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Abstract

Healthy and Ralstonia solanacearum-inoculated tomato genotypes susceptible or resistant to bacterial wilt including recombinant

inbred lines (RILs) deriving from a cross between the resistant genotype Hawaii7996 and the susceptible Wva700 were compared for

symptom and bacterial population development, and for the composition and structure of pectic polysaccharides and arabinogalactan

proteins (AGPs) of xylem cell walls by immunological staining of tissue prints. Constitutive differences were observed between resistant

and susceptible RILs, with a higher degree of methyl-esterification of homogalacturonan (HG) detected by antibody JIM7 in the

resistant plants. After inoculation, decreased methyl-esterification of HG indicated by stronger labeling with antibody JIM5 was

observed in all susceptible genotypes and in five of eleven resistant genotypes, with a clear increase in the non-blockwise de-esterification

pattern of HG (LM7) only in the susceptible lines, indicating the mode of action of the pectinmethylesterase of R. solanacearum. In the

susceptible lines infection generally leads to increased branching of rhamnogalacturonan I indicated by the detection of arabinan (LM6)

and galactan (LM5) side chains, and of arabinogalactan protein (LM2), while only few of the resistant genotypes reacted with changes in

these epitopes. All the resistant, symptomless genotypes contained relatively high pathogen populations in stems. A clear relation

between cell wall composition and degree of latent infection of resistant genotypes was not found.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Bacterial wilt caused by Ralstonia solanacearum ranks as
one of the world’s most important phytopathogenic
bacteria prevalent in tropical and subtropical regions of
the world, but is also a threat in temperate climates [1,2].
R. solanacearum [3,4] is a soilborne, Gram-negative, aerobic,
motile rod that naturally infects roots [5,6], and causes
bacterial wilt in more than 450 crop species, among them
tomato as one of the economically most important hosts [7].

Owing to the lack of reliable means of control, it is
difficult to restrict the disease, once it appears [8]. Only a
holistic approach combining multiple measures in an
e front matter r 2006 Elsevier Ltd. All rights reserved.
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integrated disease management strategy can reduce the
losses [9,10]. Among the control strategies, breeding for
resistance is one of the main approaches to control the
disease, but although this has led to good levels of site-
specific resistance, breakdown of resistance is frequently
observed in tomato cultivars grown under the heat stress of
the lowland humid tropics, away from the areas, where the
resistant line was developed [11,12]. The variability of the
pathogen and the continuous evolution of new and more
virulent strains also play a role in breakdown of resistance
[2,13,14], and, therefore, for most solanaceous crops only
tolerance to the disease could be achieved on a regional
level under conditions not too hot or wet [10].

R. solanacearum is known to latently infect and colonize
host plant genotypes without causing wilt symptoms. These
genotypes may be classified as resistant, hindering growth
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and/or development of the pathogen, or tolerant, able to
endure the presence of the pathogen in high numbers
without development of disease symptoms and damage
[15]. Resistance to bacterial wilt has been defined in the
past as a high percentage of plant survival under a certain
infection pressure. However, latent colonization of
R. solanacearum without obvious wilting symptoms has been
reported in some resistant cultivars of tomato [6,9,16–19].
Thus, resistant plants are often partially colonized by the
pathogen and show reduced damage by the disease [19].

In tomato, resistance against bacterial wilt has been
reported to be polygenic, with numerous QTL involved in
resistance, including markers spanning a large region of
chromosome 6 [20,21]. Since the number of identified QTL
is high and they are linked to undesired characteristics,
their transfer into one cultivar has been unsuccessful. Some
highly resistant tomato breeding lines such as Hawaii7996,
which are only susceptible to very few strains, do not
produce large fruits [22, Wydra, unpublished]. Thus, some
limited knowledge exists on the genetic background of
resistance to bacterial wilt, but the physiology
and histology of host response to infection and bio-
chemical factors involved in resistance still remain largely
unknown [10].

Preformed resistance mechanisms usually include struc-
tural, morphological and chemical factors such as quality
of cuticle (thickness, quantity and quality of waxes), and
cell wall characteristics (thickness and composition) acting
as barriers and providing resistance against potential
invaders, while chemical compounds such as phytoantici-
pins may be directly toxic, or indirectly after transforma-
tion [23–26]. On the other hand, after the penetration of the
pathogen, induced processes are initiated. A complex
signaling network involving cytosolic Ca2+ and H+ ions,
reactive oxygen intermediates (oxidative burst), jasmonate,
salicylic acid and ethylene triggers the induction of defense
mechanisms [27]. Lignification and the production of other
structural barriers in cell walls, e.g. the formation of
calcium bridges between pectin chains, were observed in
many plant species following attempted infection by
pathogenic organisms [28,29].

