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Abstract

Ralstonia solanacearum species complex is the most destructive and economically important bacterial pathogen of many
plant species around the world. It is a particular constraint to the production of the solanaceous vegetables such as
tomato, chilli pepper and African eggplant in West Africa. Its broad host range, ability to survive in the soil for long
periods and ability to sustain latent infection, make it difficult to control. Identification, characterization and mapping the
distribution of the causal Ralstonia spp. strains are necessary to help design effective control strategies. Wilted tomato,
African eggplant and pepper plant samples were collected from fields in different regions of Mali. The causal bacterial
strains were isolated from the samples and all were identified as Ralstonia pseudosolanacearum. Multiplex PCR using
four phylotype specific primer pairs identified the presence of phylotype I strains distributed across all the vegetable
production areas whereas phylotype III strains were limited to areas of Sikasso, Koulikoro and Segou to the south and
cast of Bamako city. Phylogenetic analysis of part of the conserved endoglucanase virulence gene sequences revealed
four sequevars with most phylotype I strains identified as sequevars 46 and 31 with only a few as sequevar 14 and one
sequevar 18. The phylotype III strains were all in the sequevar 23—48 group. Pathogenicity testing of a selected subset of
the strains isolated in Mali showed them all to be pathogenic to the susceptible tomato cultivar Roma. To our knowl-
edge, this is the first study on the molecular diversity within the Ralstonia spp. complex in Mali. This information is
important for developing wilt management strategies including breeding for resistance and specifying quarantine
restrictions.

Keywords Ralstonia solanacearum - Bacterial wilt - Phylotype - Distribution

Introduction (Wicker et al. 2007; Prior et al. 2016) and the economically

important solanaceous crop species potato, tomato, egg-

Bacterial wilt (BW) caused by soil-borne bacteria of the
Ralstonia solanacearum species complex (RSSC) occurs
throughout the tropics, sub-tropics and warm temperate
regions of the World. More than 250 plant species in more
than 50 botanical families can be affected by bacterial wilt
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plant and chili pepper are particularly susceptible. BW dis-
ease is characterized by a sudden wilt of the entire plant,
and when the end of a wilted stem cut near the collar is
immersed in clean water, a slimy bacterial oose streams
into the water. Yield losses due to bacterial wilt vary ac-
cording to the host, cultivar, climate, soil type, cropping
system, and bacterial strain causing the disease (Lebeau
et al. 2011; Yuliar et al. 2015; Jiang et al. 2017). BW has
caused yield loss of up to 90% in tomato and potato, and up
to 100% in banana (Yuliar et al. 2015). Jiang et al. (2017)
reported disease incidence of up to 80% on tomato.
Similarly, Adebayo (2011) reported 70% loss in tomato
yield and that tomato production was impossible in some
areas of Nigeria because of BW. The disease is complex
and difficult to control (Horita et al. 2014) mainly because
the bacteria sometimes can survive in the soil for many
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years, depending on soil type, moisture content, amend-
ments and cultural practices, it can survive in drain water,
it is genetically diverse, it has a wide host range infecting
many different host species, and it has the potential for
latent infection (Yuliar et al. 2015; Lin et al. 2014;
Stevens et al. 2018). Consequently, BW caused by mem-
bers of the RSSC is considered one of the world’s most
destructive bacterial plant diseases (Yuliar et al. 2015;
Mansfield et al. 2012).

The plant pathogenic species of Ralstonia are phenotypi-
cally and genotypically diverse and are considered as a species
complex (Ralstonia solanacearum species complex; RSSC)
(Peeters et al. 2013; Prior et al. 2016). Strains of the members
of the RSSC were initially sub divided into five “races” based
on host ranges, and into five “biovars” based on carbohydrate
utilization (Fegan and Prior 2005; Hayward and Pegg 2013).
However, at the beginning of the millennium using sequence
analysis of the internal transcribed spacer (ITS) region of the
165-23S rRNA gene (Fegan et al. 1998), the members of the
RSSC were divided into four phylogenetic groups. These
“phylotypes” I to IV corresponded to the geographical origins
of strains from Asia, America, Africa and Indonesia respec-
tively (Prior and Fegan 2005). The phylotypes were further
separated into “sequevars” based on the partial endoglucanase
(egl) gene sequences (Fegan and Prior 2005). In 2014, the
members of the RSSC underwent further taxonomic revision
with phylotype I from Asia and phylotype III from Africa
being reclassified as R. pseudosolanacearum, phylotype 11
remaining as R. solanacearum and phylotype IV from
Indonesia and Australia shifting to R. syzygii (Safni et al.
2014). Subsequently, this taxonomic revision was supported
using genomic and proteomic studies (Prior et al. 2016).

