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In soil, fungal colonization of plant roots has been traditionally studied by indirect methods such as
microbial isolation that do not enable direct observation of infection sites or of interactions between fungal
pathogens and their antagonists. Confocal laser scanning microscopy was used to visualize the colonization of
tomato roots in heat-treated soil and to observe the interactions between a nonpathogenic strain, Fo47, and a
pathogenic strain, Fol8, inoculated onto tomato roots in soil. When inoculated separately, both fungi colonized
the entire root surface, with the exception of the apical zone. When both strains were introduced together, they
both colonized the root surface and were observed at the same locations. When Fo47 was introduced at a higher
concentration than Fol8, it colonized much of the root surface, but hyphae of Fol8 could still be observed at the
same location on the root. There was no exclusion of the pathogenic strain by the presence of the nonpathogenic
strain. These results are not consistent with the hypothesis that specific infection sites exist on the root for
Fusarium oxysporum and instead support the hypothesis that competition occurs for nutrients rather than for
infection sites.

Fusarium oxysporum is commonly found in soil, where it
survives as dormant propagules (chlamydospores) and grows
saprophytically on organic matter. This fungal species also
includes many important plant pathogens that can induce ne-
croses or wilts in crops of economic importance, even though
strains of F. oxysporum also are commonly isolated from
healthy roots. Strains from apparently healthy plants are
termed nonpathogenic and are interesting, since some of them
can protect plants against the pathogenic strains. Several non-
pathogenic strains of F. oxysporum, isolated from soils suppres-
sive to fusarium wilts, have been selected as potential biolog-
ical control agents (3, 13, 17, 24). Characterizing the diverse
interactions between the fungus and plant roots could help
define the differences between pathogenic and nonpathogenic
strains. Until recently, observing fungi in soil was very difficult,
and most of the studies describing the colonization of root
surfaces by F. oxysporum were carried out using hydroponic
systems (18, 19) or with a substrate such as sand or vermiculite
(11), but not with soil.

To facilitate the observation of hyphae on the root surface,
transformed strains expressing reporter genes have been used
(25). The �-glucuronidase gene has been used to mark both
pathogenic and nonpathogenic strains of F. oxysporum (2, 18,
19, 26). Unfortunately, this reporter gene, which needs a sub-
strate to stain hyphae, is not easy to use in studies of root
colonization in soil. Other reporter genes, such as the green

fluorescent protein (GFP) gene or the DsRed2 gene, have also
been used to transform strains of pathogenic fungi and antag-
onistic bacteria or fungi (4, 10, 14, 16, 22, 23). When strains
marked with different reporter genes are used simultaneously,
both microorganisms can be observed simultaneously on the
same root (5). Simultaneous observations of a pathogenic and
a nonpathogenic strain of F. oxysporum would be very useful to
study their interactions at the root surface in soil.

The nonpathogenic strain Fo47 utilizes several modes of
action to generate its biocontrol capability: competition for
nutrients in soil, competition for root colonization, and in-
duced systemic resistance. The relative importance of these
modes of action is not clear (8, 12), since competition, espe-
cially competition at the root surface in soil, is difficult to
demonstrate. Using �-glucuronidase-transformed strains to as-
sess the fungal activity and either antibodies (7) or microbial
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TABLE 1. Length of the tap root and number of lateral roots (mean,
40 roots) and length of the root colonized by Fo47 (mean,

10 roots, corresponding to plants inoculated by Fo47
at the higher inoculum concentration)

Time post-
transplantation

Tap root
length
(cm)

Mean no. of
lateral roots

Plants inoculated with Fo47
at 105 ml�1 soil

Tap root
length
(cm)

Tap root
length

colonized (cm)