As the skin of the plant cell, the wall participates in
adhesion, cell–cell signaling, numerous growth and differ-
entiation processes and defense. The wall of enlarging plant
cells is composed of approximately 30% cellulose, 30%
hemicellulose, and 35% pectin, with perhaps 1–5%
structural protein on a dry weight basis. Pectin forms a
gel phase in which the cellulose–hemicellulose network is
embedded. Pectic polysaccharides are the most soluble of
the wall polysaccharides and constitute a heterogeneous
group. Some pectins have a relatively simple primary
structure such as homogalacturonan (HG), a linear
polymer of (1-4) a galacturonic acid esterified to various
degrees with methyl, acetyl, and some unidentified groups
[30,31]. Rhamnogalactouronan I (RGI), another
pectic polysaccharide, is composed of repeating subunits
of (1-2) a-L-rhamnosyl-(1-2)-a-D-galacturonyl disac-
charides, and is highly diverse in structure and composi-
tion, with side chains of variable length of arabinan,
galactan and arabinogalactan. The size of RGI is reported
to range from 500 to 2000 kDa [32]. Pectins are subject to a
number of modifications that alter their conformation
and linkage in the wall, and this could explain the changes
in pectins with the onset of resistance mechanisms [33].
HG derived oligogalacturonides generated by pectinolytic
cleavage are involved in signaling processes during
development and in defense responses to plant pathogens
[34–36].
Another important component of the extracellular

matrix in cell wall architecture are arabinogalactan-
proteins (AGPs). AGPs are highly glycosylated cell surface
proteins which play a role in plant growth and develop-
ment [8]. They form a large and diverse group of
macromolecules in plants and are described as extracellular
proteoglycans composed of a hydroxyproline polypeptide
backbone to which branched 1,3:1,6 galactan chains are
attached by O-glycosidic bonds. The galactan is substituted
by arabinose residues and minor amounts of glucose,
uronic acids, xylose and rhamnose, and membrane-
associated glycoproteins [37–39]. At the tissue level, AGPs
are—among other tissues—especially abundant in the
xylem. In this tissue they are associated with, and
hypothesized to function in secondary cell wall thickening
and programmed cell death of xylem cells in order to allow
for water transport [40,41]. AGPs belong to the hydro-
xyproline-rich glycoproteins, which were reported to be
often involved in resistance reactions of the plant [41].
Alterations in cell wall components such as pectic

polysaccharides or AGPs as well as lignification and
metabolic alterations of cells at infection sites were
suggested by various authors to play a role in pathogen
defense and, specifically, in basic resistance [29,41–44]. Cell
wall thickening is a common feature of plant resistance
mechanisms and was reported for tomatoes affected by
vascular wilt disorders due to fungal infection [29,45].
AGPs might also contribute to cell wall strengthening by
association with other cell surface molecules or with one
another. For example LeAGP-1 was reported to interact
with pectin by clusters of basic amino acid residues or by
Ca2+-mediated binding. However, it remains doubtful
whether these bindings are strong enough to play a role in
xylem cell wall strengthening and therefore in induced
resistance [8,41].
Isolation of the cell wall polysaccharides from tomato

stems yielded a fraction containing almost all polysacchar-
ides present and few other components [46]. Tomato
pectins were revealed to possess long branches, the
existence of which was not known previously [47]. The
neutral components of pectin belong to the most variable
biological molecules and were therefore chosen for further
studies on their involvement in the resistance reaction. HGs
differing in the degree of methyl-esterification extracted
from potato genotypes were reported to be related to
resistance to Erwinia carotovora ssp. carotovora [33].
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Electronmicroscopic studies on R. solanacearum devel-
opment in stems showed that the limitation of bacterial
spread associated with the resistance of tomato to bacterial
wilt was mainly attributed to an induced, non-specific,
physical barrier [48]. These studies indicated that the
resistance does not arise from an inability of the bacteria to
invade the roots, but rather from a limitation of their
spread from the collar to the mid-stem. Electron-dense
materials of unknown origin accumulated in or around pit
cavities in parenchyma cells next to vessels with bacteria,
and in vessels with bacteria [49]. Plugging the vessels by
bacterial mass [48] and complete occlusion of vessels by
bacteria, ‘gums’ and tyloses [51] have been considered to be
the cause of wilting. It was suggested that the coating
material observed as resistance reaction of vessels cannot
be degraded by the bacteria and limits vascular coloniza-
tion [52]. First indications on the biochemical nature and
origin of this material involved in defense against
R. solanacearum were only recently described and indicated
a possible role of pectic cell wall polysaccharides of
variable structure and composition and of AGP in the
resistance reaction [46].

