank were used as
outgroups (Table S1). Alignments and tree construction
were performed as described above for each of the nine
genes separately as well. Furthermore, for each strain,
the nine genes were compared to the reference se-
quences representing the respective phylotypes or spe-
cies (Table 1). For each gene, the closest reference strain
sequence was identified and the SNP distance was de-
termined between the two.

In silico analysis TagMan assays

An in-silico analysis was performed in order to deter-
mine the presence of SNPs between the concatenated
primers and probes of 11 different conventional PCR
and 8 real-time TagMan PCR assays and the target
sequences present in the Ralstonia strains (Table 2).
An in-house pipeline was used for the analysis. First,
primers and probes were mapped to genomes using
nucmer with at least 6 bp long kmer exact match (—-
maxmatch —nosimplify -l 6 -c¢ 1 -b 6) (Delcher et al.
2002). Then, hits were extended to completely include
the entire primer/probe sequence. Hits with more than 5
mismatches in either primer or probe were removed.
This was a conservative choice as it has been shown

previously than assays with >4 SNPs in one primer or 3
SNPs in one and 2 in the other primer is unlikely to
result in amplification (Lefever et al. 2013). Amplicon
regions were identified by either forward primer
matched to positive strand and reverse primer matched
to reverse strand or reverse primer matched to positive
strand and forward primer matched to reverse strand.
Amplicons longer than 2000 bp were removed. For each
assay, the amplicon with the least mismatches were kept
per assembly. Mismatches (and gaps) were summed for
both primers and probe (when present).

To estimate the primer binding efficiency, and there-
fore the consequences of SNPs, the AG value was calcu-
lated for all individual primers and probes and the five
reference strains using the Oligo Analyzer tool from IDT
(Integrated DNA Technologies, Skokie, Illinois, U.S.A.).

All primer/probe sets were checked for a potential
reaction with non-target organisms by blasting the prim-
er and probe sequences at NCBI with blastn. Primers
and probes were concatenated with 5—10 N as spacers in
between, the nucleotide collection was selected as data-
base and restricted to bacteria. The word size was set to
7, the expect threshold to 1000 and no low complexity
filter was used. The blastn standards for Match/
Mismatch (2,-3) and gap costs (Existence: 5, Extension:
2) were left at the default. The blastn search was con-
ducted on 01.07.2020.

Data analysis

All data analysis was done in R Studio (RStudio 2016).

To assess if the number of SNPs differed between the
primer/probe sets, negative binomial linear regressions
were used for PCR assays and TagMan assays separate-
ly with the total number of SNPs between the primer
sequences and the target sequences as the dependent and
the primer set as the explanatory variable. Here, only
those strains were included in which the respective
target sequence was present with <5 mismatches per
primer/probe. The overall effect of primer/probe set
was determined with the Anova function from the pack-
age ‘car’ (Fox and Weisberg 2011). Pairwise differ-
ences between the sets were calculated with the
emmeans function from the package ‘emmeans’ (Lenth
et al. 2018). The same procedure was used to assess if
the number of SNPs differed between primer/probe sets
and phylotypes with primer set and phylotype as the
explanatory variables in the regression.
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Results similarity, and a relatively low (<89%) cross-group
average similarity (Fig. 1). These three groups corre-
Average nucleotide identity spond to the previously described three species

R. pseudosolanacearum (Rps), R. solanacearum (Rs)
The ANI analysis clustered the RSSC strains into three and R. syzygii (Rsy). In addition, the strains can be
main groups with a high (>98%) intragroup average clustered into five groups that represent the five different

RslIB RsIIA Rps | Rpslll RsylV  Rm R Rpi
Fig. 1 Heatmap of ANI % identity values between all individual the three species and five phylotypes, are indicated on the y-axis
strains. A darker colouring represents a higher percentage of and the x-axis respectively

identity. Clusters with a high percentage of identity, representing
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Table 3 Mean Average nucleotide identity (%) between the phylotypes; min- and max-values in brackets
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Rp Rps 1 Rps III Rs IIA Rs IIB Rsy IV

Rm

Species

98.3 (96.8-100)

Ralstonia insidiosa

86.8 (86.6-87.1) 98.0 (95.9-100)