18 h 1.5 � 0.3 1.6 � 0.4 0.9 � 0.3
2 days 2.5 � 0.6 2.7 � 0.3 2.4 � 0.3
3 days 3.3 � 0.5 7.9 � 3 3.4 � 0.5 2.9 � 0.5
4 days 3.7 � 0.5 11 � 4 3.6 � 0.5 2.3 � 0.5
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isolations (2) to quantify the fungal biomass, competition for
root colonization was shown to occur between pathogenic and
nonpathogenic strains of F. oxysporum. There have been no
direct observations of interactions, however, at the root surface
in soil. In this study, a pathogenic strain of F. oxysporum f. sp.
lycopersici was transformed with the DsRed2 gene and the
biocontrol strain, Fo47, was transformed with the GFP gene so
that we could observe the simultaneous colonization of a root
by these two strains of F. oxysporum. The objectives of this
study were to (i) describe the pattern of tomato root coloni-
zation by F. oxysporum in soil, (ii) study interactions between a
pathogenic strain and a biocontrol strain of F. oxysporum in soil
and at the root surface, (iii) examine the hypothesis of com-
petition for infection sites, and (iv) contribute to improve our
knowledge of the modes of action of Fo47.

MATERIALS AND METHODS

Fungal strains and inoculum preparation. The pathogenic strain Fusarium
oxysporum f. sp. lycopersici (Fol8) isolated from a diseased tomato plant was

transformed with the DsRed2 gene as described previously by Nahalkova and
Fatehi (16). The nonpathogenic strain F. oxysporum (Fo47), isolated from a
suppressive soil (1), was transformed with the GFP gene by the same method-
ology as for Fol8. Both fungal strains were cryopreserved by freezing a suspen-
sion of conidia in 25% (vol/vol) glycerol at �80°C. Before being used, the fungi
were transferred to potato dextrose agar (Sigma-Aldrich, Saint Quentin Falla-
vier, France) at 25°C and grown for 7 days. The Fol8-DsRed2 and Fo47-GFP
strains were transferred to 150 ml of a minimal liquid medium (6) in which
sucrose was replaced by glucose (5 g liter�1). They were cultivated at 25°C on a
rotary shaker at 125 rpm (AJ 110; INFORS, Switzerland). After 5 days of growth,
fungal cultures were filtered through a sterile number 2 sintered-glass funnel (40-
to 100-�m-pore-size mesh) to retain the mycelia. The microconidia remaining in
the filtrate were harvested by centrifugation (5,000 � g; 20 min at 15°C) and
washed twice in sterile distilled water. The concentration of the conidial suspen-
sion was estimated under the microscope with a hemocytometer and adjusted as
necessary with sterile distilled water.

Plant inoculation and cultivation. The tomato variety hybrid F1 Montfavet
63-5, susceptible to fusarium wilt, was used in this experiment. Seeds were
surface sterilized by immersion in 1.25% sodium hypochlorite for 20 min and
rinsed three times in sterile distilled water. Seeds were germinated on malt
extract agar (10 g liter�1 malt extract; Biokar Diagnostic, Beauvais, France) in
petri dishes kept at an inclination of 60° and incubated in the dark at 22°C for 4
days. Seedlings of the same size (1 cm long) were transplanted directly from the

FIG. 1. Roots of tomato seedlings 18 h (a), 3 days (b), and 6 days (c) after transplantation into infested soil. Pictures show the soil particles
adhering to the roots ready to be observed. Bars, 1 cm.

FIG. 2. Colonization pattern of tomato roots by strains of pathogenic F. oxysporum f. sp. lycopersici (Fol8) expressing the DsRed2 gene (red)
or nonpathogenic F. oxysporum (Fo47) expressing the GFP gene (green). Confocal laser scanning microscopic analysis of tomato seedling roots
grown in soil infested with 105 conidia ml�1 is shown. Germinated conidia of Fo47 (a) or Fol8 (b) attached to soil particles and reached the root
surface 18 h after the seedlings were transplanted. Two days after transplantation, hyphae of Fo47 (c) or Fol8 (d) colonizing the root hair zone
(d) and the root surface (c) and hyphae of Fo47 running from soil particles to soil particles (e) were seen. A dense network of hyphae of Fo47
was observed on the root surface, but there was no colonization of the apical zone (f). Bars, 100 �m.
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petri dish into the infested soil, one seedling per pot, and cultivated in a growth
chamber at 25°C during the day period of 16 h and at 22°C during the night
period of 8 h. Noninoculated controls were made by transplanting seedlings into
noninfested soil.