Bacterial wilt is widespread in Sub-Saharan African coun-
tries (Toukam et al. 2009; Adebayo 2011; N’Guessan et al.
2012; Sikirou et al. 2015, 2017) where it poses a major threat
to the production of solanaceous and other crops. In Mali, BW
is a major constraint and many farmers have abandoned toma-
to production because of high incidences of BW and the ab-
sence of effective and sustainable methods to manage it
(Horita et al. 2014). In order to start devising sound manage-
ment strategies for BW in different locations it is necessary to
identify which member(s) of the RSSC strain-types are prev-
alent in each area. Phylotype I, II and III strains were reported
in some countries of Sub-Saharan Africa (Toukam et al. 2009;
N’Guessan et al. 2012; Shutt et al. 2018), but previously in
Mali only race one, biovar three strains had been reported
(Thera et al. 2010) and detailed analysis using reliable and
phylogenetically meaningful molecular techniques (Fegan
and Prior 2005) had not been done. Thus, the aims of this
study were to confirm the pathogenicity of selected BW
strains and to assess the prevalence, distribution and genetic
diversity (phylotype groups and sequevars) of members of the
RSSC strains in Mali.
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Materials and methods
Survey and sample collection

The major vegetable growing regions of Mali (Bamako,
Sikasso, Korlikoro, Segoue and Kayes) were surveyed for
incidence of plants with suspected bacterial wilt and samples
of wilted plants were collected from farmers’ fields with ap-
propriate permissions both during the 2017 humid growing
season (August—October) and in the 2018 dry-cool season
(January—March). Sampling sites were selected based on the
availability of vegetable production areas with a minimum
distance of approximately 10—15 km between sites. At each
site/field up to five plants of tomato (Solanum Iycopersicum),
African eggplant (Solanum aethiopicum) and/or chilli pepper
(Capsicum spp.) showing symptoms of BW were cut at collar
(just above soil) level and a stem piece of approximately
10 cm long from each was collected and preserved in a cool
box with ice and transported to the laboratory. Upon arrival in
the laboratory, the bacterial streaming (ooze) test was per-
formed on each sample. Samples, which did not show stream-
ing of a milky mass of bacterial cells into the clean water were
discarded from further study. Twelve diseased samples com-
prising amaranth (Amaranthus spp.), tomato, African eggplant
and basil (Ocimum basilicum) collected from Benin Republic
in October 2017 were included in this study.

Isolation of R. solanacearum species complex bacteria
and transfer to FTA™ cards

Samples confirmed as BW infected in the streaming test were
surface sterilized by spraying with 70% ethanol and drying on
soft tissue paper. To preserve samples directly from the infect-
ed stem for molecular analysis 0.5 cm sections of stem were
cut and transferred into a 1.5 ml microfuge tube containing
150 pl 70% ethanol. Without macerating, this was allowed to
stand for 20 min so that the bacteria would stream out of the
stem section into the ethanol. Then, 100 ul the bacterial cell
suspension were transferred onto FTA™ cards (Whatman),
which were then dried for two hours in a laminar flow cabinet
(Burlakoti et al. 2019) and stored in a desiccator until further
use.

For preparation of pure cultures from the infected stem
samples, subsamples of internal stem tissue (about 8 mm?®)
were prepared by paring away the epidermal tissue with a
sterilized scalpel. One subsample of each sample was sepa-
rately macerated by chopping using sterile scalpel in about
250 pl of sterile distilled water. Macerates were streaked onto
2,3,5-Triphenyltetrazolium chloride (TZC) agar medium sup-
plemented with 1% yeast extract (Burlakoti et al. 2019). Plates
were incubated at room temperature (25-28 °C) and fluidal,
irregularly round, white colonies with a pink centre typical of
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Ralstonia were sub-cultured on fresh TZC medium to produce
pure cultures for further study.

Pure cultures of each isolate were plated onto TZC media
and incubated for three days at room temperature. To prepare
samples from pure cultures to send to the World Vegetable
Center (WorldVeg), Taiwan for molecular analysis, a small
mass of bacterial colony was transferred from the TZC plates
using a wire loop into a 1.5 mL microfuge tube containing
200 pl of 70% ethanol. After mixing the bacterial cells with
the ethanol, 100 pl of the bacterial suspension were trans-
ferred onto an FTA™ card and the cards were dried in a
laminar flow-hood for 2 h as above. Once dried, the FTA™
cards with bound bacterial cells were kept in a desiccator at
room temperature until transported to WorldVeg (Taiwan) for
molecular analysis.

