
ORIGINAL PAPER

Thaddée Boudjeko Æ Christine Andème-Onzighi

Maı̈té Vicré Æ Alain-Pierre Balangé
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Abstract Cocoyam (Xanthosoma sagittifolium) is an
important tuber crop in most tropical zones of Africa
and America. In Cameroon, its cultivation is hampered
by a soil-borne fungus Pythium myriotylum which is
responsible for root rot disease. The mechanism of root
colonisation by the fungus has yet to be elucidated. In
this study, using microscopical and immunocytochemi-
cal methods, we provide a new evidence regarding the
mode of action of the fungus and we describe the reac-
tion of the plant to the early stages of fungal invasion.
We show that the fungal attack begins with the coloni-
sation of the peripheral and epidermal cells of the root
apex. These cells are rapidly lost upon infection, while
cortical and stele cells are not. Labelling with the cat-
ionic gold, which binds to negatively charged wall
polymers such as pectins, is absent in cortical cells and in
the interfacial zone of the infected roots while it is
abundant in the cell walls of stele cells. A similar pattern
of labelling is also found when using the anti-pectin
monoclonal antibody JIM5, but not with anti-xyloglu-
can antibodies. This suggests that early during infection,
the fungus causes a significant loss of pectin probably
via degradation by hydrolytic enzymes that diffuse and
act away from the site of attack. Additional support for
pectin loss is the demonstration, via sugar analysis, that
a significant decrease in galacturonic acid content oc-
curred in infected root cell walls. In addition, we dem-

onstrate that one of the early reactions of X.
sagittifolium to the fungal invasion is the formation of
wall appositions that are rich in callose and cellulose.
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Introduction

Xanthosoma sagittifolium (L) Schott is an important
staple food in the Gulf of Guinea, in East Africa and in
Central and South America. It is called cocoyam in
Cameroon and yautia or tuquisque in Central and South
America. Cocoyam is a landrace cultivar consisting of
three varieties (white, pink or red and yellow). Cocoyam
root rot is caused by a soil-borne fungus Pythium my-
riotylum and is the most prevalent plant disease in
Cameroon. The roots of infected plants are impaired in
their ability to absorb mineral nutrients from the soil
which results in stunted growth and leaf yellowing (Pa-
cumbaba et al. 1992). Reduction in crop yields as high
as 90% has been reported in some infected plantations
in Cameroon (Schaffer 1999). Attempts to obtain pro-
ductive and resistant varieties by classical methods have
been hampered by genetic incompatibility between the
cultivars and by the poor genetic knowledge of the
available genotypes.

In the past few years, ultrastructural and cytological
studies have contributed significant insight into the
interaction of various host plants with pathogens such as
viruses (Channarayappa et al. 1991), nematodes (Hussey
et al. 1992; Valette et al. 1997, 1998), bacteria (Boyer
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et al. 1997) and fungi (Daayf et al. 1997; Cambion et al.
1998; Yeddidia et al. 1999; Mims et al. 2000). Ultra-
structural and cytochemical approaches have the po-
tential to significantly improve our knowledge of how
plant disease resistance is expressed at the cellular level
and on the molecular mechanisms by which plants de-
fend themselves against a variety of plant pathogens.
For example, in cavity spot, one of the most virulent
diseases of carrot, Cambion et al. (1998) used ultra-
structural analyses to show that P. violae was responsi-
ble for the degradation of highly methylesterified pectins
located near the hyphae, whereas P. ultimum was
responsible for more extensive degradation of pectins
and cellulose in tissues located far from the hyphae.
Partially resistant cotton attacked by Verticillium dahliae
induced ultrastructural modifications of parenchyma
cells of the vascular tissues as well as a high production
of terpenoids and phenolics in the host tissue (Daayf
et al. 1997). Valette et al. (1998) showed that in sus-
ceptible and partially resistant cultivars of banana,
infection by the nematode Radopholus similis was char-
acterised by severe host cell wall alterations. This phe-
nomenon was attenuated in the resistant cultivars by the
deposition of phenolics. The hypersensitive response of
Solanum tuberosum to Phytophthora infestans differs
considerably between clones and is correlated to depo-
sition of callose and extracellular globules containing
phenolic compounds (Viviane et al. 2000). In symbiotic
associations between plants and fungi, the penetration of
the fungus is generally restricted to the epidermis and the
outer cortex. In this case, the colonisation of the plant
tissue is characterised by strengthening of the cell walls
through wall apposition containing large amounts of
callose and infiltrations of cellulose (Yeddidia et al.
1999). In the hemibiotrophic interaction between
Photinia fraseri and Entomosporium mespili, the fungus
produces distinctive haustoria that terminate in the liv-
ing cells of young lesions. In older lesions, the haustoria
terminate in hyphae that grow indiscriminately between
and through dying and dead host cells (Mims et al.
2000).