Ralstonia mannitolilytica

87.2 (86.7-88.0) 87.8 (87.4-88.4) 96.7 (92.6-100)

Ralstonia pickettii

85.2 (85.1-85.5) 85.6(85.3-85.9) 84.8 (84.5-85.3) 98.9 (95.0-100)

Ralstonia pseudosolanacearum (1)

Ralstonia pseudosolanacearum (1II) 85.2 (85.1-85.3) 85.6 (85.4-85.9) 84.8 (84.5-85.0) 95.9 (93.0-96.1) 97.6 (96.3-100)

85.1 (84.8-86.0) 85.4 (85.0-86.5) 84.6 (84.2-85.4) 91.4(90.9-96.9) 91.4 (91.0-92.2) 98.1 (95.5-100)

Ralstonia solanacearum (11A)

85.2 (84.9-85.4) 85.5(85.1-85.8) 84.7 (84.2-85.0) 91.6 (91.0-96.2) 91.6 (91.1-91.8) 96.1 (95.2-98.2) 99.2 (95.9-100)

Ralstonia solanacearum (IIB)

85.2 (85.1-85.4) 85.6 (85.4-85.9) 84.7 (84.4-84.9) 92.7 (91.8-92.5) 92.3 (92.0-92.5) 91.9 (91.3-92.9) 92.3 (91.5-92.5) 98.5 (97.1-100)

Ralstonia syzygii (IV)

phylotypes. Strains belonging to phylotype I also
showed a higher ANI similarity to phylotype III than
the commonly applied 95% for species demarcation.
Strains belonging to phylotype IIA showed an ANI
similarity above 95% to strains belonging to phylotype
IIB, while strains belonging to phylotype IV only
showed similarity above 95% to strains belonging to
the same phylotype (Table 3). The tree created from a
pairwise distance matrix for all 192 strains and
outgroups also showed a separation of the five phylo-
types. In addition, it demonstrates that for most phylo-
types, a high genetic variation was found (Fig. 2). Phy-
lotype IIB contained three groups, named group a, b and
c. In addition, by comparison with the reference strains,
it was shown that three strains deviated from the phylo-
type they have been assigned to. The strains RS 489 and
IBSBF 2570, identified as phylotype IIB, belong to
phylotype IIA according to the ANI. They grouped with
phylotype ITA with an average similarity of 97.9% and
97.4% respectively compared to a similarity of 97.1%
and 96.8% with 1IB. Strain CRMRs218 was identified
as phylotype I, but had an average similarity of 95.9%
with phylotype IIA compared to 95.4% with phylotype
L. Strain CRMRs218 matched the identification criteria
for both R. pseudosolanacearum and R. solanacearum,
and could therefore not be assigned to one of the species
described.

Multilocus sequence analysis (MLSA)

The phylogenetic tree based on the concatenated loci
split the RSSC strains into four clusters supported by
bootstrap values that corresponded to phylotype I, 11, II
and IV and within phylotype II the two groups IIA and
[IB were clustered (Fig. 3). Also, in the MLSA tree three
groups of phylotype IIB could be detected. Two groups
comprised mainly strains isolated from plants of the
order Zingiberales (designated group b and c), including
strains from the genera Musa and Heliconia all originat-
ed from Latin- and Central America. The other group
(designated group a) included strains isolated from dif-
ferent plant species or from various other substrates and
various geographic origins including Europe, Asia, Af-
rica, and Latin-America.

Several strains that were grouped into one phylotype
according to the concatenated sequences of all used
genes, contained one or two genes that were assigned
to another phylotype. The 89 phylotype IIB strains
contained nine strains with genes resembling another
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Fig. 2 Neighbour joining tree of ANI pairwise distances

phylotype. Eight strains of group b from phylotype 1IB
contained fliC genes that were grouped with phylotype
ITA and two strains from group b contained gyrB genes
grouped with IIA. Majority (13 out of 16) of strains
grouped into phylotype IIA contained fliC, gdhA and
gyrB genes that grouped to phylotype IIB. One strain,
CMRMs218 (the unclassified strain) that was first iden-
tified as phylotype I, contains two genes (eg/ and mutS)
that grouped to phylotype I and two genes that grouped
to phylotype IIB (fiC and gdhA). The remaining genes
were most similar to phylotype IIA and consequently
this strain clusters with ITA in the tree. For the number of
SNPs with the most closely related reference strain for
each gene, see Table S3. Out of the five strains of
phylotype 1III, three strains contained mutS and ppsA
genes more related to phylotype I, while the 64 phylo-
type I strains contained in 30 cases fliC genes and 20
gvrB genes grouping to phylotype III. In one instance, a
gvrB gene grouping to phylotype IV was found. In
seven cases, no fliC gene was identified in a strain based
on annotation that was validated by homology search by
exonerate.