Species and phylotype identification

Species and phylotype identification were performed on DNA
from the samples captured on FTA™ cards. Two-millimetre
diameter disks cut from the sample-loaded area of the FTA
card using a Harris Uni-Core™ — 2.00 punch were placed into
separate 1.5 ml microfuge tubes and washed using purification
reagent and 1x TE buffer following the manufacturer’s in-
struction (Whatman™ FTA™ Card Technology). The
cleaned and dried discs were transferred into new PCR tubes
and species were detected using RSSC specific primer pairs
AU759f and AU760r (Table 1). PCR was performed in a total
volume of 25 pl mixture reaction comprising 2.5 pl of 10X
PCR buffer with 15 mM MgCl,, 0.5 pl of 2.5 mM dNTPs,
1 pul of 10 uM of each primers, 0.2 pl of 5 U/ul Tag DNA
polymerase, one 2 mm disc of FTA card (equivalent to 1.0 pl)
and 18.8 pl of sterile deionized water. All PCR reagents were
purchased from PROtech Technology Enter Prise Co. Ltd.,
Taiwan. DNA amplifications were conducted in a Bio-Rad
DNAEngine ® Peltier Thermal Cycler with an initial cycle
of 94 °C for 3 min, 53 °C for 1 min and 72 °C for 1.5 min,
then followed by 30 cycles of 94 °C for 18 s, 60 °C for 18 s

and 72 °C for 18 s, with a final extension step of 72 °C for
5 min and holding at 4 °C.

Identification of phylotypes was performed using a multi-
plex PCR, combining four phylotype-specific primer pairs
(Table 1). Amplification was performed in a 25 pl total reac-
tion volume with 2.5 ul of 10X PCR buffer with 15 mM
MgCl,, 2.0 ul of 2.5 mM dNTPs, 1.0 ul of all primers
(10 uM) except Nmult23:AF which was 2.0 pl, 0.2 ul of
5 U/ul Tag DNA polymerase and two discs of FTA cards
equivalent to a 2.0 ul. All PCR reagents were purchased from
PROtech Technology EnterPrise Co. Ltd., Taiwan. The PCRs
were performed in a Bio-Rad DNAEngine ® Peltier Thermal
Cycler with an initial denaturation step at 96 °C for 5 min,
followed by 35 cycles of denaturation at 94 °C for 15 s, an-
nealing at 62 °C for 30 s and extension at 72 °C for 30 s, with a
final extension step at 72 °C for 10 min and holding of 4 °C.
PCR products were separated alongside a 100 bp DNA ladder
for size comparison by electrophoresis in 1.5% agarose
(aMResco®) gels. The gels were stained with ethidium bro-
mide and amplicons were visualized and scored under UV
illumination.

PCR amplification and sequencing of endoglucanase
gene

In order to assess the genetic diversity and phylogeny of the
strains the partial endoglucanase gene of selected isolates were
amplified using the primer pair Endo-F/Endo-R (Table 1). A
25 ul reaction volume contained 2.5 pl of 10X PCR buffer
with 15 mM MgCl,, 2.5 ul of 2.5 mM dNTPs, 2.0 ul of
10 uM of each primer, 0.2 pl of 5 U/ul Tag DNA polymerase
and one disc of FTA card equal to 1.0 pl. The PCR condition
comprised initial denaturation at 96 °C for 5 min followed by
30 cycles of denaturation at 95 °C for 1 min, annealing at
70 °C for 1 min and 72 °C for 2 min with the final extension
at 72 °C for 10 min and holding at 4 °C. The PCR products
were sequenced by Genomics BioSci & Tech Co. Ltd.
Taiwan. Reference strains for phylotype I (PSS4 and

Table 1 Details of PCR primers used for species, phylotype and sequevar identification

Gene Primer name Sequence Specificity Amplicon size (bp)  Authors

16S-23S ITS region ~ Nmult21:1F CGTTGATGAGGCGCGCAATTT phylotype 1 144 Fegan and Prior 2005
Nmult21:2F AAGTTATGGACGGTGGAAGTC phylotype II 372
Nmult23:AF ATTACGAGAGCAATCGAAAGA phylotype III 91
Nmult22:InF ATTGCCAAGACGAGAGAAGTA phylotype IV~ 213
Nmult22: RR  TCGCTTGACCCTATAACGAGT (reverse)

Spel AUT759F GTCGCCGTCAACTCACTTTCC RSSC? 282 Opina et al. 1997
AU760R GTCGCCGTCAGCAATGCGGAATCG

egl Endo-F ATGCATGCCGCTGGTCGCCGC egl sequevar 850 Wicker et al. 2007
Endo-R GCGTTGCCCGGCACGAACACC

# Ralstonia solanacearum species complex
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PSS2016) and for phylotype II (PSS1632) from Taiwan were
included in the partial eg/ gene sequencing for comparison.
Sequences were edited using MEGA X (Kumar et al. 2018)
and aligned using the online MAFFT 7 program (http://maftt.
cbre.jp/alignment/server) (Katoh and Standley 2013).
Reference partial egl/ sequences from elsewhere in Africa
and Asia in NCBI database (Supplementary Table 2) were
included in the phylogenetic analysis which was performed
using the Molecular Evolutionary Genetics Analysis - MEGA
X application of the Neighbour-Joining method with boot-
strap analysis of 1000 replicates. The evolutionary distances
were computed using the Jukes-Cantor method and are in the
units of the number of base substitutions per site.

