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The influence exerted by nonpathogenic Fusarium oxysporum strain Fo47 in triggering cucumber protection
against infection by Pythium ultimum was investigated ultrastructurally. Macroscopic and microscopic obser-
vations of the pathogen colony in dual cultures revealed that reduction of Pythium growth was associated with
marked disorders, including generalized disorganization of the host cytoplasm, retraction of the plasmalemma,
and complete loss of the protoplasm. Cytochemical labeling of cellulose with an exoglucanase-gold complex
showed that the cellulose component of the host cell walls was structurally preserved at a time when the host
cytoplasm had undergone complete disorganization. A similar antagonistic process was observed at the root
cell surface. Most striking and interesting was the finding that mycoparasitism, as evidenced by the frequent
occurrence of Fo47 hyphae within nearly empty cells of the pathogen, occurred not only at the root surface but
also within the invaded root tissues. The specific labeling pattern obtained with the exoglucanase-gold complex
confirmed that Fo47 successfully penetrated cells of the pathogen, both in the rhizosphere and inside the root
tissues. Pythium cells that could evade the first defensive line in the rhizosphere could penetrate the root
epidermis, but their growth was restricted to the outermost tissues. Positive correlations between Fo47
treatment and induced resistance to infection by P. ultimum in cucumber were confirmed by (i) the reduction
of pathogen viability; (ii) the elaboration of newly formed barriers, a phenomenon which was not seen in
Fo47-free plants, where the pathogen proliferated in all root tissues within a few days; and (iii) the occlusion
of intercellular spaces with a dense material likely enriched in phenolics. Taken together, our observations
provide the first convincing evidence that Fo47 exerts a direct inhibitory effect on P. wltimum through a
combination of antibiosis and mycoparasitism, in addition to being a strong inducer of plant defense reactions.

Research over the last 2 decades has provided convincing
evidence that root health and vigor are directly related to plant
productivity. As a consequence, root disease control has be-
come one of the most challenging research areas in the context
of plant productivity improvement. This has led to the concept
that manipulating the rhizosphere in such a way that beneficial
microorganisms with antagonistic and/or eliciting properties
are favored would protect roots from the deleterious effect of
soilborne pathogens (28, 44). Support for this concept came
from the discovery of suppressive soils in which the active
microflora naturally controls the disease-causing activities of
pathogen populations (3, 4). Soils naturally suppressive to
fusarium wilt (3), pythium damping-off (34), and Thielaviopsis
basicola- and Gaeumannomyces graminis-incited diseases (43,
44) have been reported in different areas of the world and have
been the focus of intensive studies dealing mainly with the
identification of the physicochemical and biological factors in-
volved in biological control (1, 30). Fusarium wilt control in
suppressive soils from Chateaurenard (France) has been at-
tributed mainly to the occurrence of nonpathogenic Fusarium
strains such as Fo47, as demonstrated by Rouxel et al. (39),
who found that eradication of nonpathogenic Fusarium popu-
lations by heat treatment coincided with a disease increase.

The actual mechanisms underlying Fusarium-mediated in-
duced protection in suppressive soils are not completely un-
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derstood, although a number of possibilities have been raised,
including microbial competition for nutrients (20), competition
for infection sites and root colonization (26), and, more re-
cently, plant-induced resistance through the rapid stimulation
of a general cascade of nonspecific defense responses, includ-
ing structural barriers (12) and pathogenesis-related proteins
such as chitinases and B-1,3-glucanases (23). By using root-
inducing transferred-DNA-transformed pea roots, Benhamou
and Garand (12) recently demonstrated that pea root inocu-
lation with nonpathogenic Fusarium strain Fo47 triggered a set
of plant defense reactions that resulted in the elaboration of
permeability barriers and in the creation of a fungitoxic envi-
ronment that protected the roots by barricading the fungus in
the outermost root tissues.

An interaction that has been the focus of much interest as a
model pathosystem in both basic and applied research is that
between cucumber and Pythium ultimum Trow (35). Over the
last few years, a number of approaches, including chemical (9,
18), biological (25), and microbial (10, 14, 31, 45) treatments,
have been proposed for the control of Pythium-incited diseases
in cucumber. However, the value of these options in agricul-
ture and horticulture has yet to be realized, mainly because
serious limitations, such as phytotoxicity and variability, have
delayed any transfer of technology from the laboratory to the
field. Since biofungicides are usually composed of living organ-
isms, their efficacy may vary under a wide range of environ-
mental, cultural, and biotic conditions. Because of such diffi-
culties, integrated pest management strategies, involving more
than one biocontrol product or agent, offer bright opportuni-
ties for success, provided that the mode of action of each
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component is understood. An approach that is gaining increas-
ing interest in the context of integrated biological control of
soilborne pathogens concerns the potential value of nonpatho-
genic fungal strains, such as strain Fo47, in association with
bacterial and fungal antagonists (23, 24).

As a complement to previous investigations of the potential
use of Fo47 for control of tomato crown and root rot (12), the
present study was undertaken to determine whether Fo47 is
capable of protecting cucumber plants from P. ultimum infec-
tion. Up to now, suppressiveness associated with Fusarium
oxysporum strain Fo47 was thought to be specifically effective,
operating on diseases incited by formae speciales of patho-
genic F. oxysporum (2) but not, apparently, against diseases
caused by other plant pathogens (38). In order to determine
whether Fo47, which is known to protect tomato plants against
F. oxysporum attack through the synergistic action of several
mechanisms (1), is also effective in controlling infection by P.
ultimum, the effect of this nonpathogenic F. oxysporum strain
on P. ultimum in vitro and in vivo on greenhouse-grown cu-
cumber plants was examined. We present the first conclusive
evidence that cucumber plants previously inoculated with non-
pathogenic Fusarium strain Fo47 have increased resistance to
Pythium attack. This protection is mainly associated with a
strong antagonistic activity in the rhizosphere and in planta, as
well as with the induction of structural and biochemical barri-
ers that adversely affect pathogen growth and development.