Trees generated based on the individual loci adk, egl,
SliC, gdhA, gyrB, leuS, mutS, ppsA and rplB largely
supported the phylogeny predicted by the concatenated
loci, but showed some differences as well (Fig. S1). In
the tree based on the eg/ gene, three strains from phylo-
type IIA were split off from the main cluster (Fig. S1 b).
In the trees based on fliC and gyrB, phylotype IIA was
grouped within phylotype 1IB (Fig. S1 c,e). Phylotype I
and III were virtually undistinguishable with respect to
the fliC-based tree. In the gyrB based tree, phylotype 1
was split in several groups. In addition, several members
of phylotype IIA are grouped close to phylotype IIB. In
the ppsA tree, group 1IA was again split (Fig. S1 h).

While the individual trees might show some differ-
ences from each other, the classification into species and
phylotypes based on the concatenated sequences is sim-
ilar to the ANL

Evaluation of PCR assay

In total, seven regions were targeted by the PCR and
TaqMan assays analysed in this study (Table 4). The
intergenic region between UDP-3-O-acyl-N-
acetylglucosamine deacetylase & Peroxiredoxin, the
egl gene and the rRNA genes (including the ITS region)
were present in all strains of the RSSC (Table 5). In
contrast, the gene belonging to the Phage-tail-S super
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Table 4 List of assays and corresponding target regions, num-
bered 1-7

Assay Target Region
Guidotl  hypothetical protein with signalpeptide 1
Guidot2  DUF3987 super family 2
Guidot3  DUF1018 super family 3
Wellerll  Phage tail S super family 4
Ozakman Phage tail S super family 4
Opina intergenic 5
UDP-3-O-acyl-N-acetylglucosamine
deacetylase & Peroxiredoxin
Chen intergenic 5
UDP-3-0O-acyl-N-acetylglucosamine
deacetylase & Peroxiredoxin
Nytor egl 6
Huang egl 6
Nmult rRNA 7
Massart rRNA 7
Pastrik ~ rRNA 7
Wu rRNA 7
Seal rRNA 7
Weller  rRNA 7
Koémer  rRNA 7

family, targeted by the Ozakman and Weller II TagMan
assay were present in a large part of phylotype IIB
strains, but only in a small percentage of strains belong-
ing to the other phylotypes. Also, the coding region of
hypothetical proteins, that are targeted by the Guidot
assays are present in the majority of phylotype IIB
strains (78.02%, 83.52% and 79.12% for Guidotl,
Guidot2 and Guidot3, respectively), but only sporadi-
cally in other phylotypes.

Assay sensitivity was determined by identifying
assay/target combinations with more than five mis-
matches in one or more primer and probe (Table S3).
These combinations were removed from the SNP
analysis.

For both the TagMan and the conventional PCR
assays there were significant differences between the
assays in the average number of SNPs with the 192
RSSC sequences (TaqgMan assays: x> =3429.1,
p<0.01; PCR assays: x> =1945.6, p<0.01).

The highest average number of SNPs for the TagMan
assays was found for the primer probe set Ozakman (6.9
+4.1) and the lowest for Korner (0.01 £0.07) and
Weller (0.01 +£0.07) (Fig. 4a). For the PCR assay, the
highest average number of SNPs was found for the
primer set Chen (3.3 +2.1), and the lowest for the set
Seal (0.01 £0.2), Guidot 1, Guidot2 and Guidot 3 (0.0
+0.0) and Nmult 4 (0.0+0.0) (Fig. 4b). In addition,
SNPs for the different primer sets differed between the
different phylotypes (TagMan: x>=1162.3, p<0.01;
PCR: x*>=1217.3, p<0.01). For both assays the fit of
most primer sets, except for those targeting the 16S
gene, showed a high variability between the phylotypes
(Fig. 5). Interestingly, for some assays the number SNPs
also differed within phylotype IIB. For the primer set
Chen strains belonging to the groups b and ¢ and for the
primer set Huang, the strains belonging to group ¢ had
on average less SNPs than group a (Fig. S2). For the sets
Opina and Ozakman, most of the strains in group b and c
had more SNPs in comparison to the main group a. In an
overview, for each assay the number of SNPs with each
phylotype and the percentage of strains with >5 mis-
matches is shown (Table 6).