Pathogenicity test

A set of 10 pure cultures of Ralstonia selected based on
being from samples from diverse locations and host plants
were tested for their pathogenicity on the commonly cul-
tivated and susceptible tomato cultivar ‘Roma’, originally
developed by the USDA Agricultural Research Services.
Three-week-old seedlings were transferred into 12 cm di-
ameter plastic pots containing sterile soil and compost
(2:1 ratio) and grown-on in the greenhouse. Bacterial sus-
pension of each of the pure cultures grown on TZC me-
dium were prepared in sterile distilled water and the sus-
pension was adjusted to ODggo = 0.3 using spectropho-
tometer resulting in a concentration of about 10°® cfu/ml
(Lin et al. 2014). At the four to six true leaves stage, the
lateral roots of each seedling were damaged from one side
of the pot using a sharp scalpel at 1-2 cm from the stem.
Ten seedlings were used per strain and each seedling was
drenched with 25 mL of bacterial suspension. Each plant
was treated as a replicate in a completely randomized
design experimental layout. Sterile distilled water was
used as a negative control treatment. The study was con-
ducted in the greenhouse using natural light and with an
average temperature of 32 °C. Observations of wilting
symptom development were taken every day starting from
the seventh day after inoculation for three weeks. Disease
severity was scored using the zero-to-five rating scale of
Winstead and Kelman (1952) where 0 =no symptoms,
1 =1 leaf partially wilted, 2=2 or 3 leaves wilted, 3 =
all except the top 2 or 3 leaves wilted, 4 =all leaves
wilted and 5 =dead. The strain was considered as patho-
genic when at least one of the ten inoculated plants
showed typical bacterial wilt symptoms. Percentage dis-
ease index (% DI) was calculated based on the scores at
28 days after inoculation using the formula

%DI = [e(nix vi) + (VxN)] x 100

where: ni =number of plant with the particular disease
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score, vi =disease score, V =the highest discase score
and N =the number of plants observed. After the final
collection of disease data, all the inoculated plants were
cut and tested for latent infection using the bacterial
streaming test.

Results
Collection of samples

A total of 360 diseased samples from tomato, pepper and
African eggplant were collected from vegetable production
areas of Bamako Capital District and Cercles of four
Regions of south and southwest Mali (Fig. 1). The incidence
of BW was up to 70% in Bledougou (tomato and eggplant)
and the disease killed all of the tomato plants in a net-house in
Bamako. Ten samples comprising four from amaranth, two
from tomato and two each from African eggplant and basil
from the International Institute of Tropical Agriculture, [ITA/
WorldVeg fields and one tomato sample from farmers field in
Benin Republic were included in the study. All the samples
from Benin and 257 (71.4%) of those from Mali tested posi-
tive to the bacterial cell steaming test (Table 2) and subsam-
ples of each were captured directly on separate FTA™ cards.
Pure cultures with Ralstonia-like morphology and colouring
on TZC medium were isolated from 114 of the samples from
Mali, and bacterial suspension in 70% ethanol from each
strain was captured on a separate FTA™ card and sent to
WorldVeg, Taiwan for molecular analysis.

Phylotype analysis

The multiplex PCR which distinguishes between the four geo-
graphically linked monophyletic phylotypes within the mem-
bers of the RSSC (Fegan and Prior 2005) was performed on
DNA from 100 FTA™ card-captured samples from Mali and
11 samples from Benin. The multiplex PCR revealed that 93
(85%) of the strains were of phylotype [ and 18 strains were of
phylotype III (Table 3 and SpT. 1). As Safni et al. (2014)
placed both phylotype I and phylotype III strains as
R. pseudosolanacearum, this means that only strains of
R. pseudosolanacearum were detected in the Mali samples.
Although phylotype I strains were distributed across all the
vegetable growing regions surveyed, the phylotype 111
(African origin) strains were far less dispersed with all having
been collected from the area to the east and south of Bamako
(Fig. 1). Both phylotypes III and I were identified from toma-
to, African eggplant and pepper in Mali. All the eleven strains
analysed from Benin were phylotype I (Asian origin) and
originated from tomato, African eggplant, basil and amaranth
plants. None of the strains from Mali or Benin belonged to
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Fig. 1 Distribution of

R. pseudosolanacearum
(phylotype I represented by the
black dots and phylotype III by
the stars) in the major vegetable
production regions of Mali during
the wet season of 2017 and dry-
cool season of 2018

Timbuktu

either the phylotype II (R. solanacearum; American origin) or
phylotype IV (R. syzygii; Indonesian-Australia origin).

