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Abstract

Two carrot genotypes, cultivar Nanco and line 24, susceptible and partially- resistant respectively to cavity spot,
were compared ultrastructurally and cytochemically 24 h, 48 h and 72 h after root inoculation with a virulent
Pythium violaeisolate. The extent of pathogen ingress and the response of the host differed markedly with the
two genotypes. In cv Nanco, growth of fungal hyphae was predominantly intracellular and was accompanied by
pronounced damage; by 48 h after inoculation, pericycle and the first cell layers of the phloem parenchyma were
invaded, resulting in host wall dissolution and cytoplasm aggregation. The growth ofP. violae in line 24 was
limited to the pericycle, even up to 72 h after inoculation; fungal colonization was accompanied by retraction of
cytoplasm and in the appearance of granular or fibrillar material in the host cell lumen. Some affected host cells
were filled with structureless osmophilic material. In cultivar Nanco, invading fungal hyphae were unaffected; by
contrast in line 24, the cytoplasm of invading hyphae, particularly those inside the cell host, was disorganised
and structureless. Infection and host response in the two cultivars were studied with two specific labels:Aplysia
gonad lectin (AGL), a polygalacturonic acid-binding lectin, and an exoglucanase complexed to colloidal gold were
used to locate pectin and cellulosicβ-(1,4)-glucans respectively in infected tissues. The decrease of cytochemical
labeling beyong fungal penetration showed clearly hydrolysis of pectin and cellulose in cell walls of the cv Nanco.
By contrast, the cell wall of line 24 remained largely intact, although unlabeled amorphous and electron-dense
material was observed inside the wall. Fibrillar or electron dense material commonly observed in infected tissue
of line 24 apparently did not contain pectic or cellulosic substances. Moreover, material observed in host cells or
fungal hyphae was also free of labeling. The origin and the chemical composition of these compounds as well as
their possible role in the defence mechanisms of carrot againstP. violaeare discussed.

Introduction

Cavity spot of carrot (Daucus carotaL.), a disease
mainly characterized by the formation of elliptical le-
sions on all root parts (Perry and Harrison, 1979),
has been reported in every country where carrots are
grown commercially. The disease is highly destruc-
tive, resulting in severe economic losses for carrot
growers throughout the world (Gladders and McPher-

son, 1986; Montfort and Rouxel, 1986). Since the
first demonstration that cavity spot was associated
with infection byPythiumspp. (White, 1984), several
lines of evidence have shown that among the different
causal species (Guérin et al., 1994; El-Tarabily et al.,
1996),Pythium violaeChesters & Hickman remained
the principal species involved in disease establishment
(Groom and Perry, 1985; White, 1986; Montfort and
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Rouxel, 1988; Vivoda et al., 1991; Benard and Punja,
1995).

Understandably, most efforts relating to cavity spot
have been directed towards developing strategies for
reducing disease losses. Among those, the use of resis-
tant carrot cultivars could afford enhanced protection
againstP. violaeattack. In this context, an interesting
approach that has been proposed in several countries
and especially in France has been the screening for
genetic variability among carrot lines of various ge-
ographic origins (Guérin, 1993). According to the
rate and extent of root lesion development, this has
led to classification of lines into several groups rang-
ing from moderately to highly susceptible. Partially-
resistant and tolerant carrot lines were selected for
further analysis of the inheritance of resistance and for
cytological investigations of the infection process in
comparison to that occurring in susceptible plants.

Evidence from a number of histological studies
has shown thatP. violae has the ability to colonize
rapidly the outermost root tissues in susceptible cul-
tivars (Groom and Perry, 1985; Briard, 1990). More
recently, Zamski and Peretz (1995) and Campion
(1997) provided evidence that ingress ofP. violaeto-
wards the vascular stele coincided with host cell wall
degradation. This was taken as an indication, later
confirmedin situ by Zamski and Peretz (1996), and
in vitro by Campion et al. (1997), thatP. violae, like
otherPythiumspp. (Endo and Colt, 1974; Chérif et al.,
1991; Rey et al. , 1996), displayed the ability to pro-
duce cell wall degrading enzymes as one of the major
pathogenicity factors.

