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Abstract

Bacterial wilt (BW), caused by Ralstonia solanacearum species complex
(RSSC), leads to substantial potato yield losses in Rwanda. Studies were
conducted to (i) determine the molecular diversity of RSSC strains asso-
ciated with BW of potato, (ii) generate an RSSC distribution map for ep-
idemiological inferences, and (iii) test the pathogenicity of predominant
RSSC phylotypes on six commercial potato cultivars. In surveys con-
ducted in 2018 and 2019, tubers fromwilting potato plants were collected
for pathogen isolation. DNA was extracted from 95 presumptive RSSC
strain colonies. The pathogen was phylotyped by multiplex PCR and
typed at sequevar level. Phylotype II sequevar 1 strains were then haplo-
typed using multilocus tandem repeat sequence typing (TRST) schemes.
Pathogenicity of one phylotype II strain and two phylotype III strains
were tested on cultivars Kinigi, Kirundo, Victoria, Kazeneza, Twi-
haze, and Cruza. Two RSSC phylotypes were identified, phylotype II

(95.79%, n = 91) and phylotype III (4.21%, n = 4). This is the first report
of phylotype III strains fromRwanda. Phylotype II strains were identified
as sequevar 1 and distributed across potato growing regions in the coun-
try. The TRST scheme identified 14 TRST haplotypes within the phylo-
type II sequevar 1 strains with moderate diversity index (HGDI = 0.55).
Mapping of TRST haplotypes revealed that a single TRST ‘8-5-12-7-5’
haplotype plays an important epidemiological role in BW of potato in
Rwanda. None of the cultivars had complete resistance to the tested phy-
lotypes; the level of susceptibility varied among cultivars. Cultivar
Cruza, which is less susceptible to phylotype II and III strains, is recom-
mended when planting potatoes in the fields with history of BW.

Keywords: molecular epidemiology, multilocus tandem repeat sequence
typing, RSSC, potato cultivars

Potato (Solanum tuberosum) is an important food security crop
and a major source of household income for smallholder farmers in
Rwanda. Potato grows well in the whole country from the highlands
(major growing areas) to midlands (Kathiresan 2011). Nyabihu,
Rubavu, Musanze, Burera, and Rutsiro districts in the northern and
western provinces account for 79% of the total potato production
in the country (NISR 2018). Due to the growing market demand, area
under potato production in the northern, western, and southern prov-
inces has increased substantially in recent years, including in some
districts of the eastern province (NISR 2018). Despite the impor-
tance of potato in Rwanda, potato productivity remains at 9 t ha−1

(FAOSTAT 2017) largely due to bacterial wilt caused by Ralstonia
solanacearum species complex (RSSC) (Muhinyuza et al. 2012;
Uwamahoro et al. 2018).
R. solanacearum was originally described as a single species.

Later phylogenetic analysis confirmed that it encompasses a highly
heterogeneous group of bacteria belonging to several species and
was subsequently classified as a species complex (Fegan and Prior
2005; Gillings and Fahy 1994; Guidot et al. 2007). RSSC strains fall

into four genetically distinct phylotypes that correlate to strains’ geo-
graphic origins: phylotype I (Asia), II (the Americas), III (Africa),
and IV (Indonesia) (Fegan and Prior 2005; Poussier et al. 2000a,
b). Subsequently, taxonomic revision of R. solanacearum led to
the description of three species within the RSSC (Safni et al.
2014): (i) R. solanacearum, which includes all phylotype II strains,
(ii) R. pseudosolanacearum with all phylotype I and phylotype III
strains, and (iii) R. syzygi with all phylotype IV strains.
RSSC is ranked as the second most destructive bacterial plant

pathogen after Pseudomonas syringae because of its wide geograph-
ical distribution and broad host range (Elphinstone 2005; Genin
2010; Mansfield et al. 2012). Direct economic impact of this patho-
gen is difficult to quantify precisely, but on potato alone it is respon-
sible for an estimated loss over US$1 billion each year worldwide,
affecting more than 3 million farm families across 1.5 million ha in
around 80 countries (Elphinstone 2005). In many countries where
RSSC has quarantine status, important losses occur as a result of reg-
ulatory eradication measures and restrictions imposed on further pro-
duction on contaminated land.
Rwanda has a very long history of bacterial wilt. Several studies

indicate the serious challenges bacterial wilt poses to potato produc-
tion (Butare 1987; Devaux et al. 1987; Elphinstone 2005; Lepoint
and Maraite 2002; Mutimawurugo et al. 2019; Uwamahoro et al.
2018; Van der Zaag 1985). Losses due to RSSC on potato are esti-
mated at 20 to 100%, leading to huge economic losses and directly
affecting food security and livelihoods of smallholder farmers (Muti-
mawurugo et al. 2019; Uwamahoro et al. 2018). More importantly, it
is becoming a very serious impediment to the rapidly expanding po-
tato production in Rwanda (Mutimawurugo et al. 2019).
RSSC diversity from potato has been described for many African

countries (Abdurahman et al. 2017, 2019; Chesneau et al. 2018;
Elphinstone 2005; Fegan and Prior 2005; Poussier et al. 2000b). In
Ethiopia and Uganda, the most important epidemiological strains
causing potato bacterial wilt were identified (Abdurahman et al.
2017, 2019). These strains with the capacity to overcome the resis-
tance to bacterial wilt are rapidly spreading through the informal seed
exchanges in potato growing regions within the country and between
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neighboring countries (Abdurahman et al. 2017, 2019). Based on
studies of three isolates from Rwanda, Butare (1987) and Lepoint
and Maraite (2002) reported the presence of biovar 2 and biovar 3
strains (phylotype II and I, respectively, based on Safni et al.
(2014) classification), and biovar 3 strain being restricted to Kinigi
Research station in Musanze district. Mutimawurugo et al. (2019)
also identified three isolates collected from potatoes at Kinigi station,
Musanze as biovar 3 (phylotype I). A phylotype II sequevar 1 (biovar
2) strain (JT573) was also reported from potato in Rwanda (Poussier
et al. 2000a, b). Despite the long history of the presence of R. sola-
nacearum in Rwanda, there are no detailed reports available on the
genetic diversity of RSSC and their geographical distribution in the
country.
Disease management remains limited and is hampered by the abil-