In spite of its importance in African and American
agriculture, no research has been undertaken on the
mode of colonisation of X. sagittifolium roots by
P. myriotylum or on the reaction of the plant to the
invading agent. Information on possible morphological
changes the fungus undergoes in host cells, the manner
of penetration of the fungus and alterations that may
occur in the host cell in response to the infection is
essential for a meaningful interpretation of fungus/host
cell interaction. Thus, we performed a study of ultra-
structural, cytochemical and biochemical changes that
occurred in X. sagittifolium roots infected by P. myri-
otylum. Our aim was to trace the path of the penetration
of the mycelium in the root tissue and characterise the
host cell wall alterations induced by the pathogen. To
the best of our knowledge, the results obtained represent
the first report on cell wall alterations of X. sagittifolium
roots infected by the fungus P. myriotylum.

Materials and methods

Six-week-old tissue culture-derived cocoyam plantlets
[Xanthosoma sagittifolium (L) Schoot, white cultivar]
were obtained by shoot multiplication at the Laboratory
of Plant Physiology, Higher Teacher’s Training College,
University of Yaoundé I. Cameroon (see Omokolo et al.
1995). This procedure was necessary for the production
of a uniform population of plantlets.

Pythium myriotylum isolates were obtained from
diseased cocoyam roots harvested from the Yaoundé
region (Cameroon) and purified according to Xu et al.
(1995). Four-day-old fungal cultures were used as inoc-
ulums.

Plant inoculation

Plantlets were inoculated following the procedure of
Tambong et al. (1999) with minor modifications. Briefly,
cocoyam plantlets were removed aseptically from the
culture tubes, rinsed with sterilised distilled water and
inoculated in test tubes containing 20 ml of Murashige
and Skoog (1962) mineral salt medium and one mycelial
agar plug (0.4 cm in diameter). Test tubes were then
incubated at 28�C for 48 h (culture cabinet, P Selecta
Hotgold-GL). Test tubes inoculated with mycelium-free
agar plugs were used as control.

Sample preparation for transmission electron
microscopy (TEM)

Root apices (1–2 mm) were excised and fixed as described
previously (Vicré et al. 1998) with minor modifications.
Briefly, the samples were incubated for 2 h in a 4% glu-
taraldehyde solution in 0.1 M cacodylate buffer pH 7.2,
washed twice and immersed for 15 min in the same buffer.
After a post-fixation for 1 h in a 1% (w/v) osmium tet-
roxyde solution followed by thorough rinsing, the root
tips were dehydrated in a graded ethanol series. Samples
were then embedded in London Resin White, (Oxford
Agar, Oxford, UK) by serial immersion in graded resin–
alcohol mixtures (30 min each in 25%, 50% and 75%, v/
v) and then in pure resin for 24 h at room temperature
(RT). Polymerisation was carried out overnight at 60�C.
Thin (1 lm) and ultra thin (90 nm) sections were ob-
tained with an ultramicrotome (Reichert ultracut, E)
collected onmulti-well glass slides for light microscopy or
gold grids (300 mesh, Oxford Agar) for TEM.