In spite of renewed interest in exploring the inter-
action between carrot roots andP. violae, the exact
mechanisms by which the infection process in cavity
spot operates remains a matter of speculation, and no
studies on the different degrees of resistance among
carrot varieties have been reported. There was no
correlation between phytoalexin production and re-
sistance toP. violae in carrot cultivars with different
degrees of susceptibility (Briard, 1990), thus it was of
interest to determine whether the resistance of some
cultivars was associated with the formation of struc-
tural barriers in response to pathogen invasion. The
present study was undertaken to compare the extent
of tissue damage and host reactions in susceptible and
tolerant carrot genotypes at an early stage of the infec-
tion. To gain a better insight into the biological signif-
icance of the carrot cell walls in restricting pathogen
ingress, the localization of pectin and cellulose, two of

the main carrot cell wall components (Massiot, 1988),
was carried out using gold-conjugated probes.

Material and methods

Fungal culture and growth conditions

The isolate ofPythium violaeChesters & Hickman
used in this study was isolated from an infected car-
rot root and maintained at 4◦C at INRA, Station de
Pathologie Végétale, Le Rheu, France (Ref.: Pv. 20).
It was grown on carrot juice-agar medium at 20◦C
and was periodically inoculated on and reisolated from
susceptible carrot roots.

Plant material and fungal inoculation

Five month-old carrot roots (Daucus carotaL., cv
Nanco, highly susceptible to cavity spot, and line 24,
partially-resistant to cavity spot) were grown in ster-
ilized soil and inoculated withP. violaeas previously
described by Guérin et al. (1994). Healthy, freshly col-
lected roots were washed carefully with distilled water
and the top and the bottom were removed. Root seg-
ments about 10 cm long were surface inoculated with
three 4 mm-diameter agar plugs taken from the margin
of a 7-day old culture ofP. violae. Fungus-free agar
plugs were used as controls. Roots were incubated
at 20◦C in the dark, in a moist chamber with a RH
of 95-98% maintained by daily spraying sterile water.
A disease index (lesion area in mm2) was calculated
from two right-angle diameters before collecting sam-
ples for microscopic analysis, at various time intervals
(24, 48 and 72 h) after inoculation. The experiment
was repeated 3 times on 10 roots per treatment.

Tissue processing for light and electron microscope
studies

Root samples (1mm3) were collected by 24, 48 and 72
h after inoculation withP. violae, at the margin of the
visible lesions for the inoculated roots, and by cutting
off superficial tissues for the controls. Root samples
were fixed by immersion in 3% (v/v) glutaraldehyde
buffered with 0.1 m sodium cacodylate pH 7.2 for
3 h at room temperature. After thorough washing in
the buffer, samples were post-fixed with 1% (w/v)
osmium tetroxide in the same buffer for 2 h at 4◦C
and dehydrated in a graded ethanol series prior to be
embedded in EPON 812.
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Table 1. Disease and invaded tissue observed in susceptible or partially-resistant cultivar roots at various times after inoculation
with Pythium violae

Time after Susceptible cv Partially-resistant line

inoculation Disease Depth of Invaded Disease Depth of Invaded

(h) index mycelium tissue index mycelium tissue

(mm2)a ingressb (mm2)a ingressb

24 31.2 (± 5.5) 6.7 (±4.3) Pericycle 14.4 (±2.4) 2.0 (±3.0) Periderm

(Phloem parenchyma)c (Pericycle)c

48 46.1 (±18.2) 12.5 (±3.2) Pericycle 14.9 (±3.8) 4.2 (±4.6) Periderm

Phloem parenchyma (Pericycle)c

72 53.5 (±17.6) 12.1 (±3.1) Pericycle 14.4 (±2.4) 5.6 (±7.3) Pericycle

Phloem parenchyma Phloem parenchyma

a Mean of 10 lesions (SD).
b Number of cell layers invaded by the pathogen. Mean of 30 sections (SD).
c non-systematic tissue ingress.