ity of RSSC to survive in wet environments, on plant debris, or in
asymptomatic weed hosts, which act as inoculum reservoirs (Álvarez
et al. 2008; Elphinstone 2005; Mansfield et al. 2012; van Overbeek
et al. 2004). In the absence of effective chemical control methods,
prevention of bacterial wilt largely relies on the availability of RSSC
free planting materials, crop rotation, and strict phytosanitary mea-
sures combined with the use of tolerant potato varieties.
Tolerant and resistant potato varieties can greatly reduce bacterial

wilt development and buildup of soilborne inoculum in fields
(Elphinstone 2005; Mansfield et al. 2012); however, development
of bacterial wilt resistant potato varieties is complicated and ham-
pered by strong host-pathogen-environment interactions (Genin
2010). Phylotype composition of RSSC can shift rapidly in response
to selection pressure (Wicker et al. 2012) and occurrence of more
than one phylotype in one field or location can break down the genet-
ic resistance quickly (French et al. 1998; Ravelomanantsoa et al.
2018). Potatoes can be infected by all four phylotype strains; culti-
vars like Cruza and Molinera have shown some degree of bacterial
wilt tolerance in East Africa, while others have demonstrated dif-
ferential susceptibility (French et al. 1998; Muthoni et al. 2014).
Recently, the reaction of nine potato cultivars to a Rwandan
RSSC phylotype II strain were assessed under greenhouse conditions
(Uwamahoro et al. 2020). However, the reaction of commonly grown
potato cultivars to the predominant RSSC phylotypes of Rwanda is
not known.
Smallholder farmers in Rwanda are unable to implement effective

crop rotation practices. This is further complicated by the informal
potato seed system (Mpyisi et al. 2003; Uwamahoro et al. 2018).
The formal seed system supplies only 5% of the national seed de-
mand (Demo et al. 2015), and lack of certified potato seed contributes
to further distribution of RSSC via latently infected tubers (Hayward
1974; Janse 1996). The informal seed system and unrestricted seed
movement within Rwanda and along the borders with neighboring
countries (Demo et al. 2015) pose a clear threat in disseminating
RSSC to uninfected regions and may introduce new strains. It is
therefore important to have a comprehensive understanding of strain
type being disseminated along with the seed movement and patterns
of disease spread to design effective management strategies.
Multilocus variable-number tandem-repeat (VNTR) analysis

(MLVA) based typing methods, a classic length-based MLVA anal-
ysis method (Ravelomanantsoa et al. 2018), and a tandem repeat se-
quence typing (TRST) method (Abdurahman et al. 2017, 2019;
N’Guessan et al. 2013; Parkinson et al. 2013) have been efficient
for routine typing and for investigating the genetic structures of the
RSSC strains, their geographical distribution, and the relationship
among closely related RSSC strains belonging to the same sequevar.
The classic length-based MLVA typing method uses amplicon size-
based genotyping to type the strain, whereas TRST uses the
sequence-based VNTR analysis typing method. The tandem repeats
(TR) loci are among the most variable regions in bacterial genomes
(Davey et al. 2011) and therefore have the potential to resolve the
genetic diversity of monomorphic or monoclonal pathogens (van
Belkum et al. 1998). Recently, the TRST technique based on the
VNTR loci and primers of N’Guessan et al. (2013) and Parkinson
et al. (2013) was employed to trace the bacterial wilt epidemic strains
in seed potato production in Ethiopia (Abdurahman et al. 2017), and

to map the most common RSSC strains along with seed potato move-
ment in Uganda (Abdurahman et al. 2019).
The present study was undertaken to characterize the molecular di-

versity of RSSC strains isolated from major potato growing regions
of Rwanda, to generate an RSSC distribution map that may provide
epidemiological inferences to develop future bacterial wilt manage-
ment interventions, and to test potato cultivars commonly grown in
Rwanda for their reactions to the predominant RSSC phylotypes in
the country.

Materials and Methods
Survey districts and sampling of potato tubers. Surveys were

carried out during the long and short rain seasons of 2018 and
2019 in the major potato growing regions of the country (Table 1).
The survey sites were selected by the team of RAB, Musanze station,
northern province, Rwanda. The 2018 survey covered 12 districts in
four major potato production administrative zones of Rwanda (NISR
2018): Nyamagabe and Nyarugu in the southern province; Musanze
and Burera in the northern province; Karongi, Nyabihu, Rubavu, and
Rutsiro in the western province; and Ngoma, Rwamagana, Kyonza,
and Gatsibo districts in the eastern province. One hundred and four
potato samples from 12 districts were collected in the 2018 survey
and 49 samples from five districts (Burera, Gakenge, Rulindo,
Musanze, and Nyabihu) in 2019. Five wilting potato hills were ran-
domly selected per potato field, and up to two tubers were sampled
per hill (10 tubers per potato field). Tubers were wrapped in a paper
towel and put in a labeled paper bag and kept at room temperature
until processing for bacterial isolation. To prevent the spread of the
pathogen between surveyed potato fields, boots were sprayed with
5% sodium hypochlorite solution and hands disinfected with 70%
ethanol while changing gloves between handling samples. The num-
ber of samples per district was based on the area under potato produc-
tion in the respective districts. For sampling, potato fields at least
2 km apart were closely inspected for typical bacterial wilt symptoms
and tuber samples from the symptomatic plants were collected for the
pathogen isolation. Sample handling, washing, and processing of the
potato tuber vascular tissue for the bacterial suspension were as de-
scribed in Abdurahman et al. (2017).
Isolation of bacteria and DNA extraction. Bacterial suspensions

extracted from potato tuber vascular tissue was streak plated on semi-
selective media from South Africa (SMSA) and incubated at 28°C for
48 to 72 h (Abdurahman et al. 2017). Presumptive RSSC colonies
from SMSA media were then plated on casamino acid peptone glu-
cose (CPG) agar media and incubated at 28°C for 24 h to confirm the
typical Ralstonia colonies. A total of 95 (62 from 2018 and 33 from
2019) presumptive RSSC colonies were obtained (Table 1). A loop-
ful of presumptive RSSC single colonies from a CPG plate was then
suspended in 100 ml molecular biology grade water and boiled at
95°C for 15 min on a thermal cycler for DNA extraction (Weller
et al. 2000).
PCR detection of RSSC and phylotype identification. DNAs