Immunofluorescence microscopy

Fresh healthy and infected young roots were fixed for
1 h at RT in 50 mM Pipes buffer containing 4% (w/v)
paraformaldehyde, 1% (v/v) glutaraldehyde and 1 mM
CaCl2, pH 7.2. Following fixation, the roots were wa-
shed twice with 50 mM Pipes, 1 mM CaCl2, pH 7.2 and
then three to four times with 0.01 M phosphate-buffered
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saline (PBS: prepared from a 10· stock solution con-
taining 80 g NaCl, 2.01 g KCl, 2.04 g KH2PO4 and
9.93 g Na2HPO4, 12H2O in 1 l dH2O, pH 7.2) for
10 min each. After washing, immunofluorescence label-
ling was performed as described previously (Andème-
Onzighi et al. 2002). Fresh intact root apices were col-
lected and incubated in 0.01 M PBS pH 7.2, containing
3% (w/v) non-fat-dried milk (PBS–milk = blocking
solution) for 30 min, and then placed for 2 h at RT in
tenfold dilution of JIM5 and anti-XG antibodies and
100-fold dilution for anti-b-1,3-glucans antibody. Sam-
ples were washed in PBS and then incubated with 100-
fold dilution of appropriate secondary antibodies, anti-
rat IgG, anti-rabbit IgG or anti-mouse IgG (whole
molecule) conjugated to fluorescein isothiocyanate
(FITC; Sigma) in PBS–milk for 2 h in darkness at RT.
The samples were thoroughly washed in PBS and
mounted in a glycerol-based anti-fade solution (Citiflu-
orTM AF1, Agar Scientific, UK) and then observed on
an LEICA-DMLB microscope equipped with epifluo-
rescence coupled with LEICA DFC 300FX camera.
Controls were performed by omitting either the primary
antibody or by its pre-absorption with laminarin (Bio-
supplies Parkville, Australia).

Toluidine blue staining

Thin sections were stained (3–5 min) with toluidine blue
(0.5% w/v in 2.5% w/v Na2CO3) at 55–60�C on hot
plate, rinsed with distilled water and air-dried before
observation with a Zeiss microscope (Axioscope MC-
100).

Periodic acid-thiosemicarbazide-silver proteinate test
(PATAg Test) for the detection of polysaccharides

Ultrathin cross sections were stained with PATAg test
following the procedure of Thiéry (1967). The sections
were then floated on a 1% (w/v) periodic acid solution
for 30 min and rinsed twice for 10 min each in distilled
water. They were maintained for 45 min on a 0.2% (w/v)
thiosemicarbazide solution in 20% (v/v) acetic acid,
washed in solutions of progressively decreasing acetic
acid concentration and finally in pure water. The sec-
tions were treated with 1% (w/v) silver proteinate for
30 min in the dark. Grids were thoroughly rinsed and
air-dried before observation with a Phillips Tecnai 12
TEM (at CCME, University of Rouen) operating at
80 KV. Grids floated on distilled water instead of peri-
odic acid solution were used as controls.

Labelling with cationic colloidal gold complex for the
detection of polysaccharides and protein anionic sites

Labelling of anionic sites was performed as a one-step
procedure according to Skutelsky and Roth (1986). Ul-

trathin sections were incubated in 3% acetic acid pH 2.6
for 15 min. The sections were treated with 10-nm cat-
ionic colloidal gold complex diluted 1/100 (v/v) in 3%
acetic acid for 1 h at room temperature. The samples
were then rinsed thoroughly with 3% acetic acid and
finally with distilled water. They were stained with PA-
TAg as described in His et al. (2001). The control
experiments were performed as follows: (i) enzymatic
treatment of the samples in a proteinase K (proteinase
type IX from Tritirachium album) solution (1 mg/ml
proteinase K in 0.05 M Tris–HCl buffer pH 8.0) at room
temperature for 1 h (Vreeland et al. 1989); (ii) chemical
methyl esterification in 1/5 (v/v) acetyl chloride/absolute
methanol at 4�C for 72 h; (iii) combination of control 1
and control 2; (iv) pre-incubation of the cationic gold
complex for 1 h with polygalacturonic acid at 1 mg/ml
in 3% acetic acid before labelling.

Immunogold labelling of pectin, xyloglucan and callose

Immunogold labelling of pectins was performed using
the rat monoclonal antibody JIM5 specific for homo-
galacturonans (HG; Knox et al. 1990; Willats et al.
2000). Ultrathin cross sections were floated on a block-
ing solution: 0.01 M phosphate buffer saline (PBS)
pH 7.4, containing 3% (w/v) non-fat-dried milk and 1%
(v/v) Tween 20 (PBST) for 30 min. The grids were
blotted dry and then placed in a drop of primary anti-
body and incubated at 4�C overnight. After washing in a
continuous stream of PBST, the secondary antibody
conjugated to 20-nm gold (goat anti-rat IgG) diluted 1/
25 in buffer was applied for 1 h at RT. The grids were
rinsed for 30 min with PBST followed by distilled water
and then stained with PATAg. Xyloglucan labelling was
performed using anti-XG antibodies as described pre-
viously (Zhang et al. 1996).