Sequevar analysis

Partial eg/ gene nucleotide sequences were obtained from 52
and five of the strains collected in Mali and Benin respective-
ly. These 57 sequences were deposited in GenBank under
accession numbers MN990211 to MN990267. Of the 57 se-
quences, 44 represented phylotype I strains and 13 were phy-
lotype III strains (Table 3). The phylogenetic analysis of the

Legend
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0 100 200km
I E—

partial egl gene sequences (687 positions in the final data set)
in comparison to reference sequences from NCBI GenBank
showed (Fig. 2) that all of the phylotype III strains were
sequevar 48 (3 strains) or very closely related to and between
sequevars 48 and 23 (10 strains). Of the 44 phylotype I strains
sequences; 18 were sequevar 31, 19 were sequevar 46, one
was sequevar 18 (very close to sequevar 46) and two were
identical to the strain recently reported from amaranth in
Benin (Sikirou et al. 2019) and were closely similar to
sequevar 14. One of the strains from Benin was identified as
sequevar 31, one was sequevar 14 and three were identical to

Table 2 Proportion of samples in each collection Region-Cercle positive for bacterial wilt by the streaming test

Region Cercle

Number of stem samples collected from wilted plants Number of samples BW positive by streaming test % positive

Bamako Capital Bamako 21

Kayes Kayes 103
Koulikoro Kati 24
Segou Niono 36
Baraoueli 4
Sikasso Bougouni 35
Sikasso 37
Koutiala 100
Total 360

21 100.0
63 61.17
17 70.8
16 44.4
4 100.0
30 85.7
24 64.9
82 82.0
257 71.4
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Table 3  Details of bacterial wilt strains with partial eg/ sequences that were included in the phylogenetic analysis

Strain code Original Host Location Location Phylo- Sequ- GenBank Acc. no.
(Region, Cercle, Commune) Latitude/ type evar”
Longitude
MLO001 Tomato Koulikoro, Kati, Samanko 12.499 / -8.096 1 46 MN990240
MLO003 Tomato Koulikoro, Kati, Samanko 12.499 / -8.096 1 46 MN990249
ML004 Pepper Sikasso, Bougouni, Zantiebougou 11.378 /-7.256 1 46 MN990267
ML006 Tomato Sikasso, Sikasso, Farakala 11.362 /-5.920 1 31 MN990254
MLO008 Tomato Sikasso, Koutiala, Molabala 12.149 / -5.331 1 46 MN990265
MLO10 Af. Eggplant Sikasso, Koutiala, Keneya 12.245 /-5.640 1 46 MN990262
MLO11 Af. Eggplant Sikasso, Koutiala, Keneya 12.245 /-5.640 1 46 MN990266
MLO12 Af. Eggplant Sikasso, Koutiala, Keneya 12.245 /-5.640 1 46 MN990261
MLO14 Af. Eggplant Sikasso, Bougouni, Zantiebougou 11.379/-7.256 1 46 MN990264
MLO16 Tomato Sikasso, Bougouni, Ntila 11.853/-6918 11T 48 MN990219
MLO17 Tomato Sikasso, Koutiala, Keneya 12.245/-5.64 1 46 MN990263
MLO18 Tomato Segou, Niono, Niono 14.166 / -5.979 1 14* MN990260
MLO020 Tomato Koulikoro, Kati, Baguineda 12.625/-7.78 1 31 MN990224
ML025 Tomato Sikasso, Bougouni, Zantiebougou 11.344/-7.24 I 48%* MN990221
ML028 Tomato Sikasso, Bougouni, Sogola 11.364 /-7.587 1 46 MN990238
MLO030 Tomato Sikasso, Bougouni, Sakono 11.510/-7.603 1 46 MN99024 1
MLO031 Af. Eggplant Sikasso, Bougouni, Zantiebougou 11.339/-7.237 1 46 MN990239
MLO033 Af. Eggplant Sikasso, Bougouni, Sogola 11.365 /-7.587 1 46 MN990242
MLO034 Af. Eggplant Sikasso, Bougouni, Sogola 11.365 /-7.587 1 46 MN990248
ML036 Tomato Koulikoro, Kati, Diago 12.785 / -8.156 1 31 MN990237
MLO038 Tomato Koulikoro, Kati, Diago 12.780/-8.15 1 31 MN990225
ML045 Tomato Koulikoro, Kati, Dio-Gare 12.802 /-8.225 1 31 MN990229
MLO046 Af. Eggplant Koulikoro, Kati, Diago 12.802 /-8.151 1 31 MN990233
ML047 Af. Eggplant Koulikoro, Kati, Dio-Gare 12.804 /-8.224 I 31 MN990228
MLO052 Af. Eggplant Kayes, Kayes, Somankidi 14.493 /-11.574 1 14%* MN990257
MLO053 Tomato Kayes, Kayes, Dinguira 14.176 /-11.244 1 18 MN990247
MLO054 Tomato Kayes, Kayes, Somankidi 14.493 / -11.575 1 46 MN990250
MLO056 Tomato Kayes, Kayes, Somankidi 14.493 /-11.575 1 46 MN990243
MLO059 Af. Eggplant Kayes, Kayes, Ambidedi 14.595/-11.798 1 31 MN990251
MLO061 Tomato Bamako, Samanko, WorldVeg 12.526 / -8.068 1 46 MN990246
ML065 Tomato Sikasso, Koutiala, Kouniana 12.567 /-5.123 1 31 MN990227
ML067 Tomato Sikasso, Koutiala, Kouniana 12.536 /-5.155 1 31 MN990234
ML069 Tomato Sikasso, Koutiala, Kouniana 12.520/-5.228 1 31 MN990231
MLO070 Tomato Sikasso, Koutiala, Kouniana 12.528 / -5.222 1 31 MN990232
ML072 Tomato Sikasso, Koutiala, Sorobasso 12.528 / -5.246 1 31 MN990252
MLO074 Tomato Sikasso, Koutiala, Sorobasso 12.516 /-5.240 1 31 MN990226
MLO075 Tomato Sikasso, Koutiala, Sorobasso 12.517 /-5.232 1 31 MN990253
MLO077 Tomato Sikasso, Koutiala, Molabala 12.165/-5.382 1 46 MN990245
MLO079 Tomato Sikasso, Koutiala, Sorobasso 12.529 /-5.245 1 46 MN990244
ML082 Tomato Sikasso, Koutiala, Kouniana 12.536 /-5.163 1 31 MN990236
MLO083 Tomato Sikasso, Koutiala, Kouniana 12.567 /-5.124 1 31 MN990230
MLO085 Pepper Sikasso, Bougouni, Ntila 11.853/-6.918 111 48 MN990218
MLO087 Tomato Segou, Baroueli, Konobougou 12.934 /-6.787 1T 48%* MN990216
MLO088 Tomato Segou, Baroueli, Konobougou 12.934 /-6.787 1T 48%* MN990222
ML090 Af. Eggplant Sikasso, Bougouni, Zantiebougou 11.379 /-7.256 11 48 MN990211
ML091 Tomato Koulikoro, Baguineda 12.625/-7.78 11T 48%* MN990213
ML092 Tomato Sikasso, Bougouni, Zantiebougou 11.339/-7.237 1T 48%* MN990223
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Table 3 (continued)