from the boiled presumptive Ralstonia isolates were first screened
using RSSC-specific primer pairs 759/760 of Opina et al. (1997)
(Supplementary Table S1). Phylotyping was done by multiplex
PCR combining the four phylotype-specific primers of Fegan and
Prior (2005) using AccuPower Taq PCR Master Mix (Bioneer,
Korea). The cycling conditions for PCR were: initial denaturation
of 15 min at 95°C, then 30 cycles of 30 s at 94°C, 1 min at 59°C,
1 min at 72°C, and final extension of 10 min at 72°C. The PCR
reaction reagents, volumes, and protocol were as described by
Abdurahman et al. (2019).
Sequevar typing. A total of 95 isolates were processed for seque-

var typing. A partial fragment of virulence-associated mega-plasmid
endoglucanase (egl) gene was amplified from genomic DNA using
Endo-F and Endo-R primers of Fegan and Prior (2005). The PCR
protocol, sequencing primers, and alignment processes were as de-
scribed by Abdurahman et al. (2019) except that AccuPower Taq
PCR Master Mix (Bioneer, Korea) was used instead of Fermentas
Master mix. Cleaned PCR products were sequenced at Macrogen
Europe B.V. (Amsterdam, the Netherlands) using the same Endo-F
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and Endo-R primers. All isolates that clustered with phylotype II
sequevar 1 reference strains were confirmed by individually running
the egl sequences in the typing computer program of Stulberg and
Huang (2016). Ninety-five sequences that were typed as sequevar
1, and those with RSSC characteristics were aligned in bioedit soft-
ware using the CLUSTALW algorithm along with selected reference
strains pooled from the NCBI database and clipped at start (ACG-
GAC) and stop (CAGTGG) sequences. The aligned sequences were
used to generate a neighbor-joining phylogenetic tree with 1,000
bootstrap resampling using MEGA6 software (Tamura et al. 2013).
Tandem repeat sequence typing (TRST). Sequence typing of

the alleles of four VNTR loci (L504, L539, L540, L563) described
by Parkinson et al. (2013), and locus IPO100 described by
N’Guessan et al. (2013) were selected to distinguish R. solanacearum
phylotype II sequevar 1 strains (n = 91). PCR reaction and cycling
conditions for all the loci were as described in Abdurahman et al.
(2017, 2019). PCRmix (2×, AccuPower Taq PCRMasterMix, Bioneer,
Korea) was used. The amplified PCR products were run on 1.5% aga-
rose gel stained with 1× GelRed (Biotium) and the target amplicon
was cut under UV light and immediately cleaned with Wizard SD
gel and PCR clean-up system (Promega) following the kit protocol,
and sequenced using sequencing primers described by Parkinson
et al. (2013) and the forward primer of N’Guessan et al. (2013) for
locus IPO100 at Macrogen Europe. Tandem repeat sequences were
counted manually after aligning the sequences with the start and fin-
ish sequence definitions by Parkinson et al. (2013) using ClustalW
alignment tool in BioEdit software. Postrepeat sequence (GGTGC(C/T)
CCGGTGCCCGGTGCCCAGTGCTCAGTGCTCAGTGCCCGGT
GATTGCC) for locus IPO100 was used to define the end of tandem
repeat sequence. A string of tandem repeat numbers in the order of
L504-L539-L540-L563-IPO100 represents a TRST haplotype (a hap-
lotype here being isolates with identical TRST profiles) (Supplemen-
tary Table S2).
Pathogen. For the pathogenicity test, three RSSC strains, Rw7

(phylotype II sequevar 1), Rw15 (phylotype III), and Rw62 (phylo-
type III) collected from infected tubers grown in northern, southern,
and western provinces of Rwanda, respectively, were used. Rw7 was
selected because it belongs to TRST ‘8-5-12-7-5’ haplotype profile
with the widest distribution in the northern, western, and southern
provinces, whereas Rw15 (phylotype III) and Rw62 (phylotype III)
were selected based on their local importance in northern and eastern

provinces. Ralstonia strains were grown at 30°C on CPG medium.
Bacterial cells were harvested in sterile distilled water from 48-h-
grown culture plates. Bacterial concentration was determined by
measuring their optical density (600 nm) and adjusted to 5 × 108

CFU ml−1. Freshly prepared inoculum was used for inoculation.
Cultivation and inoculation of plants. The pathogenicity of

Rw7, Rw15, and Rw62 was tested on six commercial potato culti-
vars: Kinigi (CIP378699.2), Kirundo, Victoria (CIP381381.20),
Kazeneza (CIP393077.159), Twihaze (CIP393371.58), and Cruza
(CIP720118). Cultivars Kinigi, Kirundo, Cruza, and Victoria were
released in 1980s and are commonly grown by smallholder farmers
in Rwanda, whereas cultivars Kazeneza and Twihaze, released in
2018, are being promoted for production by RAB in major potato
producing districts of the country. Sprouted tubers were grown in
plastic pots (5 × 7 cm, one tuber per pot) filled with steam-
sterilized soil. Plants were maintained in a growth room (biosafety
level 2 at Biosciences eastern and central Africa (BecA)-ILRI Hub,
Nairobi, Kenya) at 18 and 25 ± 2°C (night and day temperature, re-
spectively) with 70% relative humidity and a 12-h photoperiod.
Plants were watered daily except for one day prior to inoculation
and fertilized weekly with 5 ml of mineral fertilizer (80 g of 15:15:
18 NPK fertilizer per liter stock solution, 5 ml stock solution per liter
fertilizer solution).
Five-day-old plants were inoculated by pipetting 10 ml of bacterial

suspension containing 5 × 108 CFU ml−1 onto the soil surface at the
base of each plant at 20 days after planting. Control plants were in-
oculated with 10 ml sterile water. To avoid cross-contamination,
the plants in each strain treatment (plus the noninoculated control)
were kept in separate trays. The trial was arranged in a randomized
complete block design with five replicates (five plants per replication
per strain), and the trial was repeated once.
Disease development and severity. Inoculated plants were mon-

itored daily to record days of disease onset. Bacterial wilt incidence
and severity were visually assessed on individual plants at 4-day in-
tervals starting 4 days after inoculation (DAI) to a maximum of 44
DAI. Bacterial wilt severity was rated using a 0 to 4 scale to separate
the wilting into classes, where 0 = no wilting, 1 = 1 to 25% wilting
foliage, 2 = 26 to 50% wilting foliage, 3 = 51 to 75% wilting foliage,
and 4 = 76 to 100%wilting foliage or dead (Horita and Tsuchiya 2001).
A bacterial wilt disease severity index (DSI) was calculated using
the equation of Strelkov et al. (2006): DSI = {S[(class number) ×