The increased awareness of the complexity and dynamic
nature of the pectic network has been largely due to the
recent development of appropriate tools such as antibodies
highly specific to epitopes of HG and RGI, which serve to
determine the structural complexity of the cell wall and to
dissect this complexity at the cell biological level. The
recently developed antibodies to defined pectic antigens
and epitopes are important probes for the study of function
and organization of plant cell walls [42,53–59]. Using six
antibodies against epitopes present in pectic polysacchar-
ides and AGP, we studied the modification of the pectic cell
wall components of tomato genotypes after infection by
tissue printing. The imprint is formed by soluble molecules
released at the surface that bind irreversibly to the
membrane, which is subsequently probed with antibodies.
Modifications in pectic epitopes and AGPs of stem cell
walls were studied in relation to symptom development and
latent infection by R. solanacearum in resistant and
susceptible tomato genotypes.

2. Materials and methods

2.1. Plant material

Fifteen tomato genotypes differing in resistance to
bacterial wilt were received from the Asian Vegetable
Research and Development center (AVRDC), Taiwan:
Hawaii7996, CLN2123C, CLN1-3-13, CLN4-22-4, CLN1-
1-12, CLN1-5-12, BL333, NHG13, NHG60, NHG162,
NHG140 as resistant genotypes, and Wva700, L390,
NHG3 and NHG167 as susceptible genotypes. Genotype
King Kong2 [moderately resistant [9] was obtained from
KnownYou Company, Taiwan. The NHG-lines are part of
about 180 recombinant inbred lines (RILs) deriving from a
cross between the susceptible genotype Wva700 and the
resistant Hawaii7996. Seeds were sown in a greenhouse
(20 1C day/night temperature, 14 h of light per day/30K
Lux, 70% RH) and transplanted after 4 weeks to
individual pots with 330 g of soil (Fruhstorfer Erde, Type
P, with 150mg/L N, 150mg/L P2O5, and 250mg/L K2O).

2.2. Reaction of tomato genotypes to bacterial wilt

Bacterial inoculum was produced from the fluidal, highly
virulent R. solanacearum strain To-udk2 (race 1, biovar 3)
obtained from Thailand (N. Thaveechai, Kasetsart Uni-
versity, Bangkok) by streaking a single colony on NGA
agar medium (0.3% beef extract, 0.5% Bacto peptone,
0.25% D-glucose, 1.5% agar) and incubating at 30 1C for
48 h. Cells were harvested from agar plates and a
suspension with an optical density of 0.06 at 600 nm
wavelength, corresponding to about 7.8� 107 colony-
forming units per milliliter (CFU/mL) was prepared.
Ten 4-week-old plants per genotype were inoculated by

soil drenching with 33mL of bacterial suspension per pot,
corresponding to about 107CFU/g of soil, around the base
of the plants directly after transplanting. After inoculation
plants were kept in a climate chamber with 30/27 1C day/
night temperature, 14 h light, and 30K Lux, 85% RH).
Pots were watered after inoculation up to the soil field
capacity without producing a surplus.
Symptom development was evaluated daily as inci-

dence—proportion of dead plants at the evaluation date
out of the total number of plants in the treatment—over a
period of 40 days after inoculation. The mean wilt
incidence of each genotype was calculated and used to
determine the area under wilt incidence progress curve
(AUWiPC) of genotypes based on evaluation dates
according to the following formula [60,61]: AUDPC ¼

P

[(xi+xi�1)/2](ti�ti�1), with xi and xi�1 as wilt incidence
at time ti and ti�1, respectively; ti and ti�1 are consecutive
evaluation dates; and ti�ti�1 was equal to 1.

2.3. Quantification of bacteria in stems

Bacterial numbers were quantified in stems of the
resistant and moderately resistant genotypes as described
by Li and Jan [62]. Detection in susceptible genotypes was
not possible due to early death of plants. Three symptom-
less plants per resistant genotype were randomly harvested
4 weeks after inoculation. The mid-stem pieces (5–10 g)
were surface-sterilized by submerging in 70% ethanol for
less than 1min, rinsed in sterile water, and macerated by
adding about 20mL sterile, distilled water. The macerate
was filtered through cheesecloth and centrifuged for 10min
at 7000g. The pellet was re-suspended in 1mL sterile,
distilled water. Suspensions were serially, tenfold diluted
and 100 mL from at least four dilution levels were plated in
duplicates on triphenyl tetrazolium chloride (TTC) med-
ium: 20 g Bacto peptone, 5 g glucose, 1 g casamino acids,
15 g Bacto agar and 1000mL H2O; after autoclaving,
10mL of filter-sterilized solution of 0.5% (w/v) of 2, 3,
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5-TTC (SERVA, Germany) were added [86]. Typical
bacterial colonies were counted after 48 h of incubation
at 30 1C and calculated as colony forming units per gram of
fresh matter (CFU/g). Identity of colonies was confirmed
by NCM-ELISA and PCR [63].