The monoclonal antibody specific for b-1,3-glucans
(Biosupplies) was used for immunolocalisation of cal-
lose. Sections were incubated for 30 min at RT on the
blocking solution, then incubated for 4 h at RT in a
drop of the primary antibody diluted 1/25 in the PBST
buffer before being incubated with the secondary goat
anti-mouse antibodies (1/25) conjugated to colloidal
gold (20 nm). Controls were performed by the omission
of the primary antibody incubation step.

Enzyme–gold affinity for cellulose labelling

Labelling of b-1,4-glucans was performed using a cel-
lobiohydrolase colloidal gold complex (CBH I-gold
complex) prepared according to Bonfante-Fasolo et al.
(1990). Ultrathin sections were floated on 0.05 M citrate
phosphate buffer (CPB) pH 4.5 for 10 min, and treated
for 30 min with a 1/100 enzyme–gold stock solution
diluted in CPB. The grids were then floated on the
incubation buffer alone for 5 min, rinsed twice with CPB
and air-dried. Finally, the sections were post-stained
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with PATAg. Control sections were treated with an
enzyme–gold complex solution to which carboxymeth-
ylcellulose (CMC) had been added at 1 mg/ml 1 h before
use (Berg et al. 1988).

Cell wall preparation and uronic acid (UA) content
determination

Cell walls from healthy and infected root apices were
extracted and monosaccharide composition determined
as described previously (Ray et al. 2004). For pectin
extraction, cell walls were extracted twice with 5%
ammonium oxalate at 100�C with constant stirring.
After centrifugation at 6000 · g, supernatants were
pooled, filtered, dialysed against water (milliQ) for 24 h,
lyophilised and weighed. Total UA content of cell wall
extract and oxalate fractions was estimated according to
the method of Bluemenkrantz and Absoe-Hansen
(1973). UA content was expressed in mg (equivalent of

galacturonic acid) per mg of cell wall or oxalate fraction.
Statistical analyses were performed by ANOVA using
Turkey–HSD multiple range tests of the ‘‘SPSS statis-
tical package, release 11.0’’ for Windows.

Results

Structural changes of host root cells

Two days after infection of cocoyam tissue culture-de-
rived seedlings by P. myriotylum, the destruction of the
host external tissue was observable in the epidermis and
the outer cortex cells (Fig. 1). The root cap was almost
completely lost in most roots examined. At 2 days, the
fungal colonisation was limited to the external cell layers
of the cortical parenchyma (Fig. 1b, d). The fungal
mycelium was easily discernable due to the intense
staining of the cytoplasm with toluidine blue (Fig. 1d).
Electron microscopic examination showed that the
fungus was present in the cytoplasm of host cells and in
the intercellular space (Fig. 2). Numerous dense com-
pounds, which were very reactive to PATAg, accumu-
lated within the vacuoles of host cells (Fig. 2b) and some
dissolution of the cell wall was observed in the regions
surrounding the hyphae (Fig. 2e). Wall appositions
produced by host cells were generally found to occur at
the point of contact with the fungus (Fig. 2c).

In order to investigate the possible alterations of cell
wall components in infected tissues, immunofluores-

Fig. 1 (a–d) Toluidine blue staining of Xanthosoma sagittifolium
root colonisation by Pythium myriotylum . a and c Light
micrographs of longitudinal and transverse sections of healthy
roots showing lateral root cap cells (LC) epidermal cells (EC),
cortical cells (CC) and the stele (S). b and d Light micrographs of
longitudinal and transverse sections of infected roots showing the
same tissues as above. Note rotting of lateral and epidermal cell
layers. H, Hyphae. The arrows indicate where the transverse
sections were made and arrowheads in d point to the hyphae. Scale
bars: 420 lm (a,b); 0.2 lm (c, d)
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cence staining with three antibodies (i.e. JIM5, anti-XG
and anti-callose) was performed on fresh healthy and
infected root apices. As shown in Fig. 3b, JIM5 stained
weakly or didn’t infect roots at all. The anti-callose
antibody did not stain healthy roots, whereas it strongly
stained the tips of infected roots (Fig. 3d). In contrast,
anti-XG did not show any major changes in staining
between healthy and infected roots (Fig. 3e, f). These
observations suggest that the fungus causes pectin and
callose alterations in root cell walls. Therefore, we

expanded upon these observations using immunogold
labelling and transmission electron microscopy.

