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Ralstonia solanacearum is a phytopathogenic bacterium that colonizes the xylem vessels of host plants leading to a

lethal wilt disease. Although several studies have investigated the virulence of R. solanacearum on adult host plants,

infection studies of this pathogen on the seedling stages of hosts are less common. In a preliminary observation, inocu-

lation of R. solanacearum F1C1 on 6- to 7-day-old tomato seedlings by a simple leaf-clip strategy resulted in a lethal

pathogenic condition in seedlings that eventually killed these seedlings within a week post-inoculation. This prompted

testing of the effect of this inoculation technique in seedlings from different cultivars of tomato and similar results were

obtained. Colonization and spread of the bacteria throughout the infected seedlings was demonstrated using gus-tagged

R. solanacearum F1C1. The same method of inoculating tomato seedlings was used with R. solanacearum GMI1000

and independent mutants of R. solanacearum GMI1000, deficient in the virulence genes hrpB, hrpG, phcA and gspD.

Wildtype R. solanacearum GMI1000 was found to be virulent on tomato seedlings, whereas the mutants were found

to be non-virulent. This leaf-clip technique, for inoculation of tomato seedlings, has the potential to be a valuable

approach, saving time, space, labour and costs.
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Introduction

Ralstonia solanacearum is a Gram-negative phytopathogenic
bacterium that causes a lethal wilt disease in more than
450 plant species belonging to 54 botanical families of
angiosperms (Hayward, 1991; Elphinstone, 2005; Wicker
et al., 2007; Genin, 2010). The bacterium, which was
previously known as Pseudomonas solanacearum, has a
wide geographical distribution. Because of its complex
pathogenicity leading to a lethal wilting disease in many
different plants, several laboratories around the world
are engaged in research related to this bacterium (Mans-
field et al., 2012).
The bacterium is soilborne and has a wide genetic

diversity among the strains that are described under the
R. solanacearum species complex (RSSC). In the presence
of a suitable host, the bacterium invades through roots
and colonizes the xylem. From the xylem it spreads
through the entire host plant before causing wilting and
death of the plant. Molecular genetic studies of
R. solanacearum have provided valuable insights into its
pathogenicity mechanisms, such as different protein

secretion systems (Liu et al., 2005; Poueymiro & Genin,
2009), cell-to-cell signalling molecules (Flavier et al.,
1997a,b; Kai et al., 2015), exopolysaccharides (Cook &
Sequeira, 1991; Huang & Schell, 1995) and two-compo-
nent regulatory systems (Clough et al., 1997; Aldon et al.,
2000). However, several questions about pathogenesis
mechanisms of this bacterium still remain to be answered.
For example, although it is known that the bacterium col-
onizes the whole plant before causing wilting, the switch
from the colonization phase to virulent phase inside the
plant is not well understood. In addition, the mechanism
through which the pathogen avoids infecting host tissues
immediately after its entry and hold backs from coloniz-
ing the vascular system before causing wilting are not
known, nor is the influence of other plant-associated bac-
teria on the R. solanacearum infection mechanism.
In most laboratories, infection studies of

R. solanacearum on tomato host plants use one of two
methods: soil drenching or stem inoculation. Both these
methods require fully grown tomato plants for the infec-
tion study. Prior to infection, tomato seedlings are first
grown for c. 45 days to the plantlet stage in a green-
house at optimum temperature and humidity. Comple-
tion of an infection study using either of these two
strategies takes at least 60 days. Furthermore, because
plantlets are grown in pots containing soil, association of
the plantlets with soil microbiota including other bacte-
ria cannot be avoided. These soil microbiota may
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interfere with the infection process as well as subsequent
observations, meaning that disease profiles may not be
due to R. solanacearum inoculation alone.
There have been previous studies of bacterial wilt pro-