Thin sections (1–1.5µm) were mounted on glass
slides and stained with 1% (w/v) toluidine blue. Three
sections per sample were observed using a Leitz Di-
alux 22/22 EB optic microscope for cell wall modifi-
cations and pathogen growth in the tissues by counting
the number of infected cell layers. Ultrathin sections
(0.7 µm) collected on formvar-coated nickel grids
were contrasted with uranyl acetate and lead citrate be-
fore examination with a JEOL 1200 EX transmission
electron microscope at 80 kV or further processed for
cytochemical labeling prior to examination.

Cytochemical labeling

Sections were labeled with gold-complexed probes
prepared as follows: Colloidal gold with a mean parti-
cle diameter averaging 15 nm was prepared according
to Frens (1973) by reducing an aqueous tetrachloroau-
ric acid solution to 0.01% (w/v) with 1% (w/v) sodium
citrate.

The Aplysia gonad lectin (AGL), a lectin with
binding affinity for galacturonic acids (Gilboa-Galber
et al., 1985), and theβ-(1,4)-exoglucanase, an enzyme
with binding affinity for cellulosicβ-(1,4)-glucans,
were complexed to colloidal gold, as previously de-
scribed (Benhamou et al., 1987, 1988) and used for
the detection of pectic compounds and the localization
of cellulosicβ-(1,4)-glucans.

Ultrathin sections from samples of inoculated or
control carrot roots were floated for 5 min on a drop
of phosphate-buffered saline (PBS) containing 0.02%
(w/v) of PEG 20 000 at the pH corresponding to the
optimal activity of the lectin (AGL, pH 8.0) or the
enzyme (exoglucanase, pH 6.0). They were then trans-

ferred to a drop of each complex and incubated in a
moist chamber at room temperature for 30 min. Grids
were thoroughly washed with PBS, pH 7.4, rinsed
with distilled water, and contrasted with uranyl acetate
and lead citrate before examination.

Specificity of the two labelings was assessed by
the following control tests: 1) incubation with the
exoglucanase-gold complex to which was previously
added 1 mg ml−1 of β-(1,4)-D-glucans from barley;
2) incubation with the AGL-gold complex to which
100µg ml−1 of polygalacturonic acids was previously
added; 3) incubation with the uncomplexed protein
followed by incubation with the gold complex; 4)
incubation with colloidal gold alone.

Results

Ultrastructural features of the infection process in
carrot root tissues

Susceptible cultivar
By 24 h after inoculation withP. violae, lesions av-
eraging 31.2 mm2 in diameter were visible at the
root surface. Lesion size increased gradually to reach
53.5 mm2 by 72 h after inoculation (Table 1).

Ultrastructural examination of infected carrot root
samples showed that fungal growth was mainly intra-
cellular in underperidermic cells (Figures 1B-D). By
24 h after inoculation, pathogen colonization was ob-
served within an average of 6,7 cell layers (Table 1).
At that time, pericycle colonization was accompanied
by striking wall modifications including primary wall
alteration and middle lamella dissolution, as judged by
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Figure 1. Transmission electron micrographs of carrot root tissues (susceptible cv) non-inoculated or 24, 48 and 72 h after inoculation with
Pythium violae. Bar = 1µm. A: In non-infected tissues, primary cell walls (PW) are joined closely together by a middle lamella (ML). A thin
cytoplasm layer (CY) is joined to the cell wall and an enlarged vacuole (VA) takes up the cell; electron-dense material is clearly visible in the
intercellular space (IS). B: By 24 h after inoculation, fungal penetration is accompanied by host cell wall (HCW) swelling and a decrease in
electron density in the middle lamella (ML) (arrow). C: By 48 h after inoculation, intracellular hyphae (F), apparently undamaged, are visible in
phloem parenchyma cells which show a wall degradation (arrow) and an electron-dense, retracted cytoplasm (CY). D: By 72 h after inoculation,
pathogen ingress is associated with host cell-wall (HCW) widening. Colonized and adjacent cells show cytoplasm alteration and accumulation
of fibrillar material (FM) in the cell lumen. E: At the same time, cellular space is plugged with electron-dense (DM) and fibrillar material (FM).
In contrast, a fungal hypha(F) is apparently undamaged.
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the marked decrease in the respective electron densi-
ties of these structures (Figure 1B) and as compared
to the preserved cell wall architecture in control, non-
inoculated carrot tissues (Figure 1A). In addition, host
cells underwent major disorganization characterized
by cytoplasm aggregation and organelle disruption
(Figure 1B). By contrast, pathogen hyphae did not
exhibit any apparent disorganization.