Loss of acidic pectins from cell walls upon infection

As PATAg staining and immunofluorescence light
microscopy revealed wall alteration upon fungal infec-
tion (Fig. 2), we next investigated the host cell wall
polymers which were likely to be affected by the fungus.
Thus, cytochemical observations were conducted on the
interfacial zone between the host cell and the fungus, on
the cell wall of the cortical parenchyma cells (cells
adjacent to infected ones) and on the cell wall of cells of
the central cylinder (stele cells), following labelling with
various probes.

As shown in Fig. 4, labelling with the cationic gold,
which binds to the negatively charged groups of wall
polymers such as pectins, revealed that in healthy roots,
the gold particles were present in the cell walls of all root
tissues. In infected roots, there was no labelling of the

Fig. 2 (a–e) Transmission electron micrographs of healthy and
infected root cells stained with periodic acid-thiosemicarbazide-
silver proteinate (PATAg). aNormally looking cells of the cortex in
healthy roots. b–e Root cells from infected plants showing the
location of hyphae (H, arrowheads) and damages caused by the
fungus. Note the presence of the fungus in between two host cells
(d) or penetrating the cytoplasm (e). Some dissolution of the cell
wall is also observed (* in e). Note the accumulation of electron
dense compounds in the vacuole (V, arrows in b) and wall
appositions (App) in c. CC, cortical cells; CW, cell wall; EC,
epidermal cells. Scale Bars: 4 lm (a); 3 lm (b); 1 lm (c); 2 lm (d);
1.5 lm (e)
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walls of the interfacial zone or the walls of cortical cells
(Fig. 4b, d), while gold particles were observed in the
walls of stele cells (Fig. 4f). In control experiments,
labelling of root tissues with the cationic gold probe,
after pre-incubation with polygalacturonic acid, was
completely abolished (data not shown). Similarly, when
sections were pre-treated with acetyl chloride/methanol

to chemically methylesterify the anionic groups, no
labelling of the walls were observed. This indicates that,
in our conditions, acidic pectins were the main wall
components recognised by the cationic gold probe and
that these polysaccharides were most probably lost from
cortical tissues upon infection.

To further extend on this observation, we labelled
root tissues of both healthy and infected plants with the
mAb JIM5, which is specific for homogalacturonans
(Willats et al. 2000). In infected plants, we consistently
found very weak or no labelling of the interfacial zone or
across the walls of the cortex cells (Fig. 5b, d). In con-
trast, in the walls of cells in the stele, JIM5 labelling was
localised in the middle lamella and in the intercellular
junctions (Fig. 5f). In healthy cocoyam roots, all the
tissues were labelled (Fig. 5a, c, e). These data support
the observations made with cationic gold probe (see
Fig. 4).

Decrease of galacturonic acid (GalA) content of cell
walls of infected tissues

To further investigate the effect of the infection on
pectins, we first isolated cell walls and a pectin-rich
fraction from healthy and infected root apices and
determined UA content. As shown in Table 1, the yield
of cell wall material and the oxalate-pectic containing
fraction isolated from infected root apices was much
lower than that of healthy ones. Similarly, total UA
content in both fractions was reduced by 37% and
44.5%, respectively, upon infection (Table 1). In addi-
tion, the monosaccharide composition of cell walls iso-
lated from healthy and infected root tips showed that the
decrease in UA content was due specifically to a decrease
in GalA (Table 2). These data further support that a loss
of pectin molecules (e.g. HG) occurred upon fungal at-
tack. Interestingly, glucose content was twice as high in
cell walls of infected root tips as that found in those of
healthy plants (Table 2) consistent with the observation
of callose accumulation in infected root tips using
microscopy (see below).