MATERIALS AND METHODS

Fungal culture and growth conditions. Nonpathogenic F. oxysporum strain
Fo47, initially isolated by Alabouvette et al. (3, 5) from a suppressive soil located
at Cha"teaurenard (France), was supplied by Natural Plant Production (Nogu-
¢res, France) as a liquid formulation termed Fusaclean and containing spores at
a concentration of 10'* CFUl/liter. It was grown on Difco potato dextrose agar
(PDA; Difco Laboratories, Detroit, Mich.) at 24°C in the dark and subcultured
weekly. The root pathogen P. ultimum Trow, isolate BARR 447 (Center for the
Land and Resources Research, Ottawa, Ontario, Canada), which is known to be
virulent to several crops, including cucumber, was routinely grown on PDA in
darkness at 26°C.

Dual-culture tests. The effect of strain Fo47 on the growth, morphology, and
ultrastructure of P. ultimum was assayed in dual-culture tests by using a proce-
dure previously described by Chérif and Benhamou (17). Briefly, 5-mm mycelial
disks collected from the edges of actively growing colonies of Fo47 and P.
ultimum were placed 3 cm apart on the surface of PDA medium and allowed to
grow at 25°C under continuous light. As the first apparent contact between the
antagonist and the pathogen occurred by 2 days after inoculation, mycelial
samples from the interaction region were collected at 2, 3, and 4 days and
processed for electron microscopy. The experiment was repeated twice with
three petri dishes per sampling time.

Plant treatment with F. oxysporum strain Fo47 and fungal inoculation with P.
ultimum. Seeds of cucumber, (Cucumis sativus L., cv. Corona; De Ruiter Seeds
Inc.) were surface sterilized by immersion in 1% aqueous sodium hypochlorite
for 60 min and thoroughly rinsed in sterile distilled water prior to being allowed
to germinate in petri dishes containing sterile, moist cotton. Plates were incu-
bated at 25°C in the dark for 48 h. Germinated seeds were carefully removed
from the cotton and sown in a mixture of peat-perlite-vermiculite (1:1:1) at a
density of four seedlings per 6-cm pot. Plants were fertilized every other day with
a nutrient solution containing (in milliequivalents) NO5 (12.0), PO, (1.0), K
(1.7), Mg (1.5), Ca (2.8), and S (0.5) and (in microequivalents) Fe (70.0), Mn
(18.0), Zn (7.7), Cu (1.5), B (27.5), and Mo (0.5). The pH of the solution was
adjusted to 6.2, and the electrical conductivity was adjusted to 2.4 mS. Seedlings
were grown on a greenhouse bench at 24 to 26°C with 16 h of light supplemented
by high-pressure sodium lamps (100 microeinsteins - m~2-s™').

Three-week old cucumber seedlings were inoculated with a microconidial
suspension of Fo47 (10° conidia/g of dry substrate) carefully introduced into the
soil (as close as possible to the root system) with a sterile syringe. Control plants
were treated similarly but with sterile deionized water only. Four days later,
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plants were challenge inoculated by introducing two plugs (5-mm diameter) of
actively growing mycelium of P. ultimum as close as possible to the root system.
Controls were treated with fungus-free PDA disks The experimental design
included the following treatments: (i) no Fo47 or P. ultimum (healthy controls),
(ii) Fo47 but no P. ultimum, (iii) P. ultimum but no Fo47, and (iv) Fo47 and P.
ultimum. Twenty plants were used for each treatment (Fo47 alone, P. ultimum
alone, and a combination Fo47 and P. ultimum), and the experiment was re-
peated twice. The roots were pulled out of the substrate and examined daily for
fungal infection (visible necrotic lesions). For electron microscope investigations,
samples from the main roots were collected 3 to 5 days after pathogen inocula-
tion and either deposited on PDA in sterile petri dishes or processed for electron
microscopy.

Tissue processing for light and transmission electron microscopy. Mycelial
samples from dual-culture tests, as well as root samples from treated and un-
treated cucumber plants, were processed for electron microscope studies. Root
samples (2 mm?) were carefully excised from colonized cucumber roots at sites
of potential fungal penetration (16). They were pre-embedded in 2% aqueous
Bacto Agar in order to preserve the rhizosphere microbial populations. Mycelial
and root samples were then immersed in a mixture of 3% (vol/vol) glutaralde-
hyde and 3% (wt/vol) paraformaldehyde in 0.2 M sodium cacodylate buffer, pH
7.2, for 2 h at room temperature prior to being postfixed with 1% (wt/vol)
osmium tetroxide in the same buffer for 1 h at 4°C and dehydrated in a graded
ethanol series prior to being embedded in Epon 812 (J. B. E. M. Chemical Co.,
Pointe-Claire, Quebec, Canada). Thin (0.7-pm) sections cut from the Epon-
embedded material with glass knives were mounted on glass slides and stained
with 1% aqueous toluidine blue prior to examination with a Zeiss Axioskop
microscope (Carl Zeiss Canada, Don Mills, Ontario, Canada). Ultrathin (0.1-
wm) sections were collected on Formvar-coated nickel grids and either con-
trasted with uranyl acetate and lead citrate for direct examination with a JEOL
1200 EX electron microscope (JEOL, Tokyo, Japan) at 80 kV or processed for
cytochemical labeling. An average of five samples from three different plants per
sampling time were investigated. For each sample, 10 to 15 ultrathin sections
were examined under the electron microscope.

Preparation of the gold-complexed probes and cytochemical labeling. Colloi-
dal gold particles (BDH Chemicals, Montreal, Quebec, Canada) averaging 12
nm in diameter were prepared as described by Frens (27) by using sodium citrate
as a reducing agent.

The B-1,4-exoglucanase-gold complex (B-1,4-D-glucan cellobiohydrolase; EC
3.2.1.21) used for localization of cellulosic B-1,4-glucans was prepared as de-
scribed by Benhamou et al. (13). N-Acetylglucosamine residues (chitin) were
localized by a two-step procedure (7) using wheat germ agglutinin (WGA; Sigma
Chemical Co., St Louis, Mo.) as a first-step reagent and gold-complexed ovo-
mucoid (Sigma Chemical Co.) as a second-step reagent. The exoglucanase was
complexed to gold at pH 9.0, and the ovomucoid was complexed to gold at pH
54.