From 24 to 72 h after inoculation, 10-15 host
cell layers were colonized (Table 1). By 48 h af-
ter inoculation, colonized phloem parenchyma cells
were severely affected as shown by frequent disruption
of primary walls and middle lamella matrices (Fig-
ure 1C). In infected cells as well as in adjacent non-
colonized cells, typical retraction of the plasmalemma
and aggregation of the cytoplasm were observed.

At a more advanced stage of infection (72 h after
inoculation), strong cytoplasmic alterations were ob-
served in host cells (Figure 1D). Penetration of pericy-
cle tissues by fungal hyphae occurred directly through
wall penetration. At sites of fungal entry, host cell
walls were usually disrupted, even at a distance from
the hyphae. Adjacent cells often showed marked dis-
organization of the cytoplasm and contained abnormal
fibrillar material deposits.

In some cases, the pericycle was directly pene-
trated through the tangential wall by means of con-
stricted fungal hyphae (Figure 1E). Massive accumu-
lation of an amorphous, electron-dense material was
detected in infected cells as well as in neighbouring
cells which were also found to undergo considerable
cytoplasmic change.

Partially-resistant line

From 24 to 72 h after inoculation, host colonization
by P. violae resulted in a limited lesion at the root
surface. The lesion sizes varied between 14.0 and
15 mm2, corresponding approximatively to the inocu-
lum plug diameter (Table 1). By 24 h after inoculation,
a maximum of 3 cell layers in the suberized periderm
was colonized by the pathogen. At the surface of the
peridermic cells surrounded by suberized walls, hy-
phal colonization correlated with marked alterations
of the host walls (Figure 2B). An unusual circumvo-
luted membrane system embedded in an osmiophilic
material was frequently observed at the interface be-
tween the fungus and the host cell wall. The fungus
appeared to suffer from some damage, as evidenced by
the formation of numerous vesicles in the disorganized
cytoplasm (Figure 2B).

From 24 to 72 h after inoculation, hyphal growth
extended to the pericycle and occasionally to the vas-
cular parenchyma cells (Table 1). An average of 5,6
cell layers was colonized byP. violaeby 72 h after
inoculation.

By 48 h after inoculation, host cells in the pericycle
exhibited marked structural alterations, as compared
to non-inoculated root tissues (Figure 2A). The plasma
membrane was usually retracted and distorted, and
the cytoplasm was reduced to a fine layer of electron-
opaque material (Figures 2C and D). The host vacuolar
space was plugged with deposits of various textures
and electron densities and was often colonized by
hyphae of the pathogen. By contrast, the host cell
walls were apparently preserved (Figure 2C). Invad-
ing hyphae were often damaged, with accumulation
of amorphous compounds in the cytoplasm and in-
crustation of electron-dense compounds in the walls
(Figure 2D, arrow).

By 72 h after inoculation, pathogen ingress in host
cells was associated with major disorders and host
reactions. The host plasma membrane was retracted
from the cell wall (Figures 3A and B) and was associ-
ated with a cytoplasmic disorganization, characterized
by the accumulation of electron-opaque deposits along
the tonoplast. Some host cells were plugged by an
amorphous osmiophilic material. The fungus invasion
was associated with less strong wall alteration than
in the susceptible cells (Figures 3A and B). Invading
hyphae were greatly damaged inside cells, as shown
by the accumulation of amorphous compounds in the
cytoplasm where organelles were hardly discernible
(Figure 3A).