In order to estimate the consequences of SNPs for
primer-target binding, AG values were calculated for all

Table 5 Percentage of strains within a phylotype that contained the respective target region

Species Phylotype Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7
R. pseudosolanacearum I 1.54 9.23 3.08 3.08 100 100 100
R. pseudosolanacearum I 0 0 20 20 100 100 100
R. solanacearum A 0 57.14 0 7.14 100 100 100
R. solanacearum 1B 78.02 83.52 79.12 81.32 100 100 100
R. syzygii v 0 0 11.76 17.65 100 100 100
R. insidiosa 0 0 0 0 0 0 100
R. mannitolilytica 0 0 0 0 0 0 100
R. pickettii 0 0 0 0 0 0 100
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primers and probes separately for the five reference
strains and compared to the number of SNPs with the
target region (Fig. S3).

The maximal AG of each set, which should determine
the reaction efficiency, shows qualitative differences
between the reference strains (Fig. S4).

With a BLAST search, matches with non-target
strains were found for several sets (Table S4). Some
showed no or only one SNP between primer and non-
target organism. The Wu assay matched with a high
number of species of which only few are listed as it
was designed for Gram-negative bacteria. Most fre-
quently found non-target matches were found for the
taxa Ralstonia pickettii, Ralstonia mannitolytica and
Ralstonia insidiosa. Therefore, these species were more
closely investigated. In total, nine assays gave positive
results for R. insidiosa and R. pickettii (i.e. less than 15
mismatches) and 13 assays gave positive results for
R. mannitolilytica (Table S3). For some assays, there
were only 0—3 SNPs between the assay and the target
gene present in the non-target strain (Fig. S5). For
example, there was only one mismatch for the Wu assay
and the strains used here of either of the three species
and assays targeting the 16S rRNA gene, such as
Weller, Kérner and Seal had only few mismatches with
R. mannitolilytica.

Table 6: For each assay showing the percentage of
strains detected <5 SNPs per primer and the average
number of SNPs per phylotype (%detected, nr. SNPs);
the first row indicates for which phylotype the assay was
designed; values that are in agreement with the designed
specificity are marked in green; a) PCR assays, b)
TaqMan assays.

Discussion

In this study, we demonstrated the application of whole
genome sequences for classification of the Ralstonia
solanacearum species complex. By generating and
collecting sequences of 192 strains of the RSSC, we
were able to confirm current species classification using
an ANI and MLSA approach. In addition, we showed
that both average nucleotide identity (ANI) and multi-
locus sequencing analysis (MLSA) can reveal grouping
of strains into species and phylotypes whereas single
locus analysis might lead to misidentification. New
strains can be quickly and reliably placed into this
classification based on their whole genome sequences,

which will be valuable in forensic studies. Furthermore,
we showed that whole genome sequences can be used to
evaluate the specificity of PCR based diagnostic tools,
including qPCR-assays developed for the detection and
quantification of RSSC. This in-silico approach can give
an indication for the choice of an assay for general
detection of the RSSC or only of certain groups. Further
studies will have to show if whole genome sequencing
data can also be used to assess phenotypic traits, in
particular those involved in host-pathogen interactions,
as for example by the identification of virulence-related
genes (Ailloud et al. 2015; Didelot et al. 2012).