Inoculum concentrations and ratios. To correlate observations at the root
surface with known conditions leading to effective control of the disease, two
inoculum concentration ratios were evaluated, 1/1 and 1/100, which correspond
to ratios for which biological control was, respectively, not effective or effective
(20). The following inoculum concentrations were applied: single inoculations of
Fol8 and Fo47 at 103 and 105 conidia ml�1 and mixed inoculations of Fol8 and
Fo47 at 105:105 and 103:105 conidia ml�1, respectively. Soil from a vegetable field
(sand, 86%; silt, 6%; clay 8%; pH 5.5; C/N ratio, 8.1) was heat treated at 110°C
for 1 h. It was distributed in small pots, each 20 ml, and infested by the addition
of 1 ml of an appropriate conidial suspension. Seedlings were transplanted into
the soil immediately after infestation; there were 10 plants per treatment and per
date of observation.

Microscopic observations. Observations were made 18 h and 2, 3, 4, and 7 days
after transplantation of the seedlings into the infested soil. The aerial parts of the
young plants were eliminated by cutting the hypocotyls at the soil surface, and
the roots were removed from the soil after dipping the soil clod in water. Roots
with adhering soil particles were placed on a “deep glass slide” (laboratory made)
in a drop of 0.1% water agar. The full length of each root was observed under the
microscope, and the most interesting spots were observed by confocal laser
microsccopy. A few root samples were stained by immersion in propidium iodide
at 10 �g ml�1 for 10 min and then rinsed in sterile distilled water to better
observe the plant cell walls.

Confocal observations were made with a confocal microscope (LEICA TCS
SP2 AOBS; Leica Microsystems, Germany). A dry objective (�10/0.40; working
distance, 2,200 �m) was used for most images. Each fluorescent image corre-
sponds to the maximum projection of optical sections from a z series, using Leica
Confocal software. The resultant depth (z) of each projection is between 60 and
430 �m, depending on the diameter of the root and the magnification. The
optical section number of each projection was between 25 and 80. Each figure is
a superposition of the fluorescent projection and a transmitted, nonconfocal
image (see Fig. 3d for an exception; in this figure, the transmitted image is not
presented).

RESULTS

Plant growth. Eighteen hours after transplantation and at
the time of the first observation, the taproots were �1.5 cm in
length. Their growth was important for the first 2 days but was
then limited by the narrow layer of soil in the 4-cm-deep pots.
Lateral roots were observed beginning on day 3 (Table 1). An
apical zone including the apex itself and the elongation zone,
which corresponded to the newly formed root tissue, was ob-
served on both lateral and taproots, as well as a zone where the
root hairs were present and a mature root zone where lateral
roots were present (Fig. 1).

Frequency of roots colonized by fusaria. Both Fol8 and Fo47
could be detected 18 h after plants were transplanted into the
infested soil. The frequency of observed root colonization in-
creased with time. Fungi were detected on at least 7/10 roots
and observed in all combinations except for Fol8 in the 103:105

Fol8:Fo47 ratio.
Pattern of soil and root colonization. In soil infested with

105 conidia ml soil�1, the general pattern of colonization of the

rhizosphere soil and of the root was similar irrespective of the
strain. This general pattern is described first, and differences
between strains and concentrations are then detailed in suc-
ceeding paragraphs.

Eighteen hours after the seedlings were transplanted into
the infested soil, germinated conidia attached to soil particles
were observed. There was no obvious chemotactic growth to-
wards the root, and only a few germ tubes reached the root
surface. Most of the germinated conidia were observed in the
soil explored by root hairs (Fig. 2a and b).

Two days after the seedlings were transplanted into the
infested soil, fungal development was obvious in the soil ad-
hering to the root. Some hyphae connected several soil parti-
cles (Fig. 2e), while others reached the root surface, where they
created small networks (Fig. 2c and d). Fungal colonization
was never observed in the apical zone of the root (Fig. 2f),
which limited the length of the taproot colonized by the fungi
(Table 1).