2.4. Tissue printing

For tissue printing the cut surface of mid-stems from two
plants of each healthy and inoculated treatments 5 days
after inoculation was firmly and evenly pressed onto a
nitrocellulose membrane (ELISA Kit, Biorad, Germany)
for approximately 15–20 s [64,65]. The tissue printing was
repeated three times with newly grown plants, and in each
trial prints were performed in duplicate for each antibody,
to test the repeatability of the method. Each stem material
was tested with six antibodies specific for epitopes of the
pectic polysaccharides HG and rhamnogalacturonan I
(RGI), and for arabinogalactan protein (AGP): JIM5
(low methyl-esterification grade 31–40% of HG), JIM7
(‘high’ methylesterification grade 15–80%), LM7 (non-
blockwise de-esterification of HG), LM5 [(1-4)-b-
D-galactan side chains of RGI], LM6 [(1-5)-a-L-arabinan
side chains of RGI] and LM2 (AGP) (PlantProbes, Leeds,
UK).

After drying the prints at room temperature, the
membrane was blocked by incubation with phosphate
buffered saline (PBS) containing 5% milk powder (MPBS,
pH 7.2) for 1 h prior to incubation in the primary
antibodies diluted 1/10 in MPBS for 1.5 h. After washing
extensively under running tap water and for 10min in PBS
containing 0.1% (v/v) Tween 20 (PBST), membranes were
incubated in the secondary antibody (anti-rat horseradish
peroxidase conjugate, Sigma) diluted 1/1000 in MPBS for
1.5 h. Membranes were washed again as described above
and developed in substrate solution [25mL deionized
water, 5mL methanol containing 10mg/mL 4-chloro-1-
naphthol, 30 mL 6% (v/v) H2O2] until a clear color reaction
developed. All steps were performed at room temperature.
The membranes were evaluated visually on an illuminating
table by grading the color intensity of stained stem imprints
in seven categories: ‘�’ no staining, ‘(+)’ slight staining
visible, ‘+’ staining of vessels, ‘(++)’ clear staining of
vessels, ‘++’ clear staining of vessels and vascular
cambium, ‘(+++)’ staining of vessels, vascular cambium
and piths, ‘+++’ strong staining of the whole stem
imprint including pith. Data of the two replicates and the
three repetitions were compared and their repeatability
confirmed. Representative results are given.

2.5. Statistical methods

Data were processed using analysis of variance in SAS
(SAS System for Windows V8, Release 8.02 TS Level
02M0; 1999–2001, Institute Inc., Cary, USA). For all
analyses a significance level of P ¼ 0:05 or lower was used,
as indicated. The bacterial counts on media, expressed as
CFU/g fresh weight of stem material were log-transformed
and analyzed using parametric analysis procedures in SAS.
A lack of growth on plates of all replications was plotted
on the log scale as one, which gives 0CFUg�1. Tukey’s
studentized range (TSR) test (P ¼ 0:05) was used within
parametric analysis of variance (ANOVA) as incorporated
in SAS version 8.02 to compare AUWiPC data of the
susceptible genotypes and bacterial numbers in stems of the
resistant and moderately resistant genotypes.

3. Results

3.1. Symptom development in tomato genotypes

The 16 tomato genotypes were classified into two
significantly different groups, i.e. resistant and susceptible,
on the basis of the area under the wilt incidence progress
curve (AUWiPC) after inoculation with R. solanacearum

strain To-udk2. Among the RILs, NHG3 and NHG167
were classified as susceptible with AUWiPC 102.273.7a

and 100.773.5a, respectively, with similar AUWiPC as the
susceptible standard genotypes L390 and Wva700 with
98.174.6a and 99.573.3a, respectively. First symptoms
appeared in susceptible genotypes 5 days after inoculation,
and plants were severely attacked 10 days after inoculation,
resulting in plant death. Genotypes Hawaii7996,
CLN2123C, CLN1-3-13, CLN4-22-4, CLN1-1-12, CLN1-
5-12, BL333 and the RILs NHG60, NHG140, NHG13 and
NHG162 did not show any wilt symptoms and were
grouped as resistant. King Kong2 was identified as
moderately resistant in former trials [11].