Localisation of cellulose, xyloglucan and callose
in infected tissues

The distribution of b-1,4-glucans was investigated using
the CBH I-gold probe. Application of the CBH I-gold
probe to sections of infected or healthy cocoyam roots
resulted in a distribution of gold particles all over the cell
walls of all tissues examined (Fig. 6a–d). b-1,4-glucans
were also detected over the cell wall of the fungus
(Fig. 6b). Careful examination of the sections revealed
that, in infected root, labelling was more intense in the
interfacial zone between the host cell wall and the fungus
cell wall (Fig. 6b). Wall appositions were also strongly
labelled with the probe (Fig. 6b). Control tests including
pre-incubation of the CBH-1 gold complex with CMC
prior to labelling of the sections resulted in a failure of

Fig. 3 (a–f) Immunofluorescence staining of pectins with the mAb
JIM5 (a, b), callose with the anti-b-1,3-glucan monoclonal
antibody (c, d) and xyloglucan with anti-XG antibodies (e, f) on
intact fresh healthy (a, c, e) or infected (b, d, f) cocoyam roots.
Arrows indicate root tip. Scale bar (same for all): 100 lm
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labelling both in the host and the fungus cell walls (not
shown). Similarly, labelling with anti-XG antibodies
revealed a distribution of gold particles uniformly over
the cell walls of all tissues examined as illustrated in
Fig. 6e, f. Xyloglucan epitopes were also localised over
the cell wall of the fungus (Fig. 6g).

Labelling with the anti b-1,3-glucan monoclonal
antibody revealed that in host cells a strong labelling
was mainly found within wall appositions (Fig. 7b).
Labelling was also found over the cell wall and in the
cytoplasm of the fungus (Fig. 7b). Nearly no labelling of
the cell wall was observed in healthy roots (Fig. 6a), nor
in control sections when no primary antibody was used
(Fig. 6c).

Discussion

The goal of this study was to investigate the early
alterations of cocoyam roots infected by P. myriotylum

in a controlled hydroponic system. Our observations
showed that symptoms of root rot were evident within
48 h after infection and that, unlike xyloglucan, a
marked loss of pectin substances occurred. Furthermore,
our findings support the pathogenicity investigations of
Pacumbaba et al. (1992) and Tambong et al. (1999) who
reported that P. myriotylum is the unique causal agent of
the cocoyam root rot disease as opposed to the claim
that a complex of three root pathogens comprising
Rhizoctonia solanii and Fusarium solanii, that are always
associated with P. myriotylum in rotted roots, is needed
to cause the disease (Agueguia et al. 1991).

Ultrastructural analyses of the cocoyam root/P. my-
riotylum interaction showed that fungal colonisation was
associated with the host cell wall alterations. The cell
wall of higher plants is a complex macromolecular
structure consisting mainly of pectin, hemicellulose and
cellulose polymers. It plays numerous structural, pro-
tective and growth-regulating functions in the life of the
plant (Carpita and Gibeaut 1993). Given that the cell

Fig. 4 (a–f) Electron
micrographs illustrating
labelling with the cationic gold
probe in healthy (a, c, e) and
infected (b, d, f) root tissues of
X. sagittifolium. Note the
absence of labelling over the cell
walls of the interfacial zone and
of the cortex of infected roots in
b and d, and its presence in
healthy roots in a and c. In e, f,
positive labelling of the cell
walls in stele cells of infected
and healthy roots. App, wall
appositions; CC, cortical cells;
CW, cell wall; EC epidermal
cells; G, Golgi stacks; H,
hyphae; J, intercellular
junction; SC, stele cells. Scale
bars: 0.4 lm (a, c); 0.8 lm (b);
0.5 lm (d, e, f)
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wall is the first line of defence against the outside envi-
ronment; its disassembly is commonly observed in the
rotting process caused by Pythium spp. (Dube and
Prabakaran 1989; Zamski and Peretz 1996). Such a
disassembly of plant cell wall is mediated by fungal
extracellular enzymes such as pectinases and cellulases
(Chen et al. 1998). In our conditions, labelling of anionic
sites of acidic pectins with cationic colloidal gold com-
plex, following plant infection, was not observed in the
interfacial zone between the host cell and fungus myce-
lium as well as in the walls of cortical cells. This was
confirmed when infected plants were subjected to a more
specific probe, namely the mAb JIM5, thus supporting

Fig. 5 (a–f) Electron
micrographs showing labelling
with the mAb JIM5 of the cell
walls of healthy (a, c, e) and
infected (b, d, f) root tissues.
Note the absence of labelling in
the interfacial zone and in the
walls of the cortex cells in b and
d but its presence in the walls of
the stele cell junctions in f as in
e. EC, epidermal cell; CC,
cortical cells; CW, cell wall; H,
hyphae; J, intercellular
junction; ml, middle lamellae;
SC, stele cells. Scale bars:
0.8 lm (a); 1 lm (b) 0.5 lm
(c–f)