Labeling with gold-complexed exoglucanase was performed by incubating first
the ultrathin root sections for 5 to 10 min on a drop of phosphate-buffered saline
(PBS), pH 6.0, containing 0.02% (wt/vol) polyethylene glycol 20000 at pH 6.0.
Sections were then transferred to a drop of the enzyme-gold complex for 30 min
at room temperature in a moist chamber.

For the labeling of N-acetylglucosamine residues, sections were first floated on
a drop of PBS, pH 7.4, for 5 min and then transferred to a drop of WGA (12
wg/ml in PBS, pH 7.4) and incubated for 60 min at room temperature in a moist
chamber. After washing with PBS, pH 7.4, sections were incubated on a drop of
the ovomucoid-gold complex (1:30 in PBS-polyethylene glycol, pH 6.0) for 30
min at room temperature.

After careful washing with PBS, pH 7.2, and rinsing with distilled water, all
sections were contrasted with uranyl acetate and lead citrate and observed with
a JEOL 1200 EX transmission electron microscope.

Labeling specificity was assessed by incubating the sections with (i) gold-
complexed exoglucanase to which were previously added B-1,4-glucans from
barley (1 mg/ml in PBS); (ii) WGA to which was previously added an excess of
N,N',N'-triacetylchitotriose (1 mg/ml in PBS); (iii) WGA, followed by unlabeled
ovomucoid and finally by ovomucoid-gold complex; and (iv) a stabilized or an
unstabilized gold suspension.

RESULTS

In vitro interactions between F. oxysporum strain Fo47 and
P. ultimum. In single cultures, P. ultimum grew actively and
colonized the entire agar surface within 2 days after inocula-
tion (Fig. 1A). Confrontation experiments (dual-culture as-
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FIG. 1. In vitro interactions between F. oxysporum strain Fo47 and P. ultimum 2 days after inoculation of the fungi on PDA medium. (A) P.
ultimum (P) grown in single culture. (B) P. ultimum (P) grown in the presence of Fo47 (F). Growth of the pathogen is delayed, and changes in

hyphal density at the edge of the colony are evident (arrow).

says) provided evidence that Fo47 substantially reduced the
growth of P. ultimum (Fig. 1B). Close examination of the petri
dishes by stereoscopy revealed that the first apparent contact
between the hyphae of the two fungi occurred within 2 days
after inoculation (Fig. 1B, arrow). In the following days, a halo
was visible around the P. ultimum colony, indicating that Fo47
was producing some fungal inhibitors. Overgrowth of Fo47 on
P. ultimum was not observed.

Ultrastructural investigations of mycelial samples from the
interaction region between Fo47 and P. ultimum confirmed the
macroscopic observations and brought further insights into the
events leading to pathogen growth inhibition. Pythium hyphae,
grown in single cultures, showed a typical ultrastructure char-
acterized by a thin, cellulose-containing cell wall surrounding a
dense polyribosome-enriched cytoplasm in which a large num-
ber of organelles, including mitochondria, were visible (Fig.
2A). Examination of ultrathin sections from the interaction
region of 2-day-old dual cultures showed that cells of Fo47,
readily discernible by the higher density of their cytoplasm and
their smaller diameter, neighbored hyphae of P. ultimum with-
out, however, encircling them in a way similar to that observed
with Trichoderma harzianum (10) (Fig. 2B and C). Although
intimate contact between the two fungi was not detected, P.
ultimum hyphae exhibited marked ultrastructural changes
characterized mainly by drastic alterations of the cytoplasm,
which was, in most cases, reduced to fibrillar and/or vesicular
remnants (Fig. 2B and C). Organelles were no longer discern-
ible in such altered fungal cells. Labeling with the gold-com-
plexed exoglucanase for localization of cellulosic 3-1,4-glucans,
which are known to be the main cell wall-bound compounds in
oomycetes such as Pythium spp. (11, 14, 18), resulted in regular

deposition of gold particles over the walls of damaged Pythium
cells (Fig. 2B). When sections were treated with the WGA-
ovomucoid-gold complex, Fo47 cell walls were specifically la-
beled whereas Pythium cell walls were free of labeling (Fig.
2B).

By 3 to 4 days after inoculation, most (nearly 90%) of the P.
ultimum cells appeared to have been highly altered, as evi-
denced by the appearance of abnormally shaped, empty plei-
omorphic shells (Fig. 3A and B). Structural changes, usually
accompanied by local splitting of the wall layers and deposition
of vesicular material between the split layers, were frequently
observed (Fig. 3A, arrow). Such changes did not affect the
intensity of labeling with the exoglucanase-gold complex since
gold particles were evenly distributed over the split wall layers
(Fig. 3A). By contrast, the amorphous material accumulating
between the circonvoluted layers was unlabeled. Labeling with
the WGA-ovomucoid-gold complex did not result in any dep-
osition of gold particles over both the split layers and the filling
material of Pythium hyphae, while Fo47 cell walls were labeled
(Fig. 3B). All control tests, including previous adsorption of
the probes with their corresponding substrate molecules,
yielded negative results (not shown).

Effect of F. oxysporum strain Fo47 on symptomatology and
incidence of disease caused by P. ultimum. In the absence of
Fo47 preinoculation, cuacumber seedlings infected with P. ulti-
mum exhibited typical root symptoms as early as 3 days after
inoculation (Fig. 4A). By 4 to 5 days postinoculation, plants
showed severe symptoms of root rot and wilting and most of
them were dead by 10 days after fungal inoculation (Table 1).
In all of the symptomatic cucumber plants examined, a positive
correlation was established between root damage and the pres-
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FIG. 2. Transmission electron micrographs of mycelial samples collected 2 days after inoculation in the region of interaction between Fo47 and
P. ultimum. (A) Cell of P. ultimum (P) grown in single culture. Upon labeling with gold-complexed exoglucanase, regular deposition of gold
particles occurs over the cell wall whereas the cytoplasm and the organelles, such as mitochondria (M), are unlabeled. (B) In dual-culture tests,
hyphae of P. ultimum (P) are severely altered at a time when the P. ultimum cell wall (PCW) is regularly labeled by the exoglucanase-gold complex.
Cells of Fo47 (F) are not specifically labeled. (C) Labeling with the WGA-ovomucoid-gold complex results in labeling of Fo47 cell walls (FCW).
Altered Pythium (P) cells are unlabeled. S, septum. Bars, 0.5 pm.