Comparing whole genome sequences of 192 strains
by means of an average nucleotide analysis (ANI) ver-
ified a clustering into three different species, R.
solanacearum, R. pseudosolanacearum and R. syzygii
as proposed by Safni et al. (2014), confirming current
taxonomy. Nevertheless, some variation with respect to
genome similarity within the species could be observed,
especially within R. solanacearum and
R. pseudosolanacearum. This variation reflects the phy-
lotypes IIA and IIB of. R. solanacearum, and I and 111 of
R. pseudosolanacearum, respectively and is consistent
with previous results obtained by ANI studies (Prior
et al. 2016; Remenant et al. 2010). Prior et al. (2016)
were able to identify the three different species using
ANI in their set of 29 strains. It has been proposed that
the phylotypes IIA and IIB, as well as I and III, should
be defined as different subspecies of R. solanacearum
and R. pseudosolanacearum, respectively (Zhang and
Qiu 2016). The ANI analysis performed in the present
study also showed three clusters within phylotype 1IB.
This heterogeneity is in accordance with several previ-
ous studies that find variation within the phylotype
(Ailloud et al. 2015; Prior et al. 2016). It remains to be
determined which genetic features are linked with the
clustering in subgroups by ANI and if there is a relation
between subgroups and (important) phenotypic proper-
ties. In addition, the ANI also revealed that two strains
previously classified according to their similarity with a
reference strain were misidentified as 1IB, while they
show a higher identity to phylotype IIA. It is unclear
whether this finding is due to recombination events or
the close relatedness of the two groups. Still our results
emphasized the ability of ANI to correctly classify
strains based on their whole genome sequence.

One strain, CRMRs218 could not be classified in one
of'the RSSC species described. It had a > 95% similarity
with the two type strains of R. pseudosolanacearum and
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R. solanacearum. This is in accordance with a recent
study by Etminani et al. (2020) who were not able to
classify the strain into a phylotype using conserved
signature indels either. It is possible that this strain might
be a hybrid or the product of recombination events.
However, it remains unclear which processes led to the
observed genetic similarities. Phylogenomic or
pangenomic analysis would be needed to clarify the
mechanism behind this finding.

MLSA separated the 192 RSSC strains into three
species and four phylotypes (I, II, III, and IV), which
is in accordance with earlier studies and with ANI
analysis (Prior et al. 2016; Wicker et al. 2011). This
reproducibility between studies using variable sets of
genes, and between different methods, shows that the
reliability of MLSA for the classification of RSSC into
phylotypes is less dependent on the number and choice
of the barcoding genes. For all strains, adk, leuS and
rplB sequences adequately predicted the RSSC phylo-
type. For fliC, gyrB, gdhA, egl, mutS and ppsA, it was
found that several strains contained genes that were
more similar to the respective loci of another phylotype.
Especially, for strains classified within phylotypes 1A
and IIB, and I and III respectively, these genes frequent-
ly resembled the other phylotype. This could be due to
recombination, but also ancestral diversity that has not
yet been completely characterized by researchers. It
should be kept in mind that we might not yet have
completely resolved the diversity of the RSSC, which
might also influence detection using assays specific to a
phylotype or species.

Genes found to be the most variable included f7iC and
gyrB. The virulence gene fIiC, which is located on a
megaplasmid, and also the housekeeping gene gyrB
might have been subjected to horizontal gene transfer
as reported previously (Wicker et al. 2011). Alternative-
ly, the close relatedness of the phylotypes IIA and IIB,
and I and III might lead to genes being classified as
belonging to the other phylotype respectively if
differences are due to single SNPs. Interestingly,
Wicker et al. (2011) and Castillo and Greenberg
(2007) found recombination mostly occurring in strains
belonging to the phylotypes III and IV, while we could
not find evidence of such recombination events. We did
find genes that are more similar to the phylotypes 1IB
and IIA, respectively, which may be due to the relative
high number of phylotype ITA and IIB strains compared
to the phylotype Il and IV strains used in our study. It is
notable that the fliC gene was not detected in several

@ Springer

strains. Since this gene plays an important role in fla-
gellar motility (Tans-Kersten et al. 2001), it is unlikely
that it was missing from the respective strains. It is
possible that the gene was not detected by alignment
due to substantial sequence differences with the refer-
ence strains. Alternatively, the respective strains might
possess another gene encoding for a protein similar to
SliC. Still, while the grouping of strains based on indi-
vidual loci might yield different results, MLSA based on
five or more concatenated sequences enables a reliable
grouping into the four phylotypes and thus, yields re-
sults that are in accordance with ANI.

