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Abstract Bacterial wilt (BW), caused by Ralstonia
solanacearum species complex (RSSC), is a major disease affecting tomato and other solanaceous crops produced in Louisiana and worldwide. The most effective
and economic management strategy for BW is the use of
crop genetic resistance. However, regional genetic variation among RSSC strains has made stable and durable
resistance elusive. A collection of tomato, eggplant and
pepper (TEP) accessions that responds to globally diverse strains in the RSSC was screened for resistance to
six RSSC strains, belonging to phylotypes I and II, from
Louisiana, United States (US). Wilt severity was quantified from six days up to 25 days post-inoculation
(DPI). Wilting increased most rapidly to 10 DPI and
was generally more severe with Phylotype II strains.
However, wilt response profiles depended on the
accession-strain combination. Differences in aggressiveness, as measured by the area under the disease
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progress stairs, were observed among the phylotype I
and II strains on TEP. Wilting responses were the most
severe with the tomato accessions. Hawaii 7996,
TML46, CLN1463 and R3034 were highly resistant to
all phylotype I strains, but Hawaii 7996 displayed the
best resistance to phylotype II strains. Remarkably, eggplant accession Ceylan SM 164 was resistant to all six
strains. Eggplant accessions SM6, Surya, and AG91–
25, as well as pepper accessions CA8 and MC4, were
moderately to highly resistant to all six strains. Although
resistance spectrum and levels of these tomato, eggplant
and pepper accessions need to be confirmed by further
experiments, our results already indicate that these accessions are potential BW-resistant rootstock candidates
for grafting to susceptible market-driven tomato, eggplant and pepper produced in this US state.
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Bacterial wilt, caused by Ralstonia solanacearum species complex (RSSC) (Gillings and Fahy 1994), is one
of the most economically important bacterial plant diseases worldwide (Mansfield et al. 2012). The RSSC is
divided into five monophyletic groups or phylotypes (I,
IIA, IIB, III, IV), each of which was primarily associated
with a geographical region [phylotype I strains from
Asia, phylotype IIA and IIB strains from the Americas,
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phylotype III strains from Africa and Mayotte Island
(Indian Ocean), and phylotype IV strains from Australia, Indonesia and Japan] (Fegan and Prior 2005; Wicker
et al. 2012). The most recent classification, based on
comparison of sequenced genomes and polyphasic classical taxonomic approaches, divides the RSSC into three
species— R. pseudosolanacearum (phylotypes I and
III), R. solanacaearum (phylotypes IIA and IIB) and
R. syzygii (phylotype IV) (Safini et al. 2014; Prior et al.
2016). Current phylotype distribution is however more
nuanced. For instance, phylotypes I and IIB are prevalent worldwide, whereas phylotype III is specifically
found on the African continent and the Indian Ocean
region. Furthermore, several phylotypes can co-exist in
the same region, even within the same field (Wicker
et al. 2009; N’Guessan et al. 2012; Deberdt et al. 2014;
Yahiaoui et al. 2017; Ravelomanantsoa et al. 2018). In
2005, phylotypes were further subdivided into
sequevars, based on egl gene sequence diversity
(Fegan and Prior 2005). This high level of genetic
diversity, along with RSSC persistence in soil, a lack
of effective chemical controls, systemic and latent infections, and an unusually broad host range of over 200
species in 54 plant families (Hayward 1991; Peeters
et al. 2013) are factors that make management of bacterial wilt extremely difficult.
The most effective, economical, and sustainable tactic for managing bacterial wilt is currently crop genetic
resistance, when available. Oligo or polygenic RSSC
resistance, controlled by major and minor quantitative
trait loci (QTLs), exists in solanaceous crops, including
tomato (Wang et al. 2000; Wang et al. 2013; Carmeille
et al. 2006), eggplant (Daunay 2008; Salgon et al. 2018),
and pepper (Du et al. 2019; Mimura et al. 2012; Mahbou
Somo Toukam 2010). Eggplant is the only solanaceous
crop for which major genes (RE-bw and ERs1 that
segregate as single genes) conferring resistance to RSSC
have been identified (Cao et al. 2009; Lebeau et al.
2013; Xi’ou et al. 2014; Salgon et al. 2017). Despite
the existence of inheritable resistance, successful deployment of resistant commercial cultivars has been
limited to date due in part to 1) resistance being linked
to genes that express undesirable horticultural traits
(Denny 2006), 2) variability in resistance responses
due to environmental conditions (French and De Lindo
1982; Grimault and Prior 1993) and/or, 3) resistance
being strain-specific (Lebeau et al. 2011). Additionally,
resistance should be developed so as not to support
latent (asymptomatic) infections, which can result in
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regional and global dissemination of RSSC (Huet
2014). These limitations have resulted in inconsistent
bacterial wilt control from one geographical location to
another.
In Louisiana (LA), fresh market tomatoes, eggplant
and pepper are produced mainly on small mixed-crop
vegetable and small fruit farms, with an average farm size
of 0.6 ha (1.4 acres). In terms of gross farm value for
commercial vegetable crops, tomatoes are the top-ranked
vegetable crop ($11.2 million in 2017), peppers are
ranked third ($4.3 million) and eggplant ninth ($1.5
million) (Louisiana State University Agricultural Center
2018). Amongst small producers in LA, bacterial wilt of
tomato is ranked as one of the top three most destructive
diseases due to its lethality and the lack of highly effective management practices (Jimenez Madrid 2017). In the
absence of suitable resistant cultivars, a technical alternative is grafting onto resistant rootstock. Scions of tomato
and eggplant (Kawaguchi et al. 2008; King et al. 2010;
Lee et al. 2010) are graft compatible with several Solanum species (tomato and eggplant are in particular reciprocally graft compatible), while pepper is graft compatible on Capsicum spp. only (Kawaguchi et al. 2008).
In Lebeau et al. 2011, Lebeau et al. assembled a
collection of tomato, eggplant and pepper (TEP) accessions (breeding lines, varieties, or heirloom material)
representing the worldwide genetic diversity of available RSSC resistance. This collection, referred to as
Core-TEP, was screened against a collection of RSSC
(representing strains from each of the genetically diverse
phylotypes) to determine their relative disease-causing
capacities. Six pathogen profiles (clusters of strains)
were identified but none of the profiles corresponded
to a specific phylotype. The Core-TEP collection is a
valuable resource for breeders to identify sources of
resistance to locally and regionally diverse populations
of RSSC, as well as to plant pathologists for characterizing the pathogenicity of strains. The goal of this study
was to screen the Core-TEP accessions for resistance to
strains of RSSC from LA and to identify those with the
highest levels of resistance to local RSSC populations.