3.2. Latent bacterial multiplication

R. solanacearum was detected in the mid-stem regions of
symptomless plants of all the resistant genotypes four
weeks after inoculation, with bacterial numbers between
885 and 2.9� 107 colony forming units (CFU)/g stem. The
bacterial population was significantly higher in genotypes
NHG60, NHG140 and King Kong2 than in CLN1-3-13
and CLN2123C, and in CLN4-22-4 than in CLN2123C
(P ¼ 0:0001) (Fig. 1). Among the resistant genotypes,
CLN2123C showed the lowest bacterial density in the stem.
Among the RILs, bacterial numbers ranged from 2.3� 104

to 2.9� 107CFU/g stem, with the lowest level in NHG162.

3.3. Characterization of pectic polysaccharides by

immunochemical stem tissue printing

Inoculated and non-inoculated plants of all genotypes
were characterized for the composition of their pectic cell
wall polysaccharides in stems by stem imprints on
nitrocellulose, stained by monoclonal antibodies specific
to epitopes of pectic polysaccharides or AGP: JIM5 for
low-esterification grade of HG, JIM7 for high esterification
grade of HG, LM7 for non-blockwise methylde-esterifica-
tion of HG, and by antibodies LM5 and LM6 specific to
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(1-4)-b-galactan and (1-5)-a-arabinan epitopes, respec-
tively, in side chains of RGI, and LM2, specific for AGP.

Comparing the constitutive cell wall composition of
resistant and susceptible RILs, tissue prints of the resistant
lines showed higher degrees of esterification of HG than
the susceptible lines NHG3 and NHG167, indicated by
more intense labeling with JIM7 (Table 1). Comparing all
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Fig. 1. Bacterial numbers in mid-stems of asymptomatic plants of tomato

genotypes NHG60, NHG140, CLN4-22-4, NHG13, Hawaii7996, BL333,

NHG162, CLN1-1-12, CLN1-5-12, CLN1-3-13 and CLN2123C (resistant

to R. solanacearum) and King Kong2 (moderately resistant) at 4 weeks

after inoculation with R. solanacearum To-udk2 by soil drenching. Data

are means of 4 plants 7SE. Letters indicate significant differences among

genotypes.

Table 1

Characterization of pectic polysaccharides in xylem vessels of resistant an

solanacearum strain To-udk2 by immuno-tissue printing

Genotypesa Reaction to Rsb JIM5 low ester-HG JIM7 high ester-HG LM7 n

Hc I H I H

CLN2123C R +d ++ +++ +++ �

CLN1-3-13 R + ++ +++ +++ �

CLN1-5-12 R + (++) +++ +++ �

CLN1-1-12 R + ++ +++ +++ �

NHG162 R + + +++ +++ �

BL333 R + + ++ ++ �

H7996 R + ++ +++ +++ �

NHG13 R (++) ++ (+++) +++ �

CLN4-22-4 R + + +++ +++ �

KingKong2 MR + + +++ +++ �

NHG140 R ++ ++ (+++) +++ �

NHG60 R ++ ++ +++ (+++) �

L390 S + ++ +++ ++ �

Wva700 S + ++ +++ +++ �

NHG167 S (++) +++ ++ ++ (+)

NHG3 S + +++ ++ ++ �

Nitrocellulose membranes with imprints were probed with antibodies specific to

esterification patterns (LM7) of HG, arabinan (LM6) and galactan (LM5) sid
aTrial was repeated three times, table shows representative results.
bReaction to R. solanacearum: R ¼ resistant, MR ¼ moderately resistant,

resistant and moderately resistant genotypes are arranged in order of increasin

AUWiPC.
cH ¼ healthy plants, I ¼ R. solanacearum-inoculated plants at 5dpi.
dColor intensity was evaluated in seven categories: �, (+), +, (++), ++
genotypes, the observed constitutive differences in epitopes
of pectic polysaccharides were not clearly related to the
degree of resistance of genotypes, and, generally, differ-
ences in cell wall composition between healthy resistant
and susceptible genotypes were only minor.
After inoculation major changes in staining with all

antibodies were observed in the susceptible genotypes, with
most prominent increases in the de-esterification of HG
indicated by increased staining with JIM5—corresponding
to a lower staining with JIM7 specific for high methyles-
terification-, and in the non-blockwise de-esterification
pattern of HG (LM7) (Table 1), as shown for the
susceptible genotype L390 in Fig. 2. Increases were also
observed in arabinan (LM6) and galactan (LM5) side
chains of RG I and in AGP (LM2). The changes could
clearly be located in xylem vessel walls (Fig. 3). Among the
susceptible genotypes, the de-esterification of HG was
strongest in NHG3. Genotype L390 showed greatest
changes in all tested cell wall components, while another
susceptible genotype, Wva700, only reacted to inoculation
with increases in low-esterified HG and in non-blockwise
de-esterification of HG, but no changes in the side chain
composition of RGI nor in AGP were observed. Among
the eleven resistant genotypes, four showed increases in
low-esterified HG, two in arabinan, three in galactan side
chains of RGI, and two in AGP after inoculation.
Genotypes CLN2123C, CLN1-5-12, CLN1-1-12, BL333,
H7996, CLN4-22-4 and NHG140 did not react with
changes in side chains of RGI, and among them, BL333,
d susceptible tomato genotypes before and after inoculation with R.