ence of P. ultimum because the fungus was readily isolated in less seedling disease development than that which occurred
from tissue samples collected in and around the brownish root in nontreated plants (Fig. 4B; Table 1). Fo47-treated plants
areas. harbored a more vigorous root system and were free of appar-

Treatment with Fo47 prior to Pythium inoculation resulted ent symptoms such as wilting, chlorosis, or senescence. Al-
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FIG. 3. Transmission electron micrographs of mycelial samples collected 3 to 4 days after inoculation in the region of interaction between Fo47
and P. ultimum. (A and B). Local splitting of Pythium (P) cell wall (PCW) layers, accompanied by the deposition of vesicular material between the
split layers (arrows), is evident. The split wall layers are labeled with the exoglucanase-gold complex (A) but not with the WGA-ovomucoid-gold
complex (B). F, F. oxysporum strain Fo47. Bars, 0.5 pm.
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FIG. 4. Effect of F. oxysporum strain Fo47 on incidence of disease caused by P. ultimum. (A) In the absence of Fo47 preinoculation, cucumber
seedlings infected with P. ultimum exhibit typical root symptoms, as well as leaf wilting. (B) Plants treated with Fo47 prior to Pythium inoculation
have a more vigorous root system, on which only a few tiny lesions (arrow) are detectable.

though some small, brownish lesions could be seen on the main
root (Fig. 4B, arrow), their frequency and severity never
reached levels similar to those observed in control plants (Ta-
ble 1).

Histological observation of effect of F. oxysporum strain
Fo47 on the rate and extent of root cell colonization by P.
ultimum. In cucumber plants that were not preinoculated with
Fo47 prior to infection with P. ultimum, the root tissues were
massively invaded as early as 3 days after fungal inoculation.
Pythium hyphae propagated through much of the epidermis,
the cortex, the endodermis, and the paratracheal parenchyma
of cells (Fig. SA; Table 2) by inter- and intracellular modes of
growth (Fig. 5B). Host cell penetration by local rupture of the
cell wall was frequently recorded (Fig. 5B, arrow). Such a
massive fungal colonization, which apparently prevented the

TABLE 1. Effect of nonpathogenic F. oxysporum strain Fo47 on the
number of root lesions induced by P. ultimum Trow

Mean no. of root lesions induced by P. ultimum
Time (days) after + SEM*

inoculation with

P. ultimum Nontreated cucumber Fod7-treated
plants (control) cucumber plants
1 0 0
2 2 £ 0.50 0
3 5+1.5 0
4 8 £ 0.5 0
5 9+0.5 2*05
6 11 +=1.5 2+0.5

“ The number of root lesions was determined from observations of 10 main
roots per day after inoculation with P. ultimum.

elaboration of host defense reactions, coincided with cytolog-
ical disorders such as cell wall alterations as estimated by the
noticeable decrease in wall staining intensity.

As previously reported in the case of root-inducing trans-
ferred-DNA-transformed pea roots (12), hyphae of Fo47 dis-
played the ability to penetrate and colonize the outermost
cucumber root tissues (Fig. 5C) without causing the extensive
cell damage that is known to be caused by pathogenic F. oxys-
porum (15). Close examination of the invaded root areas re-
vealed that Fo47 colonization was associated with various
structural changes that were apparently made to restrict fungal
ingress toward the inner tissues. Such changes included
marked thickening of the host cell walls adjacent to invaded
cells (Fig. 5D), formation of polymorphic wall appositions at
sites of potential fungal penetration (Fig. SE), deposition in
several host cells of a fibrillar matrix in which fungal cells were
trapped (Fig. 5F, arrow), and occlusion of some intercellular
spaces with an amorphous material that was stained densely by
toluidine blue and in which fungal cells were also captured
(Fig. 5G, arrow).

In Fo47-inoculated cucumber roots that were challenged
with P. ultimum, the pattern of colonization by the pathogen
differed markedly from that observed in control roots grown in
the absence of Fo47 (Fig. 6). Both fungi, easily recognizable by
their different electron density and diameter, were restricted to
the outermost root cell layers, including the epidermis and the
outer cortex (Fig. 6A; Table 2). Growth of the pathogen in
planta was associated with cytological changes characterized
mainly by elaboration of wall appositions in the regions prox-
imal to potential fungal penetration (Fig. 6B), deposition of



FIG. 5. Cross sections of pea roots stained with toluidine blue. (A and B) Roots inoculated with P. ultimum (controls). Hyphae of P. ultimum
(P) propagate through much of the root tissues, including the epidermis (E) and the cortex (Co) (panel A). Fungal growth occurs in intercellular
spaces (IS), as well as intracellularly (panel B). Direct host cell wall penetration is visible (panel B, arrow). Bars: A, 25 wm; B, 10 wm. (C through
G) Roots inoculated with F. oxysporum strain Fo47. The fungus (F) develops actively at the root surface and penetrates the epidermis (E) and the
outer cortex (Co) (panel C). Colonization of the outermost root tissues correlates with marked thickening of the host cell walls (panel D),
formation of wall appositions (panel E), deposition of a fibrillar matrix in which fungal cells (F) are trapped (panel F, arrow), and occlusion of
intercellular spaces with amorphous material in which fungal cells are also captured (panel G, arrow). Bars: C, 25 wm; D through G, 10 pm.
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TABLE 2. Effect of nonpathogenic F. oxysporum strain Fo47 on the
rate and extent of P. ultimum colonization of cucumber root tissues
4 days after inoculation

Mean no. of fungal hyphae/host plant cell

+ SEM“
Root tissue
Nontreated cucumber Fo47-treated
plants (control) cucumber plants
Epidermis 78 =15 35+15
Outer cortex 55*0.5 1.2 0.5
Inner cortex 5.0+ 0.8 0
Endodermis 48 £0.4 0
Vascular stele 35x0.7 0