gression using tomato seedlings (Pradhanang et al.,
2000). In the authors’ laboratory, a study of infection by
R. solanacearum F1C1 (Kumar et al., 2013) by a root-
inoculation method, under axenic conditions, demon-
strated its pathogenicity in 6–7-day-old tomato seedlings
of tomato cultivar S-22 (Evergreen Seed) (Kumar, 2014).
However, the presence of disease symptoms could not be
observed in seedlings of other tomato cultivars using the
same method. In adult rice plant leaves, leaf-clip inocula-
tion of Xanthomonas oryzae pv. oryzae, a vascular
pathogen, has been regularly used to study bacterial leaf
blight of rice (Kauffman et al., 1973; Ray et al., 2000).
Therefore, the aim of the present study was to determine
the effectiveness of a similar leaf-clip method to inocu-
late 6–7-day-old tomato seedlings with R. solanacearum
for rapid investigations of virulence. A gus-tagged strain
(encodes b-glucuronidase) of R. solanacearum F1C1 was
also inoculated into seedlings by the same technique to
confirm colonization of the infected seedlings. To vali-
date potency of the technique, R. solanacearum
GMI1000 and mutants deficient for important virulence
genes (hrpB, hrpG, phcA and gspD) were used.

Materials and methods

Bacterial strains and growth media

Bacterial strains, plasmids and their specific characteristics used

in this study are listed in Table 1. Ralstonia solanacearum was

grown in BG medium (Boucher et al., 1985) supplemented with

0.005% 2,3,5-triphenyl tetrazolium chloride (TZC; Himedia) and
0.5% glucose. Escherichia coli was grown in LB medium (Bertani,

1952) at 37 °C, and 1.5% agar was added for LB agar medium.

Concentrations of antibiotics used were as follows: ampicillin

(Amp; 50 lg mL�1), spectinomycin (Spc; 50 lg mL�1) and
rifampicin (Rif; 50 lg mL�1). All antibiotics were bought from

Himedia.

Germination of tomato seedlings and transfer to
microcentrifuge tubes

For the germination process, seeds of tomato cultivar NS812

(Namdhari Seeds) were pre-soaked in sterile distilled water and
then germinated on sterile wet tissue paper in a plastic tray

(Fig. 1a,b) in a growth chamber (Orbitek) maintained at 28 °C,
75% relative humidity with a 12 h photoperiod. Distilled water

was sprinkled regularly to sustain the germination process. Each
7-day-old seedling was transferred to a sterile 1.5–2 mL cen-

trifuge tube containing 1–1.5 mL distilled water (Fig. 1c).

Inoculation of tomato seedlings with R. solanacearum
F1C1 and some nonpathogenic bacteria

Tomato seedlings of cultivar NS812 (7 days old) in microfuge

tubes were inoculated with R. solanacearum F1C1 or the non-

pathogenic bacteria Bacillus subtilis, Escherichia coli or Pseu-
domonas putida by a leaf-clip method described below.

Preparation of bacterial inoculum
A loopful of bacteria from a colony of wildtype

R. solanacearum F1C1, freshly grown on a plate containing BG
agar, was added to 50 mL BG broth and incubated at 28 °C in

a shaking incubator (Orbitek). After 24 h, cultures were cen-

trifuged at 3155 g for 15 min. Pellets were resuspended in sterile
distilled water to obtain a bacterial concentration of

c. 109 CFU mL�1.

Pseudomonas putida, E. coli and B. subtilis were grown as

described above, but E. coli and B. subtilis were cultured in LB
at 37 °C. After 24 h the inoculum was prepared as for

R. solanacearum F1C1.

Inoculation by leaf clipping
A pair of sterile stainless steel scissors was dipped in the

bacterial suspension (c. 109 CFU mL�1) every time prior to clip-

ping off one-third of a leaf from the tip region in each seedling.

Forty tomato seedlings were inoculated for each bacterial spe-
cies. As a control, 40 seedlings were ‘mock-inoculated’ with

sterile distilled water in the same way. Inoculated seedlings were

transferred to a growth chamber (Orbitek) maintained at 28 °C,
75% relative humidity and a photoperiod of 12 h. Seedlings
were analysed and observations were recorded each day until

10 days post-inoculation.

Table 1 Bacterial strains used in this study

Strain Characteristics Reference

Ralstonia solanacearum

F1C1 Wildtype virulent strain, phylotype I in

India, isolated from a wilted chilli plant

collected from a field at Tezpur

University, Tezpur, India

Kumar et al.

