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General introduction






General introduction

Plant-microbe interactions

The plant rhizosphere

The rhizosphere is defined as the area in close proximity to the root
system by which it is influenced (Hiltner, 1904). The exudation of carbon sources
such as organic acids, sugars and amino acids (Lugtenberg and Bloemberg, 2004;
Vancura and Hovadik, 1965) by the root creates a nutrient-rich environment in
which microbial activity is stimulated. Interactions between plants and micro-
organisms can be classified as pathogenic, saprophytic and beneficial (Lynch,
1990). Compared to root-free soil the levels of micro-organisms of all major
groups, including bacteria, fungi, protozoa, actinomycetes, microalgae and viruses
are elevated in the rhizosphere.

Pathogenic interactions

Pathogenic interactions in the rhizosphere involve (i) pathogenic
interactions between microorganisms and plant roots causing plant diseases and
(ii) pathogenic interactions between microorganisms. Examples of the latter are
parasitism of one fungus by another one (referred to as mycoparasitism) and the
production of antibiotics that inhibit or kill other microorganisms.

Plant diseases may be caused by nematodes, mites, bacteria, viruses,
algae and fungi, of which fungi cause the most important damage. In crops, it is
estimated that plant diseases cause 10-20% loss in production (James, 1981).
Common fungal pathogens are Rhizoctonia solani, Pythium spp., Phytophthora
spp., Gaeumannomyces graminis, Alternaria spp., Botrytis cinerea, Verticilium
spp. and Fusarium spp.

Fusarium oxysporum spp. are saprophytic living fungi and are able to grow
and survive for long periods on organic matter in soil and in the rhizosphere of
many plant species (Garrett, 1970). Some of these strains are described as
pathogenic whereas others are described as non-pathogenic (see below). Among
the pathogenic Fusarium strains vascular and non-vascular pathogens are
identified. Vascular wilt disease is caused by vascular pathogens whereas crown
and root rot, stalk rot, head and blights are caused by non-vascular pathogenic
Fusarium spp. (Summerell et al., 2003).

Both pathogenic and non-pathogenic Fusarium strains can penetrate the
root and, in contrast to the non-pathogenic strains, pathogenic strains can
penetrate the vascular system and cause disease (Olivian and Alabouvette, 1997).
Fusarium wilt pathogens are highly host-specific and are classified in many
different formae speciales groups based on the host plant species (Armstrong and
Armstrong, 1981). Fusarium oxysporum f. sp. lycopersici (F.o.l.) causes wilt
disease in tomato and spreads rapidly through the vascular tissue (Menzies et al.,
1990). The fungus Fusarium oxysporum f. sp. radicis-lycopersici (F.o.r.l.) causes
tomato foot and root rot (TFRR), which is a serious problem for field and
greenhouse crops (Jarvis, 1988). In contrast to the wilt causing F.o.l., F.o.r.l. is not
a vascular pathogen (Rowe, 1980; Menzies et al., 1990). Difficulties in controlling
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Fusarium diseases and increasing environmental concern has stimulated research
in the biological control of these diseases.

Beneficial interactions

Beneficial interactions can be divided in four classes: (i) Biofertilization
involves micro-organisms that increase the availability of nutrients for the plant.
The formation of root and/or stem nodules by leguminous host plants upon
infection by Rhizobium, Sinorhizobium, Bradyrhizobium and Azorhizobium
increases the availability of nitrogen for the plant (Lugtenberg et al., 1991; Spaink,
1995; van Rhijn and Vanderleyden, 1995). The uptake of phosphate and mineral
nutrients by the plant is enhanced upon the interaction of the plant with
mycorrhizae, a particular group of soil fungi providing an organic link between the
root and bulk soil (Reid, 1990; Okon et al., 1997). (ii) Phytostimulation involves
direct plant growth promotion by the production of the phytohormone auxin by
micro-organisms (Schippers et al., 1987 and references therein). (iii)
Rhizoremediation refers to the degradation of pollutants by microbes present in the
rhizosphere of the plant (Anderson, et al., 1993; Kuiper et al., 2004; Schwab and
Banks, 1994). (iv) Soils that naturally limit the incidence of plant diseases, even in
the presence of a virulent pathogen and susceptible host, are defined as natural
suppressive soils. Both biotic and abiotic elements contribute to disease
suppression. Although chemical and physical characteristics of the soil affect every
living organism, soil organisms or microbial metabolites often determine directly or
indirectly soil suppressiveness. The analysis of soil and compost with the natural
ability to suppress plant diseases led to the identification of potential biocontrol
strains. Biocontrol involves the suppression of plant diseases by (micro)-
organisms. Pathogen suppression by these strains operates via diverse
mechanisms including competition for nutrients, antibiosis, parasitism and
induction of host resistance.

Biocontrol agents

Chemical pesticides have been used on a large scale to protect plants
against diseases. Since these substances can have deleterious effects on human
health and on the environment and since pathogens can become resistant to
chemicals, more and more attention has been paid to biological pesticides.
Coating seeds of potato, radish and sugar beet with biocontrol bacteria provided
crop protection and increased crop yields (Burr et al., 1978; Geels and Schippers,
1983; Schippers et al., 1995; Suslow and Schroth, 1982). Bacteria identified as
plant growth promoting rhizobacteria and biocontrol strains often belong to the
following genera. (i) Bacillus (Handelsman, 1999; Pusey, 1999; Pusey and Wilson,
1984; Silo-suh et al., 1994), (ii) Streptomyces (Emmert and Handelsman, 1999)
and (iii) Pseudomonas (Geels, F. P. and Schippers, B. 1983a, b; Scher and Baker,
1980; Stutz et al., 1986; Weller and Cook, 1983; Weller et al., 1985). Biocontrol
fungi, identified after analysis of natural disease suppressive soils include (i)
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General introduction

nonpathogenic Fusarium spp. (reviewed by Fravel et al., 2003; Larkin et al., 1993;
Larkin et al., 1996; Louvet et al., 1976; Paulitz et al, 1987; Schneider, 1984;
Tamietti and Alabouvette, 1986; Tamietti and Pramotton, 1990; Tousson, 1975);
and (ii) Trichoderma species with antagonistic activities; isolated both out of soil
and compost (Hermosa et al.,, 2000; Mousseaux, et al., 1998; Simon and
Sivasithamparam, 1989; Trillas-Gay et al., 1986).

Pseudomonas

The mechanisms through which Pseudomonas spp. control plant diseases
involve (i) competition for niches and nutrients, (ii) antibiosis, (iii) predation, and
(iv) induction of plant defense responses.

Pseudomonas spp. are efficient root colonizers and can thereby compete
for niches and nutrients in the rhizosphere. The Pseudomonas bacteria form
micro-colonies at the junctions of epidermal plant root cells (Bowen and Rovira,
1976; Chin-A-Woeng et al., 1997), the site where high concentrations of root
exudate are thought to be leaking from the root (Rovira, 1956; Chin-A-Woeng et al,
1997; Bloemberg et al., 1997). These intercellular junctions also form the niche for
the phytopathogenic fungus Fusarium oxysporum f. sp. radicis-lycopersici (F.o.r.l.)
(Lagopodi et al., 2002), which causes tomato foot and root rot (TFRR). The ability
of biocontrol strains to reduce the ability of pathogens to propagate in soil involves
the competition for nutrient compounds like carbon, nitrogen sources and iron
(Handelsman and Stabb, 1996; Loper and Byer, 1991; Lugtenberg et al., 2004).

Pseudomonads produce a wide array of antibiotics including phenazine-1-
carboxamide (PCN), 2,4-DAPG, pyoluteorin, pyrrolnitrin and phenazine-1-
carboxylic acid (PCA), (Chin-A-Woeng et al., 1998; Keel et al., 1992; Kraus and
Loper, 1995; Thomashow and Weller, 1988). Analysis of biosynthetic mutants has
shown that antibiotics play an important role in biocontrol by Pseudomonas spp.
producing these antibiotics. In addition to these small organic molecules volatiles
like hydrogen cyanide, which was shown to be a biocidic compound, can be
produced by Pseudomonas spp. (Voisard et al., 1989).

Pseudomonas spp. producing lytic enzymes such as chitinase, R-(1,3)-
glucanases, cellulases, lipases, and proteases can suppress plant diseases as
well (Chatterjee et al., 1995; Dunlap et al., 1997; Dunne et al., 1996a; Dunne et al.,
1996b; Dunne et al., 1998; Jijakli and Lepoivre, 1998; RuizDuenas and Matinez,
1996; Shapira et al., 1989). These lytic enzymes can degrade fungal cell wall
components such as chitin and glucan, and the biocontrol agent can subsequently
utilize the degradation products. Additionally, the enzymes may act synergistically
with other antifungal metabolites (Di Pietro et al., 1993; Duffy et al., 1996; Fogliano
et al., 2002; Lorito et al., 1994). It should be noted that a thorough genetic analysis
about the roles of lytic enzymes, produced by Pseudomonas spp., in biocontrol is
lacking so far.

Biocontrol strains can trigger physical and chemical defense responses
within the host plants. Necrotising agents can cause immunity, which is associated
with the accumulation of salicylic acid, and the production of pathogenenis-related
(PR) proteins, defined as systemic acquired resistance (SAR). Non-pathogenic
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root colonizing microbes or biotic agents such as lipopolysaccharides,
siderophores, of flagella (Bakker and Schippers, 1995) can trigger immunity within
the host, defined as induced systemic resistance (ISR). The ISR-response
involves jasmonic acid and ethylene production (Hoffland et al., 1995; van Loon et
al., 1998; Pieterse et al., 1996; Pieterse et al., 2001). By restricting or blocking the
ability of the phytopathogenic fungus to establish disease in the host plant,
biocontrol microbes provide partial or complete resistance of the host to the
disease.

Non-pathogenic Fusarium

In suppressive soils, interactions between pathogenic and non-pathogenic
Fusarium strains results in disease control. The biocontrol by the non-pathogenic
strains involves different modes of action: (i) competition for niches/infection sites,
(ii) competition for nutrients, (iii) higher rate of chlamydospore germination and (iv)
induction of plant defense responses.

Visualization studies illustrated the root colonization pattern of different
non-pathogenic Fusarium spp. on different plant hosts (Bao and Lazarovits, 2001;
Benhamou and Garand, 2001; Olivian and Alabouvette, 1997; Olivian and
Alabouvette, 1999; Olivian et al., 2003). Both pathogenic and non-pathogenic
Fusarium spp. colonized the root surface and penetrated into the epidermis. The
frequency of penetration was lower in case of the non-pathogenic strains and
colonization was restricted to the cortex due to defense reactions of the plant. In
contrast, pathogenic Fusarium spp. were observed to colonize the vessels.
Competition for infections sites at the root surface and for root tissue colonization
is likely to occur since the root colonization processes by non-pathogenic and
pathogenic Fusarium spp. have many similarities. The possible role of competition
for root tissue colonization is illustrated by studies of Eparvier and Alabouvette
(1994) who showed that root colonization reaches a plateau after 14 to 21 days,
suggesting that only a limited amount of root tissue can be colonized by Fusarium
spp..

How non-pathogenic biocontrol Fusarium spp. affect pathogenic Fusarium
spp. strongly depends on the isolate studied. Chlamydospore germination of two
different pathogens, F. oxysporum f sp. lycopersici and F. oxysporum f sp. bacilici,
was significantly reduced at increased glucose concentrations in soil (0.2mg/g)
and in presence of one of the three non-pathogenic Fusarium spp. tested (F.
oxysporum Fo47). In contrast, Fo47 was less effective than the other two strains
CS-20 and CS-1 in reducing the disease incidence at increasing pathogen
concentration. CS-20 was effective at inoculum concentrations 5 to 50 times lower
than that of the pathogen, whereas Fo47 was effective at inoculum densities 10 to
100 times higher than that of the pathogen (Larkin and Fravel, 1999). Reduction of
chlamydospore germination was also observed for the pathogen F. oxysporum
WCSB816 in presence of the biocontrol agent F. oxysporum Fo47b10 (Lemanceau
et al., 1993). Additionally, increasing the glucose concentration (up to 10 mg/ml)
reduced the inhibition of WCS816 chlamydospore germination by Fo47b10
indicating that glucose is one of the limiting factors for germination.
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The control of F. oxysporum f. sp. lycopersici Fol8 on tomato plants by
Fo47 was analyzed by Fuchs et al. (1997) who tested the effect of separate
introduction in time (benomyl and cutting system) or space (split root and layering
assay) of the pathogen and biocontrol agent. Their results suggested that ISR is
involved in the control of strain Fol8 by Fo47. Fo47 was shown to induce different
defense and pathogen related (PR) proteins in tomato that are associated with
SAR: R-1,3-glucanase; R-1,3-glucosidase; chitinase and PR-1 (Duijff et al., 1998;
Fuchs et al., 1997), confirming the ability of Fo47 to induce resistance in tomato
plants.

Trichoderma

The biological control by Trichoderma spp. involves mechanisms that
affect the plant pathogens either directly or indirectly. Direct modes of action
include: (i) mycoparasitism and (ii) antibiosis. Indirect modes of action involve (iii)
competition nutrients and/or niches, (iv) promotion of plant growth and (v)
induction of resistance in plants.

Mycoparasitism acts through the production of extracellular enzymes such
as chitinases (Carsolio et al., 1994; De La Cruz et al., 1992; Harman et al., 1993),
glucanases (Haran et al., 1995; Lora et al., 1995; Lorito et al., 1994) and
proteases. Disruption of an endochinase-encoding gene ech42 in T. atroviride P1,
illustrated the role of this enzyme in the control of Rhizoctonia solani (Woo et al.,
1999). Expression ech42, can be triggered by diffusible factors of R. solani, and
does not require physical contact (Cortes et al., 1998; Kullnig et al., 2000). The
expression of another chitinase gene encoded by nag? in T. atroviride P1 is
induced after contact with R. solani (Zeilinger et al., 1999). Carbon starvation as
well as growth on fungal cell walls induced expression of ech42. The latter
condition also induced the expression of nag? (Mach et al., 1999). In contrast,
expression of nag? can be reduced by deoxynivalenol (DON), a secondary
metabolite produced by different Fusarium strains (Lutz et al., 2003). The other
direct mode of action involves the production of antibiotics (Ghisalberti and
Rowland, 1993; Schirmbdck et al., 1994). The membrane affecting compounds of
this group can act synergistically with cell wall degrading enzymes (Lorito et al.,
1996) and can thereby affect the biocontrol ability of the Trichoderma spp.

The indirect modes of action includes competition nutrients and/or niches
(Dubos et al.,, 1982; Simon and Sivasithamparan, 1989; Zimand et al., 1996).
Sivan and colleagues (1987) showed that T. harzianum was mainly found on the
crown and root tip of the tomato root, the sites where Fusarium spp. were reduced.
Plant growth promotion is described as indirect mechanism of biocontrol by Inbar
et al. (1994). Via the constitutive production of chelating substances and the
synthesis of reducing metabolites, T. harzianum can solubilize plant nutrients from
their solid-phase compound under in vitro conditions. Both chelation and reduction
of metal oxides were described to be involved in the biocontrol of plant pathogens
by several rhizobacteria and might contribute to the biocontrol by T. harzianum
(Altomare et al., 1999).
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T. asperellum and the T. harzianum strains T39 and T-203 were described
to induce resistance in different plants species (De Meyer et al., 1998; Yedidia et
al., 1999; Yedidia et al., 2000; Yedidia et al., 2003). The presence of T. asperellum
was associated with the expression of two defense genes in cucumber encoding
phenylalanine ammonia lyase and hydroxyperoxide lyase (Yedidia et al., 2003).
Despite the spatial separation of strain T39 and the pathogen, the incidence of the
disease was reduced indicating that ISR is involved in the biocontrol by T39 (De
Meyer et al., 1998). Strain T203 was found to penetrate cucumber roots and
induce defense responses such as increased chitinase and peroxidase activities
(Yedidia et al.,, 1999), strengthening of epidermal and cortical cell walls by
appositions (Yedidia et al., 1999) and the induction and accumulation of PR
proteins (Yedidia et al., 2000).

Biocontrol agent-plant pathogen interactions

In biological control, the interactions between pathogens and biocontrol
organisms can be both antagonistic and parasitic. Pathogens have diverse
responses to counteract antagonism, including detoxification, repression of
biosynthetic genes involved in biocontrol, active efflux of antibiotics and antibiotic
resistance (reviewed by Duffy et al., 2003). Interactions between F.o.r.. and P.
fluorescens affected gene expression in the biocontrol agent P. fluorescens.
Fusaric acid (FA), a secondary metabolite produced by F.o.r.. was reported to
repress 2,4 diacetylphloroglucinol (2,4-DAPG) biosynthesis (Duffy et al., 1997;
Notz et al., 2002; Schnider-Keel et al., 2000). FA also reduces PCN production in
P. chlororaphis PCL1391 under in vitro conditions (van Rij et al., in press).
Deoxynivalenol (DON), another secondary metabolite produced by different
Fusarium strains, represses the expression of the exochitinase gene nag? in T.
atroviride P1 (Lutz et al., 2003).

Strategy to visualize interactions during biocontrol

Visualization of microbes using microscopy

In order to obtain more insight in the mechanism of control of TFRR by
Pseudomonas, Fusarium and Trichoderma spp. we visualized the interactions
between the root, the pathogen F.o.r.I. and the three mentioned biocontrol agents.
Using scanning electron microscopy (SEM) Chin-A-Woeng and colleagues (1997)
visualized and localized Pseudomonas bacteria on tomato roots. The drawback of
using SEM is that samples should be fixed before root colonization can be studied.
Light microscopy is another technique available for the visualization of microbes
on plant roots using GUS constructs or histochemical staining. The use of a GUS
construct allowed quantification of the nonpathogenic F. oxysporum SA70 on roots
of tomato plants (Bao et al., 2000; Eparvier and Alabouvette, 1994). Using
histochemical staining Bao and Lazarovitz (2001) were able to simultaneously
visualize the pathogenic F. oxysporum f sp. lycopersici and the non-pathogenic F.
oxysporum SA70 colonizing the root tissue.
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Using another technique, confocal scanning laser microscopy (CLSM)
Bloemberg et al. (1997; 2000) were able to visualize Pseudomonas bacteria on
tomato roots without fixing the sample. To this end the bacteria were labeled with
an auto-fluorescent protein (AFP). Constitutive promoters upstream the genes
encoding the AFPs were introduced in the microbes on plasmids or integrated into
the genome. This approach has the advantages that subsequent studies are non-
invasive and that the production of AFPs does not require extra substrates or
energy. Consequently, life samples can be studied, visualization became less
laborious and by using different AFPs Bloemberg and colleagues (2000) could
simultaneously visualize up to three different organisms.

Different AFPs and color variants are nowadays available for CLSM
studies. The enhanced green fluorescent protein (EGFP), originally isolated from
the jellyfish Aequorea victoria (Chalfie et al., 1994), the enhanced cyan fluorescent
(ECFP) and enhanced yellow fluorescent protein (EYFP) (Ellenberg et al., 1999;
Matus et al., 1999; Tsien, 1998; Yang et al., 1998) have different characteristics
regarding their excitation and emission spectra. Due to the emission spectra of the
Green, Cyan and Yellow fluorescent proteins, the GFP-CFP and the YFP-CFP
combinations are most useful for distinguishing the pathogen and biocontrol agent
in dual-color images.