Three days after the seedlings were transplanted into the
infested soil, the hyphal networks on the root surface became
denser and began to merge. There was obvious continuity
between some hyphae adhering to soil particles and hyphae
growing on the root surface (Fig. 3a and b). Lateral roots
developed, and approximately two of seven roots were colo-
nized by either Fo47 or Fol8. The fungi were observed mostly
at the base of the lateral roots and never at the apex (Fig. 3b).
These roots were colonized either from a network of hyphae
already present on the surface of the taproot (Fig. 3c) or from
hyphae present in the soil (Fig. 3d).

Between the fourth and seventh days after the seedlings
were transplanted, the lateral roots colonized most of the lim-
ited volume of soil. The root surface appeared heavily colo-
nized by the fungi (Fig. 3e). There was no preferential growth
of hyphae along the intercellular junctions. Some hyphae fol-
lowed the main axis of the root (Fig. 3a), but others grew
transversally to the main axis of the root (Fig. 2f and 3a and e).
The pattern of fungal colonization of lateral roots was the
same as that described for the taproot, with the apical zone
never colonized by fungal hyphae. At various times, fungi were
observed penetrating epidermal cells (Fig. 3d).

Differences in root colonization based on the inoculum con-
centration. The behavior of the fungi was similar regardless of
inoculum concentration; however, at the lower inoculum con-
centration, the fungi were more difficult to observe. Usually,
they were not detected until 2 days after transplantation. With
time, the intensity of root colonization increased, but plants
grown in soil with higher inoculum densities always had more
intense root colonization. Fo47 grew faster than Fol8, so the
difference in colonization intensity due to differences in the

FIG. 3. Colonization pattern of tomato roots by strains of pathogenic F. oxysporum f. sp. lycopersici (Fol8) expressing the DsRed2 gene (red)
or nonpathogenic F. oxysporum (Fo47) expressing the GFP gene (green). Confocal laser scanning microscopic analysis of tomato seedling roots
grown in soil infested with 105 conidia ml�1 was carried out. Three days after transplantation, hyphae of Fo47 growing along or transversally to
the main axis of the root (a) were observed. Four days after transplantation, heavy colonization of the base of a lateral root by Fo47 (b) and a lateral
root primordium emerging from a taproot colonized by hyphae of Fol8 (c) were observed. Six days after transplantation, hyphae of Fol8
penetrating into epidermis cells of a lateral root (d) were observed. Four days after transplantation, heavy colonization of the root surface by Fol8
(e) and chlamydospores of Fo47 at the root surface (f) and in soil (g) were observed. Bars, 100 �m.
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initial inoculum concentration was more evident for Fol8 than
for Fo47.

Differences of root colonization between Fo47 and Fol8.
Qualitatively, the saprophytic development of Fo47 was faster
than that of pathogenic strain Fol8. After 18 h, the develop-
ment of Fo47 was greater than that of Fol8 (Fig. 2a and b), but
the difference was even clearer after 2 days of culture. The
networks of hyphae of Fol8 at the root surface were still dis-
tinct (Fig. 2d), and an average of 24 networks per root could be
counted, while networks of Fo47 had already merged and
could no longer be counted (Fig. 2c). Three days after trans-
plantation, Fol8 had a clear pattern of decreasing density of
colonization from the upper part of the root towards the elon-
gation zone, while Fo47 had more evenly colonized the entire
root surface and begun to form chlamydospores (Fig. 3f and g).
At this time, observation of Fo47 under fluorescent light was
more difficult than that of Fol8, and it was necessary to utilize
the laser light to observe it.

Interactions between Fo47 and Fol8 at the root surface of
tomato. When the two strains were both inoculated together at
105 conidia, they were readily observed on the same root in the
same microscope field. After 18 h of culture, germinated
conidia of Fo47 and Fol8 were observed in the soil explored by
root hairs (Fig. 4a); after 2 days, these germ tubes reached
similar locations on the root surface (Fig. 4b). Both fungi were
observed together on older portions of the roots, but Fo47 was
found alone on younger portions of the root. For example, on
one root measuring 2.1 cm, Fol8 and Fo47 were observed
colonizing from the hypocotyls towards the apex at 0.5 and 1.2
cm, respectively. After 3 days of culture, the root surface was
more intensively colonized by hyphae of Fo47 than by hyphae
of Fol8 (Fig. 4c). The intensity of colonization by Fol8 in
interaction with Fo47 was lower than colonization by Fol8
when inoculated alone. However, the colonization of the root
by Fol8 did not stop, since converging networks of Fol8 were
later observed (Fig. 4d).