(2013)

TRS1001 Rifr, Vir+ strain derived from F1C1 Kumar (2014)

TRS1002 GUS +ve, Vir+, Rifr, Spcr, derived from

TRS1001 after Tn5gusA11 insertion in

an unknown locus in the genome

Kumar (2014)

GMI1000 Wildtype, phylotype I Salanoubat

et al. (2002)

GMI1525 hrpB mutant of GMI1000, deficient in

type III protein secretion system and in

virulence

Genin et al.

(1992)

GMI1755 hrpG mutant of GMI1000, deficient in

type III protein secretion system and in

virulence

Valls et al.

(2006)

GMI1605 phcA mutant of GMI1000, deficient in

exopolysaccharide and in virulence

Genin et al.

(2005)

GRS465 gspD mutant of GMI1000, deficient in

type II protein secretion system and in

virulence

Liu et al.

(2005)

GRS445 prhG mutant of GMI1000, mild virulence

deficiency

Plener et al.

(2010)

Escherichia coli

DH5a F� Φ80lacZDM15 D(lacZYA–argF) U169

recA1 endA1 hsdR17 (rK�, mK+)

phoAsupE44 k� thi-1 gyrA96 relA1

Laboratory

collection

TP003 S17-1 carrying Tn5gusA11 in a suicide

plasmid

Laboratory

collection

Bacillus subtilis Laboratory

collection

Pseudomonas putida Laboratory

collection
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Inoculation of different cultivars of tomato seedlings
with R. solanacearum F1C1

Seedlings of eight commercially available cultivars of tomato
were tested by leaf clip inoculation with R. solanacearum. These

cultivars were Badshah (Nunhems), Akhilesh, PHS-7799 and

Vijay (Param Hybrid Seeds), NS812 (Namdhari Seeds), SHV22

(Sahavi Hybrid Seeds), Navoday (Durga Seed Farm) and Classic
(Classic hybrid seeds). The seeds of all these cultivars were ger-

minated and prepared for inoculation as described above.

Ralstonia solanacearum F1C1 inoculum was prepared as
described above. For each cultivar, 40 seedlings were inoculated

with R. solanacearum F1C1 by the leaf-clip method and 40

seedlings were treated with sterile distilled water as controls.

The inoculated seedlings were observed up to 10 days post-
inoculation. The experiment was repeated at least three times.

Inoculation of tomato seedlings with different titres of
R. solanacearum F1C1

Tomato seedlings (NS812) were inoculated with different titres of

R. solanacearum F1C1 by leaf clipping to determine the effect of

dilution on the progression of disease symptoms on the inoculated

seedlings. A fresh culture of R. solanacearum F1C1 was cen-
trifuged, as described previously, and resuspended in sterile dis-

tilled water to give a concentration of c. 109 CFU mL�1. The

bacterial suspension was serially diluted in sterile distilled water
to obtain 108, 107, 106 and 105 CFU mL�1 of R. solanacearum
F1C1. The methodology and evaluation of the infection process

was as described above.

Creation of gus-tagged R. solanacearum

Ralstonia solanacearum F1C1 was tagged with the reporter gene
gus by biparental mating between E. coli TP003 and

R. solanacearum TRS1001 (a spontaneous rifampicin-resistant

strain of F1C1) using small modifications to the method of Ray

et al. (2000). The former carries a constitutively expressed gus
gene in a Tn5 transposon (Wilson et al., 1995), which is a mini-

transposon and is part of a conjugable suicide plasmid. The donor

(TP003), grown in LB + Spc at 37 °C for 24 h, and the recipient

(TRS1001), grown in BG + Rif at 28 °C for 24 h, were each cen-
trifuged at 3155 g (5804R; Eppendorf) for 10–15 min. The super-

natants were removed and the pellets were resuspended in an

equal volume of sterile water. Bacteria were pelleted again by

repeating the centrifugation procedure. The supernatants were
discarded and the pellets suspended in one tenth original culture

volume of sterile water. Fifty microlitres of the suspended

TRS1001 culture was put onto BG agar in a Petri dish and left

inside a laminar air flow cabinet for 1 h to dry. TP003 cells were
removed with a sterile toothpick and mixed with TRS1001. Both

the donor and the recipient were spotted separately onto BG agar

as controls. The plates containing bacteria were incubated at
28 °C for 48 h. Subsequently, the mixed bacteria were removed

by scraping the agar surface with a sterile loop and the cells were

suspended in 150 lL sterile water, vortexed and spread onto

BG+Rif+Spc plates. After 48 h, the transconjugants were checked
for ampicillin sensitivity by streaking on BG+Rif+Spc and

BG+Rif+Spc+Amp plates separately.