Table 1. Potato survey by province and district with altitude range covered, number of samples collected and processed, and the number of Ralstonia solana-
cearum species complex (RSSC) isolates per district from 2018 and 2019 surveys in Rwanda

Province District Elevation range (masl)a

Number of
samples

collected and
processed Total number

of samples collected
and processedb

Confirmed
RSSC strains Total number

of confirmed
RSSC strainsb2018 2019 2018 2019

Northern Burera 1,866–2,281 22 11 33 13 6 19
Gakenge 1,820–2,001 NAc 9 9 NA 8 8
Rulindo 1,854–2,260 NA 16 16 NA 14 14
Musanze 1,848–2,558 20 9 29 10 5 15

Eastern Gatsibo 1,521 1 NA 1 0 NA 0
Ngoma 1,652–1,653 3 NA 3 1 NA 1
Kayonza 1,452–1,571 3 NA 3 2 NA 2
Rwamagana 1,528–1,529 4 NA 4 1 NA 1

Western Karongi 2,319–2,561 6 NA 6 5 NA 5
Nyabihu 2,322–2,467 14 4 18 7 0 7
Rubavu 2,016–2,368 13 NA 13 8 NA 8
Rutsiro 2,266 1 NA 1 1 NA 1

Southern Nyamagabe 2,051–2,399 12 NA 12 11 NA 11
Nyaruguru 1,898–2,345 5 NA 5 3 NA 3

Total 104 49 153 62 33 95d

a Meters above sea level.
b A total of 153 processed samples from 2018 and 2019 surveys.
c NA = Not available; samples were not collected because there were no potato crops in the field on that survey year.
d Out of 153 processed samples, only 95 were pure culture RSSC strains.
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(number of plants in each class)] / [(total number plants per sample) ×
(number of classes – 1)]} × 100. Completely or partially wilted plants
were tagged to avoid double counting in subsequent assessments and
to avoid the possibility of missing those that die early during the ex-
periment. Bacterial wilt incidence (BWI) was calculated as the pro-
portion of inoculated plants that showed the typical symptoms of
bacterial wilt. Area under bacterial wilt severity progress curve
(AUDPC) was calculated from the bacterial wilt severity index value
from 4 DAI to 24 DAI (Campbell andMadden 1990) to compare dis-
ease evolution among treatments.
Asymptomatic plants were sampled and analyzed for latent in-

fection by RSCC strains at 44 DAI. About 1 cm long stem base
of the plants was cut and manually crushed in 2 ml of extraction
buffer (phosphate buffer pH 7.0) containing antioxidant tetraso-
dium pyrophosphate (1 g liter−1) into a maceration bag (Abdurahman
et al. 2017). After maceration, the samples were left to stand for
15 min, 1.5 ml of suspension was transferred to 2 ml centrifuge
tubes for bacterial concentration by centrifugation as described
above, and the concentrated pellet was immediately resuspended
in phosphate buffer (pH 7.0). The resuspended pellet was used for
streak plating on semiselective agar media (SMSA) and incubated
for 48 h at 28°C. Presumptive Ralstonia single colonies selected
from SMSA media plates were then streak plated on CPG agar
media and incubated for 24 h at 28°C. Asymptomatic plants were
scored positive for latent infection when characteristic Ralstonia
colonies were unequivocally observed on the plates. DNA was
extracted from fresh colonies grown on CPG agar media over-
night as described above, and then identified at the RSSC phylo-
type level by the phylotyping scheme of Fegan and Prior (2005)
using PCR with 759/760 primer pairs of Opina et al. (1997) to
confirm the causal agent.
Data analysis.Allelic diversity at each locus was calculated using

the unbiased estimator of Nei (1978): h = 1 –+xi
2[n/(n – 1)], where xi

is the frequency of the ith allele at the locus, n is the number of iso-
lates, and n/(n – 1) is a correction for bias in small samples (Nei
1978; Selander et al. 1986). The analysis was performed using
built-in algorithm in the LIAN Linkage Analysis online (http://guanine.
evolbio.mpg.de/cgi-bin/lian/lian.cgi.pl). The overall discrimina-
tory power of the TRST scheme was tested with the Hunter-
Gaston index of diversity (HGDI; Hunter and Gaston 1988) by
using an online tool (http://insilico.ehu.es/mini_tools/discrimi-
natory_power/index.php). The relationship between strains was
analyzed using eBURST v3 to define profiles and clonal clusters

using default settings. The standardized index of association (IA
S) be-

tween different alleles of the loci was calculated using LIAN Linkage
Analysis (Haubold and Hudson 2000) set to 100,000 Monte Carlo
(MC) simulations to test the null hypothesis of linkage equilibrium
(IA
S = 0). Only samples presenting complete TRST haplotype profile

were included in the data analysis.
Treatment effects of the pathogenicity trial were assessed using the

mixed model analysis of variance of the data with the cultivar as the
fixed effect and replication as a random effect (PROC MIXED, SAS
software version 9.11; SAS Institute Inc., Cary, NC). Data for each
trial were tested for normality using the Shapiro-Wilk test of resid-
uals and checked for outliers using Lund’s test of standardized resid-
uals (Lund 1975). No outliers were found in any data set. There was
no effect of repetition or repetition–treatment; therefore, the data
were pooled across repetition for analysis. Means were separated
using Tukey’s test. Prior to analysis, percent data were arcsine-
transformed when necessary to improve the normality and homo-
geneity of variance, but nontransformed means are presented for
uniformity of presentation. Differences were significant as P #
0.05 unless otherwise noted.

Results
Isolation, detection, phylotype, and sequevar identification.

Out of 153 samples processed for bacterial isolation, only 95 samples
were identified as RSSC strains with 759/760 primers (Table 2). The
phylotyping of these strains classified them as phylotype II R. sola-
nacearum (n = 91) and phylotype III R. pseudosolanacearum (Rs)
(n = 4; Rw15, Rw49, Rw61, and Rw62). The percentage of the con-
firmed RSSC strains was highest in the northern province (n = 56;
phylotype II = 57.89%, phylotype III = 1.05%), followed by the
western (n = 21; phylotype II = 22.11%), the southern (n = 14; phy-
lotype II = 13.68%, phylotype III = 1.05%), and the eastern (n = 4;
phylotype II = 2.11%, phylotype III = 2.11%). Of 55 phylotype II
strains isolated from the northern province, 19 were from Burera dis-
trict, 14 each from Musanze and Rulindo, and eight from Gakenke.
The percentage of phylotype II strains in the western province ranged
from 1.05 to 8.42 among Rubavu, Nyabihu, Karongi, and Rutsiro
districts. Nyamagabe and Nyaruguru districts of the southern prov-
ince had 11.58% and 2.11% phylotype II strains, respectively. Sim-
ilarly, in the eastern province, phylotype II strains remained at 1.05%
each in Ngoma and Rwamagana districts. Kayonza district of the
eastern province is the only district represented by two phylotype
III strains (Rw61 and Rw62).