Cytochemical labeling of host wall modifications
during the infection process

Susceptible cultivar
Following incubation with the AGL-gold complex for
localization of pectic compounds, labeling was asso-
ciated with primary walls and middle lamella matri-
ces in non-inoculated carrot root tissues (Figure 4A).
Following pathogen inoculation, the middle lamella
was no longer visible at fungal penetration sites and
labeling was markedly reduced (Figure 4D). The pri-
mary host walls were also frequently degraded and
poorly labeled, both in the areas adjacent or pene-
trated byP. violaehyphae (Figure 4C). Labeling still
occurred in the more electron-opaque compounds in
host wall areas. No labeling was observed in the
fungus wall. Incubation of ultrathin sections of non-
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Figure 2. Transmission electron micrographs of carrot root tissues (partially-resistant line) non-inoculated or 24 and 48 h after inoculation with
Pythium violae. Bar = 1µm. A: In non-infected tissues, primary wall (PW) and middle lamella (ML) are apparently undamaged. Intercellular
space (IS) is filled with electron-dense material. Vacuoles (VA) fill in cell spaces and thin cytoplasm (CY) layers are joined to the cell wall.
B: By 24 h after inoculation, aP. violaehypha (F) is visualized in contact with a peridermic cell (PC). A circumvoluted membrane system
(Cm) embedded in osmiophilic material (OM) is observed in near contact with the hypha showing a disorganized cytoplasm. C: By 48 h after
inoculation, fungal hyphae (F) are observed in strongly altered host cells with amorphous (AM) and fibrillar material (FM); cell walls are
slightly damaged; electron-dense deposits (ED) are incrusted in fungal wall (arrow). D: At the same time, a fungal hypha (F) penetrating a
host cell wall (HCW) shows a marked cytoplasm alteration with accumulation of amorphous material (AM). Electron-dense material (DM) is
incrusted in (arrow) or joined to (double arrow) the wall.
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Figure 3. Transmission electron micrographs of carrot root tissues (partially-resistant line) 72 h after inoculation withPythium violae. Bar =
1 µm. A: Infected host cells byP. violaeshow pronounced alterations. Notice the strongly damaged aspect of fungal hyphae (F) inside the
host cell, characterized by an accumulation of electron-dense (DM) or amorphous (AM) material in the cytoplasmic space. Hyphae growing in
intercellular spaces seem to be less damaged. Host cell content is significantly altered: notice the retraction of plasmalemma (arrow), aggregation
of cytoplasm (CYA) and accumulation of fibrillar material (FM) in the cell lumen. B: Ovoid globules (OG) of amorphous material occur along
the host cell wall (HCW). The same type of amorphous, structureless material (AM) is spread all over in an other cell infected withP. violae
(F). In contrast, host cell walls (HCW) are apparently undamaged.

inoculated root with the exoglucanase-gold complex
resulted in a regular distribution of gold particles over
the primary walls (Figure 4B). InPythium infected
tissues, pronounced changes in host cell wall orga-
nization were observed at penetration sites. Strong
label of cellulose appeared loosened within swollen
host cell walls, which were less electron-dense than
normal (Figure 5A). In the wall areas neighbouring
fungal hyphae, labeling was irregularly distributed. By
contrast, an intense labeling was observed at a dis-
tance from hyphae (Figure 5B). In cases of strong wall
degradation, alteration was often associated with a dis-
organization of the fibrillar structure, as judged by few
gold particles in the area of residual microfibrils (Fig-
ure 5C). Moreover, fungal walls were always labeled
(Figure 5A). All control tests performed to assess the
labeling specificity resulted in a near absence of gold
particles in the sections (not illustrated).