Gnotobiotic system

In order to visualize the pathogen and the biocontrol agents on the plant
root, tomato seedlings are grown in a gnotobiotic sand system (Fig. 2) described
by Simons et al. (1996). Briefly, glass tubes are filled with sand moisturized with a
plant nutrient solution (10% vol/wt) (Hoffland et al., 1989) and sterilized. Tomato
seeds are sterilized, as described by Simons et al. (1996). Subsequently,
germinated tomato seeds were planted. Quartz sand was used because it has the
advantage that it can be easily removed from the roots by gentle washing, after
which the roots can be examined using CLSM. In contrast, the removal of soil from
the root is difficult and subsequent microscopy studies are hampered due to the
autofluorescence of the soil particles.

Previously, root colonization by either Pseudomonas biocontrol bacteria
(Bloemberg et al., 1997; Bloemberg et al., 2000) or the pathogen F.o.r.I. (Lagopodi
et al.,, 2002), labeled with an autofluorescent protein markers, were visualized
using this gnotobiotic sand system. In these studies the seedlings were coated
with bacteria and planted in the gnotobiotic system or seedlings were planted in
sand infested with spores of F.o.r.I., respectively.

Disease control can also be studied in this gnotobiotic sand system, which
enabled us to analyze the interactions between tomato root, F.o.r.l. and the
biocontrol agents under disease controlling conditions. Therefore, these studies
with autofluorescing organisms will provide more insight in the mechanisms of
control of TFRR by the biocontrol agents. Tomato seedlings were grown for seven
days in sand infested with F.o.r.l.. The biocontrol strains were introduced in
different ways: (i) coated on seedlings, germinated seeds were incubated in either
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a spore (fungi) or bacterial suspension and (ii) mixed though the sand either as
spores (non-pathogenic F. oxysporum) or as mycelium (Trichoderma spp.).

Aim of this thesis

Many genes and traits that are involved in the mechanisms of disease
control by Pseudomonas, Fusarium and Trichoderma species have been identified
at the molecular level. Insight in how genes and traits of the biocontrol strains
affect the pathogen at the cellular level and how they affect disease development
will improve our understanding of biocontrol.

The work presented in this thesis focuses on studying the effects of the
biocontrol microbes on the pathogen in the tomato rhizosphere, with the aim of
deepening our insight in the mechanisms of disease control used by the biocontrol
microbes. This study involves (i) the visualization of root colonization by the
biocontrol strains using CLSM, (ii) the visualization and quantification of tomato
root colonization by the pathogen F.o.r.. in the absence and presence of a
biocontrol agent or its mutants using CLSM, and (iii) the analysis of spore
germination of the pathogen and biocontrol fungi in tomato root exudate. Using
these methods we expect to analyze how previously identified genes and ftraits
affect the pathogen at the cellular level and how this contributes to the observed
disease reduction.
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Interactions between Pseudomonas and Fusarium

Abstract

The fungus Fusarium oxysporum f. sp. radicis-lycopersici (F.o.r.l.) causes
foot and root rot of tomato plants, which can be controlled by the bacteria
Pseudomonas fluorescens WCS365 and Pseudomonas chlororaphis PCL1391.
Induced systemic resistance is thought to be involved in biocontrol by P.
fluorescens WCS365. The antifungal metabolite phenazine-1-carboxamide (PCN)
as well as efficient root colonization are essential in the mechanism of biocontrol
by P. chlororaphis PCL1391. To understand the effects of bacterial strains
WCS365 and PCL1391 on the fungus in the tomato rhizosphere, microscopical
analyses were performed using different auto-fluorescent proteins as markers.
Tomato seedlings were inoculated with biocontrol bacteria and planted in a F.o.r.I.-
infested gnotobiotic sand system. Confocal laser scanning microscope (CLSM)
analyses of the interactions in the tomato rhizosphere revealed the following. (i)
The microbes effectively compete for the same niche, and presumably also for root
exudate nutrients. (ii) The presence of either of the two bacteria negatively affects
infection of the tomato root by the fungus. (iii) Both biocontrol bacteria colonize the
hyphae extensively, which may represent a new mechanism in biocontrol by these
pseudomonads. (iv) The production of PCN by P. chlororaphis PCL1391
negatively affects hyphal growth and branching, which presumably affects the
colonization and infecting ability of the fungus.

Introduction

The fungus F.o.r.l. causes tomato foot and root rot (TFRR), which is a
serious problem for field and greenhouse crops (Jarvis, 1988). Chemical
pesticides do not efficiently suppress TFRR (Benhamou et al., 1994). In contrast,
the biopesticides P. fluorescens WCS365 and P. chlororaphis PCL1391 efficiently
suppress TFRR (Chin-A-Woeng et al.,, 1998; Dekkers et al., 2000). The
mechanism of biocontrol of TFRR by P. fluorescens WCS365 has not been
elucidated, but since it was shown that strain WCS365 triggers induced systemic
resistance (ISR) in Arabidopsis thaliana (Gerrits and Weisbeek, 1996) it is likely
that ISR also is the underlying mechanism of biocontrol of TFRR by P. fluorescens
WCS365 (Dekkers et al.,, 2000). Strain PCL1119, a mutant derivative of P.
chlororaphis PCL1391 impaired in the production of the antifungal metabolite
phenazine-1-carboxamide (PCN), was not able to suppress TFRR in potting soll,
showing that the production of PCN is required for biocontrol (Chin-A-Woeng et al.,
1998). Testing of three different competitive root tip colonization mutants of strain
PCL1391 showed that efficient colonization of the tomato root system is also
essential for suppression of the disease by this strain (Chin-A-Woeng et al., 2000).

Many genes and ftraits involved in biocontrol have been identified to
explain biocontrol at the molecular level (see reviews by Bloemberg and
Lugtenberg, 2001; Lugtenberg et al., 2002; Thomashow and Weller, 1996;
Whipps, 2001). Reports describing interactions between pathogens and control
agents at the cellular level are limited (Benhamou et al.,1993; Benhamou et
al.,1997; Benhamou et al.,1999; Chet et al., 1981; Etchebar et al., 1998; Hogan
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and Kolter, 2002) and reports on the spatio-temporal analysis at the cellular level
of the interactions between the biocontrol agent and the phytopathogenic fungus in
the rhizosphere are scarce (Bao et al., 2001; Benhamou et al.,1996). In previous
work we have analyzed, using CLSM, the colonization process of the tomato
rhizosphere by Pseudomonas biocontrol strains (Bloemberg et al., 1997; Chin-A-
Woeng et al., 1997; Dekkers et al., 2000) and by F.o.r.l. (Lagopodi et al., 2002). In
the present paper we report, using microbes differentially labeled with auto-
fluorescent proteins, an analysis of the interactions between F.o.r.. and the
Pseudomonas biocontrol strains WCS365 and PCL1391 in the tomato rhizosphere
with the aim to obtain a better understanding of the biocontrol process.

Table 1. Microorganisms and plasmids

Strains, Reference or source
plasmids

Bacteria

WCS365 Pseudomonas fluorescens; efficient competitive Simons et al., 1996;

root colonizer; biocontrol strain of tomato foot and Dekkers et al., 2000
root rot caused by F.o.r.l.

PCL1391 P. chlororaphis; efficient competitive root colonizer;  Chin-A-Woeng et al.,
biocontrol strain of tomato foot and root rot; 1998; 2000
produces phenazine-1-carboxamide (PCN)

PCL1119 PCL1391 (phzB :: Tn5luxAB); does not produce Chin-A-Woeng et al.,
phenazine-1-carboxamide 1998

Fungi

ZUM 2407 F.o.r.l. causing tomato foot and root rot IPO-DLO,

Wageningen, The
Netherlands

FCL14 F..o.r.l. ZUM 2407 containing gfp under control of Lagopodi et al., 2002
the constitutive gpdA promoter

Plasmids

pMP4662 pME®B010 containing rfp under the control of the lac  Bloemberg et al.,

promoter; is maintained in Pseudomonas without 2000
antibiotic pressure; TR
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Results

Biocontrol of tomato foot and root rot by P. fluorescens WCS365 and P.
chlororaphis PCL1391 in a gnotobiotic sand-nutrient solution system

To test the biocontrol ability of P. fluorescens WCS365 and P.
chlororaphis PCL1391 (Table 1), tomato seedlings were inoculated with cells of
either strain and grown in a gnotobiotic system containing sand infested with
F.o.r.l. spores. Already after four days disease symptoms are visible in 40% of the
plants. After seven days of incubation the plants were analyzed for disease
symptoms and statistical analysis was performed. The presence of the pathogenic
fungus caused disease symptoms in 70-90% of the plants (Tables 2A and 3A)
after seven days. The presence of P. fluorescens WCS365 on tomato seedlings
reduced the percentage of sick plants considerably to 0-15% (Table 2A). Using a
chi-squared goodness-of-fit statistical test two different treatments were compared.
Comparison of plants grown in sand containing F.o.r.l. spores with and without P.
fluorescens WCS365 showed that strain WCS365 significantly suppressed tomato
foot and root rot in the gnotobiotic system (Table 2B).

Table 2. Biocontrol of tomato foot and root rot by P. fluorescens WCS365 in a gnotobiotic
sand-nutrient solution system

A. Disease symptoms

Micro-organism(s) present Experiment 1 Experiment 2
Healthy Sick Healthy Sick
(i) None 20 0 20 0
(i) F.o.r.I. 6 14 2 18
(iii) F.o.r.l. + P. fluorescens WCS365 20 0 17 3
(iv) P. fluorescens WCS365 20 0 20 0
B. Statistics
Compared treatments Xovalues experiment 1 Xovalues experiment 2
(i) and (iii) 21.54° 22.56¢
(iv) and (iii) 0° 324

A. Twenty plants were either grown (i) in the absence of microbes, (ii) in the presence of
F.o.r.l, (iii) in the presence of both F.o.r.l. and P. fluorescens WCS365, or (iv) in the
presence P. fluorescens WCS365. Seven days after plant inoculation the disease status of
the plants was scored. For details of inoculation and growth conditions, see the Materials
and Methods section. B. Statistical analysis of the biocontrol experiment (panel A) was
performed using a chi-squared goodness-of-fit test (Heath, 1995). Critical X, value 3.841.
For details about the analysis, see the Materials and Methods section.

“? The two compared treatments are significantly different

" The two compared treatments are not significantly different
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Inoculation with P. fluorescens WCS365 improved the health condition of
plants grown in the presence of F.o.r.l. up to the level of the seedlings grown only
in the presence of P. fluorescens WCS365, which were all healthy (Table 2B).
Inoculation of tomato seedlings with P. chlororaphis PCL1391 reduced the
percentage of sick plants significantly to 6-15% (Table 3A and 3B). In addition
PCL1119, a derivative of P. chlororaphis PCL1391 in which a promoterless
Tn5/uxAB has been inserted in phzB and therefore does not produce PCN, was
tested to study the role of PCN production in the biocontrol ability of P.
chlororaphis PCL1391 in the gnotobiotic system. PCL1119 reduced the
percentage of sick plants significantly to 38-60% (Table 3A and 3C). The disease
reduction caused by P. chlororaphis PCL1119 was significantly less than the
reduction caused by P. chlororaphis PCL1391 (Table 3C).

Table 3. Biocontrol of tomato foot and root rot by P. chlororaphis PCL1391 in a gnotobiotic
sand-nutrient solution system

A. Disease symptoms

Micro-organism(s) present Experiment 1 Experiment 2

Healthy Sick Healthy Sick
(i) None 16 0 20 0
(i) F.o.r.I. 4 12 2 18
(iii) F.o.r.l. + P. chlororaphis PCL1391 15 1 17 3
(iv) F.o.r.l. + P. chlororaphis PCL1119 10 6 8 12
(v) P. chlororaphis PCL1391 16 0 20 0

B. Statistics P. chlororaphis PCL1391

Compared treatments Xz values experiment 1 X values experiment 2
(if) and (iii) 15.81¢ 22.56¢
(v) and (iii) 1.03° 3.24"

C. Statistics P. chlororaphis PCL1119

Compared treatments X3 values experiment 1 X3 values experiment 2
(ii) and (iv) 457° 48°
(iii) and (iv) 4.57° 8.64°
(v) and (iv) 7.38° 17.14 ¢

A. Sixteen (exp. 1) or twenty plants (exp. 2) were either grown (i) in the absence of
microbes, (ii) in the presence of F.o.r.l., (iii) in the presence of both F.o.rl. and P.
chlororaphis PCL1391, (iv) in the presence of both F.o.r.l. and P. chlororaphis PCL1119 or
(v) in the presence P. chlororaphis PCL1391. Seven days after plant inoculation the disease
status of the plants was scored. For details of inoculation and growth conditions, see the
Materials and Methods section. B. Statistical analysis of the biocontrol experiment (panel A)
was performed using a chi-squared goodness-of-fit test (Heath, 1995). Critical Xzvalue
3.841. For details about the analysis, see the Materials and Methods section.

Y The two compared treatments are significantly different

" The two compared treatments are not significantly different
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Spatio-temporal analysis of interactions between the biocontrol bacteria P.
fluorescens WCS365, P. chlororaphis PCL1391 and F.o.r.l. in the tomato
rhizosphere

Using CLSM we visualized F.o.r.. and the Pseudomonas biocontrol
bacteria simultaneously in the tomato rhizosphere. To distinguish the bacteria and
the fungus, GFP-labeled F.o.r.l. derivative FCL14 (Lagopodi et al.,, 2002) and
DsRed-labeled (encoded by rfp) P. fluorescens WCS365 or P. chlororaphis
PCL1391 harboring the plasmid pMP4662 (Bloemberg et al., 2000) were used.

After inoculation of tomato seedlings with either P. fluorescens WCS365 or
with P. chlororaphis PCL1391 and subsequent plant growth in the gnotobiotic sand
system, bacterial cells were detected on the main root and on root hairs. After
three days of plant growth single bacterial cells were observed on the 7-cm long
roots from the crown to 2.5 cm above the root tip and they were predominantly
present along the junctions of the epidermal cells (Fig. 1A). Small microcolonies
were formed on the upper half of the root. After six days of growth microcolonies
on the upper half of the root was estimated to be increased up to four times in both
number and length.

Seedlings coated with either P. fluorescens WCS365 or with P.
chlororaphis PCL1391 grown in F.o.r.l.-infested sand were four times examined
(three seedlings per condition). Focusing on regions of the main root where either
the fungus was most abundantly present, or where both the fungus and the
bacteria were present and interactions were visible, showed the following. (i) The
colonization pattern of the Pseudomonas biocontrol bacteria was unaffected by the
presence of the phytopathogenic fungus over fourteen days. (ii) The bacteria
reached the root surface earlier and proliferated faster than the fungus. The
bacteria were already visible within 24 hours whereas the fungus could only be
observed after 48-72 hours. (iii) The bacteria occupied the same niches as the
fungus (compare Figs. 1A and 1B). (iv) During the first three days the attachment
and initial growth of the fungus along the cellular junctions of the tomato root were
not affected by the presence of the biocontrol bacteria. (v) In contrast, after seven
days the density of the hyphal network, expressed as the number of fluorescent
pixels per cm2 of root, was strongly reduced by the presence of the biocontrol
bacteria (Table 4). P. fluorescens WCS365 and P. chlororaphis PCL1391 reduced
the hyphal network up to 5 times (compare Fig 1C with 1D and 1E, respectively)
whereas the reduction by P. chlororaphis PCL1119 was less strong, 3 times
(compare Fig 1C with 1F). In two other experiments the density of the hyphae was
also reduced, although to a lesser extent (Table 4). (vi) In the close vicinity of the
Pseudomonas biocontrol bacteria penetration of the tomato root by the fungus was
not observed. (vii) Three to four days after planting, the Pseudomonas biocontrol
bacteria caused an increase of the number of vacuoles within the fungal hyphae
(Fig. 1G). (viii) After three days the bacteria attached to, and subsequently
colonized the hyphae as was shown by a three dimensional analyses making Z-
sections (Fig. 1H). (ix) Ten days after inoculation the bacteria were found
predominantly around the hyphae and they had further colonized the hyphae
(compare Fig. 2A with 2B).
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Figure 1. Confocal laser scanning microscopical analysis of tomato root colonization by the
phytopathogenic fungus F. oxysporum f. sp. radicis-lycopersici (F.o.rl) and by
Pseudomonas biocontrol bacteria. The full color figure is depicted on page 121.
Two-day-old tomato seedlings were inoculated at time zero with cells of either P.
fluorescens WCS365 or P. chlororaphis PCL1391 harboring a reporter plasmid expressing
the rfp gene, which here appear as red cells. Plants were grown in a gnotobiotic sand
system containing spores of F.o.r.I. harboring a constitutively expressed gfp gene. Walls of
tomato root cells appear as red due to autofluorescence. A, P. fluorescens WCS365
colonizing the intercellular junctions of root cells of an inoculated seedling planted in sterile
sand three days after planting. B, F.o.r.l. hyphae growing along the intercellular junctions of
root cells of a sterile seedling three days after planting in sand containing fungal spores. C,
Hyphal network present in the rhizosphere of a sterile seedling planted in sand containing
F.o.r.l. spores seven days after planting in absence of biocontrol bacteria; D, in presence of
P. fluorescens WCS365; E, in presence of P. chlororaphis PCL1391; F, in presence of P.
chlororaphis PCL1119. G, Vacuoles (indicated by arrowheads) abundantly present in
hyphae in the rhizosphere of seedlings inoculated with P. chlororaphis PCL1391 three days
after planting. H, P. chlororaphis PCL1391 attached to fungal hyphae three days after
inoculation. The lower part of the panel (2-4) is a cross section in the Z direction at the white
line in the upper part (1) showing the attachment. 2. Both the fungus and the bacteria. 3.
The GFP signal of the fungus and 4. The DsRed signal of the bacteria. The size bar
represents 10 um in all panels.
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Table 4. Reduction of the hyphal network by Pseudomonas biocontrol bacteria in a
gnotobiotic sand-nutrient solution system

Micro-organism(s) present Experiment1  Experiment2  Experiment 3
Fluorescent pixels
Nr. (%) Nr. (%) Nr. (%)
(i) F.o.r.l. 11.016 100 113.846 100 25.337 100
(i) F.o.r.I. + P. fluorescens WCS365 2.370 22 55.793 49
(iii) F.o.r.l. + P. chlororaphis PCL1391 2.213 20 7.749 31
(iv) F.o.r.l. + P. chlororaphis PCL1119 3.551 32 13.737 54

The density of the hyphal network in (i) the absence of Pseudomonas bacteria, (ii) in the
presence of P. fluorescens WCS365 (iii) in the presence of P. chlororaphis PCL1391 and
(iv) in the presence of P. chlororaphis PCL1119. The density is expressed as the number of
fluorescent pixels per cm? of root (as described in the Materials and Methods section) and
as a percentage of the network in the absence of Pseudomonas bacteria (i).