Table 2. Ralstonia solanacearum species complex (RSSC) with their respective phylotype, number of strains, and sequevar with the strain ID per district from
2018 and 2019 surveys in Rwanda

Province District RSCC phylotype Number of strains Sequevar (strain ID)

Northern Burera II 19 1 (Rw27, Rw28, Rw29, Rw30, Rw31, Rw32, Rw33, Rw34, Rw35, Rw36, Rw37, Rw38,
Rw39, Rw82, Rw83, Rw84, Rw85, Rw86, Rw87)

Gakenke II 8 1 (Rw88, Rw89, Rw90, Rw91, Rw92, Rw93, Rw94, Rw95)
Musanze II 14 1 (Rw6, Rw7, Rw8, Rw9, Rw10, Rw11, Rw12, Rw13, Rw14, Rw63, Rw64, Rw65, Rw66,

Rw67)
III 1 NDa (Rw15)

Rulindo II 14 1 (Rw68, Rw69, Rw70, Rw71, Rw72, Rw73, Rw74, Rw75, Rw76, Rw77, Rw78, Rw79,
Rw80, Rw81)

Western Karongi II 5 1 (Rw1, Rw2, Rw3, Rw4, Rw5)
Nyabihu II 7 1 (Rw40, Rw41, Rw42, Rw43, Rw44, Rw45, Rw47)
Rubavu II 8 1 (Rw46, Rw51, Rw52, Rw53, Rw54, Rw55, Rw56, Rw57)
Rutsiro II 1 1 (Rw59)

Southern Nyamagabe II 11 1 (Rw16, Rw17, Rw18, Rw19, Rw20, Rw21, Rw22, Rw23, Rw24, Rw25, Rw26)
Nyaruguru II 2 1 (Rw48, Rw50)

III 1 29 (Rw49)
Eastern Kayonza III 2 21 (Rw61), NDb (Rw62)

Ngoma II 1 1 (Rw58)
Rwamagana II 1 1 (Rw60)

Totalc 95

a Not determined, not tested.
b Not determined, likely a new sequevar not yet named.
c Out of 95 RSSC strains, 91 strains were Phylotype II and four were Phylotype III.
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All the phylotype II strains clustered with sequevar 1 reference
strains IPO1609 and JT516 by neighbor-joining phylogenetic analy-
sis of the egl gene sequences identifying them as sequevar 1 strains,
which were also confirmed by the typing program of Stulberg and
Huang (2016) (Fig. 1). Phylotype III Rw49 strain showed 99%

sequence identity with sequevar 29 (CRM56, CIP358, CFBP6942),
whereas phylotype III Rw15 and Rw61 strains showed 99% se-
quence identity with strain NCPPB1018, but <99% to strain
UW034 both belonging to sequevar 21 when aligned. Considering
the 99% sequence identity criteria set by Fegan and Prior (2005)

Fig. 1. Phylogenetic tree of partial egl gene sequences of 91 phylotype II Ralstonia solanacearum and four phylotype III R. pseudosolanacearum strains from Rwanda in 2018 and
2019, and 29 reference strains from the NCBI database. The strains have a prefix ‘RW’, and RW with different serial numbers indicates different strains. The evolutionary history
was inferred using the neighbor-joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown
next to the branches.
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for sequevar identity, the result was thus ambiguous and also not sup-
ported by phylogenetic analysis, which grouped Rw15 and Rw61 in a
separate cluster from sequevar 21 strain (Fig. 1). Phylotype III Rw62
strain had no hit for 99% sequence identity in GenBank and had no
clear cluster on the phylogenetic tree with specific sequevar, indicat-
ing that it is possibly a new sequevar.
Multilocus tandem repeat sequence typing. Five VNTR loci

(L504, L539, L540, L563, and IPO100) of all 91 phylotype II seque-
var 1 strains were sequenced for TRST analysis. Out of 91 phylotype
II sequevar 1 strains, only 73 strains had successful sequences in all
the loci that identified 14 TRST haplotypes (Table 3). TRST ‘8-5-12-
7-5’ haplotype (n = 50) was the most frequent followed by ‘8-5-13-7-
5’, ‘8-5-12-6-5’, and ‘8-4-12-7-5’ (n = 3). Haplotypes ‘8-6-12-7-5’,
‘8-5-12-8-5’, ‘8-5-12-7-6’, ‘8-5-12-7-6’, and ‘8-5-12-7-4’ were each
represented by two strains, whereas ‘9-5-12-7-5’, ‘8-5-11-7-5’, ‘8-5-
11-6-5’, ‘8-3-12-7-5’, ‘7-5-13-7-5’, and ‘7-5-12-7-5’ haplotypes were
represented by a single strain.
Allelic diversity, discriminatory power, and linkage disequilibrium.

Locus L539 had the highest allelic diversity (h = 0.180) followed by
L540 and L563 (h = 0.179), but both loci were poorly discriminatory,
according to the classification of Sola et al. (2003). The analysis of
HGDI showed moderate discriminatory power (HGDI = 0.55) of
the TRST scheme on Rwandan phylotype II sequevar 1 strains ana-
lyzed in this study (Table 4). The parametric (para) quantitative equi-
librium test together with Monte Carlo simulation model for the
standardized index of association of the alleles from the five VNTR
loci were statistically significant in the LIAN 3.7 analysis (ISA