Table 1 Cell wall yield and
uronic acid contents in healthy
and infected roots of X.
sagittifolium. Mean values ±
SE (n=6)

*Not significantly different

Cell wall extracts Oxalate fractions

Healthy roots Infected roots Healthy roots Infected roots

Yield (mg.g�1.Fw) 193±0.01 131±0.02 21±0.00 10±0.00
Uronic acid contents
(mg.g�1 of extract)

0.18*±0.01 0.10*±0.03 0.38±0.01 0.24±0.02

Table 2 Monosaccharide composition of the cell wall isolated from
healthy and infected root tips of X. sagittifolium. Values (mean ±
SE, n=6) are mol percentage of the sugar recovered. The difference
between healthy and infected roots is significant at P < 0.05

Healthy root Infected root

Ara 16±1.00 15±0.00
Rha 5±1.00 5±0.01
Fuc 2±0.00 2±0.00
Xyl 16±0.50 22±1.40
GalA 19±1.00 14.5±0.10
GluA 1±0.00 1±0.01
Man 3±0.50 5±0.02
Gal 30±2.60 21±0.07
Glc 7.6±0.50 14±0.02
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Fig. 6 (a–g) Cellulose and xyloglucan localisation. Cellulose
labelling with the cellobiohydrolase-I (CBH-I) in the cell walls of
healthy (a) and infected (b, c, d) root tissues. Labelling was present
in the walls of the cortex, the stele and the interfacial zone. Note
strong labelling of wall appositions (b). The walls of the hyphae
were also labelled in b. Xyloglucan labelling with anti-XG

antibodies in the cell walls of healthy (e) and infected (f, g) root
tissues. Labelling was present in the walls of all cells. The walls of
the hyphae were also labelled (b). App, wall appositions; CC,
cortical cells, CW, cell wall; EC epidermal cells; G, Golgi stacks; H,
hyphae; HCW, hyphae cell wall; J, intercellular junction; SC, stele
cells. Scale bars: 0.33 lm (a); 0.5 lm (b-f); 0.2 lm (g)
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the fungus-induced hydrolysis of pectic HG. Pectin
hydrolysis was further confirmed by a marked reduction
of GalA content in infected root cell walls (see Table 2).

The content of galactose, a sugar that is present in
pectins such as rhamnogalacturonans and galactans,
decreased, suggesting that pectins other than HG could
be affected.

Our observations also showed that although hyphae
were located mostly in epidermal and subepidermal cells,
pectin loss extended to cortical cells that are away from
the contact zone. It is likely, thus, that the fungus se-
cretes hydrolytic enzymes that are able to diffuse and
reach root cells located beyond the site of infection. This
finding is consistent with results reported by Cambion
et al. (1998), who showed that in carrot cavity spot, P.
ultimum degrades pectins on sites located far from the
pathogen site of attack. However, how these enzymes
are transported from one site to another remains to be
determined. Pectin-degrading enzymes such as pectin
lyase and polygalacturonases are known to be secreted
by Pythium species (Dube and Prabakaran 1989; Cherif
et al. 1991; Chen et al. 1998) and therefore are most
likely involved in pectin hydrolysis in cocoyam root cell
walls observed in our conditions.

Labelling with CBH I-gold complex which is specific
for cellulose (Berg et al. 1988) and with anti-xyloglucan
antibodies was observed to occur uniformly over all the
host cell walls (Fig. 6). However, in the case of CBH I-
gold complex, labelling was more intense at the point of
contact than at other zones. This may reflect an increase
in cellulose deposition in specific area of host cell walls.
But this could also be attributed to the accessibility of
the probe to cellulose molecules resulting from partial
degradation of pectins by the fungus. In a similar study
performed on carrot roots infected with P. ultimum,
Cambion et al. (1998) showed that labelling with an
exoglucanase-gold probe was particularly intense over
the carrot cell wall areas close to the pathogen and in
wall appositions. The positive staining of the cell walls of
P. myriotylum, which is an oomycete, with CBH I-gold
complex, is in agreement with the biochemical data
indicating the presence of cellulose in the cell wall of this
class of fungi (Helbert et al. 1997; Werner et al. 2002).