Spatio-temporal analysis of interactions between P. chlororaphis PCL1391 and
F.o.r.l. in the tomato rhizosphere

The observations described below were observed for P. chlororaphis
PCL1391 but were not seen in presence of P. fluorescens WCS365. (i) After seven
days P. chlororaphis PCL1391 caused an increase of the thickness of part of the
hyphae (Fig. 2C). The strain also caused a disturbance of hyphal growth
directionality, resulting in (ii) curly growth of hyphae growing along the intercellular
junctions of the plant root after nine days (Fig. 2D) and (iii) abrupt changes in the
growth direction after ten days (Fig. 2E). (iv) An increase of the frequency of
hyphal branching was found after ten days. (v) After thirteen days fork-like
branching structures of some hyphae were observed (Fig. 2F).

Analysis of P. chlororaphis PCL1119, which does not produce PCN,
revealed that hyphal growth, morphology and branching was altered. Compared to
its wild type the hyphal network was less strongly reduced (Table 4). The increase
of the number of vacuoles within the fungal hyphae was observed 1 day later as
compared to its wild type (Table 5). The increase in hyphal thickness, the abrupt
changes in the growth direction and the increase of the frequency of hyphal
branching were observed 3 days later (Table 5). Curly growth of hyphae was not
observed along the cellular junctions (Fig. 2G) and the fork-like branching
structures consisted of two branched hyphae, whereas in the presence of its wild
type the structures consisted of three branched hyphae (Fig. 2H).
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Figure 2. Confocal laser scanning microscopical analysis of effects of the presence of
Pseudomonas chlororaphis PCL1391 and PCL1119 cells on growth of F. oxysporum f. sp.
radicis-lycopersici (F.o.r.l.) in the tomato rhizosphere. The full color figure is depicted on
page 122.

Two-day-old tomato seedlings were inoculated at time zero with P. chlororaphis PCL1391
cells harboring a reporter plasmid expressing the rfp gene, which here appear as red cells.
Plants were grown in a gnotobiotic sand system containing spores of F.o.r.l. harboring a
constitutively expressed gfp gene. Cell walls of the tomato root appear as red due to
autofluorescence. A, P. chlororaphis PCL1391 cells concentrating around the hyphae and
colonizing F.o.r.l. hyphae ten days after inoculation. B, same picture as 2A without the GFP
signal showing that all bacterial cells are attached to the fungal hyphae. C, In presence of
strain PCL1391 an increase of the diameter of hyphae (indicated by arrowheads) was
observed after seven days. D, Curly growth of hyphe along the cellular junction of the
tomato root was observed in close vicinity of PCL1391 cells, nine days after planting. E, In
presence of strain PCL1391 abrupt changes in the growth direction of hyphae (indicated by
arrowheads) observed after ten days. F, Branching of F.o.r.l. hyphae resembles fork-like
structures (indicated by arrowheads) in presence of strain PCL1391 thirteen days after
inoculation. G, Hyphal growth in presence of strain PCL1119 in the rhizosphere. H,
Branching of F.o.r.I. hyphae resembles fork-like structures at lower frequency in presence of
strain PCL1119 thirteen days after inoculation. The size bar represents 10 ym in all panels.
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Table 5. Effects of the Pseudomonas bacteria on fungal growth in the gnotobiotic sand-
nutrient solution system

Effects on fungal growth in the P. fluorescens P. chlororaphis  P. chlororaphis
tomato rhizosphere WCS365 PCL1391 PCL1119
Observed on day
Reduction of hyphal network Day 7 Day 7 Day 7
51-78% 69-80% 46-68%
Vacuole formation Day 4 Day 3 Day 4
Attachment to fungal hyphae Day 3 Day 3 Day 3
Increase in hyphal diameter - Day 7 Day 10
Curly growth along cellular junction - Day 9 -
Abrupt changes in growth direction - Day 10 Day 13
Increased branching frequency - Day 10 Day 13
Altered branching structures - Day 13, Day 13,
3 branches 2 branches

Analysis of F.o.r.l. growth in the tomato rhizosphere in presence of purified PCN
Tomato plants were grown in the gnotobiotic system containing sand
infested with Fusarium spores. After three days of growth the plants were gently
taken out of the gnotobiotic system, without removing the sand adhering to the root
and transferred to PNS-agar plates. At this time point the fungus had attached to
the tomato root and started to grow along the cellular junctions of the tomato root.
A solution of purified PCN in ethyl acetate was spotted onto the root. As a control
ethyl acetate was applied. This had no effect on the growth. CLSM studies of
fungal hyphae in the tomato rhizosphere showed that in the direct presence of
purified PCN similar alterations in hyphal growth took place as in the presence of
P. chlororaphis PCL1391 (Table 5). (i) The presence of PCN caused an increase
in the number of vacuoles after four hours (Compare the growth in the absence of
PCN (Fig. 3A, 3B) with that in the presence of PCN (Fig. 3C)). (ii) An increase in
the hyphal diameter (Fig. 3D), (iii) abrupt changes in the growth direction (Fig. 3E),
(iv) increased branching frequencies (Fig. 3F) and (v) altered branching structures
(Fig. 3G) were observed after one day. (vi) Curly growth was observed after 3
days (Fig. 3H). Analysis of the tomato rhizosphere two cm (or more) from the
PCN-inoculation spot showed that hyphal growth was not altered at these sites.
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Figure 3. Confocal laser scanning microscopical analysis of effects of the presence of
purified PCN on growth of F. oxysporum f. sp. radicis-lycopersici (F.o.r.l.) in the tomato
rhizosphere. The full color figure is depicted on page 123.

Plants were grown in a gnotobiotic sand system containing spores of F.o.r.l. harboring a
constitutively expressed gfp gene. Cell walls of the tomato root appear as red due to
autofluorescence. A and B, hyphal growth in presence of ethyl acetate. C, An increase in
the number of vacuoles was observed after four hours in presence of PCN. D, An increase
in the hyphal diameter was observed after 1 day. E, Abrupt changes in the growth direction
was observed after 1 day incubation. F, Increased branching frequencies was observed
after 1 day. G, altered branching structures were observed after 1 day. H, Curly growth was
observed after 3 days. The size bar represents 10 um in all panels.
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In vitro analysis of interactions between biocontrol strains and F.o.r.l.

To facilitate the interpretation of the effects on fungal growth by the
Pseudomonas biocontrol strains in the rhizosphere as described above, in vitro
experiments were performed in which F.o.r.l. was grown on LB agar in the vicinity
of P. fluorescens WCS365 and P. chlororaphis PCL1391. The fungus and the
bacteria were spotted next to each other on agar and subsequently allowed to
grow. Differential interference contrast (DIC) microscopy studies of F.o.r.l. growing
in the absence of Pseudomonas showed straight, radially orientated hyphae (Fig.
4A). The presence of P. fluorescens WCS365 cells had no visible effects on
growth, branching, and morphology of fungal hyphae, which finally grew over the
bacterial clump (data not shown). The presence of P. chlororaphis PCL1391
caused a strong inhibition zone of fungal growth. Microscopy studies focused on
the inhibition region near the hyphal tips growing towards the P. chlororaphis
PCL1391 cells (Fig. 4B). The following effects on F.o.r.l. hyphae growing towards
P. chlororaphis PCL1391 were observed. (i) The hyphae lost the radial growth
orientation and grew in different directions (compare Fig. 4A with 4B and 4C). (ii)
About one percent of the hyphae showed looping growth (Fig. 4D). (iii) Branching
of the hyphae was observed about ten times more frequently and closer to the
hyphal tip than when bacteria were not present (compare Fig. 4A with Fig. 4E). (iv)
Structures very similar to chlamydospores were observed (Fig. 4F), however their
size is bigger therefore these chlamydospores could also be swollen bodies. To
analyze the role of PCN in the above-described effects on hyphal growth,
branching and morphology, we studied growth of fungal hyphae on agar in the
vicinity of a PCN-negative mutant P. chlororaphis PCL1119. Hyphae growing
towards strain PCL1119 were straight and radially orientated as in absence of
bacteria (Fig. 4G). To further analyze the role of PCN, hyphae were allowed to
grow towards purified PCN. Purified PCN (0.2 mg) spot-inoculated on the agar
surface caused an inhibition zone of fungal growth and had similar effects on
hyphal growth, branching, and morphology as the presence of cells of P.
chlororaphis PCL1391: the hyphae (i) lost the radial growth orientation (Fig. 4H
and 4l), the hyphae showed (ii) looping growth (Fig. 4J) and (iii) an increased
branching frequency (Fig. 4K) whereas (iv) chlamydospore-like structures were
observed (Fig. 4L).
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Figure 4. Differential interference contrast microscopy analysis of in vitro effects of
Pseudomonas chlororaphis PCL1391 on hyphal growth and spore formation by Fusarium
oxysporum f. sp. radicis-lycopersici (F.o.r.l.). The full color figure is depicted on page 124.
F.o.r.I. was grown in the vicinity of P. chlororaphis PCL1391, P. chlororaphis PCL1119 or
purified PCN, on microscopy glass slides covered with a thin layer of LB agar. Three days
after growth F.o.r.l. hyphae were examined for effects on growth and spore formation. A,
Growth of F.o.r.l. in the absence of bacteria. B through F, Growth of F.o.r./. towards P.
chlororaphis PCL1391, which is located (outside the picture) in the upper right corner. B,
Overview of the region close to the inhibition zone caused by PCL1391. B through D,
Disturbance of hyphal growth directionality. E, Frequent branching close to the hyphal tip. F,
Chlamydospores, observed within the hyphae. G, Overview of the region close to PCL1119,
which is located (outside the picture) on the right. H through L, Growth of F.o.r./. towards
purified PCN, which is located (outside the picture) in the upper right corner. H, overview of
the region close to the inhibition zone caused by PCN. H through J, Disturbance of hyphal
growth directionality. K, Frequent branching close to the hyphal tip. L, Chlamydospores,
observed within the hyphae. The size bar represents 10um in all panels.
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Discussion

Visualization of biocontrol of tomato foot and root rot by P. fluorescens WCS365
and P. chlororaphis PCL1391 in a gnotobiotic sand-nutrient solution system

TFRR is an important disease caused by the soil-borne pathogen F.
oxysporum f. sp. radicis-lycopersici. The process of colonization and infection of
the tomato root has been studied (Charest et al., 1984; Brammall and Higgins,
1988). Recently, more details were revealed using GFP-labeled F.o.r.l. (Lagopodi
et al., 2002). Coating of seeds or seedlings with the bacteria P. fluorescens
WCS365 and P. chlororaphis PCL1391 can efficiently control TFRR in soil infested
with F.o.r.I. spores (Chin-A-Woeng et al., 1998 and Dekkers et al., 2000).

In the present work we visualized the interactions between the fungus and
the bacteria in the tomato rhizosphere in order to get a better understanding of the
biocontrol process. The microbes were differentially labeled with autofluorescent
proteins to clearly visualize and distinguish them simultaneously. The GFP labeling
does not affect the pathogenicity of the fungus (Lagopodi et al., 2002) and DsRed
labeling does not cause a genetic or metabolic burden on the bacteria (Bloemberg
et al., 2000). Quartz sand was used because it has the advantage that it can easily
be removed from the tomato roots by gentle washing, after which the roots can be
examined. In contrast, potting soil cannot easily be removed from the roots and
subsequent CLSM studies are hampered by autofluorescence of small soil
particles (Bloemberg et al., 1997; Chin-A-Woeng et al.,, 1997; Lagopodi et al.,
2002). In addition, the quartz sand system enables us to focus better on the
interactions between the two microbes directly involved in biocontrol due to the
absence of other rhizosphere microorganisms, which are present in non-sterile soil
systems. It should be noted that, presumably due to the absence of competing
indigenous bacteria, the use of quartz sand results in a very high disease pressure
(70-90%) and very efficient biocontrol (Table 2 and 3).

In potting soil it was it was found that, in contrast to wild type strain
PCL1391, mutant PCL1119, did not cause significant biocontrol (Chin-A-Woeng et
al., 1998). In the gnotobiotic system we see again a strong effect of PCN
production on biocontrol (Table 3) as well as a stronger reduction of the hyphal
network (Table 5) and an acceleration of the stress responses in the fungus (Table
5). However, in contrast to in potting soil, there is a significant effect of the PCN-
negative mutant PCL1119 on biocontrol in the gnotobiotic system (Table 3). This is
likely due to the result of the absence of indigenous bacteria which allows higher
levels of PCL1119, which is a derivative of the efficiently root colonizing strain
PCL1391. We therefore attribute the significant control activity of strain PCL1119
in the gnotobiotic system to its competition for niches and nutrients.
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Colonization of the tomato root by the Pseudomonas biocontrol bacteria and the
pathogenic fungus

In the following we will summarize and discuss the major effects of
inoculation of seedlings with either of the two biocontrol bacteria grown in quartz
sand infested with F.o.r.l.i spores. (i) The root colonization behavior of the bacteria
was hardly influenced by the presence of the fungus. (ii) The bacteria reached the
root surface earlier and multiplied faster than the fungus. Chemotaxis towards root
exudate compounds (de Weert et al., 2002) is likely to play a role in the former
process. (iii) Bacteria and hyphae colonize the same niches on the tomato root,
namely the intercellular junctions (compare Figs. 1A and 1B). This may be due to
chemotaxis towards, and utilization of, exudate compounds that are supposed to
be exuded preferentially at those niches (Campbell and Greaves, 1990). (iv) After
three days no effect of the bacteria on fungal growth was observed, but after
seven days the density of the hyphae in the rhizosphere was approximately five-
fold reduced by the presence of the biocontrol bacteria (compare Fig. 1C with
Figs.1D and 1E). The fact that this effect only was observed in later stages can be
explained in a number of ways. (a) In earlier stages the bacterial numbers are
lower and therefore have less competitive capacity. (b) After four days forty
percent of the plants (in absence of bacteria) show disease symptoms such as
small brown lesions on the root. It is likely that cell fluids are leaking at these sites
and consequently more nutrients become available for the microbes at the root
surface resulting in the fast increasing density of bacteria and hyphae. In the
presence of bacteria these sites with high densities of hyphae are absent (see
Results section and Fig. 1D, 1E and 1F), suggesting that the presence of bacteria
prevents the formation of severe lesions by the fungus. (c) Possibly, the sites
where exudates are leaking from the tomato root are vulnerable and can be easily
penetrated by the fungus. By colonizing these sites and utilizing the exudate
nutrients the bacteria prevent colonization and therefore penetration of the fungus.
(d) Another possible factor could be that the bacteria have utilized or degraded a
signal required for colonization of the epidermis by hyphae. (v) Hyphae were
colonized by the bacterial strains from day three on (Fig. 1H and 2A). (vi) All three
bacteria cause an increase in the number of vacuoles in the hyphae (Fig. 1G),
which is indicative for acceleration of the aging process of the hyphae (Moore-
Landecker, 1996). Possibly this reduces the aggressive action of the fungus
towards the plant as well. (vii) Finally, strain PCL1391 caused a number of specific
morphological alterations (Table 5), of which many can be explained by the fact
that PCL1391 produces the antifungal metabolite PCN (Figs. 2C, 2D, 2E, and 2F),
since the purified PCN compound altered the growth and morphology of hyphae
both in vitro (Figs. 4H, 41, 4J, 4K and 4L) and in vivo (Figs. 3C, 3D, 3E, 3F, 3G and
3H). The lack of PCN production in strain PCL1119 caused a delay in the
appearance of the morphological alterations of hyphae (Table 5). We speculate
that the production of extracellular enzymes, such as chitinase, protease, lipase
and HCN (Chin-A-Woeng et al., 1998) affect growth and morphology of the fungus
as well.
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Mechanism of action of PCN

Knowledge of the basic principles of hyphal growth and the possible
mechanism by which PCN acts may contribute to our understanding of how PCN
causes these stress responses. Wessels (1986) reported that polarized growth,
i.e. endogenous electrical currents, is the basis of hyphal elongation and
branching. When these electrical currents are altered hyphal growth and branching
will be influenced. The exact growth-inhibiting mechanism of PCN is unknown.
However, Hernandez et al. (2001) reported that phenazine compounds can
function as electron shuttles. Such an activity of PCN could affect the endogenous
electrical currents in the hyphae, and could thereby affect hyphal growth and
branching. As a result, the fungus could be affected in its colonization ability and
consequently be reduced in its pathogenicity. Disruption of polarized growth is also
described by Gadd et al. (2001). In their study they showed that cadmium reduces
the hyphal length and increases branching frequency. They postulate that
cadmium affects the mechanisms, which maintain the electrochemical gradients
across the apex, which may be involved in polarized growth. Such an action of
PCN would explain the following observed in vivo effects (Table 5): hyphal swelling
(Fig. 2C), disturbance in hyphal growth directionality (Fig. 2D and 2E), increased
frequency of branching and altered branching structures (Fig. 2F). Of these, the
latter could also be a response of the fungus to the presence of the bacteria, which
occupy penetration sites, to search for free penetration sites.

Mechanisms of biocontrol

The present results contribute to our insight in the mechanism of action of
the two biocontrol strains. (i) Strains P. fluorescens WCS365 and P. chlororaphis
PCL1391 are the best competitive tomato root tip colonizers (Chin-A-Woeng, et
al., 1998; Chin-A-Woeng, et al., 2000 and Simons et al., 1996) we have tested so
far. Consistent with this is the observation that both strains colonize the root
surface fast in comparison with F.o.r.l. (see results section). In case of strain
PCL1391 colonization is a prerequisite for biocontrol since three (competitive) root
tip colonization mutant derivatives tested had no biocontrol activity (Chin-A-Woeng
et al.,, 1998). Similar mutant studies showed that colonization is not or less
important for strain WCS365 (Dekkers et al., 2000). The observed fast colonization
of the tomato root by the P. fluorescens WCS365 and P. chlororaphis PCL1391
explains the observed decreased occupation of the plant root by F.o.r.l. (Fig. 1D
and 1E) due to competition with the fungus for niches and nutrients. Considering
the results of Dekkers et al. (2000) it is doubtful whether this contributes
substantially to biocontrol by strain WCS365. (ii) Induced systemic resistance
(ISR) is supposed to play a major role in the mechanism used by P. fluorescens
WCS365 for biocontrol (Gerrits and Weisbeek, 1996; Dekkers et al., 2000). ISR
plays no major role in biocontrol by P. chlororaphis PCL1391, since its colonization
mutants did not show biocontrol anymore. No differences between the effects on
the fungus by strains WCS365 and PCL1391 were observed that could be related
to ISR. It cannot be excluded that the ISR effects of strain WCS365 are more or
less compensated for the antibiosis effect of strain PCL1391. (iii) Starting at day
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three, colonization of F.o.r.l. hyphae by cells of both biocontrol bacteria in the
tomato rhizosphere was observed. Although experimental evidence is lacking, it
seems likely to us that colonization of hyphae by biocontrol bacteria (Fig. 2A, 2B,
2D and 2E) must negatively affect their pathogenic abilities. Colonization of
hyphae may therefore be a new mechanism contributing to biocontrol. Since P.
fluorescens WCS365 shows a chemotactic response towards the culture
supernatant of the F.o.r.I. (de Weert et al., personal communication) it is likely that
attraction of the bacteria by fungal secondary metabolites is involved in
colonization of the fungus. Colonization of hyphae by biocontrol bacteria is likely to
enhance biocontrol in case bacteria produce molecules toxic for the fungus, such
as PCN, chitinase, and protease produced by strain PCL1391 (Chin-A-Woeng et
al., 1998). Strikingly a correlation between colonization of Candida albicans
hyphae by Pseudomonas aeruginosa and the subsequent killing of the fungus was
recently described by Hogan and Kolter (2002). Since such an attack would result
in the generation of nutrients, this could explain the high bacterial numbers on the
hyphae (Fig. 1B).To analyze the contribution of hyphal colonization to the
biocontrol the molecular interactions between the bacteria and fungal hyphae will
be studied in the near future. (iv) No indication exists that P. fluorescens WCS365
produces antifungal metabolites. In contrast, the production of PCN is essential for
the biocontrol ability of P. chlororaphis PCL1391 (Chin-A-Woeng et al., 1998). In
vitro studies showed that both strain PCL1391 as well as purified PCN caused
disturbance of hyphal growth directionality (Fig. 4B, 4C, 4D, 4H, 41 and 4J) and
increased hyphal branching (Fig. 4E and 4K). This strongly suggests that PCN is
the causal agent for the stress responses observed in vitro. (v) Analysis of
germination of F.o.r.l. spores in the culture supernatants of strains PCL1391 and
WCS365 showed that these strains significantly reduced spore germination (Fig.
5). These results indicate that both P. chlororaphis PCL1391 and P. fluorescens
WCS365 produce extracellular compounds that inhibit spore germination. It is
likely that strains PCL1391 and WCS365 inhibit spore germination in the
gnotobiotic sand system as well. As a consequence, the subsequent growth
towards, and colonization of, the tomato root will be reduced in this way the
inhibition of spore germination can contribute to the control of TFRR.