Partially-resistant line

The labeling pattern obtained after application of the
AGL-gold complex to inoculated carrot root tissues
was mainly associated with host cell walls. Wall areas
neighbouring degraded fungal hyphae were substan-
tially labeled (Figure 6A). Some gold particles were
found to be deposited in fibrillar fragments accumu-
lating in the host cell lumen (Figure 6B). However,
they were absent in the amorphous and electron-dense
material infiltrated in the host cell walls or incrustated
in the walls of fungal hyphae (Figure 6A).

When ultrathin sections were treated with the
exoglucanase-gold complex, an irregular labeling oc-
curred in the host cell walls. The deposition of
gold particles was preferentially associated with the
electron-dense areas (Figure 6C). In the host cell lu-
men, the electron-dense, amorphous material formed
at the interface between the host cell wall and the
pathogen was unlabeled (Figure 6D).

Fungal growth in the peridermic tissues of the
partially-resistant cultivar induced pronounced disor-
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Figure 4. Transmission electron micrographs of carrot root tissues (susceptible cv.) inoculated or not withPythium violae. Sections were
treated with gold complexed probes. A: After incubation of non-inoculated sections with theAplysiagonad lectin-gold complex, which labels
pectic substances, gold particles accumulate in the primary cell wall, middle lamella (ML) and intercellular space (IS). Bar = 1µm. B: In
non-inoculated sections incubated with exoglucanase gold complex, which reveals cellulosicβ-(1,4)-glucans, only primary cell walls (PW) are
labeled. Bar = 1µm. C and D: Labeling of pectic substances with theAplysiagonad lectin-gold complex in tissues infected byP. violae(F).
Bar = 0.5µm. C: In parietal area (HCW) around and in advance of the front of fungal penetration, gold particle density correlates with electron
density. Labeling is absent in the fungal hyphae (F) and the agregated host cytoplasm (CYA). D: Pectic substances are degraded in the host cell
wall (HCW) near a site of hyphal penetration, as judged by the limited labeling observed. Labeling is absent in the dense aggregated cytoplasm
(CYA).
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Figure 5. Transmission electron micrographs of carrot root tissues (susceptible cv) inoculated withPythium violae. Sections were treated with
exoglucanase-gold complex. A: Gold particles are associated with a swollen primary cell wall (PW) at the site of attempted penetration by aP.
violaehypha (F). The fungal wall (FW) is uniformly labeled; ML = Middle lamella. Bar = 1µm. B: Weak labeling (arrow) is observed in host
wall (HCW) areas adjacent to the fungal wall (FW). Bar = 1µm. C: Near the fungus (F) , strong host parietal degradation is characterized by
disorganization of the fibrillar structure; gold particles are associated with some microfibrils (MF). The intercellular space (IS) is not labeled.
Bar = 0,5µm.

ganization of host cells, and masses of electron-dense
material were found to accumulate in the lumen of
the fungal hyphae (Figure 6C). Incubation of sections
with the exoglucanase-gold complex resulted in a reg-
ular deposition of gold particles in the fungal walls,
whereas no accumulation of gold particles was de-
tected in the material accumulating in the lumen of the
fungus cell (Figures 6C and D).

Discussion

The present study dealing with the pattern ofP. vi-
olae colonization in carrot root tissues brings new
insights into the infection process leading to the for-
mation of cavity spot. Our observations demonstrate
that in a susceptible carrot cultivar Nanco,P. violaeis
able to colonize the peridermvia inter- and intracel-
lular growth through direct and rapid hyphal ingress,
as indicated by the substantial number of cell lay-
ers that were invaded as soon as 24 h after infection.
This property, together with the ability to induce plas-
molysis as well as cytoplasm retraction, confirms the

necrotrophic nature ofP. violaeas previously reported
(Briard, 1990).