= 0.1199,

P
para

= 2.40 × 10
−3, PMC = 7.29 × 10−7), indicating a nonclonal popu-

lation structure of sequevar 1 strains from Rwanda.
Phylogeography of TRST haplotypes. The northern province

was represented by 13 TRST haplotypes (‘7-5-12-7-5’, ‘7-5-13-7-
5’, ‘8-3-12-7-5’, ‘8-4-12-7-5’, ‘8-5-11-6-5’, ‘8-5-11-7-5’, ‘8-5-12-
6-5’, ‘8-5-12-7-5’, ‘8-5-12-7-6’, ‘8-5-12-8-5’, ‘8-5-13-7-5’, ‘8-6-
12-7-5’, and ‘9-5-12-7-5’), southern province by four haplotypes
(‘8-5-12-7-5’, ‘8-5-12-7-6’, ‘8-5-12-8-5’, and ‘8-6-12-7-5’), western
by two haplotypes (‘8-5-12-7-4’ and ‘8-5-12-7-5’), and eastern by a
single haplotype (‘8-5-13-7-5’) (Table 3). TRST ‘8-5-12-7-5’ haplo-
type had the widest distribution being represented in nine out of the
14 surveyed districts in the northern (n = 29: Burera = 13, Musanze =
9,Rulindo=5, andGakenge=2),western (n=13:Nyabihu=6,Karongi=5,
Rubavu = 1, and Rutsiro = 1), and southern provinces (n = 8:
Nyamagabe = 8). This was followed by TRST ‘8-5-13-7-5’ haplo-
type being represented in three districts, one each in Musanze district

of the northern, and Ngoma and Rwamagana districts of the eastern
provinces.
Mapping of the most frequent TRST haplotype of phylotype II

sequevar 1 strains to the respective districts with the dominant seed
distribution patterns from the northern to western, southern, and east-
ern provinces, it became apparent that R. solanacearum phylotype II
strains with TRST ‘8-5-12-7-5’ haplotype was cross-regionally more
important in Rwanda (Fig. 2). Similarly, TRST ‘8-5-12-7-6’, ‘8-5-
12-8-5’, and ‘8-6-12-7-5’ haplotypes were identified from the north-
ern and southern provinces, whereas TRST ‘8-5-13-7-5’ haplotype
was restricted to Musanze district of the northern, and Ngoma and
Rwamagana districts of the eastern provinces.
Pathogenicity testing. Symptoms on the inoculated plants were

progressive wilting from the young leaves, followed by complete
wilting over time. Bacterial wilt incidence and severity were ob-
served for all strains and cultivar combinations, but the symptoms de-
veloped earlier and were more severe on plants inoculated with Rw7,
followed by Rw15, and least with Rw62 (Fig. 3). Substantial levels
of infection were first observed at 4 DAI in plants for Rw7 (up to 77%
BWI), at 8 DAI in plants for Rw15 (up to 84% BWI), and at 40 DAI
in plants for Rw62 (up to 30%BWI). Increase in incidence and sever-
ity was roughly linear over time but occurred at different rates for dif-
ferent strains and cultivars. Cultivars Victoria, Kinigi, and Kirundo
were most susceptible to the Rw7 and Rw15, with incidence being
in the range of 66 to 77% for Rw7 and 42 to 61% for Rw15 at 4
DAI, and increased to 100% by 12 and 16 DAI, along with 100

Table 3. Summary of the multilocus tandem repeat sequence typing (TRST) haplotype profile of 73 phylotype II Ralstonia solanacearum sequevar 1 strains from
the surveyed districts of the northern, western, southern, and eastern provinces of Rwanda in 2018 and 2019

TRST
haplotype

Northerna Westerna Southerna Easterna

TotalbBurera Musanze Rulindo Gakenke Nyabihu Karongi Rubavu Rutsiro Nyamagabe Nyaruguru Ngoma Rwamagana

8-5-12-7-5 13 9 5 2 6 5 1 1 8 0 0 0 50
8-5-13-7-5 0 1 0 0 0 0 0 0 0 0 1 1 3
8-4-12-7-5 0 0 1 2 0 0 0 0 0 0 0 0 3
8-5-12-6-5 3 0 0 0 0 0 0 0 0 0 0 0 3
8-5-12-7-4 0 0 0 0 0 0 2 0 0 0 0 0 2
8-5-12-7-6 1 0 0 0 0 0 0 0 1 0 0 0 2
8-5-12-8-5 0 1 0 0 0 0 0 0 1 0 0 0 2
8-6-12-7-5 0 0 1 0 0 0 0 0 0 1 0 0 2
7-5-12-7-5 0 0 0 1 0 0 0 0 0 0 0 0 1
7-5-13-7-5 1 0 0 0 0 0 0 0 0 0 0 0 1
8-3-12-7-5 0 0 0 1 0 0 0 0 0 0 0 0 1
8-5-11-6-5 0 0 1 0 0 0 0 0 0 0 0 0 1
8-5-11-7-5 0 0 1 0 0 0 0 0 0 0 0 0 1
9-5-12-7-5 0 1 0 0 0 0 0 0 0 0 0 0 1
Frequencyc 4 4 5 4 1 1 2 1 3 1 1 1

a Refers to the frequency of Phylotype II R. solanacearum sequevar 1 strains within the 14 haplotypes across the northern, western, southern, and eastern prov-
inces of Rwanda.

b Only 73 RSSC sequevar 1 strains were included in the multilocus VNTR (variable number of tandem repeats) sequence analysis.
c Frequency of TRST haplotype profiles within a district.

Table 4. Range of tandem repeat counts, number of alleles, allelic diversity of
variable number tandem repeat (VNTR) loci, and overall discriminatory
power of tandem repeat sequence typing (TRST) schemes for 73 phylotype
II Ralstonia solanacearum sequevar 1 strains from 2018 and 2019 surveys
in Rwanda

Locus
name

Range of
tandem repeat

counts
Number
of alleles

Allelic
diversity

(H)
Hunter-Gatson index
of diversity (HGDI)

L504 8–9 2 0.106 0.5468a

L539 3–6 4 0.180
L540 11–13 3 0.179
L563 6–8 3 0.179
IPO100 4–6 3 0.155

a Moderate HGDI.
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DSI at 28 and 32 DAI for Rw7 and Rw15, respectively. Kazeneza
was highly susceptible to Rw7 but moderately to Rw15, whereas
Cruza showed some tolerance for Rw15 and Rw7, and Twihaze only
for Rw15. In contrast, bacterial wilt incidence and severity remained
very low for Rw62, appearing first at 12 DAI and increasing over
time to a maximum of 36 DSI on Victoria, Kinigi, and Kirundo,
and remained in the range of 7 to 9% BWI and 5 to 6 DSI among
Cruza, Twihaze, and Kazeneza until 44 DAI.
There was a cultivar × isolate interaction (P = 0.001) for AUDPC,

so the reaction of each cultivar to the individual strains was further
investigated. Mean AUDPCs differed among Rw7, Rw15, and
Rw62, with Rw7 being highly aggressive, Rw15 intermediate, and
Rw62 the least (Fig. 4). Cultivars showed a differential reaction to
phylotypes: Victoria, Kinigi, and Kirundo were highly susceptible
to Rw7, intermediate to Rw15, and least to Rw62. The lowest value
of AUDPC was recorded in Cruza across all phylotypes tested; Twi-
haze and Cruza had similar reaction against RW15, and same was
true for Victoria, Kinigi, Kirundo, Twihaze, Kazeneza, and Cruza
against Rw62. Based on the assessment, Cruza remained the least
susceptible cultivar followed by Twihaze and Kazeneza whereas
Victoria, Kirundo, and Kinigi were highly susceptible.
Latent infection by RSSC strains were positive for all tested

asymptomatic plants; a typical Ralstonia colony (irregular in shape,

white to cream color, slimy with pink color in the center) grew on
CPGmedia after 28 h incubation at 28°C. RSSC phylotype level test-
ing also confirmed the latent infection of respective strains (data not
shown).