Overall the results suggest that in case of strain WCS365 in addition to
ISR (Gerrits and Weisbeek, 1996) perhaps the colonization of hyphae and possibly
to a lesser extent competition for niches and nutrients play a role in the biocontrol
of TFRR. In case of strain PCL1391 competition for niches and nutrients, the
production of PCN, and possibly the production of extracellular enzymes and the
colonization of hyphae play a role in its mechanism of biocontrol of TFRR.
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Materials and methods

Microorganisms and growth conditions

The microorganisms used are listed in Table 1. Pseudomonas spp. were
routinely cultured in King’'s medium B (King et al., 1954) at 28°C. When
appropriate, tetracycline was added to a final concentration of 80 ug/ml. F.o.r.l.
was cultured on potato dextrose agar (Difco Laboratories, Detroit) or shaken at
130-160 rpm in Armstrong medium (Singleton et al., 1992) for 2 days at 28°C.

Purification of phenazine-1-carboxamide

Phenazine-1-carboxamide produced by P. chlororaphis PCL1391 was
purified as described by Chin-A-Woeng et al. (1998) with minor modifications. P.
chlororaphis PCL1391 was grown for three days in King’'s medium B at 28°C and
shaking at 150 rpm. After removal of cells by centrifugation for 20 min at 6,000
rpm, the cell-free supernatant was extracted using an equal volume of toluene.
The extracted material was concentrated by evaporation in vacuo and dissolved in
acetonitrile. The dissolved extracted material was fractionated by HPLC, using an
Alltech Hypersil ODS 5 um 250 x 4.6 mm column (Alltech Associates, Deerdield,
IL) and a linear 18-80% (vol/vol) gradient of acetonetrile in water, with 0.1%
(vol/vol) trifluoracetic acid and a flow rate of 1 ml/min (Watson et al., 1986;
Fernandez and Pizarro, 1997). UV detection was performed with a Pharmacia
RSD 2140 diode array detector (Pharmacia, Uppsala, Sweden) with wavelength
scanning from 190 to 400 nm. The peak corresponding to PCN was collected,
dried in vacuo and dissolved in ethyl-acetate to a concentration of 22 mg/ml.

Biocontrol

F.o.r.l. spores were isolated and mixed with quartz sand as described by
Lagopodi et al. (2002). Pseudomonas spp. were grown overnight in King’s medium
B (King et al., 1954) at 28°C under vigorous shaking. Bacterial cells of one ml of
overnight cultures culture were washed and resuspended in one ml of phosphate
buffered saline (PBS) (Sambrook et al., 1989). The cell suspension was diluted
with PBS to an OD 620 nm of 0.1 and used for inoculating tomato (Lycopersicon
esculentum Mill cv. Carmello) seedlings as described by Simons et al. (1996).

Tomato seeds (kindly provided by Dr. R. Scheffer, Syntenga, Enkhuizen,
The Netherlands) were sterilized (Simons et al., 1996) and incubated at 4 °C for 5
days on plant nutrient solution (PNS) (Hoffland, 1989), solidified with 1.8% agar.
The seeds were incubated for 2 days at 28°C to allow germination. The seedlings
were coated with bacteria by incubating the seedlings for 15 minutes in the
bacterial suspension prepared as described above.

The spatio-temporal analyses as well as the biocontrol experiments were
performed in a gnotobiotic quartz sand system (Simons et al., 1996). The sterile
glass tubes were filled with sand moisturized with PNS (10% v/w) and infested with
F.o.r.l. (5x10° spores/kg sand). Tomato seedlings were placed 5 mm below the
surface of the sand. The plants were grown in climate-controlled growth chambers
at 21°C, 70% relative humidity and 16 hours of light per day. After seven days of
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growth the plants were scored by eye as healthy (no disease symptoms) or sick
(ranging from plants with pin-point size brown spots on the main root and/or on the
crown to dead plants). Sixteen or twenty seedlings were grown per treatment. The
difference in health condition (healthy or sick) of plants between two different
treatments was statistically analyzed using the chi-squared goodness-of-fit test
(Heath, 1995). The degree of freedom was 1 (degree of freedom = 2 conditions
tested-1)x(2 classes of plants-1) resulting in the critical X, value of 3.841 (P< 0.05).
The null-hypothesis was defined as the lack of significant difference between two
conditions tested. To test the null-hypothesis the X, value was calculated for the
two conditions using the chi-squared goodness-of-fit test. In case the calculated X,
value was lower than the critical X; value, the null-hypothesis was accepted e.g.
the two treatments were not significantly different. When the calculated X; value
was higher than the critical value, the null-hypothesis was rejected e.g. the
treatments differ significantly.

A Wilcoxon-Mann-Withney U-test (Sokal and Rohlf, 1981) was used to
determine whether the reduction of germination of F.o.r.l. spores due to the
presence of the culture supernatants of Pseudomonas strains was significant.

Confocal laser scanning microscopic analysis of tomato roots

After growth in the gnotobiotic system, tomato roots were carefully taken
out of the sand and gently swirled a few times in water in order to wash away the
sand particles. Whole roots were placed directly on glass slides in drops of water
and examined using a Zeiss Axioplan epifluorescence microscope (Zeiss,
Mannheim, Germany) coupled to a Biorad 1024 confocal system (Biorad, Hemel
Hempstedd, UK). Images were obtained with a Kr/Ar laser with excitation 488-
emission 522/35 nm for EGFP and with excitation 568- 585 nm long pass emission
for DsRed. The projections of the individual channels were merged in Photoshop
7.0 software (Adobe, San Jose, CA). The density of the hyphal network was
determined using Image J (NIH image Bethesda). First the Biorad image (512x512
pixels) was loaded in Image J and subsequently, the threshold for the fluorescent
signal was set at a level at which the background signal was negligible. Analysis of
the fluorescent pixels resulted in a total number of fluorescent areas counted and
in @ mean area size (expressed in the number of fluorescent pixels). By multiplying
these factors the total number of fluorescent pixels was calculated. The relative
differences in the density of the hyphal network were determined by comparing the
total number of fluorescent pixels between different Biorad images per square cm
of root surface.
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Confocal laser scanning microscopic analysis of tomato roots incubated in
presence of purified PCN

After growth in the gnotobiotic system for three days in the presence of
Fusarium spores, tomato roots were carefully taken out of the sand and placed on
10% PNS agar plates. The root was spot-inoculated with PCN by applying five
microliter of a phenazine-1-carboxamide solution (22 mg PCN/ml ethyl-acetate) or
ethyl-acetate at one spot on the root. The solution was allowed to diffuse through
the sand layer surrounding the root and incubated in climate-controlled growth
chambers at 21°C, 70% relative humidity and 16 hours of light per day. A wet filter
disc was placed in the lid and the plate was sealed with parafilm (American
National Can, Chicago, Il) to prevent drying of the tomato root. After four hours to
three days the roots were examined for hyphal growth.

Differential interference contrast (DIC) microscopical analysis of F.o.r.l. hyphae
grown in vitro

Microscopy glass slides were covered with a thin layer (2-3 mm) of Luria
Bertani (LB) medium (Sambrook et al., 1989) solidified with 1.8% agar and placed
in a plastic petridish. Ten microliters of a two day old F. oxysporum f. sp. radicis-
lycopersici culture were placed in the center of the glass slide at a distance of 2-3
cm from a spot on which ten microliter of an overnight culture of Pseudomonas
spp. or of a phenazine-1-carboxamide solution (22 mg PCN/mI ethyl-acetate) had
been placed. The plates were incubated for 3 days at 28°C before DIC
microscopical using a Zeiss Axioplan 2 (Mannheim, Gemany). Images were
processed using Photoshop 7.0 (Adobe, San Jose, CA).

Spore germination

Spores of F.o.r.l. were incubated in culture supernatants of Pseudomonas
strains grown in KB or LC overnight at 28°C. The reaction volume was 500 pl and
the final concentration of spores was 4 x 10° per ml. The number of germinated
and total number of spores were counted using a heamatocytometer and the
percentage of germination was calculated. The germination experiments were
carried out in triplo and were at least repeated twice.
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Biocontrol by a nonpathogenic Fusarium

Abstract

The soil-borne fungus Fusarium oxysporum f. sp. radicis-lycopersici
(F.o.r.l.) causes tomato foot and root rot (TFRR), which can be controlled by the
addition of the non-pathogenic fungus Fusarium oxysporum Fo47 (Fo47) to the
soil. To improve our understanding of the interactions between the two Fusarium
strains on the tomato root during biocontrol, the fungi were labeled using different
auto-fluorescent proteins as markers and subsequently visualized using confocal
laser scanning microscopy. The results were as follows. (i) An at least 50-fold
excess of Fod47over F.o.r.l. was required to obtain control of TFRR. (ii) When
seedlings were planted in sand infested with spores of a single fungus, Fo47
hyphae attached to the root earlier than those of the F.o.r.l.. (iii) Subsequent root
colonization by F.o.r.l. was faster and to a larger extent than that by Fo47. (iv)
Under disease controlling conditions, colonization of the tomato root by the
pathogenic fungus was significantly reduced. (v) When the inoculum concentration
of Fo47 was increased, root colonization by the pathogen was arrested at the
stage of initial attachment to the root. (vi) The percentage of spores of Fo47 that
germinates in tomato root exudate in vitro is higher than that of the pathogen
F.o.r.l.. Based on these results the mechanisms by which Fo47 controls TFRR are
discussed in terms of (a) rate of spore germination and competition for nutrients
before the two fungi reach the rhizoplane, (b) competition for initial sites of
attachment, intercellular junctions and nutrients on the tomato root surface and (c)
induced systemic resistance.

Introduction

F.o.r.l. is the causal agent of TFRR, which is a serious problem in
commercial tomato production (Brayford, 1996; Jarvis, 1988). Biological control of
TFRR by F. oxysporum strain Fo47 has been described by Alabouvette’s group.
To be effective Fo47 should be introduced at concentrations ten to a hundred
times higher than those of the pathogen (Alabouvette and Couteaudier, 1992;
Alabouvette et al., 1993; Paulitz et al., 1987; Roberts and Lohrke, 2003; reviewed
by Fravel et al., 2003).

In previous work we have analyzed, using confocal laser scanning
microscopy (CLSM), the colonization process of the tomato rhizosphere by F.o.r.l.
(Lagopodi et al.,, 2002) and the interactions between F.o.r.. and biocontrol
Pseudomonas bacteria in the rhizosphere (Bolwerk et al., 2003). These results
provided us with new insights in the mechanisms of tomato root infection by F.o.r.I.
and of biocontrol of TFRR, respectively. To our knowledge reports on
simultaneous colonization by both a pathogenic and a non-pathogenic biocontrol
Fusarium strain are limited (Bao and Lazarovits, 2001; Mandeel and Baker, 1991)
and reports on simultaneous visualization of root colonization by both a pathogenic
and a non-pathogenic biocontrol Fusarium strain are scarce (Bao and Lazarovits,
2001). In the present paper we report the labeling of strains Fo47 and F.o.r.l. with
different auto-fluorescent proteins followed by an analysis of the tomato root
colonization by both fungi simultaneously in relation to disease control, which
allowed us to obtain a better understanding of the biocontrol process.
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Results

Cloning of the ecfp and eyfp in pGPDGFP and its expression in Fusarium spp.

Construction of the enhanced Green Fluorescent Protein-labeled F.o.r.l.
derivative FCL14, which was used in CLSM studies, has been described
previously (Lagopodi et al., 2002). To be able to distinguish the pathogenic and the
non-pathogenic F. oxysporum strains (Table 1) when visualizing them
simultaneously, we constructed derivatives labeled with the enhanced Cyan
Fluorescent Protein and the enhanced Yellow Fluorescent Protein.

In order to express ecfp in both F.o.r.l. and F. oxysporum strain Fo47, the
ecfp gene was cloned between the Aspergillus nidulans gpdA promoter (Punt et
al., 1988) and the trpC terminator (Mullaney et al., 1985) sequences as follows.
Plasmid pGDPGFP (Lagopodi et al., 2002), which contains the sgfp gene between
the gpdA promoter and the trpC terminator, was digested with Ncol and Hindlll in
order to isolate the sgfp gene (Fig. 1). The sgfp gene was cloned into a Ncol-
Hindlll digested pUC21, which resulted in plasmid pMP4642. Subsequently
pMP4642 was digested with Ncol and Bsrgl in order to remove the sgfp gene. The
ecfp gene was isolated from pMP4516 (Bloemberg et al., 2000) by Ncol-Bsrgl
digestion and cloned into the Ncol-Bsrgl digested pMP4642, which resulted in
plasmid pMP4650. The pMP4650 plasmid was digested with Ncol and Hindlll to
isolate the ecfp gene. The Ncol-Hindlll cfp gene fragment was ligated into the
Ncol-Hindlll digested pGDPGFP vector to yield pMP4653 (Fig. 1). The same
strategy was used to express eyfp in F.o.r.l.. The eyfp gene was isolated from
pMP4518 (Bloemberg et al., 2000) by Ncol-Bsrgl. Identical cloning steps as used
for the ecfp cloning resulted in the pUC21 derivative pMP4651 and the pGPDGFP
derivative pMP4654 (Fig. 1). Fusarium strains were cotransformed as described
previously (Lagopodi et al., 2002) using pMP4653 or pMP4654 together with
pAN7-1 (Punt et al., 1987). pAN7-1 carries the Escherichia coli hygromycin-B (Hm-
B) resistance gene hph, cloned between the gpdA promoter and the trpC
terminator, which allows selection of transformants on media containing Hm-B.
Transformants were subsequently selected as described for transformants
expressing sgfp by Lagopodi et al. (2002), for (i) high levels of ecfp or eyfp
expression (ten out of twenty Hm-B resistant transformants) (ii) stable ecfp or eyfp
expression (nine out of ten fluorescent transformants) (iii) unaffected growth and
(iv) unaffected pathogenicity for F.o.r.l. and disease control for Fo47. This resulted
in FCL55 (F.o.r.l. expressing eyfp), FCL64 (F.o.r.l. expressing ecfp) and FCL31
(Fo47 expressing ecfp).
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Figure 1. Construction of reporter plasmids to express ecfp and eyfp in Fusarium.
For details on cloning, see results section. Abbreviations: Amp = ampecilin, Gm
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gentamycin, PgpdA = gpdA promoter, PlacZ’ = lacZ’ promoter, TtrpC = trpC terminator, sgfp
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Table 1. Microorganisms and plasmids

Strains Relevant characteristics Reference or source
FunGi
ZUM 2407 Fusarium oxysporum f. sp. radicis-lycopersici |PO-DLO, Wageningen,
causing tomato foot and root rot The Netherlands
Fo47 Non-pathogenic Fusarium oxysporum, biocontrol ~ Alabouvette et al., 1993
agent, isolated from a Fusarium Wil
Suppressive Soil in France
FCL14 F.o.rl. ZUM 2407 containing sgfp under Lagopodi et al., 2002
control of the constitutive gpdA promoter
FCL55 F.o.rl. ZUM 2407 containing eyfp under This work
control of the constitutive gpdA promoter
FCL64 F.orl. ZUM 2407 containing ecfp under This work
control of the constitutive gpdA promoter
FCL31 Fusarium oxysporum Fo47 containing ecfp This work
under control of the constitutive gpdA promoter
Plasmids
pUC21 Cloning vector Promega/Stratagene
pGDPGFP pAN52-10-S65TGFPn/n derivative containing Lagopodi et al., 2002
sgfp under the control of the gpdA promoter;
integrates into the chromosome
pAN 7-1 E. coli hygromycin-B (Hm-B) resistance gene Puntetal., 1987
hph, cloned between the gpdA promoter and
the trpC from Aspergillus nidulans
pMP4516 pMEG6010 derivative containing the ecfp gene Bloemberg et al., 2000
pMP4642 pUC21 derivative containing the sgfp gene This work
pMP4650 pUC21 derivative containing the ecfp gene This work
pMP4651 pUC21 derivative containing the eyfp gene This work
pMP4653 pAN52-10-S65TGFPn/n derivative containing This work
ecfp under the control of the gpdA promoter;
pMP4654 integrates into the chromosome This work

pAN52-10-S65TGFPn/n derivative containing
eyfp under the control of the gpdA promoter;
integrates into the chromosome
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Control of TFRR by the non-pathogenic strain Fo47 in the gnotobiotic sand system
Plate confrontation assays were performed to test the antagonistic ability
of the nonpathogenic Fo47 against the pathogenic fungus F.o.r.I.. Both fungi were
inoculated next to each other on an agar plate and subsequently allowed to grow.
In another experiment the pathogenic fungus was grown on agar plates containing
the supernatant fluid of the strain Fo47. Growth inhibition of F.o.r.l. was not
observed in these experiments (data not shown). In addition to growth, inhibition of
spore germination was analyzed in relation to the antagonistic ability of strain
Fo47. Spores of F.o.r.l. were allowed to germinate in potato dextrose broth (0.1
and 1x) in the presence of the culture supernatant of F.o.r.l. or of strain Fo47.
Neither the rate of spore germination nor the total percentage of germinated
spores was affected by the supernatant fluid of strain Fo47 (data not shown).

To test whether strain Fo47 could protect tomato plants against TFRR in
the gnotobiotic sand system (Simons et al., 1996), tomato seedlings were coated
with spores of Fo47. This treatment resulted in a decrease of diseased plants,
from 100% to 75%. Visualization studies showed that Fo47 colonized only the
upper two centimeters, close to the inoculation site, whereas further distribution
over the rest of the root was not detected.