Changes in the staining density of the host cell
walls as early as 24 h after inoculation, as well as alter-
ation of pectic macromolecules in the middle lamella
matrices, revealed after labeling with the AGL-gold
complex, indicate that pectin degrading enzymes are
producedin situ. These observations are in agree-
ment with recent data of Benard and Punja (1995)
and Campion (1997) who showed a relationship be-
tween the degree of virulence of somePythiumstrains
on carrot and the pectolytic enzyme activity inin
vitro test conditions. Alteration of the pectin compo-
nent of the host cell wall, occurring at some distance
from the point of fungal ingress, supports the idea
that pectin-degrading enzymes may diffuse extracel-
lularly. In addition, fungal infection was frequently
associated with swelling of the primary wall. This
phenomenon, also observed by Campion et al. (1998)
in carrot root tissues infected byP. violae, suggests
a loosening of the cellulosic framework after degra-
dation of the pectic component and cellulase activity.
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Figure 6. Transmission electron micrographs of carrot root tissues (partially-resistant line) inoculated withPythium violae. Sections were
treated with gold complexed probes. Bars = 1µm. A and B: Labeling with theAplysiagonad lectin-gold complex for localisation of pectic
substances. A: Labeling occurs in the host cell walls (HCW), but amorphous and electron-dense material (DM) included in these walls, as well
as in adjacent fungal hyphae (F), is unlabeled. B: In tissues heavily infected with fungus, gold particles accumulate mainly in walls (HCW)
and poorly in fibrillar fragments (FF) in the cell lumen (arrow). Amorphous and electron-dense compounds (DM) included in the wall are
not labeled. C and D: Labeling with the exoglucanase-gold complex. C: Host (HCW) and fungal (FW) cell walls show regular labeling. D:
The electron-dense aggregates (DA) between labeled host cell walls (HCW) and modified hyphal content (F) are unlabeled. The gold particle
distribution is irregular over the fungal cell wall (arrow), whereas electron-dense material (DM) accumulating in the lumen of the fungal hypha
is unlabeled.
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Cellulose breakdown was clearly visualized in the
primary cell wall, near theP. violaehyphae, follow-
ing incubation with the gold-complexed exoglucanase;
moreover, some unlabeled wall areas were detected at
a distance from the pathogen, thus indicating that cel-
lulolytic enzymes secreted byP. violaewere also dif-
fusible, unlike those fromP. ultimumwhich remained
localized in the channel of penetration, according to
Chérif et al. (1991).

Based on our observations, disease development in
cultivar Nanco is associated with degradation of the
host cell walls by pectin and cellulose-degrading en-
zymes during the process of pathogen invasion. This
assumption confirms and complements previous data
reported by Zamski and Peretz (1996) who detected
significant increases of cellulase and polygalactur-
onase activities in carrots soon after inoculation byP.
violae.

Considering that the structure of the carrot cell
wall is composed of a cellulosic skeleton covered with
pectic material (Massiot, 1988), it is reasonable to
assume that enzymes are sequentially produced byP.
violae,leading to the typical symptoms of cavity spot.
Although studies on kinetics of cell wall degradation
would be essential to delineate this sequence in a way
similar to that carried out during the infection process
of the fungal pathogenMycocentrospora acerinaon
carrots (Le Cam et al., 1997), one may postulate, in
line with the histological description reported by Be-
nard and Punja (1995) and Campion (1997), that the
pathogen secretes pectin degrading enzymes which al-
ter the cell wall and contribute to expose the cellulosic
matrix. Enzymes able to hydrolyse the cellulose com-
ponent are then produced, resulting in complete wall
breakdown. In the invaded, macerated tissues, only
some intercellular spaces seem to remain undamaged,
thus leading to formation of an underperidermic empty
space ending to cavity spot, after collapse or tear of the
superficial suberized tissues.

Macroscopically, the interaction betweenP. violae
and the partially-resistant line 24 induced browner and
more limited symptoms, compared to the ones occur-
ring in cv Nanco. Histological observations showed
that this difference was associated with a spatial re-
striction of mycelium growth in the superficial tissues.
These data, and especially the presence of limited
brown lesions, suggest a rapid oxydation of phenolic
compounds associated with resistance to cavity spot.

In our study, striking differences in the intensity
of cell wall degradation between cv Nanco and line
24 were clearly established. During ingress ofP. vi-

olae in the partially-resistant host plants, the cell
walls remained apparently preserved, even when per-
fored by fungal hyphae. This observation suggests that
the enzymes produced by the fungus were not effi-
cient enough to hydrolyse the main wall compounds,
likely because the cell walls were reinforced by other
substances.