Materials and methods
Plant material
We used the core collection of tomato, eggplant and
pepper (Core-TEP) defined by Lebeau et al. (2011).
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Core-TEP consists, for each crop, of accessions representative of the diversity of the available resistances originating, as much as known, from different genetic sources.
One susceptible control, for each crop, completes the set
of Core-TEP accessions. Core-TEP was proposed as an
international reference for characterizing local strains
pathogenic diversity, as well as the spectrum of efficiency
of the available resistances towards those strains (Lebeau
et al. 2011). In our experiment, we completed Core-TEP,
with tomato ‘BF-Okitsu 101’ (Wang et al. 1998) and
‘Roma VF’ as supplementary resistant and susceptible
tomato controls respectively (Table 1).
Bacterial strains and inoculum preparation
Three phylotype I-sequevar 14 (MLI71–15, MLI75–15
and WLS-2) previously isolated from tomatoes from
commercial fields, and three phylotype II-sequevar 7
(MLI85–15, MLI86–15 and MLI87–15) RSSC strains
isolated from commercial greenhouse-grown tomatoes
with bacterial wilt symptoms in LA (Jimenez Madrid
et al. 2019) were screened against the Core-TEP accessions. The phylotype II strains used in this study are
more closely related to phylotype IIA strains than phylotype IIB strains based on the phylogenetic comparison
of our strains with reference strains used by both
Jimenez Madrid et al. (2019) and Hong et al. (2012).
Inoculum was prepared for each strain by suspending
cultures grown for 48 to 72 h on Kelman’s triphenyltetrazolium chloride medium (Kelman 1954) in sterile
distilled water and adjusting the optical density to about
0.15 (λ = 600 nm), which is equivalent to approximately
108 CFU/ml (Denny and Hayward 2015).
Resistance screening
Five seeds (replicates) of each Core-TEP accession (10
accessions each of tomato, eggplant and pepper) were
sown into 72-cell flats containing Fafard Fine Seedling
Mix (Fafard, Agawam, MA) and grown under controlled conditions in the Louisiana State University
AgCenter (Baton Rouge) greenhouses. Average daytime temperatures were 30 °C and average relative
humidity was 80%. Plants were watered twice daily
and fertilized once a week with 20:20:20 (N:P:K;
Everris NA Inc. Dublin, OH). Each flat was placed in
a closed plastic tray and bottom watered to prevent
water and inoculum run-off in adherence to the conditions specified by the United States Department of