When Fo47 was introduced at a higher inoculum concentra-
tion (105) than Fol8 (103), it was dominant (Fig. 4f) and Fol8
was much more difficult to detect. However, it was possible to
observe some places where both Fol8 and Fo47 were present
simultaneously (Fig. 4e). Fo47 never totally excluded Fol8.

DISCUSSION

Fungal strains expressing fluorescent proteins have been
used mainly to characterize their interactions with a plant (22).
Even when soilborne pathogens have been examined, most of
the studies were conducted with hydroponic systems or on
artificial substrates. Our objective in this study was to use
marked strains of pathogenic and nonpathogenic F. oxysporum
strains to observe their interactions at the root surface in soil.

Eigtheen hours after transplantation, young hyphae emerg-
ing from conidia attached to soil particles colonized the rhizo-
sphere soil. Germ tubes did not show an obvious tropism
towards the root surface. Some hyphae grew from one soil
particle to the next without ever reaching the root surface.
Other hyphae reached the root surface, where they formed
small mycelial networks. They colonized the taproot and the
lateral roots as soon as they emerged, but they never colonized
the elongation zone or the apex of the roots. The general
pattern of root colonization by pathogenic and nonpathogenic
strains in soil was similar but differed greatly from that previ-
ously described for hydroponic systems (18, 19). Indeed, in
hydroponic systems, the apical zone was heavily colonized by
either the pathogenic or the nonpathogenic strain, and the
apex was supposed to be a penetration zone for the pathogenic
F. oxysporum strain (26). Differences in experimental design
could explain these differences in fungal behavior. In hydro-
ponics, the root system was dipped into a conidial suspension;
thus, fungal development resulted from a relatively small num-
ber of conidia attached to the root surface. In soil, as the
radicle grew it came into contact with conidia adhering to soil
particles. The effective inoculum concentrations resulting from
these procedures were much lower in hydroponic systems than
in soil. In soil, nongerminated conidia were induced to germi-
nate by root exudates released within a short distance of the
growing apex of the root. Some hyphae colonized the rhizo-
sphere soil, and others reached the root surface but always
behind the elongation zone, probably due to the faster growth
of the roots than of the hyphae. This pattern of root coloniza-
tion in soil fits with observations by Rovira et al. (25) that the
main zone of root exudation is located behind the apex. More-
over, in heat-treated soil, the organic matter provided a sub-
strate for saprophytic growth of the fungi; but in hydroponic
systems, fungal development resulted from conidia bound to
the root surface, which is the only source of carbon to support
the growth of the fungus in the mineral nutrient solution.

In soil, Fo47 grew more rapidly than did Fol8. It also formed
denser networks at the root surface and colonized roots closer
to the elongation zone than did Fol8, which more intensively
colonized the older portions of the young root. The staining
quality of Fo47 hyphae decreased with time. Many of the
hyphae observable by laser confocal scanning microscopy were
not observable under fluorescent light. This might be due to
the low level of fluorescence emitted when the hyphae stopped
active growth. Expression of the GFP gene under the control
of the glyceraldehyde phosphate dehydrogenase promoter is
related to the metabolic activity of the fungus. Four days after
the seedlings were transplanted, hyphae present on the older
portions of the root were no longer actively growing and were
forming chlamydospores, which are survival structures pro-