“ The number of fungal hyphae was determined from observations of 40 light
microscope photographs of 10 transversally sectioned samples from five cucum-
ber roots per treatment.

densely stained material along the host cell walls and the
pathogen cell surface (Fig. 6C, arrowhead), and filling of most
intercellular spaces with matrices varying in texture and density
(Fig. 6D, arrows). A large percentage (70%) of Pythium hy-
phae was reduced to empty shells in which the only recogniz-
able structure was the cell wall (Fig. 6C). Close examination of
the colonized areas suggested that hyphae of Fo47 could pen-
etrate and grow within cells of the pathogen, as indicated by
the occurrence of empty fungal shells containing some dense
inclusions resembling Fusarium cells (Fig. 6C, arrows). Al-
though such light microscope observations gave some indica-
tions about the mechanisms by which Fo47 could protect cu-
cumber plants against infection by P. ultimum, more detailed
ultrastructural investigations were needed to accurately evalu-
ate the antagonistic process in planta and to provide additional
information about the functional significance of the host de-
fense reactions in restricting pathogen growth and develop-
ment.

Cytology of infection of cucumber root tissues by P. ultimum.
In plants grown in the absence of Fo47, features of root colo-
nization by P. ultimum were essentially the same as those
previously described (14). By 3 to 4 days after inoculation,
massive intra- and intercellular fungal invasion was observed in
all root tissues, including the vascular stele. Parasitized host
cells were depleted of their cytoplasm, and host cell wall break-
down was frequently seen (Fig. 7A). Host defense reactions,
including wall appositions, were seldom detected (Table 3).

Cytology of infection of cucumber root tissues by F. oxyspo-
rum strain Fo47. In cucumber plants treated with Fo47 but not
challenged with P. ultimum, Fusarium hyphae developed abun-
dantly on the root surface and established intimate contact
with the host exodermis (Fig. 7B). Observation of about 70
sections from 10 different roots provided evidence that the
hyphae displayed the ability to penetrate the epidermis even
though most attempts failed because of the rapid formation of
hemispheric wall appositions (papillae) at sites of potential
penetration (Fig. 7B and C; Table 3). Besides the frequent
occurrence of papillae in the epidermis, another structural
reaction concerned the deposition, along large portions of the
host cell wall, of elongated and stratified wall appositions bor-
dered by compact and amorphous layers of cytoplasmic mate-
rial (Fig. 7D, arrows). Host reactions in the outer cortex were
characterized mainly by the accumulation of electron-dense
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deposits in some infected host cells (Fig. 7E). Fusarium hy-
phae, which could escape the first line of defense in the epi-
dermis, were frequently found to be trapped by this material
through an apparent physical interaction that resulted in
marked hyphal distortion (Fig. 7E, arrows). Similar osmio-
philic material was detected in a large number of colonized
intercellular spaces (Fig. 8A). This dense material, which lined
the primary walls (Fig. 8A, arrow), usually extended toward the
inside to coat Fo47 hyphae. Labeling with gold-complexed
exoglucanase resulted in heavy deposition of gold particles
over the host cell wall but not over the osmiophilic material
(Fig. 8A). Other intercellular spaces, neighboring colonized
areas, were filled with a fibrillar matrix in which fungal cells
were trapped (Fig. 8B).

Effect of F. oxysporum strain Fo47 on the cytology of infec-
tion by P. ultimum in cucumber root tissues. In Pythium-in-
fected root samples collected 3 to 4 days after inoculation from
cucumber plants grown in the presence of Fo47, the intensity
of colonization by the pathogen was appreciably reduced com-
pared to that observed in control inoculated plants. In order to
determine whether a direct interaction between Fo47 and P.
ultimum occurred in the rhizosphere, we examined the fungal
populations at the root cell surface (Fig. 9A). Pre-embedding
of the root samples in Bacto Agar prior to tissue processing
allowed precise visualization of the rhizosphere populations
along the root. Examination of the root surface revealed that
Fo47 developed massively at the root surface and closely in-
teracted with Pythium hyphae (Fig. 9A). Most cells of P. ulti-
mum appeared to have been altered, as estimated by their
abnormal shape (Fig. 9 B), which was associated with increased
vacuolation (Fig. 9A). Interestingly, features of mycoparasit-
ism, which could not be detected in vitro, were frequently
observed in the rhizosphere (Fig. 9A, arrow). Labeling with
gold-complexed exoglucanase for localization of cellulose sub-
units confirmed that Fo47 cells, recognized by their size and
cytoplasmic density, displayed the ability to penetrate and grow
within hyphae of P. ultimum, the cell walls of which were
labeled (Fig. 9B and C, arrow). Fo47 growth in the Pythium
hyphae was always associated with marked pathogen cell dam-
age involving gradual disorganization of the cytoplasm, even-
tually leading to complete loss of the protoplasm (Fig. 9B).

Despite the antagonistic effect exerted by Fo47 on P. ulti-
mum in the rhizosphere, successful penetration of the root
epidermis was achieved by a few hyphae of P. ultimum (Fig. 9D
and E). Colonization of some intercellular spaces by Pythium
hyphae was always associated with strong host defense reac-
tions, including the elaboration of wall appositions containing
electron-dense inclusions (Fig. 9D) and the deposition of an
osmiophilic material that formed a coating band around the
invading fungal cells (Fig. 9E, arrow). Pythium cells sur-
rounded by this material were severely damaged and, most
often, halted in their potential ingress by the deposition of wall
appositions on both sides of the colonized intercellular spaces
(Fig. 9E).