In a second strategy to test whether Fo47 can control of TFRR in the
gnotobiotic system, tomato seedlings were grown in sand infested with spores of
F.o.rl. and Fo47. This strategy was similar to that used by Alabouvette and
colleagues (Alabouvette et al., 1992; Alabouvette et al., 1993; Couteaudier, 1992;
Lemanceau and Alabouvette, 1990) for biocontrol. Since the inoculum
concentration of F.o.r.l. was the same in all further experiments (5x104 spores/kg
sand) whereas the inoculum concentration of strain Fo47 varied between 1x10° —
2x10° spores/kg sand, the inoculum size will be indicated further in this paper as
(inoculum) ratio. Different ratio’s of the pathogenic over the non-pathogenic
Fusarium strains were analyzed to determine the minimum inoculum concentration
of the nonpathogenic strain Fo47 required for significant biocontrol of TFRR in the
gnotobiotic system. After seven days of incubation the plants were analyzed for
disease symptoms. Healthy plants were scored in disease index (d.i.) 0 and sick
plants, with increasing disease severity, were scored in d.i. 1 through 4 (see the
Materials and Methods section for details).

The presence of Fo47 alone did not affect the health condition of the
plants (Tables 2A and 2B). At inoculum ratio’s F.o.r.l.: Fo47 of 1:2 and 1:10, a
decrease in disease severity was observed as is illustrated by a shift from d.i. 3 to
d.i. 2 (Table 2A) and as a shift from d.i. 3 to d.i. 1 and 2 (Table 2B), respectively.
Although disease severity was decreased, healthy plants were not observed.
Therefore, the inoculum concentration was increased in subsequent experiments
and the plants were scored as either healthy or sick.
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Table 2. Reduction of TFRR disease symptoms by F. oxysporum Fo47 in a gnotobiotic

system

A) Disease severity at

F.o.r.l.:Fo47 ratio 1:2

Disease index
0 1 2 3 4
(i) No Fungi 19 0 0 0 0
(i) F.o.r.l. alone 0 0 3 16 0
(iii) Ratio 1:2 0 2 13 4 0
(iv) Fo47 alone 19 0 0 0 0
B) Disease severity at F.o.r.I.:Fo47 ratio 1:10
Disease index
0 1 2 3 4
(i) No Fungi 16 0 0 0
(i) F.o.r.l. alone 0 0 4 11 1
(iii) Ratio1:10 0 7 9 0 0
(iv) Fo47 alone 16 0 0 0 0

Nineteen (A) and sixteen (B) tomato plants were grown in a gnotobiotic sand-nutrient
solution system either (i) in the absence of fungi, (ii) in the presence of F.o.r.l. (5x104
spores/kg sand), (iii) in the presence of both F.o.r.l. and Fo47 (1x105 spores/kg sand [A] or
5x10° spores/kg sand [B]), or (iv) in the presence of strain Fo47 (1x10° [A] or 5x10° [B]
spores/kg sand). The disease index of the plants was scored after seven days of growth.
The following disease index scale, ranging from 0 to 4, was used. 0, healthy plants with no
visible symptoms of foot and root rot; 1, plants with pin-point size brown spots on the main
root and/or pin-point size light brown spots on the crown; 2, plants with brown spots on the
main root and extensive brown discoloration of the crown; 3, plants with a wilting
appearance and an extensive rot of root and crown; 4, dead plants. For details of
inoculation and growth conditions, see the Materials and Methods section.

At an inoculum ratio of 1:50 strain Fo47 reduced the percentage of sick
plants from 100% to 58-63% (Table 3A). Comparison of plants grown in sand
containing F.o.r.l. spores with and without the Fo47 spores, using a chi-squared
goodness-of-fit statistical test, showed that strain Fo47 significantly suppressed
TFRR in the gnotobiotic system (Table 3B).

Increasing the inoculum concentration of strain Fo47 to 100- fold that of
the pathogen did not improve the reduction of TFRR [Compare Tables 3A (ii) and
(iii) with (ii) and (iv)]. Increasing the pathogen: biocontrol Fusarium ratio to 1:4
x10%, as described by Lemanceau and Alabouvette (1990) for biocontrol in
rockwool, resulted in a stronger reduction of diseased plants, from 100% to 42-
50% [Table 3A (v)].
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Table 3. Control of tomato foot and root rot by Fo47 in a gnotobiotic system

A) Disease severity at F.o.r.l.:Fo47 ratio’s 1:50, 1:100 and 1:4 x10*

Fungi present Experiment 1 Experiment 2 Experiment 3 Experiment 4
di.0 di.1-4 di.0 di.14 di0O di14 di0O di14

(i) No Fungi 19 0 19 0 19 0 18 0

(i) F.o.r.I. alone 0 19 0 19 0 19 0 18

(iii) Ratio 1:50 7 12 8 11

(iv) Ratio 1:100 7 12 7 11

(v) Ratio 1:4 x10* 11 8 9

B) Statistical analysis of disease control at ratio 1:50, 1:100 and 1:4 x10* @

Compared treatments X 2 values experiment 1;3 X2 values experiment 2;4
(i) and (iii) 8.58" 10.137
(i) and (iv) 8.58" 8.69"
(i) and (v) 10.137 13.337

A) Eighteen or nineteen plants were either grown in a gnotobiotic sand-nutrient solution
system (i) in the absence of fungi, (ii) in the presence of F.o.r.l. (5x104 spores/kg sand) or
in the presence of both F.o.r.l. (5x104 spores/kg sand) and F. oxysporum Fo47 (iii) 2.5x10°,
(iv) 5x10° or (v) 2x10° spores/kg sand. Seven days after inoculation the plants were scored
as healthy (disease index 0) or sick (disease index 1-4). For details of inoculation and
growth conditions, see the Materials and Methods section. B) Statistical analysis of the
biocontrol experiment (panel A) was performed using a chi-squared goodness-of-fit test
(Heath, 1995) and the calculated X3 values are given in panel B. Critical X3 value 3.841. For
details about the analysis, see the Materials and Methods section.

¥ The two compared treatments are significantly different, calculated Xo > 3.841

Quantitative and statistical analysis of root surface colonization by F.o.r.l. in
presence Fo47

CLSM allows us to differentially and simultaneously visualize F.o.r.l. and
Fo47 in the tomato rhizosphere under disease reducing and controlling conditions.
To distinguish the two fungi, differentially labeled fungi expressing sgfp, ecfp or
eyfp, were used. With regard to the emission spectra of the Green, Cyan and
Yellow Fluorescent protein the GFP-CFP and the YFP-CFP combinations are most
useful for distinguishing the two fungi. Initial CSLM studies indicated that the
intensity of fluorescence was stronger for GFP than for YFP. Therefore, the GFP-
CFP combination was chosen for subsequent CLSM studies. The GFP-labeled
F.o.rl. derivative FCL14 (Lagopodi et al.,, 2002) and the CFP-labeled F.
oxysporum Fo47 derivative FCL31 (Table 1) were used.
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Tomato seedlings were grown in the gnotobiotic system in sand infested
with spores of both F.o.r.l. and F. oxysporum Fo47 at ratio’s of 1:10; 1:50; and
1:100. Using CLSM we visualized and analyzed colonization of the tomato root by
F.o.r.l. after seven days. Four different stages of root colonization were defined: (i)
‘attachment’ to root hairs and main root (Fig. 2A and 2B); (ii) growth along one or
two plant cells on the main root (Fig. 2B), defined as ‘start of colonization’; (iii)
growth along three or more adjacent cortical cells, defined as ‘colonization’ (Fig.
2C and (iv) dense colonization over the total width of the root surface (Fig. 2D),
defined as ‘heavy colonization’. Note the difference in the amount of biomass
present on root cells ‘heavily colonized’ by F.o.r.l., which is much higher compared
to cells ‘colonized’ by F.o.r.I. (compare Fig. 2D with 2C).

Figure 2. Confocal laser scanning microscopical analysis of tomato root colonization by
Fusarium. The full color figure is depicted on page 125.

Two-day-old tomato seedlings were grown in a gnotobiotic sand system containing spores
of F.o.r.l. (FCL14), which harbors a constitutively expressed sgfp gene. Walls of tomato root
cells appear as gray due to contrast light (panel A, B and D) or reflected light (panel C).
Panel A, Initial colonization of the tomato root by F.o.r.I. (similar for Fo47) ‘attachment’ to
root hairs. Panels A through D: subsequent root colonization stages by F.o.r.l. A,
‘attachment’ to root hair. B, hyphe growing along the intercellular junctions of two root cells:
‘start colonization’-stage. C, F.o.r.l. hyphae growing along the intercellular junctions of more
than two root cells: ‘colonization’-stage. D, hyphae growing over the whole root at a very
high density and biomass: ‘heavy colonization’-stage. The size bar represents 10 ym in all
panels.
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Additionally, tomato root colonization was quantified by counting the total
number of tomato root cells colonized per colonization stage in the length axes
(from crown to root tip). Details on how root colonization was counted are
described in the Materials and Methods section. In short, when F.o.r.l. grew in
between two root cells on the intercellular junctions along five cells in the length
axes it was counted as five and not as ten. Subsequently, the difference in root
colonization by F.o.r.l. in the absence and the presence of Fo47 was statistically
analyzed by using a Wilcoxon-Mann-Withney U-test. The reduction by Fo47 was
analyzed at three different F.o.r.l.-Fo47 ratio’s (Table 4).

Under the disease reducing condition with an inoculum ratio of 1:10 (Table
2B), the nonpathogenic strain Fo47 reduced all colonization stages of the
pathogen (Table 4). However, using a Wilcoxon-Mann-Withney U-test it was
shown that this reduction of the colonization stages was not significant except for
the ‘heavy colonization’ stage (Table 4). Under disease controlling conditions with
inoculum ratio’s 1:50 and 1:100 (Table 3), strain Fo47 significantly reduced F.o.r.l.
also in the stage of ‘colonization’. The ‘heavy colonization’ stage was even not
observed (Table 4). At the ratio 1:100 the pathogen was even significantly reduced
in the ‘start of colonization’ (Table 4) as well. Despite the further reduction of the
pathogen on the root by Fo47 (Table 4), the higher inoculum concentration (ratio
1:100) did not significantly improve the disease controlling ability of Fo47 (Table
3).

Table 4. Quantification and statistical analysis of the influence of Fo47 on the number of
tomato root cells per root colonized by F.o.rl*

F.o.r.l. alone F.o.r.l..Fo47 F.o.r.l..Fo47 F.o.r.l..Fo47

Ratio 1:10 Ratio 1:50 Ratio 1:100
Attachment 22° 16° 152 112
Start colonization 37°2 312 19° 13°
Colonization 229° 118° 70° 50°
Heavy colonization 25° 7° 0° 0°
Total 313° 172° 104° 74°

X) Tomato root colonization stages of F.o.r.l. in the absence and presence of Fo47 were
classified and quantified after 7 days of growth as described in the Materials and Methods
section and illustrated in Fig. 2B through 2F). It should be realized that the amount of
biomass present on root cells ‘heavily colonized’ by F.o.r.l. is much higher compared to cells
‘colonized’ by F.o.r.l. (compare Fig. 2E with 2F). The total number of plant cells per root
colonized by F.o.r.l. is an average of four roots. The inoculum concentration of F.o.r./ was
5x10* spores/kg sand in all cases. The inoculum concentration of F. oxysporum Fo47 was
10, 50 or 100 times higher relative to F.o.r.l.. The difference in the total number of plant cells
colonized by F.o.r.l. in presence and absence of strain Fo47 is indicated as not significant (@)
or significant ® as determined by the Wilcoxon-Mann-Whitney U-test analyzing F.o.r.l.
colonization data of eight roots.
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When a much higher inoculum ratio of F.o.r.l.:Fo47 was used (1:4 x10%)
analysis of healthy roots after seven days showed that root colonization by F.o.r.I.
was reduced to the initial state of attachment of hyphae to the root hairs ranging
from zero to two sites on the root. Compared to the root colonization by F.o.r.l. in
all four colonization stages along more than three hundred root cells in absence of
strain Fo47 (Table 4).

Temporal analysis of tomato root surface colonization by F.o.r.l. and strain Fo47

Tomato plants were grown in the gnotobiotic sand system in presence
spores of F.o.r.l. (5x10" spores/kg sand = 5.4x10" spores/ml) or Fo47 (2.5x10°
spores/kg sand = 2.7x10° spores/ml), either alone or together at an inoculum ratio
of 1:50. Under the latter condition Fo47 significantly controlled the disease (Table
3B) and significantly reduced root colonization of the pathogen in the ‘colonization’
and ‘heavy colonization’ stage (Table 4). Visualization of tomato root colonization
in time by Fo47 alone (in two separate experiments with two seedlings per
condition) showed that after three days of plant growth ‘attachment’ to and ‘start of
colonization’ of the root by Fo47 occurred at two to five sites on the root, for each
of these stages. ‘Colonization’ of the tomato root surface was observed after four
days (Fig. 3), and strongly increased on days six and seven.
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Figure 3. Quantification of tomato root colonization stages by F.o.r.. and F. oxysporum
Fo47 in time.

Seedlings were grown in Fo47 (2.5x10° spores/kg sand), or F.o.r.l. (5x10* spores/kg sand)
infested sand. Plants were scored for tomato root surface colonization after 3, 4, 5, 6 and 7
days of growth. Colonization was classified in four different stages of colonization:
‘attachment’, ‘start of colonization’, ‘colonization’ and ‘heavy colonization’ as described in
the Materials and Method section and shown in Fig. 2. Colonization was quantified by
counting the number of plant cells colonized from crown till root tip at the four stages under
the following conditions: (i) ‘Fo47’, root colonization of Fo47 in absence of F.o.r.l. and (ii)
‘F.o.r.l’, root colonization of F.o.r.l. in absence of Fo47. Per condition two plants were
scored and the average of two experiments is depicted in the figure.
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Figure 4. Confocal laser scanning microscopical analysis of tomato root colonization by the
pathogenic fungus F.o.r.I. and the biocontrol strain Fo47. The full color figure is depicted on
page 126.

Two-day-old tomato seedlings were grown in a gnotobiotic sand system containing spores
of Fo47 (FCL31) (panel A and B) or spores of both F.o.r.l. (FCL14) and Fo47 (FCL31)
(panel C-F) at an inoculum ratio of 1:50. F.o.r.l. (FCL14) harbors a constitutively expressed
sgfp gene and appears as green. Fo47 (FCL31) harbors a constitutively expressed ecfp
gene its emission signal is depicted as red in the shown images. Walls of tomato root cells
appear as gray due to reflected light (panel A-D) or contrast light (panel E and F). Panels A
and B, Colonization of the tomato root by Fo47. A, Hyphal growth along cellular junctions
and crossing root cells. B, Penetration of the tomato root by Fo47 (indicated by an
arrowhead). C, On healthy roots (disease index 0) Fo47 is dominant. D, On sick roots with
disease index 1, Fo47 and F.o.r.l. are equally present. E and F, direct cell cell contact
between F.o.r.l. and Fo47 in the rhizosphere. The size bar represents 10 ym in all panels.
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Growth of Fo47 hyphae was not strictly targeted to the cellular junctions
(Fig. 4A) and occasional penetration of the tomato root by the non-pathogenic
strain Fo47 was observed after three days (Fig. 4B). The density of the hyphal
network reached by strain Fo47 after seven days (Fig. 4A) was not as high as the
‘heavy colonization’ network of the pathogen (Fig. 2D).

For the pathogen F.o.r.I. ‘attachment’ and ‘start of colonization’ of the root
surface after three days was observed at maximally one site on the root surface,
for each of these stages. After four days ‘colonization’ of the tomato root surface
was observed along thirty-three tomato cells over the whole main root and strongly
increased at days five and six (Fig. 3). Additionally, the pathogenic Fusarium
heavily colonizes the tomato root surface from day five on. The total root surface
area heavily colonized by F.o.r.l. further increased at days six and seven (Fig. 3).
In contrast to the non-pathogenic strain Fo47, growth of F.o.r.. was mainly
targeted to the cellular junctions of the root (Fig. 2C).
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Figure 5. Quantification of tomato root colonization stages by F.o.r.. in absence and
presence of F. oxysporum Fo47 in time.

Seedlings were grown in F.o.r.l. (5x10* spores/kg sand), or F.o.r.l. and Fo47 infested sand
(ratio 1:50). Plants were scored for tomato root surface colonization after 3, 4, 5, 6 and 7
days of growth. Colonization was classified in four different stages of colonization:
attachment, start of colonization, colonization and heavy colonization as described in the
Materials and Method section and shown in Fig. 2. Colonization was quantified by counting
the number of plant cells colonized from crown till root tip at the four stages under the
following conditions: (i) ‘F.o.r.l.’, root colonization of F.o.r.l. in absence of Fo47 and (ii)
‘F.o.r.l.(-Fo47Y’, the root colonization of F.o.r.I. in presence of Fo47. Per condition two plants
were scored and the average of two experiments is depicted in the figure.

52



Biocontrol by a nonpathogenic Fusarium

After inoculation of the sand with a mixture of spores of F.o.r.l. and Fo47,
Fo47 was observed to be dominantly present on healthy roots (Fig. 4C). With
increased disease index of the plants colonization of the tomato root surface by
F.o.r.l. appeared to be increased relative to colonization by strain Fo47 (compare
Fig. 4C with 4D). On healthy roots, F.o.r.l. was strongly reduced at all colonization
stages till day six (Fig. 5). After seven days F.o.r.l. was strongly reduced at the
‘colonization’ stage. ‘Heavy colonization’ was not observed during these seven
days (Fig. 5). Direct cell-to-cell interactions between F.o.r.l. and Fo47 were
observed in this period. No stress effects (such as increased branching, swelling of
hyphae, undirected growth of hyphae (see Bolwerk et al., 2003) were observed
within either of the fungi upon direct interaction (Fig. 4E and 4F).

Spore germination on tomato root exudate

CLSM studies revealed that Fo47 reduced the pathogen already at or
before the initial stage of ‘attachment’ and the subsequent colonization stages
under disease controlling conditions (Fig. 3). A high inoculum ratio (1:4 x10* Fo47
spores/kg sand) arrested F.o.r.l. in the stage of ‘attachment’. To get more insight in
the mechanism causing this strong reduction of F.o.r.l., spore germination of
F.o.r.l. and strain Fo47 in tomato root exudate was analyzed. The composition of
tomato root exudate, with respect to amino acids, sugars and organic acids has
been described previously (Lugtenberg and Bloemberg, 2004). It contains glucose
(20uM) as the major sugar and citric acid (133 uM) as the main organic acid. After
incubation overnight in synthetic root exudate 27% of the F.o.r.l. spores was
germinated, whereas a significantly higher percentage (47%) of Fo47 spores was
germinated (Fig. 6A). Analysis of spore germination in the major sugar and organic
acid showed that a significantly higher percentage of Fo47 spores germinated both
on glucose and citric acid (4.4% and 10.7%, respectively) compared to F.o.r.l.
(0.6% and 6.1%, respectively) (Fig. 6A).

Analysis of spore germination in root exudate derived from fresh tomato
plant roots, confirmed that a significantly higher percentage of Fo47 spores
germinate compared to the spores of F.o.r.l., 49% and 33%, respectively. Over a
period of seven days the percentage of spores germinated remained constant, and
the difference between Fo47 and F.o.r.I. was significant (Fig. 6B).
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Figure 6. Germination of F.o.r.l. and Fo47spores in tomato root exudate and in solutions of
its major sugar and organic acid.