Agriculture (USDA)- Animal and Plant Health Inspection Service (APHIS) permit. At the two to four true-leaf
stage, seedlings within a single 72-cell flat were inoculated with one of the RSSC strains (MLI71–15, MLI75–
15, MLI85–15, MLI86–15, MLI87–15 or WLS-2) or
with water (non-inoculated control). Immediately before
inoculation, the roots were wounded by cutting through
the soil around the base of the seedling with a sterile No.
21 scalpel blade. Each seedling in the flat was then
drenched with 10 ml of inoculum or water (control).
Flats were arranged randomly. Seedlings were individually rated for wilt severity using a 0 to 4 ordinal scale
where 0 = no symptoms, 1 = one leaf wilted, 2 = two to
three leaves wilted, 3 = all leaves wilted except the two
newly emerging leaves and 4 = all leaves wilted or a
dead plant. Ratings were done at 6, 7, 10, 12, 20, and
25 days post-inoculation (DPI). The experiment could
not be repeated because the USDA-APHIS permit
prohibited the movement of the RSSC strains between
states when the primary author’s lab relocated from LA
to Ohio. To confirm Ralstonia solanacearum infections
in wilted plant tissue, the tissue was tested at 25 DPI
using Rs-specific immunoflow strip tests (Agdia Inc.
Elkhart, IN) according to the manufacturer’s instructions (Agdia Inc. Elkhart, IN). The presence of latent
infections (non-wilted plants but presence of the
bacteria) could also not be investigated for the reason
described above.
Statistical analyses
Wilt severity ratings were made on the ordinal scale on
six successive days during the infection process. The
factorial, longitudinal and ordinal nature of these data,
plus the small sample sizes typical of such plant pathological investigations, present numerous analytical challenges in a parametric framework (Molenberghs and
Verbeke 2006). However, these data can be analyzed
nonparametrically as a two-way factorial longitudinal
design, following the methodology described by
Brunner et al. (2002). The nonparametric methodology
makes very few assumptions and was also developed to
account for small sample sizes. Regarding this particular
methodology, the response (in this case, to accession
and RSSC strain over time) is quantified by a so-called
relative treatment effect (RTE). The RTE quantifies the
response (i.e. wilt severity) to a particular treatment-time
level relative to all treatment-time combinations being
studied. Data were analyzed independently for each
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Table 1 Core- tomato, eggplant and pepper (Core-TEP) accessions used to screen for bacterial wilt resistance against Ralstonia
solanacearum species complex strains from Louisiana
Core-TEP Code Accession Names/Codesw

Host Species

Seed Source Geographical origin

TOMATO
T1

CRA66

Solanum lycopersicum var. cerasiforme

INRAx

Guadeloupe

T2

Okitsu Sozai No. 1

S. lycopersicum

INRA

Japan

T3

NC 72 TR 4–4

S. lycopersicum

INRA

USA

T4

IRAT L3

S. lycopersicum

INRA

Guadeloupe, Martinique

T5

Hawaii 7996

S. lycopersicum

INRA

USA

T6

TML46

S. lycopersicum

AVRDCy

Philippines

T7

CLN1463

S. lycopersicum

AVRDC

Taiwan

T8

R3034

S. lycopersicum

AVRDC

Philippines

T9

L285

S. lycopersicum var. cerasiforme

AVRDC

Taiwan

–

BF-Okitsu 101

S. lycopersicum

AVRDC

Japan

–

Roma VF (PI 644859)