-blockwise HG LM5 galactan-RGI LM6 arabinan-RGI LM2 AGP

I H I H I H I

� � � + + + (++)

� � ++ + + + ++

(+) + + + + + +

(+) + + + + + +

� (+) (+) + ++ + +

� + + + + + +

� + + + + + +

(+) + (+++) (+) ++ + ++

� + + + + + +

� � + + (++) ++ ++

(+) + + + + + +

� + (++) + ++ ++ ++

++ + ++ + ++ + ++

(+) + + + + + +

++ + (++) + (++) + (+++)

+ + ++ + + + ++

low esterification (JIM5), high esterification (JIM7) or non-blockwise de-

e chains of RGI and arabinogalactan protein (LM2).

S ¼ susceptible according to their wilt incidence calculated as AUWiPC;

g latent infection in midstems, susceptible genotypes in order of increasing

, (+++), ++.
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Fig. 2. Stem tissue prints of healthy and R. solanacearum-infected plants

of the susceptible tomato genotype L390 stained for structural composi-

tion of plant cell wall polymers with antibodies JIM5 for low-esterification

grade of homogalacturonan (HG), JIM7 for high esterification grade of

HG, LM7 for non-blockwise methylde-esterification of HG, LM5 and

LM6 specific to (1-4)-b-galactan and (1-5)-a-arabinan epitopes,

respectively, in side chains of RGI, and LM2, specific for arabinogalactan

protein (AGP). Infection caused increases in Jim5, LM7, LM2, LM5 and

LM6, and decreases in JIM7, indicating a non-blockwise de-esterification

of HGs, possibly by pectin methylesterase of R. solanacearum, and a plant

reaction in form of increased branching of RGI and production of AGP in

susceptible and some resistant genotypes.

Fig. 3. Stem tissue prints of healthy and R. solanacearum-infected plants

of the susceptible tomato genotype L390 showing degradation of

homogalacturonan (HG) in xylem vessels after infection. Antibody

JIM5 stains HG of low-esterification grade, and LM7 non-blockwise

methylde-esterification of homogalacturonan (HG). Arrows indicate

stained vessels.

Fig. 4. Stem tissue prints of healthy and R. solanacearum-inoculated

plants of tomato genotypes Hawaii7996, NHG60, NHG13, NHG140,

NHG162 (resistant to R. solanacearum) and NHG3, NHG167 and L390

(susceptible) stained with antibody LM7, specific for the non-blockwise

methylde-esterification of homogalacturonan (HG). Strong staining of

inoculated treatments was only observed in susceptible genotypes,

indicating the de-esterification of HG in a non-blockwise mode by pectin

methylesterase of R. solanacearum.

K. Wydra, H. Beri / Physiological and Molecular Plant Pathology 68 (2006) 41–5046
CLN4-22-4, CLN1-5-12 and NHG140 showed no reaction
to inoculation in all the tested cell wall components. The
moderately resistant genotype King Kong2 reacted to
inoculation with increased branching of RGI in form of
galactan and, less, arabinan side chains, but no changes in
esterification of HG occurred.
Evaluating changes in cell wall components of the

resistant and susceptible genotype groups after inoculation,
strong effects of inoculation and high differences in
reaction between resistant and susceptible genotypes were
observed in the increase in non-blockwise de-esterification
pattern of HG (Fig. 4), the increase in low esterification
degree of HG, and, generally, in detection of AGP in
susceptible genotypes, in decreasing order of prominence,
while a more intense staining for galactan side chains of
RGI constituted a minor difference between the genotype
groups.
Comparing latent bacterial populations in resistant

genotypes and cell wall characteristics, only slight tenden-
cies for lower bacterial numbers in stems with higher
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methyl-esterification of HG and less branched RGI, but no
clear relation between bacterial population and cell wall
composition were observed (Fig. 1, Table 1).