Panel A. Spores of F.o.r.l. and Fo47 were incubated overnight in (i) synthetic root exudate
described by Lugtenberg and Bloemberg (2004), (ii) the main exudate sugar glucose (20
uM) or (iii) the main exudate organic acid citric acid (133 uM). The total number of spores
and the number of germinated spores were quantified. Subsequently, the percentage of
spore germination was calculated. Panel B. A time course analysis of the spore germination
of F.o.r.l. and Fo47 in tomato root exudate derived from plants grown in a hydroponic
system. Over a period of seven days, the percentage of spore germination was calculated
every two days.
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Discussion

Previous visualization studies of root colonization by pathogenic and biocontrol
Fusarium strains

The first reports on visualization focused on the colonization of the root
tissue by either a pathogenic (Olivian and Alabouvette, 1999; Olivian et al., 2003),
or a nonpathogenic Fusarium strain (Olivian and Alabouvette, 1997, Olivian et al.,
2003) of plants growing in nutrient solutions and using electron microscopy. The
use of a B-glucuronidase construct allowed quantification of the nonpathogenic F.
oxysporum SA70 on roots of tomato plants grown in soil or potting material (Bao et
al., 2000; Eparvier and Alabouvette, 1994). Using histochemical staining Bao and
Lazarovitz (2001) were able to simultaneously visualize the pathogenic F.
oxysporum f sp. lycopersici and the non-pathogenic F. oxysporum SA70 colonizing
the outer and the inner root tissue of plants dipped in a spore suspension and
subsequently grown in a liquid modified Murashige and Skoog medium. The
process of colonization and infection of the tomato root by F.o.r.I. has been studied
at the end of the past century (Charest et al., 1984; Brammall and Higgins, 1988)
whereas more recently, further details were revealed using GFP-labeled F.o.r.l.
(Lagopodi et al., 2002). F.o.r.l. initially appears to attach to the root hairs,
subsequently starts to colonize the main root after which it grows along the
intercellular junctions (Lagopodi et al., 2002). At the sites of root penetration
hyphae are swollen and heavy colonization of the tomato root is observed at sites
where brown lesions are visible on the root (Lagopodi et al., 2002).

Improved visualization of biocontrol of tomato foot and root rot by Fo47 using
autofluorescently labeled fungi in a gnotobiotic sand-nutrient solution system

In the present work we visualized, for the first time under disease
controlling conditions, tomato root colonization by the pathogenic and the
nonpathogenic Fusarium strains simultaneously. Tomato seedlings were grown in
a sterile gnotobiotic sand system infested with spores of either F.o.r.l. or Fo47 or
both. This system was previously shown to allow visualization of root colonization
by Pseudomonas bacteria (Bloemberg et al., 2000; Bloemberg et al., 1997) or
F.o.r.l. (Lagopodi et al., 2002) and of the interaction between F.o.r.I. and biocontrol
Pseudomonas bacteria in the tomato rhizosphere (Bolwerk et al., 2003). In order to
obtain a better understanding of the biocontrol process, root colonization by F.o.r.I.
and strain Fo47 was visualized, quantified and statistically analyzed. It should be
noted that in this gnotobiotic system competing indigenous bacteria are absent.

Interpretation of the results in relation to mechanisms, which could play a role in
the control of TFRR by Fo47

Since plate confrontation assays did not show inhibition of the pathogen
and since spore germination of F.o.r.l. was not affected by the culture supernatant
of Fo47, it is unlikely that Fo47 produces antibiotics or extracellular enzymes
seriously affecting the growth of the pathogen. Direct interactions in the
rhizosphere between F.o.r.l. and Fo47 were observed but did not cause stress
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effects in either of the two fungi (Fig. 4E and 4F) such as undirected growth,
increased branching and hyphal swelling, effects described in F.o.r.. caused by
the presence of P. chlororaphis PCL1391 (Bolwerk et al., 2003). We therefore
conclude that (i) antibiosis and (ii) parasitism and predation as mechanisms for
biocontrol of TFRR by Fo47 are unlikely.

Paustian and Schnirer (1987) suggested that C-sources are the growth-
limiting factor for fungi in soil. Previously, Couteaudier and Alabouvette (1990)
showed that glucose, at concentrations fifty times higher than estimated to be
present in tomato root exudate, can be consumed more efficiently by Fo47 than by
F.o.r.l.. In the present paper we have analyzed spore germination in tomato root
exudate and its major sugar (glucose) and its major organic acid (citric acid) at
concentrations estimated to be present in tomato root exudate (Lugtenberg and
Bloemberg, 2004). It was observed that a higher percentage of Fo47 spores
germinated on these three components (Fig. 6A).

Analysis of spore germination in root exudate collected from roots of fresh
tomato plants revealed that over a period of seven days a higher percentage of
spores of Fo47 germinate compared to spores of F.o.r.l. (Fig. 6B). This would be
advantageous for Fo47 in the tomato rhizosphere within the gnotobiotic system
where all nutritional compounds inducing spore germination and supporting hyphal
growth are derived from the root exudate. Additionally, the inoculum concentration
of Fo47 is fifty times higher than that of F.o.r.l.. These two factors combined will
reduce the nutrients available for spore germination and growth of F.o.r.l.
Consequently less F.o.r.l. hyphae will reach the root surface to attach to and
colonize the tomato root.

Further reduction of the pathogen, once it has reached the root surface,
will be caused by occupation of the root surface by the biocontrol strain Fo47. The
root colonization process by the two fungi was shown to contain similar stages and
niches. As a consequence, competition for niches on the tomato root involves
several sites and stages. The first one is the initial attachment to root hairs
(Lagopodi et al., 2002; this study). After three days Fo47 has attached to 2-5 sites
on the root, whereas F.o.r.l. attached to 0-1 site. This is likely to be a result of the
higher inoculation concentration of Fo47 and, of faster germination of its spores
and will result in a reduction of C-sources available for spore germination and
growth by F.o.r.l.. Additionally, this results in a reduction of the number of
attachment sites available for F.o.r.l.. The second site is the growth of fungi along
the cellular junctions of the root (Fig. 2C and 4A). The presence of Fo47 at these
junctions reduces the sites available for colonization by F.o.r.l.. However, root
colonization by Fo47 from day four on was slower and to a lower extent compared
to that of F.o.r.l. despite the fifty-fold higher inoculum concentration (Fig. 3) as
shown by the following observations. (a) Five times more root cells were colonized
by F.o.r.l. than by to Fo47 (colonization was observed along thirty-three and six
root cells, respectively) after four days of growth. (b) Colonization by F.o.r.l.
increased most strongly at day four versus at day six by Fo47. (c) The total root
area colonized after seven days of growth is larger for F.o.r.l. than for Fo47. (d)
The colonization by F.o.r.l. is more dense, as indicated by heavy colonization. The
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third stage involves the penetration of the root, which is observed for both F.o.r.I.
(Lagopodi et al.,, 2002) and Fo47 (Fig 4B), was less frequent for Fo47 than
observed for F.o.r.l. (Lagopodi et al., 2002) and may be restricted to specific sites
of the root that are more frail. We assume that due to the occupation of penetration
sites by Fo47, less sites are available for penetration by F.o.r.l.. Consequently,
less lesions are likely to be formed and no additional nutrients will be leaking from
the root, thereby preventing the normally extensive growth of F.o.r./. described by
Bolwerk et al. (2003). This hypothesis is supported by our observation that under
biocontrol conditions ‘heavy colonization’ is not observed.

The results mentioned above suggest that under biocontrol conditions
Fo47 uses the mechanism “competition for niches and nutrients” as a biocontrol
strategy. However, it should be noted that in order to be effective Fo47 must be
introduced at an at least fifty-fold higher inoculum concentration compared to
F.o.r.l. (Tables 3 and 4). The observation that root colonization by the biocontrol
strain from day four on is less aggressive, slower and to a lesser extent than that
of F.o.r.l. (Figs. 3 and 4), indicate that Fo47 is not capable of effectively competing
with the pathogen for niches and nutrients on the root surface. The higher
inoculum concentration is presumably needed to compensate for the poorer root
colonization characteristics of Fo47. This is also illustrated by the decrease of root
colonization by the pathogen at increasing concentrations of Fo47 (Table 4). In
conclusion, our CLSM studies provide strong experimental evidence that the
mechanism “competition for niches and nutrients” contribute to the biocontrol by
Fo47, as previously suggested by Eparvier and Alabouvette (1994), and that this is
the result of excess Fo47 and not of the good colonization properties of Fo47.
Since there is a great diversity among strains of F.o.r.l., care should be taken to
generalize the interactions described in this work (such as competition for niches
and nutrients) for other Furarium strains.

A common strategy to introduce a biocontrol agent is seed coating.
Coating seeds and seedlings with Fo47 spores resulted in a reduction of the
disease incidence, from 100 to 75%. Under these conditions Fo47 hyphae could
only be observed just below the crown region. Since Fo47 is not applied to the
sand and poorly colonizes the root, it is likely that other mechanisms in addition to
competition contribute to the observed disease reduction. This situation resembles
a previous observation by Dekkers et al. (2000) in which coating of tomato seeds
with mutants of Pseudomonas fluorescens WCS365 that are impaired in efficient
root colonization were not affected in their ability to protect the plant against TFRR.
Biocontrol by strain WCS365 strains is thought to act via induced systemic
resistance (ISR). ISR was identified as a potential mechanism of biocontrol by F.
oxysporum Fo47 (Duijff et al., 1998; Fuchs et al., 1997). The reduced disease
incidence in our experiments could therefore be a result of ISR.

To our knowledge this is the first time that the pathogenic and biocontrol fungus
have simultaneously been visualized on the tomato root and that colonization of
the tomato root surface by these fungi has been quantified. In this report new
experimental results obtained under disease controlling conditions are provided
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that extend our understanding of the mechanism involved in biocontrol of TFRR by
Fo47. (i) Direct antagonism between the biocontrol fungus and pathogen is
unlikely to play a role in biocontrol by Fo47. (ii) The preferential germination of
Fo47 spores by root exudate components is thought (a) to reduce growth of the
pathogen towards the root because more hyphae of Fo47 can compete for
nutrients from root exudate and (b) to reduce the number of F.o.r.l. hyphae that
can compete for attachment sites of the root. (iii) The higher inoculum
concentration of Fo47 compensates for the less aggressive growth of Fo47 and
consequently contributes to effective competition for niches and nutrients on the
tomato root. (iv) ISR plays a role in controlling TFRR.

Materials and methods

Fungal isolates and inoculum production

The microorganisms used are listed in Table 1. F.o.r.l. and Fo47 were
cultured on potato dextrose agar (Difco Laboratories, Detroit) or shaken at 130-
160 rpm in Armstrong medium (Singleton et al., 1992) for 2 days at 28°C. F.o.r.l.
spores were isolated as described by Lagopodi et al. (2002). The spores were
mixed with quartz sand to a concentration of 5x10* spores/kg (5.4x101 spores/ml)
sand for F.o.rl. and 5x10°, 1x10°, 3x10° 5x10°, 2.5x10° 5x10° and 2x10°
spores/kg (5.4x10", 1.1 x10%, 5.4x10%, 2.7x10°, 5.4x10°, 2.2x10° spores/ml) for
Fo47. For analyzing spore-germination on citric acid, F.o.r.I. and Fo47 were grown
in modified Armstrong medium: instead of sucrose, citric acid is added as single C-
source to a final concentration of 1.3 mM.

Transformation of Fusarium

The construction of the plasmids was carried out using standard cloning
techniques (Sambrook et al., 1989). Strains Fo47 and F.o.r.I. were transformed by
a polyethylene glycol/CaCl,-mediated transformation of protoplasts as described
by Kistler and Benny (1988) and modified by Mes and colleagues (1999) with
additional modifications described by Lagopodi et al. (2002). To select the YFP- or
CFP-expressing Hm-B resistant cotransformants, the colonies were directly
observed under a Leica MZFLIII stereo microscope equipped with epifluorescence
detection (Leica, Bensheim, Germany). Filter sets tailored to the specific
chromophores were used (for EYFP, 500/10-nm with excitation 518/16-nm
emission and for ECFP, 440/21-nm excitation with 480/36-nm emission).

Control of tomato foot and root rot

Tomato seeds (kindly provided by Dr. Rudy Scheffer, Syntenga,
Enkhuizen, The Netherlands) were sterilized (Simons et al., 1996) and incubated
at 4 °C for 5 days on plant nutrient solution (PNS) (Hoffland, 1989) solidified with
1.8% agar. The seeds were incubated for 2 days at 28°C to allow germination.

The spatio-temporal analyses as well as the disease controlling
experiments were performed in a gnotobiotic quartz sand system (Simons et al.,
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1996). The sterile glass tubes were filled with sand moisturized with PNS (10%
viw) and infested with spores of F.o.r.l. and strain Fo47. Tomato seedlings were
placed 5 mm below the surface of the sand. The plants were grown in climate-
controlled growth chamber at 21°C, 40% relative humidity and 16 hours of light per
day. Sixteen to nineteen seedlings were grown per treatment. In case of the
seed(ling) coating with spores of Fo47, seed(ling)s were incubated in PBS
containing Fo47 spores (1x10° spores/ml) for 15 minutes. After seven days of
growth the plants were scored for disease development by eye and classified in
disease indexes 0 to 4. These indexes correspond to the following symptoms. O,
healthy plants with no visible symptoms of foot and root rot; 1, plants with pin-point
size brown spots on the main root and/or pin-point size light brown spots on the
crown; 2, plants with brown spots on the main root and extensive brown
discoloration of the crown; 3, plants with a wilting appearance and an extensive rot
of root and crown; 4, dead plants.

Confocal laser scanning microscopic analysis of tomato roots

After growth in the gnotobiotic system, tomato roots were carefully taken
out of the sand and gently swirled a few times in sterile water in order to wash
away the sand particles. Whole roots were placed directly on glass slides in drops
of water and examined using an inverted fluorescence microscope (DMIRBE;
Leica, Bensheim, Germany) equipped with filter blocks with spectral properties
matching those of ECFP, (440/21-nm excitation with 480/36-nm emission; XF114,
Chroma, Brattleboro, VT, U.S.A.) or EGFP (470/20-nm excitation with 515-nm long
pass emission; 13, Leica, Bensheim, Germany), to which the Leica SP scanhead
was attached. Dual color images were acquired by sequential scanning with
settings optimal for ECFP (excitation with 457-nm argon laser line, emission
detection between 470 and 490-nm), followed by settings optimal for EGFP
(excitation with 488-nm argon laser line, detection of emitted light between 500
and 520-nm). Reflected light images were obtained by detection of light at the
wavelength used for excitation. The projections of the individual channels were
merged in Photoshop 7.0 (Adobe, San Jose, CA, U.S.A.) to facilitate visualization.

To qualify and quantify tomato root surface colonization by the F.o.r.I. and
Fo47 four tomato roots per treatment were analyzed. Four different stages of root
colonization were identified: (i) ‘attachment’ to root hairs; (ii) growth along one-two
plant cell on main root, defined as ‘start colonization’; (iii) growth along three or
more adjacent cells in length, defined as ‘colonization’; and (iv) dense colonization
over the total width of the root surface, defined as ‘heavy colonization’. By using
this classification, colonization by the fungi could be categorized.

Quantification of root colonization

All epidermis cells of a tomato root were examined from the crown till the
root tip (length-axis) for one of the four colonization stages (see above) of
colonization by Fusarium hyphae using CLSM. The number of tomato root cells
colonized in the length-axis (form crown to root tip) was counted. When a hyphae
was growing on the intercellular junction in between two root cells (in length axes)
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this was scored as one colonized cell. When five cells in the width-axis on the
same length-axis position were colonized it was scored as one colonized cell. In
case these five cells in the width-axis were colonized by Fusarium in more than
one of the four defined stages (for example ‘attachment’ and ‘colonization’) the
most progressed stage was scored (in this example ‘colonization’). Each
experiment was performed at least twice.

Statistical analysis

Plants were classed as healthy (disease index 0) or sick (disease index 1
to 4). The difference in health condition (healthy or sick) of plants between two
different treatments was statistically analyzed using the chi-squared goodness-of-
fit test (Heath, 1995). The degree of freedom was 1 (degree of freedom = 2
conditions tested-1)x(2 classes of plants-1) resulting in the critical X, value of
3.841 (P<0.05). The null-hypothesis was defined as the lack of significant
difference between two conditions tested. To test the null-hypothesis the X , value
was calculated for the two conditions using the chi-squared goodness-of-fit test. In
case the calculated X, value was lower than the critical X , value, the null-
hypothesis was accepted e.g. the two treatments were not significantly different.
When the calculated X, value was higher than the critical value, the null-hypothesis
was rejected e.g. the treatments differ significantly.

Quantification of tomato root colonization was performed by counting the
number of root cells colonized by F.o.r.l. as described above. To determine
whether root colonization by F.o.r.l. was significantly reduced by the presence of
strain Fo47 after seven days of incubation, four roots per condition (F.o.r.l.. alone
and F.o.r.l. in presence of Fo47, e.g. two conditions) were analyzed. Within this
analysis eight roots in total were scored from root tip till crown for root colonization
by F.o.r.l.. A Wilcoxon-Mann-Withney U-test (Sokal and Rohlf, 1981) was used to
determine whether the difference in root colonization by F.o.r.I. in the absence and
in the presence of Fo47 was significantly different. This statistical analysis was
performed on the three different ratio’'s of F.o.r.l-Fo47 (1:10, 1:50 and 1:100).
Each ratio was analyzed at least twice.

Plate confrontation assays

PDA plates were inoculated with agar plugs (four mm) of the fungi, placed
four cm apart and incubated at 25°C and the growth of F.o.r./. was analyzed daily.
Additionally, fungal culture supernatant of strain Fo47 and F.o.r.l. was also
analyzed for its ability to inhibit hyphal growth of F.o.r.l.. Hundred microliters of a
two times concentrated Armstrong O/N culture was plated on one half of a PDA
plate and F.o.r.l. was inoculated as a stripe of spores on both halves of the plate.
The growth of F.o.r.I. was analyzed daily.

Spore germination

Fungal spores of both F.o.r.l. and Fo47 were incubated in tomato root
exudate (synthetic as described by Lugtenberg and Bloemberg, 2004; and
collected from roots of fresh growing tomato plants), 20 uM glucose or 133 uM
citric acid overnight at room temperature. Root exudate was isolated as described
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previously (Simons et al., 1997). Briefly, 100 ml sterile seedlings were placed in
100 ml PNS and were allowed to grow in a climate-controlled growth chamber at
20°C, 40% relative humidity and 16 h of daylight. After fourteen days of growth
root exudate was collected.

Spore germination on root exudate from fresh tomato plants was analyzed
for spores isolated from Armstrong cultures containing sucrose (Singelton et al.
1992). Germination in glucose (20 yM) or citric acid (133 pM) was analyzed for
spores isolated form Armstrong cultures containing sucrose (Singelton et al. 1992)
or citric acid (1.3 pM), respectively. Spore germination in synthetic root exudate
was analyzed for spores isolated from both Armstrong cultures. The reaction
volume was 500 pul and the final concentration of spores was 2.5 x 10° per ml.