S. lycopersicum

USDAz

USA

T10

L390

S. lycopersicum var. cerasiforme

AVRDC

Taiwan

EGGPLANT
E1

Dingras multiple purple, MM 853 S. melongena

INRA

Philippines

E2

SM6, MM 643

S. melongena

INRA

India

E3

Ceylan SM 164, MM 152

S. melongena

INRA

Sri-Lanka

E4

Surya, EG203, MM 1811

S. melongena

AVRDC

India

E5

AG91–01, RFM07–04, MM931

S. melongena

INRA

Guadeloupe

E6

AG91–25, SD20, MM 960

S. melongena

INRA

Guadeloupe

E7

MM 195

S. linnaeanum

INRA

Tunisia

E8

MM 738

S. melongena

INRA

The Netherlands

E9

Terong Hijau, S56B, MM 1800

S. melongena

AVRDC

Indonesia

E10

Florida Market, MM 136

S. melongena

INRA

USA

PEPPER
P1

Narval, PM 1443

Capsicum annuum

INRA

Guadeloupe

P2

PI322719, PM 687

C. annuum

INRA

India

P3

Cristal Blanco, Pen 79, PM 1022 C. baccatum

INRA

Chile

P4

CM334, PM 702

C. annuum

INRA

Mexico

P5

0209–4, PM 1579

C. annuum × C. chinense (BC3F5 progeny) AVRDC

Indonesia

P6

CA8, PBC631A, PM 1580

C. annuum

AVRDC

Sri-Lanka

P7

MC4, PBC66, PM 1581

C. annuum

AVRDC

Malaysia

P8

Perennial, PM 659

C. annuum

INRA

India

P9

PBC384, PM 1582

C. annuum

AVRDC

Malaysia

P10

Yolo Wonder, PM 31

C. annuum

INRA

USA

w

Assessions in bold text are the representative susceptible controls in the Core-TEP collection (Lebeau et al. 2011)

x

Institut National de la Recherche Agronomique, Montfavet cedex, France

y

Asian Vegetable Research and Development Center (now called The World Vegetable Center), Shanhua, Tainan, Taiwan

z

United States Department of Agriculture, USA

crop species; hence the estimated RTE were specific to
crop and cannot be compared across species. Pepper
accessions Perennial and CM334 and eggplant

accession MM 195 were dropped from the analysis
because their low germinations led to too few data
points for proper model estimation.

283

Eur J Plant Pathol (2021) 159:279–293

As this methodology may be unfamiliar to readers,
we illustrate the basic principle via a simple hypothetical
example. Suppose there are two treatments, each with
five replicates, with ordinal ratings of (0, 0, 1, 2, 3) for
treatment 1 and (2, 2, 3, 4, 5) for treatment two. If we
combine the 10 observations into a single vector and
sort them from lowest to highest, we obtain v = (0, 0, 1,
2, 2, 2, 3, 3, 4, 5). The next step converts v to ranks. A
rank of 1 is given to the smallest rating score over all
observations, a rank of 2 is given to the second smallest
score, and so on. As there are ties among the observations (e.g., two ratings have a score of 3), we use what
are termed the mid-rankings; all ties get the same rank.
The vector v converted to ranks (using mid-rankings for
the ties) is then (1.5, 1.5, 3, 5, 5, 5, 7.5, 7.5, 9, 10). If we
replace the ordinal ratings in the treatments with their
ranked equivalents, we obtain treatment 1 = (1.5, 1.5, 3,
5, 7.5) and treatment 2 = (5, 5, 7.5, 9, 10). The mean
rank for treatment 1 (R1) is 3.7, and for treatment 2 (R2)
it is 7.3. The RTE can be estimated from the mean ranks
(eq. 4 in Shah and Madden 2004) as pi = 1/N × (Ri – 0.5),
where pi is the RTE for treatment i, Ri is the mean rank
for treatment i, and N is the total number of observations
(in this case, 10). We therefore obtain p1 = 0.32 for
treatment 1 and p2 = 0.68 for treatment 2. The RTE are
in the open interval (0, 1) where a value >0.5 indicates
that wilt severity for the given treatment tends to be
larger than the average severity. Likewise, a RTE < 0.5
indicates a treatment in which the wilt severity tends to
be less than the average.
The ranks form the basis of a formal testing framework analogous to the familiar ANOVA (Brunner et al.
2002). Because sample sizes were small, tests of main
effects and interactions were based on the ANOVAtype statistic instead of the Wald-type statistic. The
modified box approximation was used in estimating
the P values in tests of the global effects (i.e. averaged
over all post-inoculation assessment times) of accession, strain, and the accession-strain interaction. Model estimation was done with the f2.ld.f1 and ld.ci functions in the nparLD package (version 2.1) in the R
statistical system (version 3.5.3; R Foundation for
Statistical Computing, Vienna).
The area under the disease progress stairs (AUDPS)
(Simko and Piepho 2012) was estimated from the temporal RTE profiles over time. The means and standard
deviations of AUDPS were then calculated for each
strain (including those used as controls) of a given crop
species and visualized.