FIG. 4. Confocal laser scanning microscopic analysis of tomato seedling roots grown in soil coinoculated by strains of pathogenic F. oxysporum
f. sp. lycopersici (Fol8) expressing the DsRed2 gene (red) and nonpathogenic F. oxysporum (Fo47) expressing the GFP gene (green). Soil infested
by both fungi at the concentration of 105 conidia ml�1 is shown (a to d), with germinated conidia and hyphae of Fol8 and Fo47 reaching the root
surface at the same location 18 h (a) and 2 days (b) after transplantation. More intense colonization of the root surface by Fo47 than by Fol8 3
days (c) and 4 days (d) after transplantation was observed. (e and f) Soil infested by Fol8 at 103 conidia ml�1 and Fo47 at 105 conidia ml�1. A single
hypha of Fol8 reaching the root surface colonized by Fo47 is shown 2 days after transplantation (e). Intense colonization of the root surface by
Fo47 only at 3 days after transplantation (f) is shown. Bars, 100 �m.
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duced when nutrients become limiting. Under these condi-
tions, it is expected that GFP production will be reduced. We
have reported such phenomena before (18), but others (2)
have insisted that there was no “reduction in staining quality”
even 10 days after inoculation. Fo47, being a nonpathogenic
strain isolated from a suppressive soil, might be better adapted
to the soil environment than Fol8, which is a wilt pathogen,
better adapted to a plant environment. In the 1960s, Garrett
(9) had already discussed the role of the saprophytic ability
among root-infecting fungi and distinguished between those
with a high competitive saprophytic ability and those more
adapted to growth at plant expense.

When the two strains were coinoculated, both were observed
on the root. The presence of one strain on the root did not
prevent its colonization by the other strain. The amount of root
colonization by either strain was reduced relative to that col-
onized in a single inoculation with either strain alone at the
same inoculum concentration. This reduced colonization is
consistent with a reciprocal competitive interaction for nutri-
ents (7). Fo47 always dominated, regardless of inoculum level,
and consistently formed a dense network of hyphae in the
rhizosphere and at the root surface. Hyphae of Fol8 were
consistently detected among those of Fo47.

The apical zone of roots growing in soil was never colonized
by the fungi. This means that the new root tissues formed
behind the apex are not colonized by hyphae growing from the
upper part of the root but by hyphae present in the rhizosphere
soil. Thus, root colonization by F. oxysporum is a dynamic
process, taking place continuously behind the apex of the grow-
ing roots. Consequently, to protect the plant efficiently, the
nonpathogenic strain must constantly succeed in its competi-
tion with the pathogen at the apical zone of the root.

Both strains colonized the entire root surface, except the apical
zone, and could be found at the same locations on the root
surface. These observations are not consistent with the hypothesis
that there are only a limited number of infection sites that can be
specifically colonized by one or the other of the two fungal strains.
On the contrary, in the upper portions of the roots, both fungi
could be observed simultaneously in the same microscope field.
Even when Fo47 intensively colonized the root surface, it never
totally excluded Fol8. These observations contradict the hypoth-
esis that competition for infection sites occurs on the root surface.
Mandeel and Baker (15) and Bao and Lazarovits (2) used serial
dilutions to quantify colonization of the root by the fungus. They
found reduced colonization of the roots by the pathogen in the
presence of the nonpathogen. Bao and Lazarovits (2) observed
the pathogen inside the xylem vessels and the nonpathogenic
strain on the root surface and in the upper layers of the cortical
cells and concluded that these strains can exclude each other from
the same ecological niche. Such partitioning might be, but is not
necessarily, in response to competition for space and the occupa-
tion of particular infection sites.

Competition between strains of F. oxysporum does occur,
since the proportion of the root surface colonized by either
strain is reduced in the presence of the other. This reduction
could result from competition for nutrients or for space. The
proportion of the root colonized and the efficacy of biological
control depend on the inoculum ratio of the pathogenic and
the nonpathogenic strains. This dose-response relationship has
been used by Larkin and Fravel (12) to characterize the mech-

anism(s) of action by nonpathogenic strains. Better sapro-
phytic competition for nutrients was a mechanism of action
used by strain Fo47 (12), as was the induction of early defense
reactions (21). It is difficult to distinguish between competition
for root colonization and locally induced resistance, since both
mechanisms contribute to decrease the intensity of root colo-
nization.

The present study, which is the first report of root coloniza-
tion by F. oxysporum in soil, tended to minimize the impor-
tance of competition for infection sites, if it even exists, and
reemphasizes competition for nutrients and induced resistance
as the main mechanisms of action of Fo47.
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