Among the different hypotheses that can be raised
to explain this phenomenon, one may suggest that
resistance is conferred by a naturally occurring wall
architecture, including for example high amounts of
protopectin, as suspected for carrot cultivars tolerant
to Mycocentrospora acerinaby Le Cam et al. (1994),
or insoluble pectin linked to calcium bridges. Such a
possibility has been reported and discussed by Eckert
and Raytrayake (1983), who showed that the activity
of hydrolytic fungal enzymes decreased in immature
fruits with cell walls rich in insoluble pectin asso-
ciated with calcium. Another possible explanation is
that a host response is induced upon pathogen attack
resulting in a strenghtening of the host wall structure
by the accumulation of specific structural molecules.
Support for this hypothesis is provided by the observa-
tion that densely stained deposits accumulated around
fungal hyphae in the partially-resistant carrot cultivar.
These deposits were never observed in the cell walls
of cv Nanco. The nature of this material remains to
be elucidated, even though according to Scalet et al.
(1989), such a material with high electron density
may be enriched with phenolic compounds. A simi-
lar induced response has been observed by Benhamou
(1995) in eggplant cell walls proximal to vessels col-
onized byVerticillium albo-atrumand by Schnitzler
and Seitz (1989), who demonstrated that a parietal
elicitor of P. aphanidermatumwas able to trigger a
de novosynthesis of phenolic compounds in carrot
cell walls. Thus, we can hypothesize that the parietal
accumulation of this material protects the wall poly-
mers in line 24 from an hydrolytic action of enzymes
produced by the pathogen. Similar electron-opaque
deposits were frequently infiltrated in the fungal cell
walls, or surrounded the invading hyphae that ex-
hibited a noticeable alteration of their cell contents.
Similar observations have been previously reported
after cytochemical characterization of the defence re-
actions induced in tomato plants againstFusarium
oxysporumf.sp. radicis-lycopersici: interaction of
compounds with the cell walls of fungal hyphae appar-
ently suffering from some damage was associated with
a direct fungitoxic activity. These compounds were
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identified as phenolic substances after labeling with a
gold-complexed laccase (Benhamou et al., 1994).

Another typical feature of the infected line 24 was
the occlusion of some infected cells with an amor-
phous material and the presence of necrotic fungal
hyphae within these occluded cells. A similar type of
cell occlusion has been observed in cucumber plants
after inoculation withPythiumF (Rey et al., 1996)
or P. ultimum(Chérif et al., 1991); but according to
these last authors, this plant reaction was expressed
too late (at least 3 days after inoculation) to prevent
effectively pathogen invasion. In line 24, the role of
these newly-formed occlusions remains unknown, al-
though they could contribute in halting or at least in
restricting pathogen ingress.

In conclusion, it appears that phenomena located
in the plant periderm are preferentially associated
with less susceptibility to the pathogen. Our data do
not prove that these features, from a physical and/or
chemical origin, are really involved in the resistance
manifestation, but they allow to assume that they play
a role in restricting fungal ingress and enzymatic cell
wall degradation in the internal root tissues. These fea-
tures, either constitutive or induced by the pathogen,
appear to be characterized by a very early efficiency.
This may explain their ability to halt disease devel-
opment, in comparison with otherPythiumexpressing
defence reactions later (Chérif et al., 1991).

The electron-dense deposits and amorphous mate-
rial we observed only in the periderm of a partially-
resistant carrot line have been noticed previously: after
the conclusions of Zamski and Peretz (1995), such
compounds may be lignin-like or other phenolic ma-
terials, as a consequence of infection byP. violae, and
able to have a protective function halting the spread
of the invader (Vance et al., 1980). Thus, a large field
of investigations is open up for elucidating the exact
origin and chemical composition of these materials,
as well as for analysing their real role in the defence
mechanisms of carrot against the pathogen.
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