For each crop species a Kruskal-Wallis test (Conover
1998) was used on the AUDPS as a function of strain to
determine whether strains differed in aggressiveness,
where aggressiveness is defined here as the quantitative
variation in wilting on an accession over time. Pairwise
Wilcoxon rank sum tests were then done to determine
which pairs of strains were different in aggressiveness,
using the Benjamini and Hochberg (1995) correction for
multiple testing. At the more general level, a MannWhitney test (Conover 1998) was used on AUDPS as
a function of phylotype to determine whether the two
phylotype groups differed in aggressiveness within each
crop species.

Results
Final wilt severities (at 25 DPI) are shown in Table 2.
While median scores are the most appropriate summary
for ordinal data, we also present mean scores, which
may be a more familiar (and intuitive) statistic to the
reader. The assumption in presenting mean scores is that
the difference in wilt severity between any two adjacent
categories (e.g., between categories 0 and 1 or between
categories 2 and 3) is the same across all such pairs of
the categories, which may be reasonable with the ordinal
scale used in the current study. A median as well as a
mean score of zero by 25 DPI was indicative of a
resistant reaction (Table 2). However, we emphasize
that the quantitative statistical analyses were not based
in any way on the means of the ordinal ratings. Median
wilt severity and RTE for all accessions, strains, and
DPI are provided in the Supplementary File.
There were statistical differences among the accessions and in wilting induced by the RSSC strains as
summarized in Table 3. The susceptible controls ‘L390’
and Roma VF (tomato), ‘Florida Market’ (eggplant),
‘Yolo Wonder’ (pepper) displayed the highest wilt severities, although their scores varied from one strain to
another (Fig. 1). For all accessions, wilting generally
increased most rapidly up to 10 DPI and was on average
more severe when induced by the Phylotype II strains
(Fig. 1). However, the wilt response profiles (the
accession x strain x DPI interaction; Table 3) varied by
the accession-strain combination (Fig. 1). The most
severe wilting was seen with the tomato accessions
(Fig. 1a), compared to the eggplant (Fig. 1b) and pepper
(Fig. 1c) accessions. All tomato, eggplant and pepper
accessions with wilt symptoms had vascular
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Table 2 Median and mean wilt scores of Core-tomato, eggplant and pepper accessions by 25days post inoculation when challenged by Louisiana strains of the Ralstonia solanacearum
species complex
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Mean rating is the average of the ordinal wilt scores for the accession-strain. Resistant reactions are indicated in bold and correspond to the median and mean rating both being zero

Susceptible tomato, eggplant and pepper accessions from the Core-TEP collection (Lebeau et al. 2011) are marked with an asterisk

0.0

Yolo Wonder*

0.0

0.0

0.0

MC4

0.0

0.0

0209–4

CA8

PBC384

0.0

0.0

Cristal Blanco

0.0

0.0

0.0

2.7

0.0

4.0

Narval

y

Mean
rating

Median
rating

Median
rating

Mean
rating

MLI85–15

MLI75–15

MLI71–15

WLS2

Phylotype II-Sequevar 7

Phylotype I-Sequevar 14

PI322719

Pepper

Florida Market*

Accessionsy

Ralstonia solanacearum species complex strains

Table 2 (continued)
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Table 3 Test statistics for the effect of Core-tomato, pepper, and
eggplant accessions and Ralstonia solanacearum species complex
strains from Louisiana on post-inoculation bacterial wilt
Analysis of variance-type statisticy
dfN