Discussion
The phylotype II and phylotype III strains of R. solanacearum spe-

cies complex (RSSC) were distributed in all surveyed districts and
caused bacterial wilt of potato in Rwanda. Our study has confirmed
the presence of phylotype II strains in 12 out of 14 districts represent-
ing all the potato growing provinces of Rwanda. This widespread dis-
tribution of the potato bacterial wilt pathogen in Rwanda is consistent
with a recent report of Uwamahoro et al. (2018). The finding of phy-
lotype II sequevar 1 strains at higher rates in all 12 districts suggest
that phylotype II sequevar 1 strains is currently endemic in the coun-
try and is the most epidemic strain of potato bacterial wilt. Although
phylotype II and I strains were reported earlier from Rwanda (Butare
1987; Lepoint and Maraite 2002; Poussier et al. 2000b), this is the
first report of phylotype III strains fromRwanda, and the first to show
the epidemiologically important strains among phylotype II sequevar
1 in bacterial wilt of potato in Rwanda.
Phylotype III strains appear to be epidemiologically not important

in Rwanda with the very low distribution rate (4.21%, n = 4).

Fig. 2. Tandem repeat sequence haplotype localization of epidemiologically important phylotype II Ralstonia solanacearum sequevar 1 strains in Rwanda. Red arrows indicate the
main seed potato distribution pattern from Musenze district of the northern province to Nyabihu, Rubavu, Rutsiro, and Karongi districts of the western province, and to Nyamagabe
and Nyaruguru districts of the southern province, whereas the gray line indicates the seed distribution pattern from Musanze to the eastern province. Purple, blue, and brown lines
refer to the direct seed distribution from the northern to southern provinces. Red and purple dashed lines indicate the informal seed exchange route from Musanze and Burera
districts of the northern province to Kabale district of Uganda. Inference is made that the TRST ‘8-5-12-7-5’ haplotype is being distributed along with latently infected seed potato
from Musanze district to the western and southern provinces; however, from the restriction of TRST ‘8-5-12-7-6’ haplotype to only Kabale district in Uganda (Abdurahman et al.
2019), it is inferred that the strain originated from Burera district of Rwanda.

7



Although phylotype III strains are believed to originate from Africa,
and are endemic in Cameroun (Mahbou Somo Toukam et al. 2009),
Tanzania (Kanyagha et al. 2018), Burundi (Elphinstone 2005; Fegan
and Prior 2005), Ivory Coast (N’Guessan et al. 2013), and the Dem-
ocratic Republic of Congo (DRC) (Elphinstone 2005; Fegan and
Prior 2005), our finding is consistent with phylotype III reports from
Cameroun (Mahbou Somo Toukam et al. 2009), Ivory Coast
(N’Guessan et al. 2013), and Uganda (Abdurahman et al. 2019)
where a minority of potato-infecting strains were phylotype III (18,
1.8, and 1.5%, respectively). Thus, phylotype III strains appear to
be occasional opportunistic pathogens of potato, with very limited
epidemic significance.
The finding of phylotype III strains in the northern (Musanze dis-

trict), eastern (Kayonza district), and sourthern (Nyaruguru district)
provinces of Rwanda but not in the main seed potato-producing dis-
tricts of the western province indicate that the strains were localized
to those districts and are of only local importance. The localized ex-
istence of Rw15 in Musanze district bordering the DRC, Rw62 in
Kayonza district bordering Tanzania, and Rw49 in Nyaruguru dis-
trict bordering Burundi also indicates their introduction via latently
infected seed, as there is an active informal seed and ware potato
trade between these bordering countries.
Phylotype II sequevar 1 strains are thought to be clonal (monomor-

phic) lineages causing potato bacterial wilt mainly in the highland
tropics (Wicker et al. 2012). The lower diversity index of phylo-
type II sequevar 1 strains fromRwanda comparedwith Ethiopia (Abdur-
ahman et al. 2017) and Uganda (Abdurahman et al. 2019) indicates a
more clonal population structure of sequevar 1 strains from Rwanda.
Seed potatoes are mainly produced in the northern (Muzanze and

Burera districts) and western (Nyabihu and Rubavu districts) prov-
inces followed by the southern province (Ferrari et al. 2018), with
primary seed being produced in the Musanze district. Newly emerg-
ing potato-producing districts of the eastern province also receive
seed from Musanze. Mapping of the most frequent TRST haplotype
of phylotype II sequevar 1 strains of this study appears to be consis-
tent with the seed movement from the northern province to the west-
ern, southern, and eastern provinces, indicating the strain movement
via latently infected seed. It is also likely that Rw61 strain in the
Kayonza district of the eastern province might have been introduced

with latently infected seed fromMusanze as Rw15 and Rw61 clus-
tered together with 96% bootstrap value, which is also supported
by the confirmation of latent infections in our controlled pathoge-
nicity experiments. However, additional TRST typing of Rw15
and Rw61 strains is required to confirm the epidemiological
inferences.
TRST haplotype 8-5-12-7-5 was the most widespread and frequent

haplotype in Rwanda and was also the most widespread haplotype
found in Uganda (Rs-TRST 5; Abdurahman et al. 2019) and Ethiopia
(MLVA profile P2; Abdurahman et al. 2017). Another TRST haplo-
type 8-5-12-7-6 found in the Burera district of Rwanda was also iden-
tical to Rs-TRST3, which was limited to the Kabale district of
Uganda (Rs-TRST3; Abdurahman et al. 2019). Informal seed and
ware potato exchange between Kabale-Kisoro districts of Uganda
and the bordering Musanze-Burera districts in Rwanda is very com-
mon, usually growing the same potato cultivars (mainly Cruza,
Kinigi, Kirundo, and Victoria) along the neighboring districts. It is
expected that the same pathogenic strains are disseminated via

Fig. 3. Bacterial wilt incidence (BWI) and wilting severity index (DSI) of Rwandan potato cultivars Victoria, Cruza, Twihaze, Kazeneze, Kinigi, and Kirundo assessed from 4 to 44
days after inoculation (DAI) with Rw7 (phylotype II Ralstonia solanacearum), and Rw15 and Rw62 (phylotype III R. pseudosolanacearum) strains. Capped lines represent ±
standard error.