Since Fo47 hyphae could also colonize the epidermis and the
outer cortex, it was of interest to determine whether or not the
antagonistic activity observed at the root cell surface also oc-
curred in the root tissues. Examination of a large number of
sections from different roots provided evidence that Fo47 hy-
phae could physically interact with the pathogen, causing cy-



FIG. 6. Effect of F. oxysporum strain Fo47 on the rate and extent of root cell colonization by P. ultimum. Staining was done with toluidine blue.
(A through D) Both fungi, easily recognizable by their different electron densities and diameters, are restricted to the outermost root cell layers,
including the epidermis (E) (panel A). Growth of P. ultimum (P) in planta is associated with formation of wall appositions (WA) at sites of potential
fungal penetration (panel B), deposition of densely stained material along the host cell walls and the pathogen cell surface (panel C, arrowhead),
and filling of intercellular spaces with fibrillar matrices (panel D, arrows). Features of potential mycoparasitism exerted by Fo47 (F) are visible
(panel C, arrows). Bars: A, 25 wm; B to D, 10 pm.
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FIG. 7. Transmission electron micrographs of cross sections of cucumber roots inoculated with either P. ultimum alone (A) or F. oxysporum
strain Fo47 (B through E). (A) Pythium hyphae (P) develop abundantly in all root tissues, causing some host cell wall (HCW) alterations. (B
through E) Attempts of Fo47 hyphae to penetrate the epidermis are often halted by the formation of hemispheric wall appositions (WA) at sites
of potential penetration (B and C). Elongated and stratified wall appositions are also seen in areas proximal to attempted fungal penetration (D,
arrows). Electron-dense deposits (E, arrows) surround an Fo47 cell (F), which is distorted. Bars: A through C, 2 pm; D, 0.5 pm; E, 1 pm.
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TABLE 3. Effect of nonpathogenic F. oxysporum strain Fo47 on the
number and size of wall appositions formed at sites of P. ultimum
entry in cucumber root tissues 4 days after inoculation

Mean no. of wall appositions/root section = SEM

Root tissue Nontreated cucumber Fo47-treated
plants (control) cucumber plants
Epidermis 1x05 85*+15
Outer cortex 0 52%0.5

“The number of wall appositions was determined from observations of 40
transverse root sections from three tomato roots per treatment.

tological damage similar to that observed in vitro and in the
rhizosphere (Fig. 10A). Such altered Pythium cells were usually
devoid of cytoplasm and organelles, and cell wall labeling with
the gold-complexed exoglucanase was the only indication of a
previously living entity. Close examination of the labeling pat-
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tern, however, revealed that gold particles were irregularly
distributed, especially in areas adjacent to Fo47 cells (Fig. 10A,
arrows).

On the basis of our histological observations, one could
suspect that Fo47 displayed the ability to penetrate and grow
within hyphae of the pathogen. Such a feature of mycopara-
sitism was, indeed, frequently observed in intercellular spaces
in which both fungi were present (Fig. 10B). Upon incubation
with the exoglucanase-gold complex, irregular deposition of
gold particles occurred over the walls of penetrated Pythium
cells, which were reduced to empty shells (Fig. 10B). By con-
trast, no labeling was detected over the walls of the invading
hyphae parasitizing the altered fungal cells. Such invading hy-
phae displayed a normal ascomycete appearance with a thin
wall and a dense cytoplasm containing numerous organelles, as
well as Woronin bodies in the septum area (Fig. 10B). When
sections were treated with the WGA-ovomucoid complex, an

<

FIG. 8. Transmission electron micrographs of cross sections of cucumber roots inoculated with F. oxysporum strain Fo47. (A) Osmiophilic

material lining the primary walls of invaded intercellular spaces (arrow) extends toward the inside to coat Fo47 hyphae (F). The host cell wall
(HCW) is labeled with gold-complexed exoglucanase. Bar, 0.5 pm. (B) Occlusion of an intercellular space (IS) with a fibrillar matrix (FM) in which

fungal cells (F) are trapped. WA, wall apposition. Bar, 1 pm.
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FIG. 9. Cytological and cytochemical observations of the effect of F. oxysporum strain Fo47 on the rate and extent of root cell colonization by
P. ultimum. (A through C) Colonization of the root surface by Fo47 and P. ultimum. Fusarium cells (F) develop abundantly at the root surface and
interact with the pathogen either through intimate contact (A, arrows) or through mycoparasitism (B and C). The wall of penetrated Pythium
hyphae is labeled with gold-complexed exoglucanase (C, arrow). (D and E) Colonization of intercellular spaces (IS) by Pythium hyphae (P) is
associated with host defense reactions, including formation of wall appositions (WA) and deposition of osmiophilic material that forms a coating
band around invading fungal cells (E, arrow). Bars: A, 2 wm; B, D, and E, 1 pm; C, 0.5 pm.
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FIG. 10. Cytological and cytochemical observations of effect of F. oxysporum strain Fo47 on the rate and extent of root cell colonization by P.
ultimum. (A) Interactions between Fo47 (F) and P. ultimum (P) causing cytological damage similar to that observed at the root surface are evident
in some intercellular spaces (IS). Incubation of sections with gold-complexed exoglucanase results in regular labeling of Pythium cell walls (PCW),
except in areas adjacent to the F047 cell wall (arrows). (B) Feature of mycoparasitism observed in an intercellular space (IS). The penetrated
Pythium cell wall (PCW) is labeled with gold-complexed exoglucanase. Labeling is absent over the wall of the invading Fusarium cell (F), in which
a septum (S) and Woronin bodies (WB) are visible. Bars, 0.5 pm.
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inverse labeling pattern (not shown) was obtained. Penetrated
Pythium cells were unlabeled, while gold particles were specif-
ically associated with the walls of invading hyphae (data not
shown).

Pathogen cell alteration did not occur only upon contact
with Fo47. Indeed, marked changes in both the morphology
and ultrastructure of Pythium hyphae were frequently observed
at a distance from Fo47 hyphae (Fig. 11A). Such changes
usually coincided with the deposition of an unusual fibrillar
network in some intercellular spaces. By 5 days after pathogen
inoculation, most Pythium hyphae were so morphologically and
structurally altered that labeling of cellulose with gold-com-
plexed exoglucanase was the only way to detect their presence
(Fig. 11B and C).

All control tests, including previous adsorption of the probes
with their target substrate molecules, resulted in a near ab-
sence of labeling over plant and fungal cell walls (data not
shown).