dfD

F

P valuez

Accession

9.3

131.2

16.5

<0.0001

Strain

4.7

131.2

40.2

<0.0001

Accession x Strain

28.8

131.2

1.6

0.0387

Effect
Tomato

DPI

2.0

∞

428.5

<0.0001

Accession x DPI

18.6

∞

5.8

<0.0001

Strain x DPI

9.1

∞

10.0

<0.0001

∞

2.1

<0.0001
<0.0001

Accession x Strain x DPI 49.7
Eggplant
Accession

4.4

52.9

17.0

Strain

4.4

52.9

16.5

<0.0001

Accession x Strain

12.0

52.9

2.6

0.0079

Tomato
Phylotype II strains were more aggressive on tomato
compared to phylotype I strains (Fig. 2, Table 4). Strain
WLS-2 was the only strain that did not kill the susceptible control Roma VF by 25 DPI, although this accession was severely affected (Table 2). The other susceptible control (L390) was also severely affected but not
killed by strains WLS-2 or MLI171–15. Among the
phylotype I strains, MLI71–15 did not cause wilting
on ‘NC 72 TR 4-4’, ‘TML46’, ‘CLN1463’, ‘R3034’,
or BF-Okitsu 101. Strain MLI75–15 did not cause
wilting on ‘Hawaii 7996’, TML46, or ‘L285’ and
WLS-2 did not cause wilting on CLN1463. All three
phylotype II strains caused wilting on all accessions
except on BF-Okitsu 101, which did not wilt 25 days
post inoculation with MLI87–15 (Table 2). MLI85–15,
MLI86–15 and MLI87–15 were the most aggressive
RSSC strains on the Core-tomato accessions, killing
six, five, and seven of the 12 accessions, respectively,
by 25 DPI.

DPI

1.5

∞

42.5

<0.0001

Accession x DPI

5.7

∞

4.9

0.0001

Strain x DPI

5.3

∞

3.6

0.0023

∞

1.8

0.0538

Eggplant
Phylotype II strains tended to be more aggressive than
phylotype I strains on eggplant accessions (Mann-Whitney test, Fig. 2), although multiple comparisons between strains failed to detect significant differences in
aggressiveness (Table 4). None of the six strains caused
wilting on ‘Ceylan SM 164’ by 25 DPI (Table 2).
MLI75–15 (phylotype I) was the only strain that did
not cause wilting of the susceptible control Florida
Market. The accessions Ceylan SM 164, ‘SM6’, ‘Surya’
and ‘AG91–25’ all were categorized as moderately resistant to resistant to bacterial wilt strains from LA
(Table 2). MLI85–15 was the most aggressive RSSC
strain on the eggplant accessions (Fig. 2), killing or
severely affecting three of the nine accessions (‘Dingras
multiple purple’, ‘MM738’ and Florida Market) by 25
DPI (Table 2).

Accession x Strain x DPI 10.8
Pepper
Accession

2.8

26.8

2.8

0.0604

Strain

2.6

26.8

9.2

0.0004

Accession x Strain

6.2

26.8

1.3

0.3069

DPI

1.2

∞

39.0

<0.0001

Accession x DPI

5.4

∞

4.3

0.0005

Strain x DPI

3.6

∞

10.0

<0.0001

Accession x Strain x DPI 7.5

∞

3.1

0.0021

y

dfN = numerator degrees of freedom; dfD = denominator degrees
of freedom; DPI = days post-inoculation

z

The P-values for Accession, Strain and the Accession x Strain
interaction are for the marginal effects of these factors (i.e. averaged over DPI)

discoloration and tested positive with the RSSC-specific
immunoflow strip tests (data not shown).
Phylotype II strains were on average more aggressive
than phylotype I strains, as can be seen visually (Fig. 2)
and supported by Mann-Whitney tests (P-values for
tomato, eggplant and pepper were < 0.0001, 0.0017
and 0.0007, respectively). In terms of aggressiveness
at the strain level, the Kruskal-Wallis tests indicated
strong evidence for differences on tomato (P < 0.0001)
and pepper (P = 0.0005), but weaker evidence on eggplant (P = 0.0159).

Pepper
On pepper, the phylotype II strain MLI85–15 was more
aggressive than the phylotype I strains (Fig. 2 and
Table 4). Strains MLI75–15 and MLI87–15 did not
cause wilting symptoms on the susceptible control Yolo
Wonder. None of the phylotype I strains caused wilting
symptoms on the tested accessions (i.e., all but the
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In Louisiana, fresh-market tomatoes and peppers are
considered the cash crop for small-scale mixed fruit
and vegetable growers. Bacterial wilt causes these producers significant economic losses and therefore access
to durable-resistance varieties is needed. All but one of
the Core-TEP accessions screened in this study, namely
eggplant Ceylan SM 164, were susceptible to at least
one of the LA strains of RSSC. As would be expected,

the wilt severity profiles across the tomato and eggplant
accessions varied markedly. While the wilt severity
profiles did not vary to the same extent in pepper,
differences in wilt severity responses were still observed
among the strains and accessions.
Several varieties are reported to demonstrate a higher
than 90% survival rate within the various bacterial-wiltresistant tomato accessions, and Hawaii 7996 is the
global reference accession for bacterial wilt resistance
(Wang et al. 1998). In screenings performed by Subedi
(2015), Lebeau et al. (2011) and Chesneau et al. (2018),
Hawaii 7996 was the only tomato accession that demonstrated moderate to high resistance to more than two
of the RSSC strains tested. Specifically, Subedi (2015)
reported a mean wilt response of 0.9% in H7996 for six
phylotype I strains from South Asia (Nepal, India and
Bangladesh) and Chesneau et al. (2018) found that
percent wilt ranged from 0 to 10% for six phylotype I