Strain code Original Host Location Location Phylo- Sequ- GenBank Acc. no.
(Region, Cercle, Commune) Latitude/ type evar®
Longitude

ML093 Af. Eggplant Sikasso, Bougouni, Zantiebougou 11.344/-7.24 11 48%* MN990215
ML094 Af. Eggplant Sikasso, Bougouni, Nkozanna 11.346 / -7.663 11 48%* MN990217
MLO095 Af. Eggplant Sikasso, Bougouni, Nkozanna 11.346 / -7.663 11 48%* MN990214
ML096 Af. Eggplant Sikasso, Bougouni, Sakono 11.531/-7.55 111 48%* MN990220
MLO0100 Af. Eggplant Sikasso, Bougouni, Sogola 11.365 /-7.587 11 48%* MN990212
Ben01 Amaranth Benin 6.419/2.329 1 14* MN990258
Ben05 Tomato Benin 6.420/2.329 1 14* MN990259
Ben06 Af. Eggplant Benin 6.419/2.329 1 31 MN990235
Ben08 Tomato Benin 6.491/2.213 1 14 MN990255
Ben09 Basil Benin 6.419/2.329 1 14%* MN990256
PSS4 Tomato Taiwan 23.115/120.299 1 15 EU407264
PSS1632 Potato Taiwan 23.687/120.46 I 1 -

Pss2016 Eggplant Taiwan, Ilan Jiaosi 24.816/120.775 1 15 -

# Strains with an * after the sequevar number are not identical but show greatest partial eg/ sequence similarity to that sequevar

the Benin Amaranth sample close to sequevar 14. The phylo-
genetic analysis confirmed the species/phylotype specific
multiplex PCR result that all the strains from Mali and
Benin were R. pseudosolanacearum, and no
R. solanacearum (phylotype II) or R. syzygii (phylotype IV)
strains were detected (Fig. 2).