DISCUSSION

Recent years have witnessed the discovery of several new
approaches to enhancement of the resistance of plants to dis-
ease through biotechnology. Besides the use of potential mi-
crobial antagonists (19) and beneficial microorganisms such as
plant growth-promoting rhizobacteria (31) to control pathogen
populations, the possibility of stimulating a plant’s immune
system by using nonpathogenic organisms has opened novel
avenues for plant disease management (1). While cucumber
has been frequently used as a model of induced resistance (42),
the use of nonpathogenic Fusarium spp. as inducers of resis-
tance to root diseases has not been widely explored and the
specific mechanisms involved in their suppressive effect remain
unclear.

Results of the present study confirm and further document
the ability of F. oxysporum strain Fo47 to stimulate resistance
genes leading to the production and accumulation of plant
defense molecules (12). Most striking and interesting was the
observation that preinoculation of strain Fo47 conferred in-
creased resistance of cucumber plants to infection by P. ulti-
mum. This stands in contrast to the general conceptual frame-
work in which strain Fo47 exhibits biocontrol capabilities
against a very narrow spectrum of root diseases, mainly those
caused by pathogenic F. oxysporum strains (4, 38). Since non-
pathogenic Fusarium spp. can occupy overlapping ecological
niches and compete with phytopathogenic microorganisms for
available nutrients (i.e., carbon and iron) (26, 32), in addition
to inducing systemic resistance (23), one would expect these
fungi to be highly versatile and exhibit little specificity as to the
targets they control. Our results are thus of particular rele-
vance since they highlight, for the first time, the potential of
this rhizosphere-competent fungus as a promising biocontrol
agent of Pythium-incited diseases.

Another novel finding of the present study concerns the
antagonistic activity mediated by Fo47 to control pathogen
density. The main mechanisms by which fungal antagonists
may exert activity against pathogens have long been attributed
to direct effects such as mycoparasitism, antibiosis, competition
for nutrients and space, and indirect effects such as plant-
induced resistance. These mechanisms may operate either
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alone or synergistically (2). Recent investigations of the in-
volvement of microbial antagonism in the suppression of fusar-
ium wilts have disclosed that reduction of pathogenic F. oxys-
porum populations in suppressive soils was greatly enhanced
when Fo47 was associated with fluorescent Pseudomonas spp.
(24, 32). Evidence was provided that the antagonistic process
relies mainly on iron competition mediated by siderophores
such as the pseudobactin produced by P. putida (32) and on
competition for carbon and for infection sites at the root sur-
face (37). That antibiosis and/or mycoparasitism could be in-
volved in the antagonistic process has been a poorly explored
research hypothesis. With the exception of the study by An-
jaiah et al. (6), who reported that toxic metabolites produced
by fluorescent Pseudomonas spp. (i.e., phenazines) could di-
rectly affect pathogen viability in soils suppressive to fusarium
wilts, the possibility that Fo47 itself may exert direct antimi-
crobial activity has been ignored, although expectations with
regard to the ability of a specific microorganism to function as
a successful biocontrol agent are partly conditioned by deep
knowledge of its mechanisms of action (29). Confrontation
experiments between Fo47 and P. ultimum in vitro revealed
that a substantial reduction of P. ultimum growth was achieved
by Fo47. At the ultrastructural level, the observation that the
viability of Pythium hyphae was disrupted in the absence of
intimate contact with Fo47 cells was taken as an indication that
antimicrobial substances were produced by Fo47. Similar cel-
lular alterations (i.e., plasmalemma retraction and disruption,
cytoplasm aggregation and/or dissolution, and organelle disin-
tegration) have often been reported to occur upon exposure of
fungal pathogens to antibiotics or hydrolytic enzymes pro-
duced by antagonistic organisms (10, 11, 33). In the interaction
under study, the regular pattern of cellulose distribution over
the cell walls of highly altered P. ultimum hyphae excludes the
option that cell wall-degrading enzymes may contribute to the
observed cell disturbances. More realistic is the possibility that
Fo47 produced antibiotics that diffused in the medium prior to
reaching their potential receptors at the plasma membrane of
Pythium cells. Cell wall splitting and deposition of amorphous
material between the split wall layers were other prominent
facets of the interaction between Fo47 and P. ultimum. Al-
though the mechanisms underlying such a process are un-
known, one may suggest that such changes in cell wall structure
reflect a defense strategy elaborated by Pythium hyphae to
protect themselves from the action of toxic metabolites se-
creted by Fo47.