Fig. 4. Area under bacterial wilt severity progress curves (AUDPC) of Rwandan potato
cultivars Victoria, Cruza, Twihaze, Kazeneze, Kinigi, and Kirundo inoculated with Rw7
(phylotype II Ralstonia solanacearum), and Rw15 and Rw62 (phylotype III R.
pseudosolanacearum) strains. Reaction of cultivars to the individual strains is
presented in the same graph. Bars with the same letter above do not differ, based
on Tukey’s test at P = 0.001. Capped lines represent ± standard error.
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latently infected seed along and within international borders, which is
evidenced by the unique 8-5-12-7-6 and 8-5-12-7-5 haplotypes
found in Uganda and Rwanda. On the other hand, the 8-5-12-8-5
haplotype shared an identical profile fromEthiopia (P4; Abdurahman
et al. 2017). A single strain with 8-5-13-7-5 haplotype isolated from
Musanze, Ngoma, and Rwamagana districts appears to have the same
TRST profile with many strains reported in Madagascar by Ravelo-
manantsoa et al. (2018), including strain JT573 reportedly isolated
from potatoes in Rwanda except for Locus IPO100. This discrepancy
may be explained by the fact that the work of Ravelomanantsoa et al.
(2018) depends on amplicon size whereas our analysis is based on
sequence repeats with defined start and end sequences. As an exam-
ple, if the post repeat sequence is set as GCCGGGTGGATT account-
ing for additional GGTGCCC or AGTGTGC as repeat sequences,
the data at locus IPO100 appears to agree.
None of the six potato test cultivars was found to have complete

resistance to the tested strains, but the level of susceptibility varied
among cultivars. The reaction of Victoria, Kirundo, Twihaze, and
Cruza to Rw7 (phylotype II) of this study is consistent with the recent
report of Uwamahoro et al. (2020). The three strains used differed in
their aggressiveness on the six tested potato cultivars. With the less
aggressive strain Rw62 the disease onset and progress were delayed
irrespective of the cultivar, but this effect wasmore evident in the cul-
tivars with some level of tolerance (Fig. 3 and 4). For example, the
reduction in AUDPC between Rw7 and Rw15 was only 20% in sus-
ceptible cultivars: Kirundo, Victoria, and Kinigi; it was 35, 62, and
68% for Cruza, Twihaze, and Kazeneza, respectively. This indicates
that differences in disease severity caused by different strains are
more strongly associated with intrinsic differences in the strains’ ag-
gressiveness, and also influenced by specific host cultivar interac-
tions, resistance apparently being proportionally more effective
against less aggressive strains. Further research including the pre-
dominant phylotype II strains with multiple TRST haplotypes profile
is needed to confirm pathogenicity diversity among the phylotype II
strains.
It is important to note that all the asymptomatic plants had the la-

tent infection. For this reason, the International Potato Center (CIP)
for many years avoided developing resistant cultivars that were not
completely immune to the pathogen. However, considering even sus-
ceptible cultivars can sometimes escape infection and could be latent
carriers of disease, this strategy can be called into question. Neverthe-
less, breeding for resistance to bacterial wilt has made little progress
due to extremely low levels of heritability and complex potato genet-
ics, and Cruza is still the most resistant cultivar available since 40
years after its initial development (French et al. 1998; Gutarra et al.
2015; Uwamahoro et al. 2020). This is the first report to present
the reaction of commonly grown potato cultivars to phylotype III
strains in Rwanda. The results of pathogenicity assays suggest that
phylotype III strains could cause significant disease in Rwanda, al-
though their number and distribution rate is very low compared with
phylotype II strains. Additional research is required to confirm the
differential reaction of these cultivars under field conditions.
Smallholder farmers in Rwanda ranked bacterial wilt control as the

highest priority (NISR 2018), and reported Kinigi, Kirundo, Victoria,
and Twihaze among the highly susceptible cultivars to bacterial wilt
(Muhinyuza et al. 2012), which is consistent with our results. Our
study also confirmed a very high rate of RSSC strains in the primary
potato-producing districts of the northern and western provinces
(58.95% and 22.11%, respectively), moderate rate in the secondary
potato-producing districts of the southern province (14.74%), and
very low rate in the eastern province (4.21%) where potato is cur-
rently a minor crop and accounts for only 1.5% of the total area under
potato production in the country (NISR 2018). The presence and
widespread distribution of RSSC strains in all study districts con-
firms the presence of RSSC strains in Rwanda for many years
(Van der Zaag 1985), and the pathogen could continue to be spread
through latently infected seed potatoes to the rest of the country
(Muhinyuza et al. 2012).
From this study, we conclude that bacterial wilt of potato is wide-

spread in the major potato growing districts of Rwanda and is

encroaching into the newly emerging potato producing districts of
the eastern province. Although this study confirmed the presence
of phylotype II and phylotype III strains in Rwanda, only phylotype
II sequevar 1 strains are important for potato production. TRST 8-5-
12-7-5 haplotype strains were epidemiologically more important in
the country, likely being spread via latently infected seed. No immu-
nity or absolute resistance to phylotype II and phylotype III strains is
available in the tested cultivars, but the level of susceptibility varied
significantly among cultivars across the tested strains. More research
is needed to determine whether the same gene or different genes are
responsible for partial resistance to different phylotypes, and whether
the tolerant cultivars identified here are also tolerant to other RSSC
strains. Meanwhile, Cruza with less susceptibility to the disease
could be recommended in the fields with the history of bacterial wilt.
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Álvarez, B., Lopez, M., and Biosca, G. 2008. Survival strategies and pathogenicity
of Ralstonia solanacearum phylotype II subjected to prolonged starvation in
environmental water microcosms. Microbiology 154:3590-3598.

Butare, J. B. 1987. Incidence des traitements aux extraits végétaux sur
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