The number of germinated and total number of spores was counted using
a heamatocytometer and the percentage of germination was calculated. The
germination experiments were carried out in triplicate and were repeated twice.
Using a Mann-Whitney-U test differences between spore germination of the
pathogen and biocontrol agent were evaluated.
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Trichoderma and the role of chitinases in biocontrol

Abstract

Trichoderma atroviride P1, a well studied antagonist of phytopathogenic
fungi at the laboratory level, and T. harzianum T22, one of the most widely used
biofungicides in agriculture, were shown to control tomato foot and root rot (TFRR)
caused by the soil-borne fungus Fusarium oxysporum f. sp. radicis-lycopersici
(F.o.r.L). In vitro analysis indicated that extra-cellular compounds produced by P1
and T22 strongly inhibit spore germination of the pathogen. Trichoderma P1
knock-out mutants illustrated the role of an endochitinase and an exochitinase in
the inhibition of spore germination as well as in biocontrol of TFRR. To study the
complex interactions between the antagonist and pathogen, growth of the fungi on
the tomato rhizoplane alone and under biocontrol conditions was visualized and
quantified. These confocal laser scanning microscopy (CLSM) analyses, using
strains labeled with auto-fluorescent proteins, revealed the following. (i) When both
F.o.r.l. and either one of the Trichoderma strains were introduced, the disease
incidence, the total area as well as the density of tomato root colonization by
F.o.r.l. were significantly reduced. (ii) The endochitinase and exochitinase are
involved in disease suppression and in the reduction of F.o.r.l. root colonization by
strain P1, which is likely supported by the role of these enzymes in the inhibition of
spore germination. (iii) T. atroviride P1 and T. harzianum T22 colonize the tomato
root hairs, which is the initial site of attachment of F.o.r.l. in the infection process.
(iv) T. atroviride P1 and, to a lesser extent T. harzianum T22 are poor colonizers of
the main root. (v) Growth of T22, and therefore its ability to compete for niches,
strongly depends on the nutrient composition of the growth substrate. (vi) P1 and
T22 induce plant responses that could contribute to the resistance against
phytopathogens such as F.o.r.l..

Introduction

Some Trichoderma spp. can be used as biocontrol agents of a wide range
of phytopathogens (Chet, 1987; Harman et al., 2004; Hjeljord and Tronsmo, 1998)
and are commercially applied to control a variety of crop diseases (Koch, 1999). In
vitro studies focusing on the interaction between Trichoderma spp. and
phytopathogenic fungi at the cellular level have indicated mycoparasitism as one
of the main potential modes of action in biocontrol (Chet et al., 1981; Elad et al.,
1983; Elad et al., 1987). In situ analysis of the interactions between biocontrol
Trichoderma strains and phytopathogenic fungi occurring on the plant root are
scarce (Lu et al., 2004). By using confocal scanning laser microscopy (CLSM), Lu
and colleagues showed that mycoparasitism of T. atroviride P1 on Pythium
ultimum not only occurred in dual cultures but also on cucumber roots. Other
mechanisms of action that could be involved in the ability of Trichoderma spp. to
limit disease development are: (i) The production of cell-wall-degrading enzymes
(Brunner et al., 2003; Woo et al., 1999) and antibiotics (Lorito et al., 1996;
Schirmboéck et al. 1994), (ii) Competition with the pathogen for rhizosphere
colonization sites and root exudate nutrients (Sivan and Chet, 1986), and (iii)
induced systemic resistance (ISR) (De Meyer et al., 1998; Harman et al., 2004;
Yedidia et al., 1999; Yedidia et al., 2000; Yedidia et al., 2003).
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Tomato foot and root rot (TFRR), caused by Fusarium oxysporum f. sp.
radicis-lycopersici (F.o.r.l.), is a serious problem for field and greenhouse crops
(Jarvis, 1988) and can be controlled by selected strains of Trichoderma spp.
(Datnoff et al., 1995; Marois et al., 1981; Sivan and Chet, 1986; Sivan et al., 1987;
Sivan and Chet, 1993). In this paper we focused on the ability of T. atroviride P1
and T. harzianum T22 to suppress TFRR and on the mechanisms that are
involved in this biocontrol. T. atroviride P1 is a cold tolerant strain which was
initially selected for post-harvest protection (Tronsmo et al., 1989; Tronsmo et al.,
1991). Potential biocontrol mechanisms of P1 involve the production of several
extracellular enzymes, including glucan 1,3-B-glucosidases, N-acetyl- [3-
glucosaminidases (such as the CHIT73 exochitinase encoded by nag7; Lorito et
al., 1994), chitobiosidases and endochitinases (such as the CHIT42 endochitinase
encoded by ech42; Harman et al., 1993). By testing a ech42 mutant of strain P1
(D11), Woo et al. (1999) found that the production of CHIT42 is essential for full
biocontrol activity against Botrytis cinerea. Brunner et al. (2003) studied the
CHIT73 exochitinase (N-acetyl- B-glucosaminidase) minus mutant of T. atroviride
P1 (P1ND1), which showed a reduced biocontrol activity against Rhizoctonia
solani and Sclerotinia sclerotiorum on beans. In addition, this enzyme was found to
be important for triggering the expression of other chitinases and fungal cell wall
degrading enzymes, including the CHIT42 endochitinase. T. harzianum T22 is a
rhizosphere competent fungus, which is commercially applied in crop protection
(Harman et al., 1996). Biocontrol mechanisms of T22 have been characterized in
less detail as compared with P1, but it was shown that T22 produces
endochitinases and glucanases during biocontrol (El-Katatny et al., 2000; Lorito et
al., unpublished results).

We present results on the ability of T. atroviride P1 and T. harzianum T22
to control TFFR and studied their biocontrol mechanism(s) by analyzing the effects
of chitinase production on Fusarium spore germination, root colonization, and
biocontrol. ~ We visualized the fungi and their interactions in the tomato
rhizosphere, making use of strains labeled with different auto-fluorescent proteins.
To our knowledge this is the first report which studies the interaction between
Fusarium and Trichoderma biocontrol spp. on the tomato root, under disease
controlling conditions.
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Results

Control of tomato foot and root rot in potting soil by Trichoderma strains

To test the ability of T. atroviride P1 and T. harzianum T22 (Table 1) to
control TFRR, tomato seeds were coated with Trichoderma spores and grown in
potting soil infested with F.o.r.l. spores. Coating the seeds with either strain P1 or
strain T22 significantly reduced the percentage of diseased plants (Fig. 1A). In
another experiment the percentage of diseased plants was again significantly
reduced from 64% to 36% and 44% due to the presence of strain P1 and T22,
respectively. To determine the possible roles of extracellular endochitinase
CHIT42 (Harman et al., 1993) and exochitinase CHIT73 (Lorito et al., 1994) in the
biocontrol of TFRR by T. atroviride P1, the mutants D11 (with the CHIT42
mutation) and P1ND1 (with the CHIT73 mutation) were tested for biocontrol
activity.

Table 1. Microorganisms

Strains Relevant characteristics Reference or source

Fungi

ZUM 2407  Fysarium oxysporum f. sp. radicis-lycopersici IPO-DLO, Wageningen,
(F.o.r.I.) causing tomato foot and root rot The Netherlands

FCL14 F.o.rl. ZUM 2407 containing sgfo under Lagopodi et al., 2002
control of the constitutive gpdA promoter

FCL64 F.o.rl. ZUM 2407 containing ecfo under Bolwerk et al. submitted
control of the constitutive gpdA promoter

P1 T. atroviride strain P1 (ATCC 74058)

T22 T. harzianum T22. Commercialized in U.S.A. Tronsmo et al., 1989
and Europe Stasz et al., 1988

D11 Endochitinase mutant (ech42’) of T. atroviride

strain P1. Containing a hygromycin B- Woo etal., 1999
phosphotransferase (hph) selectable marker

P1ND1 Exochitinase mutant (nag?) of T. atroviride
strain P1. Containing an acetamidase (amdS) Brunner et al., 2003
and hygromycin B-phosphotransferase (hph)
selectable marker

P1 pki:gfp  T. atroviride strain P1 constitutively expressing
gfp. Under the control of the pyruvate kinase Zeilinger et al., 1999
(pki) promoter from T. reesei

T22 pki:gfp  T. harzianum T22 constitutively expressing gfp
under control of the pki promoter from T. Lorito et al., unpublished
reesei
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In contrast to the wild type, the mutants did not significantly reduce the
disease incidence (Fig. 1B). In another experiment similar results were obtained:
the percentage of diseased plants was significantly reduced from 56% to 34% by
T. atroviride P1 whereas in the presence of D11 and P1ND1 52% and 47%
respectively, of the plants were diseased.
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Figure 1. Control of tomato foot and root rot by Trichoderma in potting soil

Tomato seeds were grown in potting soil infested with F.o.r.l. spores. As a control to
determine the disease pressure tomato seeds were coated with methyl cellulose without
Trichoderma. After three weeks of growth in a daylight greenhouse, roots were analyzed for
disease symptoms and the percentage of diseased plants was determined. A variance
analysis followed by Fisher’s least-significant-difference was used to determine whether the
strains could significantly control TFRR. A. Biocontrol strains Trichoderma atroviride P1
(P1) and T. harzianum (T22) were introduced by seed coating as described in the Materials
and Methods section. B. To analyze the role of the extracellular enzymes produced by
strain P1, the endo- and exochitinase mutants D11 and P1ND1were tested for their ability to
control TFRR.
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Optimizing growth conditions in the gnotobiotic system for the analysis of
biocontrol of tomato foot and root rot by Trichoderma spp.

To visualize root colonization of T. atroviride P1 and T. harzianum T22 and
their effect on the tomato root colonization by the pathogen F.o.r.l., a gnotobiotic
sand system (Simons et al., 1996) was used. To test the influence of different plant
growth media on the root colonization by strains P1 and T22, tomato plants were
grown in sand moisturized with either (i) a plant nutrient solution (PNS, Hoffland et
al., 1989), (ii) PNS supplemented with 0.01% sucrose, or (iii) a hydroponic solution
(HPS, Yedidia et al., 1999). Trichoderma was applied as germinated spores or as
mycelium and the level of root colonization was determined by CLSM analysis
after seven days. PNS appeared to be the least efficient medium for supporting
growth of P1 and T22. The addition of sucrose improved hyphal growth of both
Trichoderma strains and also of F.o.r.. in the tomato rhizoplane, thereby
increasing the disease pressure as compared to PNS treatment without sucrose
(results not shown). The growth of T22 was further increased when sand was
moisturized with HPS, whereas in this medium both the development of strain P1
and the disease pressure were comparable to the condition under which sand was
moisturized with PNS without sucrose.

In order to obtain data comparable with previous studies on tomato root
colonization by F.o.r.l., which were performed in sand moisturized with PNS
(Lagopodi et al., 2002; Bolwerk et al., 2003; Bolwerk et al., submitted), the latter
medium supplemented with sucrose instead of HPS, was used in all further
experiments. For the same reason the inoculum concentration of the pathogen
was reduced ten-fold to 5x10° spores/kg sand.

Control of tomato foot and root in the gnotobiotic system

Coating of tomato seedlings with spores of P1 or T22 and subsequent
growth in the gnotobiotic system (Simons et al., 1996) containing sand infested
with spores of F.o.r.l., reduced the number of sick plants compared to the control.
A significant and reproducible reduction of the disease was obtained after coating
the seedlings with germinated spores of either of the two biocontrol agents (Fig. 2,
open columns). Unexpectedly, the coating treatment with germinated spores of P1
and T22 altered root formation. Under the conditions used, a new main root
emerged from the original seed-generated root, which did not grow further and
developed a brown staining. In addition, this newly emerged root was in general
shorter than the corresponding root of non-treated seedlings. However, when
Trichoderma was introduced as mycelium mixed through the sand, root formation
was not altered and the treatment resulted for both strains P1 and T22 in a
significant reduction of the number of diseased plants (Fig. 2, dark columns).
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In order to test the effects of the endo- and exochitinases in the control of
TFRR, strains D11 (ech42) and P1ND1 (nag?’) were tested. It appeared that, in
contrast to the wild type P1, neither the ech42” nor the nag?1” mutant was able to
decrease the disease significantly, no matter whether applied as germinated
spores or as mycelium (Fig. 2). In contrast to the wild type strain P1, mutants D11
and P1ND1 did not alter the root formation when applied as germinated spores.
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Figure 2. Control of tomato foot and root rot by Trichoderma in a gnotobiotic sand system
Tomato seedlings were grown in sand infested with F.o.r.l. spores. To determine the
disease pressure, tomato seedlings were grown in absence of Trichoderma. After seven
days of incubation in a growth chamber, roots were analyzed for disease symptoms and the
percentage of diseased plants was determined. A chi-squared goodness-of-fit test was used
to determine whether the strains tested could significantly control TFFR Biocontrol strains
Trichoderma atroviride P1 (P1) and T. harzianum (T22) were introduced either by coating
seedlings with germinated spores or by mixing mycelium with the sand, as described in the
Materials and Methods section. To analyze the role of the extracellular enzymes produced
by strain P1, the endo- and exochitinase mutants D11 and P1ND1, respectively, were also
tested for their ability to control TFRR.
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Effect of Trichoderma metabolites on F.o.r.l. spore germination

To determine the effect of extra-cellular enzymes produced by P1 and T22
on spore germination of F.o.r./, conidia were incubated in culture supernatant of
the biocontrol strains. After incubation overnight in the presence of the culture
supernatant of strain T22 or P1, the percentage of germinated F.o.r.l. spores was
strongly reduced (Fig. 3A). The inhibition by T. atroviride P1 was more efficient as
compared to T. harzianum T22. Wild type strain P1 inhibited F.o.r.l. spore
germination significantly stronger than the mutants D11 and P1ND1 did (Fig. 3B).
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Figure 3. Spore germination of F.o.r.l. in the presence of culture supernatants of
Trichoderma spp.

After overnight incubation at room temperature, the percentage of germinated spores was
determined by counting under the microscope using a heamotocytometer. As a control
spores were incubated in synthetic medium (SM).The Wilcoxon-Mann-Withney U-test was
used to determine whether the treatments reduced spore germination significantly. A.
F.o.r.I. spores were incubated in culture supernatant of the wild type strains T. atroviride P1
(P1) or T. harzianum T22 (T22) grown in SM. B. F.o.r.l. spores were incubated in culture
supernatant of T. afroviride P1 or its chitinase mutants D11 (ech42’) or PIND1 (nag?)
grown in SM to test the role of the extracellular enzymes produced by strain P1.

®The percentage of germinated spores does differ significantly from 2.

°The percentage of germinated spores does differ significantly from #and °.
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Tomato root colonization by T. atroviride P1 and T. harzianum T22

Root colonization by T. atroviride P1 and T. harzianum T22 was studied by
CLSM using strains P1 pki::gfp and T22 pki::gfp (Table 1), which constitutively
express gfp. The GFP labeling did not affect the biocontrol ability of the strains in
potting soil or in the gnotobiotic system (data not shown).

Coating of seedlings with germinated spores of either P1 or T22 resulted,
seven days after inoculation, in the appearance of clumps of hyphae on the main
root (Fig. 4A). In close vicinity of these clumps single hyphae were observed on
the root surface (Fig. 4A). Only few of these hyphae grew along the intercellular
junctions of the tomato root surface.

When instead of coating seedlings with germinated spores, mycelium of
strains P1 and T22 was mixed through the sand, hyphae of both strains were
observed in between the root hairs (Fig. 4B). Strain T22 was found five times more
abundant on the root hairs than strain P1 (two versus ten sites per root). After
binding to the root surface, T22 started to grow in between the root hairs (Fig. 4C).
Hyphae of T22 were observed on the main root (Fig. 4D). In a few cases these
hyphae crossed over tomato root cells and grew along the intercellular junctions
(Fig. 4E, 4F and 4G). In the latter case, at least once, a penetration of the root
cortex by T22 was observed (Fig. 4G and 4H). In the case of P1, the presence of
hyphae on the main root was not observed.
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Figure 4. Confocal laser scanning microscopy (CLSM) analysis of tomato root colonization
by two Trichoderma strains. The full color figure is depicted on page 127.

Two-day-old tomato seedlings were grown in a gnotobiotic sand system. Trichoderma strain
P1 or T22 was introduced as germinated spores coated on seedlings (panel A) or as
mycelium mixed through the sand (panel B through H). After seven days of growth, tomato
root colonization by the Trichoderma strains was analyzed. Walls of tomato root cells
appear red because of auto-fluorescence. A. Clump of germinated P1spores with short
hyphae. B. Initial attachment of P1 hyphae to root hairs. C. T22 hyphal growth in the root
hair zone. D. Hyphae of T22 growing in the rhizosphere but not attached to the root surface.
E to G. Hyphae of T22 attached to and growing along the main root. G and H (close-up of
G), Penetration of the tomato root by T22 as indicated with an arrow. Bars represent 10 pm.
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Root colonization by F.o.r.l. in the presence of Trichoderma strains P1 and T22

FCL64, the CFP-labeled F.o.r.I. derivative (Bolwerk et al., submitted), and
the GFP-labeled derivatives of strains P1 (Zeilinger et al., 1999) and T22 were
used to study the possible interactions between the pathogen and the biocontrol
agents. In case F.o.r.l. could be observed on the root, the colonization by both
F.o.r.l. and the Trichoderma strains was found to be reduced as compared to
treatments with the single strains. In case F.o.r.l. was not observed on the root
because it was inhibited by the control agent, the root colonization patterns of
strains P1 and T22 was found similar to controls. No physical Fusarium-
Trichoderma interactions were observed after seven days of incubation.

To analyze the effect of the Trichoderma strains on the tomato root
colonization by F.o.r.l, the GFP-labeled derivative of F.o.r.l. - FCL14 (Table 1) -
was used. Root colonization by F.o.r.l. was quantified by counting the total number
of tomato root cells colonized per colonization stage in the length axes (from crown
to root tip). Details on how root colonization in the absence and presence of non-
labeled Trichoderma strains was counted are described in the Materials and
Methods section. Both Trichoderma strains significantly limited F.o.r.l. growth in
the stages ‘colonization’ and ‘heavy colonization’ (Tables 2A, 2B and C), as was
determined by using the Mann-Whitney-U test (Sokal and Rolph, 1981). Not only
the severity of root colonization by F.o.r.l. but also the total root area colonized by
F.o.r.l. was significantly reduced by both Trichoderma spp. (Tables 2A, 2B and
2C).