Pathogenicity test

All the ten strains tested (phylotype I and III) were pathogenic
and caused disease on tomato cv. Roma seedlings whereas the
control plants inoculated with sterile distilled water remained
healthy throughout the observation period (Table 4). Strains
ML3 and ML87 produced wilting symptoms by the fifth day
after inoculation. Although all the strains were pathogenic,
they differed in aggressiveness as indicated by the % DI at
28 days post inoculation. The highest % DI was recorded for
isolate ML3 (80%) followed by ML87 (72%). Disease index
(DI) of strain ML34 was 18% with average infection score of
0.9 on the 28th day after inoculation. Plants inoculated with
sterile distilled water remained healthy throughout the period
of the experiment.

Discussion

This study confirmed that bacterial members of the RSSC
cause bacterial wilt in tomato, capsicum peppers and African
eggplant in Mali (and also in amaranth and basil in Benin) and
disease incidences can be up to 80% in some farmer’s fields in
Mali. Testing using specific PCR primers revealed that in Mali

R. pseudosolanacearum (both phylotype I and III strains)
could be detected whereas only phylotype I strains were de-
tected among the few samples tested from Benin. No
R. solanacearum (= phylotype II) strains were detected in
any of the wilted samples from Mali or Benin. This is similar
to Thera et al. (2010) who detected no Race 3 biovar 2 (=phy-
lotype 1I) strains in Mali, but different compared to other
African countries such as Cote d’Ivoire, Cameroon,
Ethiopia, Ghana, Kenya, Madagascar, South Africa, and
Uganda (Toukam et al. 2009; N’Guessan et al. 2012; Subedi
et al. 2013; Abdurahman et al. 2017; Shutt et al. 2018;
Abdurahman et al. 2019) where phylotype II has been detect-
ed at varying incidence, more usually associated with brown
rot of potato (Solanum tuberosum) and production at higher
elevations and/or in cooler, wetter conditions (Toukam et al.
2009; N’Guessan et al. 2012; Abdurahman et al. 2017).
Phylotype 1I is believed to have originated in the Americas
and is generally considered to have been spread to Europe,
Africa and Asia in seed tubers of potato. As there are few sites
suitable for potato production in Mali, it is a relatively minor
crop here and there has been very little import or local ex-
change of seed tubers. This, with the fact that no samples were
collected from potato or potato-growing areas may explain
why no phylotype II strains were detected. Similarly, phylo-
type IV (= R. syzigii) strains originated in Indonesia-Australia
and are generally associated with banana and other humid
tropical crops which are not grown in and have not been
imported to Mali.

Phylotype I (Asian origin) strains were the most prevalent
and widely distributed throughout the vegetable cultivation
areas surveyed in Mali whereas phylotype III strains
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Fig. 2 Neighbor-joining tree
based on the partial
endoglucanase (egl) gene
sequences of strains from Mali,
Benin and reference members of
the RSSC sequences from NCBI
GenBank (see supplementary
Table 2). In the code such as
‘MLO001 Tom’, MLOO1 stands for
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(African origin) were detected relatively rarely (only 15% of
samples tested) in this study and all were collected from Sikasso
or Segou regions in an area south and east of Bamako Capital
except one which was collected in Baguineda. All of the phylo-
type III strains included in the phylogenetic sequevar identifica-
tion study were identified as sequevar 48 (3 strains) or between
sequevar 48 and sequevar 23 (10 strains). Strains of this
sequevar group previously have been identified from samples
from Burkina Faso, Cote d’Ivoire, Nigeria and Zambia, and
closely related sequevars have been identified from Guinea
and Cameroon (Wicker et al. 2007). Since phylotype III strains
are considered to have an African origin (Fegan and Prior 2005),
it might be expected that they might be more widely dispersed
and more diverse across Africa. However, a lack of diversity and
patchy distribution of phylotype III strains as identified in Mali
in this study has also been reported for several other African
countries including Cote d’Ivoire (~1.8%, Phylotype III;
N’Guessan et al. 2012), Cameroon (18.2% phylotype III;
Toukam et al. 2009), Madagascar (18% phylotype III;
Ravelomanantsoa et al. 2018) and South Africa (no phylotype
[I; Shutt et al. 2018). On the other hand, only phylotype III
strains have been reported from Burkina Faso and Guinea.
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Of the phylotype I strains identified from Mali, the highest
proportion were sequevar 46 (19 strains), closely followed by
sequevar 31 (18 strains). Strains of these sequevars have been
identified from many areas both in and outside Africa (e.g.
Madagascar, Reunion Island, Uganda, South Africa, Trinidad
and Tobago). Sequevar 14 and close to 14 strains predominated
among the Benin samples identified and a couple also were
identified from Mali. This group of sequevars appears less com-
monly identified from countries in Africa, but have regularly
been identified from elsewhere including China and Trinidad
(Ramsubhag et al. 2012; Liu et al. 2016). Together, these ob-
servations suggests that there have been multiple relatively re-
cent introductions of phylotype I strains into Mali (and Benin).
However, sequevar identification is based on sequence of only
part of the endoglucanase gene and more precise identification
and differentiation of strains through a multilocus-phylogeny
and network analysis approach, such as used by Lin et al.
(2014) or Ravelomanantsoa et al. (2018) with strains from all
around the world would be required to more accurately predict
the likely source of these introductions.