Immunogold labelling of callose, revealed by an anti-
b-1,3-glucan antibody, was also found to occur in fungal
cell wall as well as in the cytoplasm. Detection of b-1,3-
glucans throughout the cytoplasm of the fungus cell may
be due to labelling of b-1,3-glucans of Pythium that are
produced intracellularly and transported within secre-
tory vesicles that originate from the Golgi-like apparatus
as previously reported (Isaac 1992). This is in contrast to
what is found in higher plant cells, in which callose, like
cellulose, but unlike pectins, is synthesised at the plasma
membrane (Driouich et al. 1993; Delmer 1999).

Callose was also extremely abundant in Pythium-in-
duced wall appositions. These structures, which are
commonly shown to be rich in callose and cellulose, are
formed as an early plant response to infection by various
pathogens (Mueller et al. 1994; Brown et al. 1998;
Yeddidia et al. 1999). They are thought to play a role in
strengthening the walls of host cells during fungal pen-
etration. Nevertheless, our finding that epidermal and

Fig. 7 (a–c) Immunogold localisation of callose with the anti-b-1,3-
glucan antibody in the cell walls of healthy (a) and infected root (b,
c) cells. a Electron micrograph illustrating labelling over the walls
of cortical and epidermal cells of healthy roots. A very few gold
particles are seen (arrowheads). b Electron micrograph showing
strong labelling of the wall appositions, the cell wall (arrowhead)
and cytoplasm of hyphae. c Control section treated without
primary antibody (anti-b-1,3- glucan); note the absence of
labelling. App, wall appositions; CC, cortical cells; CW, cell wall;
H, hyphae; HCW, hyphae cell wall. Scale bars: 0.4 lm (a, b);
0.33 lm (c)
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cortical cells are destroyed as early as 48 h after infection
and the strict localisation of callose at root apex indi-
cates that cell wall appositions may not be an effective
resistance mechanism associated with pathogenesis.
Similar observations were made in roots of both sus-
ceptible and partially resistant infected banana cultivars
(Valette et al. 1997). The observed callose deposition is
likely to be induced by the mechanical stress resulting
from host cell wall breakdown rather than being an
effective barrier against pathogen ingression. In support
of this, two recent studies showed that a mutant of
Arabidopsis thaliana, in which a single glucan synthase-
like gene that is essential to papillary callose synthesis, is
disrupted, exhibited enhanced disease resistance to
powdery mildew fungi, but not to bacterial pathogen P.
syringae (Nishimura et al. 2003; Schulze-Lefert 2004).
The fact that, cell wall appositions were localised at the
root tip, where root rotting was evident, could be ex-
plained by the possible implication of callose papilla in
assisting the containment of pathogen-derived elicitors
or in protecting the invading fungus against plant-de-
rived antimicrobial compounds (Gomez-Gomez and
Boller 2002; Jacobs et al. 2003).

To conclude, this study presents, for the first time, the
early plant reaction events that occur during infection of
cocoyam roots by P. myriotylum. Our investigations
show that P. myriotylum caused alterations of the host
cell within 48 h. The action of the fungus begins with a
rapid hydrolysis of cell wall pectins, but not xyloglucan,
at the sites of contact as well as beyond the contact zone.
Early responses of host cells involve the formation of
wall appositions filled with callose and cellulose as well
as an accumulation of densely stained phenolic-like
compounds within the vacuoles. The use of labelling
techniques to localise specific cell wall-degrading en-
zymes within cocoyam tissue infected by P. myriotylum
would aid in the further elucidation of the mechanism by
which the infection process of P. myriotylum operates to
cause cocoyam root rot disease.
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fines en microscopie électronique. J Microsc 6:987–1018

Valette C, Nicole M, Sarah JL, Boisseau M, Boyer B, Fargette M,
Geiger JP (1997) Ultrastructure and cytochemistry of interac-
tions between banana and nematode Rodopholus similis. Fun-
dam Appl Nematol 20:65–77

Valette C, Andary C, Geiger JP, Sarah JL, Nicole M (1998) His-
tochemical and cytochemical investigation of phenols in roots
of banana infected by the burrowing nematode Rodopholus
similis. Phytopathology 88:1141–1147
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