Taken together, our results open the way to a better under-
standing of the role played by antibiosis in Fo47-mediated
antagonism against P. ultimum. These results, obtained from in
vitro bioassays, must, however, be viewed with caution since
physiological and cellular events observed in culture media do
not necessarily indicate that similar phenomena occur in the
presence of the host plant. Data corroborating this concept
come from the finding that mycoparasitism, which was never
observed in dual-culture tests, was a major determinant of the
biocontrol activity exerted by Fo47 in planta. Observations of
the root surface showed that Fo47 cells established close con-
tact with hyphae of P. ultimum, leading to a series of cellular
alterations similar, in most respects, to those observed in dual-
culture tests. Most striking and interesting was the finding that
mycoparasitism, as evidenced by the frequent occurrence of
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FIG. 11. Cytological and cytochemical observations of effect of F. oxysporum strain Fo47 on the rate and extent of root cell colonization by P.
ultimum. (A) Pythium hyphae (P) are altered even at a distance from Fusarium cells (F). (B and C) By 5 days after pathogen inoculation, Pythium
hyphae (P) are morphologically and structurally altered. Labeling of cellulose with gold-complexed exoglucanase confirms their presence. F, Fo47
hypha; HCW, host cell wall. Bars: B, 1 pm; A and C, 0.5 pm.
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Fo47 hyphae within nearly empty cells of the pathogen, oc-
curred not only at the root surface but also within the invaded
root tissues. Successful penetration and colonization of
Pythium hyphae by Fo47 cells imply that cellulolytic enzymes
were produced. Data favoring the concept of increased pro-
duction of cellulases include the labeling pattern of cellulose,
which clearly showed that the level of integrity of this wall-
bound compound was greatly affected in penetrated Pythium
hyphae. The production of extracellular lytic enzymes by Fo47
is not a well-documented phenomenon, although Benhamou
and Garand (12) recently concluded that the ability of Fo47 to
colonize the outer root tissues is likely associated with the
production of cell wall-hydrolytic enzymes such as pectinases
and cellulases. The possibility that Fo47 may use the cellulases
produced to breach the plant cell wall as part of its biocontrol
activity against P. ultimum appears to be a realistic option that
would explain why features of mycoparasitism were not ob-
served in dual cultures. According to our observations, it seems
reasonable to speculate that cellulase production by Fo47 is a
phenomenon induced upon perception of signals produced by
the plant. In a number of biological systems, molecular signal-
ing has been shown to play a crucial role in the process of host
recognition, leading to a series of events resulting in penetra-
tion and invasion of the host cells (8, 22). Because mycopara-
sitism always occurred at a time when cells of the pathogen
were depleted of their protoplasm, one may speculate that
cellulolytic enzymes are not the only critical traits involved in
the antagonistic process. Although it is clear that such enzymes
play a key role in breaching the pathogen cell walls, it seems
likely that cellulase activity is preceded by or coincides with the
action of toxic compounds, as recently shown by Di Pietro et al.
(21) and Schirmbock et al. (41), in the biocontrol process
mediated by fungal antagonists. All of these results suggest
that a specific enzyme-antibiotic balance may be required for
optimal antagonistic activity in the rhizosphere. Within this
framework, the apparent contradictions between the present
results and the earlier reports should be reconsidered on the
basis that the ability of Fo47 to produce hydrolytic enzymes
requires an inducing signal originating from the plant. Since
plants probably do not generate chitinase-inducing signals, it is
unlikely that mycoparasitism against pathogenic F. oxysporum
spp., which are known to contain chitin as a major cell wall
component, occurs in the rhizosphere. On the contrary, the
production of cellulases, used by Fo47 for colonizing root tis-
sues, may lead to an important reduction of oomycete popu-
lation densities through mycoparasitism. By providing food
sources, such a process may, in turn, contribute to an increase
in Fo47 biomass, thus conferring obvious advantages in terms
of competition for space and nutrients.

Even though direct microbial interactions appear to be a
major determinant in restricting Pythium invasion of cucumber
root tissues, induction of host defense reactions is another
facet of the mechanisms involved in the protection mediated by
Fo47. In line with previous reports (12, 37, 40), our ultrastruc-
tural work confirmed the rhizosphere competence of Fo47 and
the subsequent penetration of the outer root tissues. The con-
sequences of root colonization by Fo47 were striking in terms
of host physiological changes, as evidenced by the reinforce-
ment of cell walls beyond the infection sites and the deposition
of fibrillar and/or amorphous matrices in the invaded areas.

P. ULTIMUM RESISTANCE IN CUCUMBER 4059

Similar barriers, likely laid down to prevent extensive fungal
spreading and potential fungal pathogenesis, have been de-
scribed in cucumber and tomato roots inoculated with other
mycoparasites such as 7. harzianum (45) and Pythium oligan-
drum (15). Such a rapid induction of plant defense reactions
may represent a process by which nonpathogenic microorgan-
isms coexist within root tissues without causing the extensive
cell damage frequently observed in compatible host-pathogen
interactions. Although a large number of wall appositions were
formed at sites of potential entry, Fo47 hyphae displayed the
ability to penetrate the epidermis and the outer root cortex,
indicating its ability to produce the required cell wall-degrad-
ing enzymes.

Positive correlations between Fo47 treatment and induced
resistance to infection by P. ultimum in cucumber were con-
firmed by at least three main observations: (i) reduction of
pathogen viability, (ii) elaboration of newly formed barriers,
and (iii) occlusion of intercellular spaces. Restriction of patho-
gen growth to the outer root tissues coincided with a substan-
tial decrease in pathogen viability, suggesting the creation of a
fungitoxic environment in the invaded areas. The mechanisms
involved in pathogen cell alteration in planta have not been
clearly defined, although it is reasonable to postulate that di-
rect inhibitory effects, mediated by the synergistic action of
phenolic compounds produced by the plant and antifungal
metabolites produced by Fo47, are responsible for the ob-
served Pythium cell damage. Strengthening of the host cell
walls by either incrustation of newly formed compounds or
deposition of numerous heterogeneous wall appositions was a
prominent facet of the plant response to Pythium infection.
This phenomenon, which was not detected in Fo47-free plants,
where the pathogen proliferated in all root tissues within a few
days, correlates well with the concept that barricading the
pathogen through physical exclusion to limit extensive host
tissue invasion is a genetically programmed resistance response
that involves the de novo synthesis of various structural com-
pounds, including phenolics and lignin (36). Filling of most
intercellular spaces with a dense material likely enriched in
phenolics frequently coincided with marked pathogen cell al-
terations. Since intercellular spaces are known to be preferen-
tial sites for pathogen ingress, it is thus not surprising that one
of the earliest host defense reactions consists of accumulation
of fungitoxic substances at these strategic areas (14, 15).

In contrast to the view summarized by Djuiff et al. (23, 24)
regarding the secondary importance of plant-induced resis-
tance in the fusarium wilt suppression achieved by Fo47, our
cytological observations clearly demonstrate that Fo47-medi-
ated induced resistance is a key complementary mechanism in
the protection of cucumber against infection by P. ultimum.
The present study brings novel insights into the multifaceted
mechanisms by which Fo47 operates to trigger plant protection
and highlights the potential of cytological approaches in eval-
uating the functional activity of plant and microbial cells dur-
ing specific biological processes. Although such results are
difficult to generalize since they may be linked to the particular
interaction under study, our observations demonstrate for the
first time that: (i) Fo47 has the ability to control more root
pathogens than previously thought, (ii) Fo47 exerts a direct
inhibitory effect on P. ultimum, and (iii) Fo47 is a strong in-
ducer of plant defense reactions, mainly structural barriers laid
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down to protect the inner root tissues from massive invasion.
Today, an improved protection program implies the availabil-
ity of highly efficient biofungicides. Because of its remarkable
biological properties, nonpathogenic F. oxysporum strain Fo47
offers very good prospects for integrated management of root
disease in greenhouse crops.
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