Similar to ANI analysis, MLSA indicated a further
clustering of several phylotypes into subgroups. The
clustering of phylotype IIB into three groups is similar
to the pattern revealed by ANI, indicating that the
MLSA has sufficient resolution to reflect differences
between the three groups. Notably, the strains in the
subgroups b and ¢ of IIB originated predominantly from
banana and Heliconia, indicating that the genetic differ-
ences between these subgroups and the other strains of
IIB might be connected to host specificity. This is fur-
ther supported by the observation that all strains in
subgroup b have fliC genes closer related to phylotype
HA, fliC being associated with virulence. In addition,
the strains in these subgroups originated from South-
and Mesoamerika, which also suggests genetic similar-
ity due to evolution in close proximity under similar
environmental conditions. Also other phylotypes, like
phylotype IIA show some heterogeneity, but no cluster-
ing as clear as in phylotype IIB.

As in the ANI, a special case was represented by strain
CRMRs218 that has formerly been classified as
R. pseudosolanacearum by Albuquerque et al. (2017)
and by comparison with reference sequences from five
strains belonging to the different phylotypes. The MLSA
revealed that while two genes were most closely related to
phylotype I, the remaining genes grouped with phylotype
ITA. This is in accordance with the ANI, which showed the
highest similarity of CRMRs218 with phylotype IIA as
well. It is not known which method was used by Albu-
querque et al. (2017) for classification. Still, the ambiquity
of this specific strain shows that the use of a single gene for
classification, as has been done in the past, or even com-
parison to a limited number of references, can be mislead-
ing due to the heterogeneity of the RSSC. In contrast,
MLSA with several genes as well as ANI that considers
the whole genome, especially when combined with a large



Eur J Plant Pathol (2021) 159:593-613

609

number of genomes from all phylotypes are likely to
perform better in classifying previously ambiguous strain.

Despite similarities between phylogenetic analyses of
the RSSC over different studies, their comparability suffers
from severe restrictions. Different studies tend to use dif-
ferent sets of strains with limited overlap. The strains used
in the present study mostly belonged to the phylotypes IIB
and I, whereas others included higher percentages of the
phylotypes III or IIA (Castillo and Greenberg 2007; Safni
et al. 2014). However, the number of whole genome
sequences that can be used for comparison of strains is
growing steadily and also this study adds a considerable
number of available genomes to the public resources. Such
increase in the availability of complete whole genome
sequences will allow a wide range of phylogenetic and
diagnostic analyses, while avoiding the need to choose
specific genes for classification.

Selection of assays for the detection in the RSSC

Analysis of the presence of the target regions in all 225
strains revealed that while the rRNA region, the eg/ gene
and the intergenic region between UDP-3-O-acyl-N-
acetylglucosamine deacetylase & Peroxiredoxin were
present in all strains, some targets were only present in
a subset of strains, such as the regions targeted by the
Guidot assays and the Phage-tail-S super family gene
targeted by the Ozakman and Wellerll assays. The
percentage of strains per assay that were kept for anal-
ysis largely complied with the percentage of strains in
which the gene is present. For several assays it could be
observed that, although the target region was present,
more than five mismatches in one primer were detected
for some strains, which make amplification unlikely.
Only for the Ozakman assay a fit with less than five
mismatches per primer could be observed with all
strains, while the target region was only present in a
subset of strains. This might be due to primer binding to
a non-target region, which is supported by the high
number of SNPs for the whole assay that can be ob-
served with most non-phylotype IIB strains.

In-silico analysis of the number of SNPs between
primers and primer/probe sets showed that false negatives
and false positives can be expected for several conven-
tional PCR and TaqMan assays developed for the detec-
tion of all or parts of the RSSC. Among the PCR assays,
the primer pairs by Chen, Pastrik, Opina, and Seal have
been developed to target all groups of the RSSC. While
the Seal assay had a low number of SNPs for all

phylotypes, for the Pastrik assay it could be seen that a
number of strains from phylotype II and III and all strains
of phylotype IV had more than 5 mismatches per primer
with the target gene making an amplification unlikely
(Lefever et al. 2013). Also, the Opina assay had a number
of SNPs with all phylotypes, which are likely to reduce
the efficiency of the assay, and the Chen primers show 4—
6 SNPs with phylotype II. In contrast, the TagMan assays
developed for all phylotypes (Komer, Weller and Wu)
showed few mismatches with most strains, suggesting
that only few false negatives will occur. However, it
should be noted that these assays might also yield false
positive results. The primers by Wu et al. (2008) were
originally developed for a broad range of Gram-negative
bacteria and while the Seal, Kérner and Weller assays
were developed for the RSSC, they are likely to amplify
the closely related species R. insidiosa, R. mannitolilytica
and R. pickettii as well. Therefore, these assays should
preferably be used when no background of these species
can be expected.