Fig. 1 Post-inoculation progression of wilt induced by strains of
the Ralstonia solanacearum species complex from Louisiana on
Core- tomato (a), eggplant (b), and pepper (c) accessions. Wilt
severity is summarized by the relative treatment effect (higher

values being associated with more sever wilting). Strains
MLI71–15, MLI75–15 and WLS-2 belong to phylotype I and
strains MLI85–15, MLI86–15 and MLI87–15 belong to phylotype
II

susceptible control). Two pepper accessions (‘CA8’ and
‘MC4’) were moderately resistant to resistant to all six
RSSC strains (Table 2). As observed with the eggplant
accessions, MLI85–15 was the most aggressive strain
on pepper (Fig. 2), severely affecting two of the eight
accessions (‘PBC 384’ and Yolo Wonder) by 25 DPI.

Discussion
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Fig. 1 (continued)

strains from Mayotte Island. Lebeau et al. (2011) reported that Hawaii 7996 was resistant to two of the phylotype I strains, one of the phylotype IIA strains but none
of the phylotype IIB or III strains in the Core-Rs2
collection, which is a core-collection of 12 strains representative of the four RSSC phylotypes diversity
(Lebeau et al. 2011). Similarly, in the current study
Hawaii 7996 demonstrated high resistance to the three
phylotype I strains and moderate resistance to two of the
three phylotype II strains (MLI85–15 and MLI87–15).
The accessions TML46, CLN1463 and R3034, which
are genetically related to Hawaii 7996 (Daunay et al.
2010), responded similarly to Hawaii 7996 when challenged with the same phylotype I strains. They were
however susceptible to highly susceptible to the phylotype II strains. While Kunwar et al. (2020) only evaluated one phylotype I strain and one phylotype II strain
they found that Hawaii 7996, as well as two other
Hawaii accessions (Hawaii 7997 and Hawaii 7998)
were moderately resistant to both strains. The current

results provide further evidence that Hawaii 7996 is to
date, the best tomato genitor against phylotype I strains
and many phylotype II strains of RRSC.
Among the eggplant accessions, Ceylan SM 164 was
highly resistant (no wilting) to all the RSSC strains from
LA including MLI85–15, a strain that in this study was
highly aggressive on most of the Core-TEP accessions
evaluated. SM6 was also highly resistant to MLI85–15.
Except for MLI85–15, Surya and AG 91–25 were moderately resistant to highly resistant to the other LA
strains. Our results are consistent with previously reported screenings of these four accessions against RSSC.
Subedi (2015) reported that Ceylan SM 164, SM6,
Surya and AG91–25 were resistant to all six phylotype
I RSSC strains that they evaluated from South Asia,
with a mean percent wilt of 5% or less. Lebeau et al.
(2011) determined that Ceylan SM 164, SM6 and Surya
were resistant to 75%, 58% and 92% of the 12 Core-Rs2
strains they tested, which included strains belonging to
phylotypes I, II and III. Similarly, Ceylan SM 164 and
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Surya were resistant to a set of seven phylotype I and
two IIA RSSC strains from Ivory Coast (N’Guessan
et al. 2012). However, Lebeau et al. (2011) found that
AG91–25 was susceptible to 50% of the Core-Rs2
strains, most of which were phylotype III or IIB. Likewise, N’Guessan et al. (2012) determined that two of the
seven phylotype I strains that they tested were able to
bypass the resistance of AG 91–25. These four accessions (Ceylan SM 164, SM6, Surya and AG 91–25) are
therefore outstanding accessions for resistance towards
many bacterial strains, even if their susceptibility towards a few strains has been reported. These accessions
can also be used as genitors of resistance in breeding
programs or directly as rootstocks of susceptible
varieties.
The pepper wilt severity profiles were similar across
all accessions tested in the current study. All pepper
accessions except Yolo Wonder (the susceptible control) were resistant to all the phylotype I strains and one
phylotype II strain (MLI86–15). Overall the pepper
accessions were less susceptible to the most aggressive