Colonies sensitive to ampicillin were checked for the presence of

gus activity. In a 1.5 mL microcentrifuge tube, a loopful of bacteria
from an ampicillin-sensitive colony was added to 120 lL sterile

water and vortexed for 30 s. One microlitre of X-gluc

(100 mg mL�1 dissolved in dimethyl formamide) was added and
incubated at 37 °C for 30 min. Appearance of blue colour in the sus-

pension confirmed the presence of gus in the new strain (TRS1002).

The wildtype F1C1was negative for the gus assay, as anticipated.

GUS staining of tomato seedlings

About 20 seedlings (6–7 days old) of tomato cv. NS812 were
inoculated with gus-tagged R. solanacearum (TRS1002) by leaf

(a) (b)

(c)

(d)
(e)

(f)

Figure 1 A schematic diagram showing the

leaf-clip inoculation of tomato seedlings with

Ralstonia solanacearum. (a) Tomato seeds

are pretreated with sterile distilled water. (b)

Imbibed seeds are transferred to a sterile

and wet tissue paper bed, spread out and

allowed to germinate in a growth chamber

(28 °C; 75% RH) until the seedling stage. (c)

6–7-day-old seedlings are each transferred

to sterile microfuge (1.5–2 mL) tubes

containing 1–1.5 mL sterile distilled water.

(d) A pair of sterile scissors (stainless steel)

is dipped in inoculum. (e) After every

dipping, one-third of each cotyledon leaf,

from the tip, is clipped off. Inoculated tomato

seedlings are subsequently transferred to a

growth chamber maintained at optimum

conditions (28 °C; 75% RH; 12 h light/12 h

dark). (f) After 7–9 days, 70–80% of infected

tomato seedlings are generally observed to

have died. [Colour figure can be viewed at

wileyonlinelibrary.com]
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clipping; as a control, R. solanacearum F1C1 was inoculated

using the same procedure.
The tomato seedlings were stained with 0.5 mg mL�1 X-gluc

(in 50 mM sodium phosphate buffer pH 7.0, 10 mM EDTA pH

8.0, 0.1% Triton X-100) following a modified method of Jeffer-

son et al. (1987): the seedlings were washed several times with
sterile water to remove surface-adhered bacteria and were steril-

ized using HgCl2 (0.04%) and 70% ethanol. Surface-sterilized

seedlings were transferred to 2 mL microcentrifuge tubes con-
taining X-gluc solution and left for 24 h at 37 °C. Seedlings

were then washed with sterile water and further immersed in

70% ethanol for 3–4 h to improve visualization of the GUS

staining.

Studies on R. solanacearum virulence functions

Forty seedlings (6–7 days old) of tomato cultivar Marmande

(LIPM) were inoculated by the leaf clipping method with wildtype

R. solanacearum GMI1000 (Salanoubat et al., 2002) and some of
its derivative strains that carry independent mutations in the

hrpB, hrpG, gspD and phcA genes. The controls were 40 seed-

lings that were clipped but not inoculated with bacteria, and 40

seedlings that were not clipped or inoculated. A Kaplan–Meier
survival probability [S(t)] curve was calculated for seedlings inoc-

ulated with each strain (Kaplan & Meier, 1958). Additionally,

the tomato seedlings were inoculated with another strain of

GMI1000 that harboured a mutation in the prhG gene.

Results

Ralstonia solanacearum F1C1 infects tomato seedlings
upon inoculation by leaf clipping