Also, assays that were developed for specific groups
of the RSSC might suffer from false negative or false
positive results. With respect to PCR assays, the three
primer sets developed by Guidot et al. (2009) were de-
signed for the detection of phylotype IIB. However, here
we observed that only strains from phylotype IIB group a,
but not group b and c are likely to be detected due to more
than five mismatches in one primer for these groups.
Furthermore, for the series of Nmult primers, developed
by Fegan and Prior (2005) in order to specifically detect
the phylotypes I-IV, false negative results are not expect-
ed based on the number of SNPs detected in this study.
Nevertheless, false positives might occur as Nmultl also
shows a low number of SNPs with most phylotype I and
IV strains. Moreover, Nmult 2 and 3 could potentially
also react with R. insidiosa, R. mannitolilytica and
R. pickettii. Among the TagMan assays, the Huang assay
was designed for the phylotypes I, IIA and III, but the
number of mismatches suggested that it is rather specific
to phylotype I and might in addition detects phylotype
IV. On the other hand, the Nytor assay had only few
SNPs on average with all phylotypes except [V, which is
in accordance with Vreeburg et al. (2018), indicating that
few, if any false negatives will occur. No false positives
can be expected with closely related species as the non-
target strains analysed in this study did not possess the
target gene. The assays Ozakman and Weller II, both
targeting a bacteriophage mu-g-like protein sequence,
are specific for phylotype 1IB, which we also found in
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the in-silico analysis, although only phylotype IIB group
a is likely to be detected. The Massart assay targets the
whole of phylotype II, but this assay as well is likely to
miss phylotype IIB group ¢ due to more than five mis-
matches. These differences in primer fit for the groups a,
b and c of phylotype 1IB further suggest that these sub-
groups differ substantially from one another, which
should be taken into account while choosing or designing
an assay.

It is likely that the number of SNPs does not
perfectly predict primer fit and amplification. How-
ever, the suitability of SNPs to predict primer fit is
supported by the finding that the average number of
SNPs found between the phylotypes and the different
assays is largely congruent with the AG values cal-
culated for the respective reference strains. Only in a
few cases did a few mismatches already lead to a
strong increase in AG, suggesting that the effective-
ness of the assay might be compromised. This was the
case for the Chen assay and phylotype 1. Therefore,
based on our in-silico results, we could make sugges-
tions for the most suitable assay for either general
detection of the RSSC or of specific phylotypes.
General detection of all phylotypes will most likely
be accomplished by the PCR assay by Seal or the
TagqMan assays by Weller and Korner, all based on
the 16S rRNA gene as a target. While only few false
negatives can be expected, false positives might occur
in the presence of closely related species. If the pres-
ence of phylotype IV is unlikely, also the Nytor assay
can be considered due to its lack of false positive
results. For detection of phylotype I specifically, the
Nmultl and Huang assay both appeared to be suit-
able, but both might also detect phylotype I'V. For all
strains within phylotype II, Nmult 2 can be recom-
mended as no mismatches were detected with any
strain. From the number of phylotype IIB specific
assays, none is likely to detect all groups of this
phylotype. The largest group a can either be detected
by the PCR assays by Guidot or the TagMan assays
by Ozakman and Weller. The only assay specific for
phylotype III and phylotype IV in this study were
Nmult3 and Nmult4, respectively.

In conclusion, accurate classification of strains can be
done using ANI or MLSA, because single locus
methods may give an inaccurate result due to the retic-
ulate evolution of the target gene. Whole genomes have
already been shown to be invaluable in phylogenetic,
evolutionary, and niche adaptation studies. In this paper,
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we demonstrated that they can also be used for evaluat-
ing and designing detection assays. All genome se-
quences used for this study are publicly available and
that will foster reproducibility of the current results and
comparability with future (phylogenetic) studies.
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