4. Discussion

The 16 tomato genotypes were classified as resistant and
susceptible after inoculation with R. solanacearum strain
To-udk2. In all the resistant, completely asymptomatic
genotypes relatively high populations of bacteria were
detected in stems, though with significant differences
among genotypes, with the lowest bacterial concentration
in genotype CLN2123C. Grimault et al. [18] and Vasse et
al. [52] reported a decrease of bacterial density in mid-
stems compared to the collar, and Grimault et al. [17]
correlated the bacterial population in midstems to the
degree of resistance. On the other hand, an additional
restriction of bacterial invasion and/or multiplication at the
root level might play a role as resistance mechanism [9,52].

Several solanaceous species, such as tobacco (Nicotiana

tabacum L.), potato (Solanum tuberosum L.) and also
tomato are known to be symptomless carriers of the
pathogen. Latent populations in some resistant groundnut
cultivars were reported to affect root proliferation and
tolerance to drought [62,66]. Thus, latent infection appears
to be a common trait in bacterial wilt pathogenesis [67].
The different reaction types of plants to latent infections
can be related to resistance levels, and, thus, genotype CLN
2123C might have valuable characteristics to be included in
breeding programs. Nevertheless, genotypes have to be
tested against various, differing strains of R. solanacearum,
which was not the scope of the present study.

Analysing the cell wall structure and composition,
constitutive differences were observed between susceptible
and resistant RILs in the structure of HG, with an HG of
higher degree of esterification in the resistant than in the
susceptible genotypes. Similar observations were reported
when extracted pectic polysaccharides of the healthy
resistant and susceptible genotypes H7996 and L390 were
biochemically analyzed, where a significantly higher degree
of methyl-esterification was observed in the resistant
genotype [46]. Also the immunodot-blot analysis of these
extracted polysaccharides in our former studies confirmed
differences in the structure of HG, with a homogeneous de-
esterification pattern of HG detected in stems of genotype
L390, in contrast to a more blockwise pattern in
Hawaii7996, while both genotypes contained highly
branched RGI with arabinose and galactose side chains.
Though, these differences between the two genotypes were
not equally reflected in the present immuno-tissue print
analysis, which might be due to the different methodolo-
gical approach. In the pectic network of the cell wall, the
epitopes of HG may not always be easily accessible to the
antibodies, and, thus, an extraction of polysaccharides may
reveal other features than an in situ immuno-tissue print
staining which can only detect the soluble fraction of those
polysaccharides, which are transferred to the membrane.
Our observations need to be confirmed with further
resistant and susceptible RILs.
The range of pectic polysaccharides demonstrated by the

presented immuno-tissue prints of stems of tomato is
typical for the presence of highly branched pectins. Also in
roots the chemically determined degree of methylation of
extracted HGs was by a factor of six higher in poly-
saccharides from genotype Hawaii7996 than from L390
[46], which may contribute to the observed lower popula-
tion density of R. solanacearum in roots of the resistant
genotypes [9]. High branching and high degree of methyl-
esterification, especially in a blockwise pattern, is suggested
to make polysaccharides less easily degradable by pathogen
enzymes. A difference in the degree of pectin methylation
determined biochemically was also related to the reaction
of tomato cultivars to Pseudomonas syringae pv. tomato

[68], and, in potato stem tissue, the higher percentage of
methylated and branched pectins has been reported to
correlate with resistance against E. carotovora subsp.
atroseptica [33,69].
To date little is known about the resistance mechanisms

of tomato to bacterial wilt. Chellemi et al. [70] suggested
that the amino and organic acids present in the xylem fluid
of tomato plants may be determinants for resistance
against bacterial wilt disease. But, since pathogen multi-
plication was equally well in the xylem sap collected from
healthy Hawaii7996 and a susceptible cultivar, constitutive
xylem fluid compounds seem not to play a role in resistance
[71]. Also phenols and ascorbic acid present in high
amount in roots and stems were suggested to be involved
in resistance of tomato to R. solanacearum [72]. Proteins
bands identified as PPO1 (polyphenol oxidase), PPO12 and
PPO9 in analyzed extracts of roots of resistant cultivars,
and the bands PPO2, PPO4, PPO5 and PPO7 in
moderately resistant ones seemed not to be related to
resistance at root level [73]. Thus, it may be speculated, that
the activation of the secondary plant metabolic pathways
for phenolic compounds in reaction to an infection may
result in changes on plant cell wall level.
The increase in staining with all the antibodies except

JIM7 in susceptible genotypes after inoculation is sug-
gested to be at least partly due to pathogen action. Thus,
increased labeling for low-esterified HG (JIM5) and the
non-blockwise de-esterification of HG (LM7) indicates for
the first time the possible mode of action of the cell wall
degrading enzyme of R. solanacearum pectinmethylesterase
(PME), which was shown to be involved in the pathogen-
esis of bacterial wilt [74]. HGs with low, non-blockwise
esterification possess an increased capacity to form gels,
which may act as reservoirs of water and nutrients for the
bacteria, and, through a possible synergistic interaction of
pathogen- and plant-derived poylsaccharides [75,76] en-
hance the occlusion of vessels. Thus, pectins with these
properties might contribute to a fast establishment of
the disease in a susceptible genotype. Further changes in
the physico-chemical properties of the cell wall can be
due to the increased capacity of the modified HG to form
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calcium-mediated gels with distinct properties in terms of
porosity and elasticity [59].