Susceptibility of the tomato seedlings to R. solanacearum
using a leaf-clip inoculation method was investigated.
The disease symptoms in the seedlings were observed
from the third day post-inoculation onwards. By the
tenth day post-inoculation, about 70–80% of seedlings
inoculated with R. solanacearum were dead. The viru-
lence was significant and repeatable.
To check whether the death of the seedlings was due

to the pathogenicity of R. solanacearum and not merely
due to the presence of bacteria, seedlings were inoculated
with B. subtilis, E. coli and P. putida, known to be non-
pathogenic to plants. Seedlings were not affected by
inoculation with the nonpathogenic bacteria, suggesting
that the seedling death was due to the pathogenicity of
R. solanacearum F1C1.
To check susceptibility of other cultivars of tomato

towards F1C1, eight cultivars of tomato were tested and
all exhibited susceptibility towards F1C1 by this method
of inoculation. Out of these, three cultivars, Namdhari,
Sahavi and Durga, were inoculated with F1C1 three
times by the same procedure and infection, leading to
death, was observed (Fig. 2) in every experiment.
To test the sensitivity of tomato seedlings further, 7-

day-old seedlings were inoculated with serially diluted
F1C1 inoculum. Disease symptoms were apparent for all
the titres of F1C1 from the third day post-inoculation
onwards. The number of seedlings killed was similar
for 109 CFU mL�1 as for 106 CFU mL�1 (Figure S1;

Table S1), but the susceptibility of seedlings was reduced
at a bacterial concentration of 105 CFU mL�1. However,
it was apparent that even 105 CFU mL�1 could elicit
pathogenicity symptoms similar to the culture of F1C1 at
a titre of 109 CFU mL�1 when inoculated through leaf
clipping.
To confirm that the death of seedlings was caused by

colonization by R. solanacearum, 7-day-old tomato seed-
lings were inoculated by leaf clipping with gus-tagged
R. solanacearum TRS1002. TRS1002 was virulent like
the wildtype F1C1, suggesting that gus insertion had not
affected the virulence of the tagged strain. GUS staining
of the seedlings was performed on the fifth day
post-inoculation as well as the control seedlings to
analyse R. solanacearum colonization in the seedlings.
The seedlings inoculated with TRS1002 stained blue
while the control seedlings (inoculated with untagged
R. solanacearum F1C1) did not show any colour
(Fig. 3). The blue colour observed in the stem indicated
the presence of bacteria in the seedlings. Bacteria were
also detected towards the root region of the seedlings,
indicating that bacteria inoculated via leaf clipping could
colonize and spread to lower parts of the seedling. How-
ever, GUS staining was non-uniform throughout the
seedlings.

Studies on R. solanacearum virulence functions

To further evaluate the leaf-clip inoculation technique
for studying virulence functions of R. solanacearum,
seedlings (7 days old) of tomato cultivar Marmande were
inoculated with wildtype R. solanacearum GMI1000 and
some of its derivative strains that carry independent
mutations in the hrpB, hrpG, gspD and phcA genes. The
Kaplan–Meier survival curve for the virulence assay is
given in Figure 4. The four mutants exhibited signifi-
cantly less virulence on tomato seedlings in comparison
to the wild type (calculated via a log-rank test,
P < 0.05). The additional prhG mutant exhibited higher

Figure 2 Ralstonia solanacearum F1C1 is virulent to seedlings of

different tomato cultivars when inoculated via leaf clipping. Bar chart

shows results of virulence assay after 40 seedlings of three different

tomato cultivars, Namdhari, Sahavi and Durga, were inoculated by leaf

clipping with R. solanacearum F1C1 (109 CFU mL�1). Means and

standard deviations of three experiments are shown.
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virulence on the tomato seedlings (data not shown) than
the other four mutants.

Discussion

Ralstonia solanacearum causes a lethal wilt disease in
numerous plant species. In this study a leaf-clip method
of inoculation of 6–7-day-old tomato seedlings has been
described to study the pathogenicity of this bacterium.
This strategy of inoculation was successfully used to
study the pathogenicity of two different wildtype
R. solanacearum strains (F1C1 and GMI1000) against
different tomato cultivars in two different laboratories.
The advantages of this inoculation technique are as fol-
lows: (i) the study takes c. 20 days starting from seed
germination to completion of the infection process; (ii)

this technique may be used to screen large numbers of
R. solanacearum strains or mutants in a limited space;
(iii) this technique is able to reproduce the infection
assay outcomes previously reported for several virulence
mutants, such as hrpB, hrpG, gspD, phcA or prhG,
using the more natural soil-drenching inoculation
method; (iv) the infection process avoids interference by
other bacteria/microbiota from the soil during the infec-
tion process; and (v) this strategy might prove advanta-
geous for colonization studies of R. solanacearum in
tomato seedlings.
Ralstonia solanacearum is a vascular pathogen and so,

for pathogenicity studies, most investigators choose to
infect adult plant hosts with well-developed xylem ves-
sels. Thus, there is no clear mention in previous literature
about the pathogenicity of this bacterium towards