In the pathogenicity test, all the four phylotype III and six
phylotype I strains were pathogenic on tomato cultivar Roma.
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Table 4  Pathogenicity of selected bacterial wilt strains on tomato plants (c.v. Roma) at 28 days after inoculation

Strain Original Host Collection location Phylotype Sequevar® Disease Index (%) Range of disease score (av)®
ML003 Tomato Koulikoro, Kati, Samanko 1 46 80 2-5(3.6)
ML006 Tomato Sikasso, Sikasso, Farakala 1 31 42 2-3(2.1)
ML034  Af. Eggplant Sikasso, Bougouni, Sogola I 46 18 0-2(0.9)
ML046  Af. Eggplant Koulikoro, Kati, Diago I 31 46 1-3 (2.3)
ML047 Af. Eggplant Koulikoro, Kati, Dio-Gare 1 31 52 1-4 (2.6)
MLO074 Tomato Sikasso,Koutiala, Sorobasso 1 31 54 14 (2.7)
MLO087 Tomato Segou, Baroueli, Konobougou 1 48* 72 2-4 (3.3)
ML092 Tomato Sikasso, Bougouni, Zantiebougou m 48% 34 1-3 (1.7)
ML093  Af. Eggplant Sikasso, Bougouni, Zantiebougou 111 48%* 38 1-2 (1.6)
ML100  Af Eggplant Sikasso, Bougouni, Sogola I 48%* 22 0-2 (1.1)
Control (root damage and drench with sterile distilled water) 0 0

#Strains with an * after the sequevar number are not identical but show greatest partial eg/ sequence similarity to that sequevar

® Range of disease severity score (0—5) on the 28th date after inoculation and average (av) score in the brackets

However, they achieved different disease severities with DIs in
the range 18-80% by 28 days post inoculation. Although there
was indication that for both phylotypes the strains isolated from
tomato were more aggressive on tomato than the strains isolated
from African eggplant. Extensive testing of more strains on
both tomato and African eggplant and other potential host spe-
cies would be required to confirm if there are significant differ-
ences in pathogenicity (aggression) of the strains to different
hosts. As the only previous report from Mali was of detecting
only Biovar III race 1 strains (Thera et al. 2010), there is no
historical data on the distribution and diversity of sequevars, it
is not possible to predict how recent the introduction of phylo-
type I strains was, and since in this study there were phylotype I
strains isolated from the same areas as phylotype III strains and
the two phylotypes had similar ranges of aggression on tomato,
it is not possible from this study to determine if the introduction
of phylotype I strains is, or has, displaced the presumed indig-
enous phylotype III strains. It would be useful to determine the
prevalence of phylotype I strains in neighbouring Guinea and
Burkina Faso now since previously only phylotype III strains
were identified in these countries (N’Guessan et al. 2012;
Ravelomanantsoa et al. 2018).

Varying degrees of pathogenicity/aggression and host
range and the ability to adapt to new hosts and agro-
ecologies are among the reasons that members of the RSSC
are some of the most destructive plant pathogenic bacteria
infecting many plant species, including solanaceous crops,
around the world (Mansfield et al. 2012). Better understand-
ing of the species complex including its pathogenicity, phy-
lotype, sequevar and distribution of the pathogen across a
region are important for effective control measures to be put
in place. This study has characterized the population of
R. pseudosolanacearum on tomato and African eggplant in
Mali using molecular tools and provided better insights for
breeders, seed industries and policy makers. It is clear that

breeding and selection of better adapted cultivars of tomato
and African eggplant (and other crop species such as
Capsicum peppers, amaranth and basil) for Mali or West
Africa more generally, should include screening with both
phylotype I and phylotype III strains and screening in multi-
ple different agro-environments. Plant inspection, Ralstonia
detection and quarantine measures for Mali (and other coun-
tries of West Africa) should be strengthened to reduce the
likelihood of new and different strains of Ralstonia being
introduced since these could overcome resistance in cultivars
selected against the current locally predominant strains. The
quarantine measures should also extend to potato seed tubers
to prevent introduction or spread of R. solanacearum, partic-
ularly the virulent phylotype IIB brown rot strains (Carmeille
et al. 20006), if there is any plan to expand and/or intensify
potato production in suitable arcas of the country.
Phytosanitary and quarantine procedures should also apply
to movement of plant materials and pathogen cultures for
scientific or other purposes, and where appropriate exchange
of DNA extract as suspension or captured on FTA ™ cards
(Burlakoti et al. 2019) is the recommended practice.
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