strain (MLI85–15) compared to the tomato and eggplant
accessions with 50% of the pepper accessions being
susceptible compared to 83% and 55% of the tomato
and eggplant accessions, respectively. Amongst all the
pepper varieties, CA8 and MC4 had good resistance
against all six strains from LA.
To begin to validate Hawaii 7996 and Ceylan SM
164 as rootstocks for tomato production in LA we
grafted them to three bacterial wilt susceptible tomato
varieties (Florida 91, Celebrity and BHN 602) commonly produced in LA. These grafted plants were produced
under greenhouse conditions and challenged with a
mixture of the six RSSC strains described in this study
and after 19 days all the plants grafted to Hawaii 7996
wilted and died (data not shown). We hypothesize that
plants grafted to Hawaii 7996 died within 19 days due to
the presence of the phylotype II strain MLI86–15 in the
mixture, as this strain was the only strain that killed
Hawaii 7996 in the current study. The plants grafted to
Ceylan SM 164 showed no wilting symptoms after
50 days (data not shown) and warrants it being tested
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Fig. 2 Mean area under the disease progress stairs (AUDPS) and
associated 95% confidence intervals (CI) based on time profiles of
the relative treatment effects of Core-TEP accessions (including
susceptible controls) inoculated with strains of the Ralstonia

solanacearum species complex isolated from Louisiana. The
dashed line is the AUDPS (= 12) when the RTE is at 0.5 for all
time evaluation points

in production fields in that are naturally infested with
phylotype I and II strains.

additional surveys are recommended to determine the
full extent of strain diversity in LA.
Although the experiment was not repeated, based on
our data, we postulate that for pepper, several accessions
provide moderate resistance to LA RSSC strains and are
potential candidates as rootstocks for susceptible pepper
cultivars. For tomato and eggplant crops in LA, tomato
Hawaii 7996 and eggplant Ceylan SM 164 would be the
best accessions for controlling bacterial wilt of both crops
given their reciprocal graft compatibility. In addition to
Ceylan SM 164, three other eggplant cultivars (SM6,
Surya and AG91–25) could also provide high to moderate resistance. Additional studies to determine if cultivars
grafted to Hawaii 7996 or Ceylan SM 164 produced in
naturally infested fields in LA respond in a similar manner to those artificially challenged in the greenhouse are
needed. In addition, Hawaii 7996 may not be a good
candidate if strain MLI86–15 is the predominant strain
in the field or production greenhouse. The presence of
latent infections in the grafted plants and the impact of
these potential infections on disease progression and
pathogen dissemination should also be evaluated before
these resistance rootstocks are deployed commercially.

Conclusion
Identifying any one tomato, eggplant, or pepper accession with resistance to genetically diverse RSSC strains
isolated from naturally infested fields worldwide has
been difficult (Subedi 2015; Lebeau et al. 2011; Lin
et al. 2008; McAvoy et al. 2012; N’Guessan et al.
2012)). By screening the Core-TEP collection we set
out to identify accessions with sufficient resistance to a
collection of RSSC strains from LA that could then be
grafted to popular, but bacterial wilt susceptible tomato
(i.e. ‘Creole’), eggplant and pepper varieties, grown for
commercial production in LA. We cannot rule out the
presence of additional genetically diverse strains in LA
that would induce a different response to the accessions
tested in this study. The survey of production fields and
greenhouses in LA that yielded the strains tested in this
study (Jimenez Madrid et al. 2019) was the first to be
conducted to assess RSSC diversity in the state and
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Table 4 Adjusted P values for multiple comparisons of Louisiana
strains of the Ralstonia solanacearum species complex after a
Kruskal-Wallis test of their differences in aggressiveness
Pairwise comparison
Strain 2

Adjusted P valuez

MLI85-15

MLI71-15

0.00338

MLI86–15

MLI71–15

0.00338

MLI87–15

MLI71–15

0.0102

MLI85–15

MLI75–15

0.0152

MLI86–15

MLI75–15

0.0152

MLI87–15

MLI75–15

0.0323

MLI85–15

WLS-2

0.0363

MLI86–15

WLS-2

0.0300

MLI85–15

MLI71–15

0.0129

MLI85–15

MLI75–15

0.00615

MLI85–15

WLS-2

0.0129

Strain 1
Tomatoy
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