(a) (b)

(c)

Figure 3 GUS staining of infected tomato

seedlings 5–6 days after inoculation by leaf

clipping with Ralstonia solanacearum

TRS1002 (gus-tagged). (a) Blue staining of

infected seedlings was non-uniform, with

clumps of blue stain throughout the

seedlings. (b) GUS staining of control

seedlings (without TRS1002 inoculation),

which remain colourless. (c) An enlarged

image of an infected seedling showing blue

stain due to GUS activity. [Colour figure can

be viewed at wileyonlinelibrary.com]

Figure 4 Kaplan–Meier survival probability

[S(t)] curve for a virulence assay performed

on tomato seedlings inoculated by leaf

clipping with wildtype Ralstonia

solanacearum GMI1000 and four mutants.

The GMI1000 mutants carried independent

mutations hrpB, hrpG, gspD, phcA and

exhibited virulence deficiency on tomato

seedlings. All mutants were found to be

significantly deficient in virulence compared

to the wildtype GMI1000 (P < 0.05; log-rank

test).
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seedlings (possessing vascular tissues at early stages of
development). Therefore, the present study of the
pathogenicity of R. solanacearum towards 6–7-day-old
tomato seedlings inoculated by leaf clipping is impor-
tant. It has been observed that R. solanacearum elicited
disease symptoms in the seedlings at the site of inocula-
tion and these symptoms gradually spread downward to
the root region. This indicates that the bacterium is cap-
able of causing disease at the site of entry, soon after
invading the tissue, and may not have to colonize the
entire seedling for the development of the disease symp-
toms in the seedlings. Further, this study also suggests
that the bacterium can move from leaves to other parts
of the seedling downward, comparable to the migration
of X. oryzae pv. oryzae in its host (Chatterjee et al.,
2003).
The virulence study on seedlings documented here

might be helpful in understanding the in planta gene
expression pattern of R. solanacearum. Strains that car-
ried independent mutations in the hrpB, hrpG, gspD
and phcA genes were shown to have reduced virulence
on the seedlings. This result is in agreement with previ-
ous studies of these mutants on tomato plants (Brumbley
& Denny, 1990; Genin et al., 1992; Brito et al., 1999;
Vasse et al., 2000; Lin et al., 2008). In addition, the
prhG mutant exhibited higher virulence on the tomato
seedlings (data not shown) than the other four mutants,
confirming the findings from a previous virulence study
on mature tomato plants that used a soil drenching inoc-
ulation method (Plener et al., 2010). Taken together,
these observations suggest that the leaf-clip inoculation
technique on seedlings is able to reproduce disease
symptoms similar to those previously observed with vir-
ulence mutants on mature plants. It can therefore be
considered as a rapid and sensitive inoculation strategy
to study different virulence functions of this pathogenic
bacterium.
There have been studies identifying genes that are

expressed when the bacterium is inside the plant (Vasse
et al., 2000; Jacobs et al., 2012; Monteiro et al., 2012).
It is known that, apart from the pathogen, many endo-
phytes are also present inside the vascular tissues of the
plant (Achari & Ramesh, 2014; Upreti & Thomas,
2015). The role of these endophytes in modifying bacte-
rial wilt symptoms is unknown, but cannot be over-
looked. It might be that several of the genes induced in
the pathogen after entering the host tissue are actually
required for its coexistence with the endophytes already
present inside the xylem; the seedling assay described
here may prove useful in elucidating this. In addition,
the leaf-clip method could be used for coinoculations to
study the synergistic or antagonistic effects of endophytic
bacteria on the bacterial wilt pathogen.
It is important to note that there is a recent report

that showed infection of tomato seedlings by
R. solanacearum (Thomas & Upreti, 2014). However,
unlike this previous study, the present method has
avoided contact of the tomato seeds with the soil, start-
ing from seed germination to infection assay completion.

Thus, this approach minimizes the possibility of colo-
nization of the seeds by soil bacteria other than endo-
phytes already associated with them.
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