The detection of JIM7-stained epitopes to a similar level
before and after inoculation does not contradict the
observation of increases in low esterification detected by
JIM5, since JIM7 detects a wide range of esterification
grades of HG from 15% to 80%. The increase in low-
esterified HG also in most of the resistant genotypes may as
well indicate the action of bacterial enzymes, produced by
the latent R. solanacearum population which is present in
stems partly in high numbers.

The de-esterification of HG by PME is the prerequisite
for the subsequent action of polygalacturonases PehA,
PehB and PehC of R. solanacearum, which are not able to
degrade highly methylated pectins [74]. This is the first step
in breaking down the pectin-containing pit membranes,
that separate adjacent xylem vessels and, thus, contributes
to bacterial spread and colonization. Additionally, the
enzymes lead to a release of elicitor-active oligogalactur-
onides, so that the plant cell may recognize pathogens
indirectly via the pectin-derived oligogalacturonide frag-
ments [77–79]. Tomato plants produce active oxygen
species after elicitation with oligogalacturonides, and
protease inhibitors after elicitation with dimers and trimers
of galacturonic acid. Generally, also phytoalexin accumu-
lation [80] or release of proteinase inhibitor-inducing factor
[81] and formation of necrosis [82] are known as defense
mechanisms elicited by oligogalacturonides. Evidence for
the participation of oligogalacturonides in active plant
defense was reported by Cervone et al. [83], whereas the
mechanisms by which the fragments activate defense
responses, remain unknown [77].

Further reactions to inoculation manifested in increases
in AGP and in branching of RGI, mostly in form of side
chains of galactan. These changes were preferably observed
in susceptible genotypes, but also some of the resistant
genotypes reacted with increases in AGP and galactan or
arabinan side chains of RGI. It is suggested that these
conformational changes play a role in the microscopically
often observed cell wall thickening process [10,52].
Deposition of new wall material with different composition
or changes in branching patterns can strengthen the wall
and provide resistance to the action of pectic enzymes,
making the cell wall less accessible to degradation by the
pathogen. Thus, our observations provide indications that
the electron-dense material of unknown biochemical nature
forming deposits at cell walls and vascular coating after
infection [17] may be at least partly composed of AGP and
highly branched RGI. To date, only tyloses in xylem
vessels into which the pathogen was observed to migrate,
and the deposition of unknown electron-dense material
had been described as resistance reaction in tomato xylem
vessels [84]. The increases in thickness and electron density
of pit membranes and the development of a more
conspicuous electron-dense layer near the pits and along
vessel walls might therefore be caused by changes or
increased production of RGI and AGP. Also in histo-
chemical studies on pepper, the degradation of plant cell
wall material and, at the same time, deposition of new wall
material was suggested to indicate a resistance mechanism
in the resistant genotype [85]. Nevertheless, it cannot be
ruled out, that the more intense binding of LM5 and
LM6 may not be caused by an increased production
or changed structure of the RGI, but be due to better
epitope accessibility for the antibodies at lower and non-
blockwise esterification of HG in the susceptible genotypes,
and, thus, due to conformational changes in the structure
of HG [59].
Though some tendencies for a relation of cell wall

compositions to the degree of latent infection in resistant
genotypes were observed, a clear relationship between cell
wall compounds and bacterial numbers was not observed.
This does not rule out that a correlation may exist, since
the bacterial quantifications and the cell wall structure
analysis were not performed on the same plants, and the
presented data are means from several plants. Additionally,
our method allowed only characterization of soluble
polysaccharide fractions.
The changes in the cell wall composition in the

susceptible genotypes observed after infection were gen-
erally not observed in the same intensity in the resistant
genotypes. Therefore it is suggested, that R. solanacearum

PME de-esterifies the highly esterified HG in a non-
blockwise manner, making the physico-chemical properties
of the cell wall more suitable to pathogen multiplication.
On the other hand, de-esterification of HG with subsequent
production of pectic fragments, changes in the branching
pattern of RGI and possible increases in production of
AGP are suggested to be involved in the resistance reaction
of the plant. Histochemical methods based on immuno-
fluorescence microscopy will reveal more detailed informa-
tion on the role of these cell wall components in the
interaction.
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