Table 2. Quantification of tomato root colonization by F.o.r.I. in the presence of Trichoderma
strains

A. Germinated Trichoderma spores coated on tomato seedlings

F.o.r.l. F.o.r.l.-P1 F.o.r.l.-T22
Attachment 1.7° 0.3° 2.7°
Start colonization 6.3° 3.7° 2.3°
Colonization 29.3° 0.0° 1.7°
Heavy colonization 16.0° 0.0° 0.0°
Total 55.3° 4.0° 6.7°

B. Mycelium of Trichoderma strain P1 mixed through the sand

F.o.r.l. F.o.r.l.-P1
Attachment 23.5° 1.3°
Start colonization 25.5° 1.0°
Colonization 263.8° 11.3°
Heavy colonization 9.5 0.0°
Total 322.32 13.6°
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Table 2. —continued

C. Mycelium of Trichoderma strain T22 mixed through the sand

F.o.r.l. F.o.r.l.-T22
Attachment 1.0° 16.8°
Start colonization 0.8° 22.5°
Colonization 168.8° 33.8°
Heavy colonization 83.8° 0.0°
Total 254.4° 73.1°

D. Germinated Trichoderma spores coated on tomato seedlings.

F.o.r.l. F.o.r.l.-P1 F.o.r.l.-D11| F.o.r.l.-P1ND1
Attachment 12.3° 12.0° 5.5° 13.5°
Start colonization 4.3° 7.8° 5.8% 12.3°
Colonization 126.0° 16.0° 69.4% 77.0%
Heavy colonization 78.4° 0.0° 44.0° 78.0°
Total 220.9% 35.8° 124.72 181.1°2

E. Mycelium of Trichoderma strains mixed through the sand

F.o.r.l. F.o.r.l.-P1 F.o.r.l.-D11| F.o.r.l.-P1ND1
Attachment 12.3° 4.8° 12.3% 12.5°
Start colonization 4.3° 1.8° 7.0° 11.5°
Colonization 126.0° 17.9° 66.0° 101.0°
Heavy colonization 78.4° 0.0° 20.6° 27.5°
Total 220.9° 24 4° 105.9% 152.5%

Tomato seedlings were grown in sand infested with F.o.r.l. spores. Trichoderma strains
were introduced either as germinated spores coated on the seedling or as mycelium mixed
through the sand (see Materials and Methods section for details). The Trichoderma strains
analyzed included wild type P1, T22 and the endo- and exochitinase minus mutants of T.
atroviride P1, D11 and P1ND1, respectively. After seven days of incubation tomato roots
were analyzed microscopically from crown till root tip for colonization by F.o.r.l.. Four
different subsequent stages of root colonization with increasing hyphal density were
defined: 'attachment’, 'start colonization’, 'colonization' and 'heavy colonization'. The total
number of plant cells on the length-axis covered by F.o.r.l. per stage in the absence of
Trichoderma ('F.o.r.l.") and in the presence of Trichoderma ('F.o.r.l.-Trichoderma strain) is
presented. By using the Mann-Whitney-U test, it was determined for each colonization
stage whether the total number of root cells covered by F.o.r.l. in the absence and the
presence the Trichoderma strains differed significantly.

@  The two compared treatments do not differ significantly.

®  The two compared treatments do differ significantly.
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When the chitinase-negative derivatives of strain P1, mutants D11 and
P1ND1, were applied as germinated spores or as mycelium a reduction of the root
colonization by F.o.r.l. in the ‘colonization’ and ‘heavy colonization’ stage was still
observed (Tables 2 D and E). In contrast to what was observed for the wild type
strain P1, the inhibitory effect on F.o.r.I. was not significant.

In another experiment, in which root colonization by F.o.r.. was more
intense and the disease pressure was higher, the following observations were
made. (i) Wilting in addition to the extensive brown coloration of the crown and the
main root was observed. (i) Only the later two stages of root colonization
(‘colonization’ and ‘heavy colonization’) by the pathogen were found. (iii) The
pathogen colonized the whole root, whereas under low disease pressure root
regions without F.o.r.l. could be detected. Under these high disease pressure
conditions the wild type strain P1 still significantly reduced both the severity (a
reduction in the colonization stages: ‘colonization’ and ‘heavy colonization’) and
the total root colonization by the pathogen. In contrast, root colonization by the
pathogen in the presence of D11 and P1ND1 under high disease pressure
conditions was reduced in terms of density but not in terms of total root coverage
in comparison with the control without Trichoderma. The effect of mutants D11 and
P1ND1 on the root colonization by F.o.r.l. (severity and total root area covered)
was significantly lower than the effect of wild type strain P1, when either
germinated spores or mycelium was applied (data not shown).

Discussion

The mechanisms involved in the biocontrol of plant diseases by
Trichoderma spp. have been studied at the molecular level (Harman et al., 1993;
Harman et al., 2004; Lorito et al., 1994; Woo et al., 1999; El-Katatny et al., 2000).
To improve our understanding of the biocontrol mechanisms of Trichoderma spp.,
we studied the interactions between the pathogen F.o.r.l, two antagonistic
Trichoderma strains and the plant root under disease controlling conditions using
CLSM. Such in vivo studies focusing on the interactions at the cellular level are
scarce (Lu et al., 2004) and, to our knowledge, have never been published under
biocontrol conditions. F.o.r.l, the causal agent of TFRR, can be significantly
controlled by T. atroviride P1 and T. harzianum T22, both in soil (Fig. 1A) as well
as in the gnotobiotic sand system (Fig. 2A). For T. atroviride P1 we observed that
extra-cellular endo- and exochitinases produced by this strain are involved in the
control of TFRR, both in soil (Fig. 1B) as well as in the gnotobiotic system (Fig.
2B).

To visualize root colonization of T. atroviride P1 and T. harzianum T22 and
the effect of these strains on the root colonization of the pathogen F.o.r.l, a
gnotobiotic sand system was used (Simons et al., 1996). In this system the
influence of the endogenous microflora and background of small autofluorescent
soil particles interfering with microscopic analysis is excluded. Analysis of fungal
growth in different plant media showed that, in contrast to the growth of strain P1
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and the disease development, the growth of T22 was improved when sand was
moisturized with HPS as compared to PNS. Comparison of the mineral
composition of PNS and HPS showed that the latter contains additional minerals
(K%, Ca®* and NH;NO3) and the concentration of trace elements is up to 5000
times higher. This suggests that the growth of strain T22, in contrast to the growth
of P1 and F.o.r.I., strongly depends minerals and trace elements.

We will discuss the results of the present work in relation to possible
mechanisms of biocontrol used by Trichoderma strains P1and T22.

Inhibition of spore germination

Analysis of F.o.r.. spore germination in culture supernatants of either
strain P1 or T22 indicated that these Trichoderma strains produce extra-cellular
compounds that limit spore germination (Fig. 3A), the initial stage of F.o.r.I. growth
prior to attachment to and colonization of the tomato root. Testing the culture
supernatant of the endo- and exochitinase minus mutants of T. atroviride P1, D11
and P1ND1 respectively, indicated that both the CHIT42 endochitinase and the
CHIT73 exochitinase contribute to the inhibition of spore germination by the wild
type P1 (Fig. 3B). We cannot exclude that other factors also contribute to the
observed reduction of F.o.r.l. spore germination in vitro in the presence of P1
culture filtrate. Cell wall degrading enzymes are also produced by strain T22. The
presence of endochitinases and glucanases in T22 culture filtrate, which was
demonstrated by El-Katatny et al. (2000), could be involved in the observed
inhibition of F.o.r.I. spore germination (Fig. 3A).

The results predict that, by reducing the number of F.o.r.l. spores
germinated in sand, Trichoderma will allow less hyphae to grow and to reach the
tomato root for attachment to and subsequent colonization of the root. Such a
reduction of root colonization was shown by CLSM analysis. By comparing root
colonization by F.o.r.l. in the absence and the presence of the Trichoderma strains
P1 and T22 under biocontrol conditions we showed a significant reduction of both
the density of root colonization as well as the total root area colonized by F.o.r.I.
(Table 2A, 2B and 2C). Analysis of the root colonization by F.o.r.l. in the presence
of the endo- and exochitinase mutants of strain P1 indicated that both enzymes
contribute to the reduction (in both density well as total area) observed in the
presence of P1 (Table 2A, 2B, 2D and 2E). These CLSM studies support the
hypothesis that the chitinases produced by T. atroviride P1 limit spore germination,
which results in a reduced root colonization by F.o.r./.

Competition for niches and nutrients

When T. atroviride P1 and T. harzianum T22 were applied as germinated
spores on seedlings we found hyphae on the main root in close proximity of and
below a clump of germinated spores (Fig. 3D). These hyphae are thought to have
migrated downwards with the growing root originating from the clumps of
germinated spores. When the Trichoderma strains were applied as mycelium
mixed through the sand, hyphae of T22 were observed in between the root hairs
five times more frequent than hyphae of P1 (Fig. 3B). Moreover, in contrast to
those of P1, hyphae of T22 grew between the root hairs along the main root (Fig.
3C). By reducing the number of available sites where initial attachment by F.o.r.l.
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can take place, namely on the root hairs (Lagopodi et al., 2003), the Trichoderma
strains would be able to reduce F.o.r.l. growth already at this early stage of root
colonization.

In contrast to those of strain P1, hyphae of T22 were also observed on the
main root (Fig. 3C). Only in a few cases strain T22 colonized the same niche as
F.o.rl. on the main root, i.e. the intercellular junctions (Fig. 3E, 3F and 3G).
Consequently, competition for niches by T22 would mainly concern the initial sites
of attachment.

Based on the root colonization behavior of the Trichoderma strains, P1
and to a lesser extent strain T22 must be considered as poor colonizers of tomato
roots. Despite the differences in root colonization patterns observed when the
Trichoderma strains are introduced as germinated spores or as mycelium, the
reduction of root colonization by the pathogen is comparable. Based on these
observations we conclude that it is unlikely that competition for niches plays a
major role in the control of TFRR (Fig. 2) by the two Trichoderma spp..
Nevertheless, the growth of T22, and therefore its ability to compete for niches and
nutrients, strongly depends on the nutrient and mineral composition of the media
used in the gnotobiotic system.

Antibiosis and mycoparasitism

Some Trichoderma spp. are known to produce antibiotics which can inhibit
fungal growth (Lorito et al., 1996; Schirmbdck et al. 1994). However, the
production of antibiotics by T. atroviride P1 and T. harzianum T22 has not been
demonstrated. Also in our work we could not find indications that antibiosis is
involved in the control of TFRR by either P1 or T22 (Bolwerk et al., unpublished).

Direct mycoparasitism of and attachment to fungal hyphae by Trichoderma
spp- was till recently only demonstrated in dual cultures (Chet et al., 1981; Elad et
al.,, 1983; Elad et al., 1987). Lu et al. (2004) were able to visualize growth of T.
atroviride P1 towards and attachment to P. ultimum on cucumber roots. In our
present work neither direct mycoparasitism nor attachment to F.o.r.l. hyphae was
observed by either of the Trichoderma strains.

Plant defense responses

We observed that when seedlings were coated with either one of the two
biocontrol agents T. atroviride P1 and T. harzianum T22 stimulated the
development of a new root from the original seed-generated root, which did not
grow further and developed a brown staining. Interestingly, D11 or P1ND1, the
mutants of P1 impaired in the production of chitinases, did not cause these effects.
Chitinases and glucanases are described as pathogenesis-related proteins in
tomato (Duijff et al., 1998; Fuchs et al.,, 1997; Joosten and De Wit, 1988).
Benhamou et al. (1990) studied tomato roots infected with F.o.r.l. and showed that
chitinase accumulation was spatially related with pathogen infection. Possibly,
chitinases and glucanases produced by T. atroviride P1 and T. harzianum T22
could trigger plant defense responses via a positive feedback mechanism or by
acting as avirulence proteins (Harman et al., 2004; Lorito et al, unpublished
results). Proteome analysis of P1 and T22 identified Avr homologues that together
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with oligosaccharides, low molecular weight compounds and enzymes such as
xylanase are known to induce resistance in plants (reviewed by Harman et al,,
2004). The induction of plant defense mechanisms by T22 may be stimulated by
the ability of the fungus to penetrate the root cortex (Fig. 3G and 3H).

Conclusions

In this work new results are reported that extend our understanding of the
mechanisms involved in biocontrol of TFRR by strains T. atroviride P1 and T.
harzianum T22. (i) Extra-cellular compounds produced by both strain P1 and T22
strongly reduce F.o.r.l. spore germination (Fig. 3). This could be an important
mechanism of contribution to the suppression of hyphal growth by Trichoderma
observed on tomato roots (Table 2), which results in the control of the disease
(Fig. 1 and Fig. 2). The production of endo- and exochitinases by P1was shown to
contribute to the inhibition of spore germination (Fig. 3), reduction of F.o.r.l. root
colonization (Table 2), and disease control by the wild type strain P1 (Fig. 1 and
Fig. 2). The glucanases and chitinases produced by T22 could play a role in the
biocontrol of TFRR by T. harzianum T22 through inhibition of spore germination.
(ii) The number of hyphae attaching to the root by T22 is strongly influenced by the
presence and concentration of minerals and trace-elements. When T22 occupies
more initial sites of attachment to the root surface it would be able to compete
more effectively with the pathogen for niches. This observation may be relevant for
its application as biofungicide. (iii) Mycoparasitism of the Trichoderma strains on
F.o.r.l. on the tomato root is a rare event or does not occur at all. (iv) T22 and P1
are able to induce plant responses stimulating the growth of new roots and
possibly induce plant resistance to phytopathogens.

Materials and Methods

Fungal isolates and inoculum production

F.o.r.l. strains were cultured on potato dextrose agar (PDA, Difco
Laboratories, Detroit) for 7 days at 25°C or in liquid Armstrong medium (Singleton
et al., 1992) shaken at 130-160 rpm for 2 days at 28°C. Trichoderma strains were
grown on synthetic medium (SM, Lorito et al., 1994) without colloidal chitin, which
was solidified with 1.8% agar when appropriate. Trichoderma spores were
collected in water from PDA plates on which Trichoderma was inoculated and
incubated for three days in the dark followed by three days with 10 hours of light
per day at 25°C. The spore suspension was filtered through two layers of
Miracloth. Trichoderma mycelium (of strain P1 and T22) was collected from SM
cultures that were grown for three days at 150 rpm at 25°C and filtered over one
layer of Miracloth. To collect sufficient mycelium of the chitinases mutants D11,
P1ND1 and the wild type strain P1(as a control) were grown in potato dextrose
broth (PDB, Difco Laboratories, Detroit) for three days at 150 rpm at 25°C and
filtered over one layer of Miracloth.
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Control of TFRR in potting soil

Tomato seeds (kindly provided by Dr. Rudy Scheffer, Syntenga,
Enkhuizen, The Netherlands) were coated with either methyl cellulose or methyl
cellulose containing 10° Trichoderma spores/ml. F.o.r.l. spores were isolated as
described by Lagopodi et al. (2002). Tomato seeds were placed in non-sterile
potting soil infested with F.o.r.l. spores (5 x 10° spores/l soil). For each strain,
ninety-six plants were tested in eight trays of twelve plants. The plants were grown
for three weeks in a day-light greenhouse, in which the temperature varied
between 20 °C and 26 °C. Roots were examined by eye for root and foot rot
symptoms, e.g. the presence of rotting and lesions. Roots lacking any symptoms
were classified as healthy.

Spore germination

Spores of F.o.r.l. were incubated in filter sterilized (product information on
filters) culture supernatants of Trichoderma strains grown in SM at 25°C for 48
hours. The reaction volume was 500 ul and the final concentration of spores was 4
x 10° per ml. After overnight incubation at 25 °C the number of germinated spores
and the total number of spores were counted by using a heamatocytometer and
the percentage of germinated spores was calculated. The germination
experiments were carried out in triplicate and were performed at least twice.

Control of TFRR in the gnotobiotic system

Tomato seeds were sterilized (Simons et al., 1996) and incubated at 4 °C
for 5 days on plant nutrient solution (PNS) (Hoffland, 1989) solidified with 1.8%
agar. The seeds were incubated for 2 days at 28°C to allow germination. The
composition of PNS is as follows: per liter 1.18 g Ca(NOs;),4 H,0; 0.50 g KNO3,
0.48g MgSO,-7 H,O, 1ml BS solution (containing per liter 0,75 mg Kl, 3.0 mg
H3BO3, 10 mg MnSO,4-H,0, 2 mg ZnS0O4'5 H,0, 0.25 mg Na,MoO,4-2 H,O, 0.025
mg CuSO45 H,0O and 0.025 mg CoCl,'6 H,O), 1/100 V/V 100 mM KH,PO, are
dissolved in of water. The composition of HPS (Yedidia et al., 1999) is as follows:
0.24 g MgS04-7 H20, 0.17 g K2S04, 0.04 g KH2PO4, 0.344 g CaS0O4 -2 H20,
0.64 g NH4NO3, 1 ml of a microelements solution (containing per liter 0.05g
FeCl3, 0.728 g KClI, 1.546 g H3BO3, 0.846 g MnS0O4-H20, 0.375 g ZnS0O4-7 H20,
0.125 g CuS04-5 H20, 0.81 g H2MoO4 and 0.001g CoCI2:6 H20) per liter of
water.

The biocontrol experiments were performed in a gnotobiotic quartz sand
system (Simons et al., 1996). The sterile glass tubes were filled with sand
moisturized with PNS (10% v/w) plus sucrose (0.01%) to stimulate growth of
Trichoderma. The spores were mixed with quartz sand to a concentration of 5x10°
spores/kg sand. The concentration of F.o.r.l. spores was ten times reduced
compared to previous experiments (Bolwerk et al, 2003; Bolwerk et al, submitted),
in which no sucrose was added, to obtain a sufficient disease pressure. Sand was
infested with mycelium of Trichoderma (2g/ kg sand) or Trichoderma was
introduced by coating tomato seedlings with germinated spores. Coating was done
by incubating the seedlings for 1 hour in a suspension of 10 ml SM with
Trichoderma spores (107 spores/ml), which had been allowed to germinate for 3
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days at 25°C. Subsequently, seedlings were placed 5 mm below the surface of the
sand and were grown in a climate-controlled growth chamber at 21°C, 40%
relative humidity and 16 hours of light per day. Seventeen to twenty seedlings
were grown per treatment. After seven days of growth, the plants were scored as
healthy or diseased (with symptoms varying from pin-point size brown spots to
dead plants).

Confocal laser scanning microscopic analysis of tomato roots

After growth in the gnotobiotic system, tomato roots were carefully taken
out of the sand and gently swirled a few times in sterile water in order to wash
away the sand particles. Whole root systems were placed directly on glass slides
in drops of water and examined by using an inverted fluorescence microscope
(DMIRBE; Leica, Bensheim, Germany) equipped with filter blocks with spectral
properties matching those of ECFP, (440/21-nm excitation with 480/36-nm
emission; XF114, Chroma, Brattleboro, VT, U.S.A)) or EGFP (470/20-nm
excitation with 515-nm long pass emission; 13, Leica, Bensheim, Germany), to
which the Leica SP scanhead was attached. A Zeiss Axioplan epifluorescence
microscope (Zeiss, Mannheim, Germany) coupled to a Biorad 1024 confocal
system (Biorad, Hemel Hempstedd, UK) was used to obtain images with a Kr/Ar
laser with excitation 488- emission 522/35 nm for EGFP and with excitation 568-
585 nm long pass emission for the auto-fluorescence of the plant. The projections
of the individual channels were merged in Photoshop 7.0 (Adobe, San Jose, CA,
U.S.A.) to facilitate visualization.

Analysis of tomato root colonization by the pathogen

To determine the density of the tomato root colonization by F.o.r.l. and to
quantify the surface area colonized by F.o.r.l. four tomato root systems with
comparable sizes per treatment were analyzed in detail. Root cells colonized by
Fusarium hyphae was examined and classified as one of four different stages of
root colonization defined as following: (i) ‘attachment’ to root hairs; (ii) growth
along one or two adjacent plant cells on the main root, referred to as ‘start
colonization’; (iii) growth along three or more adjacent cells in length, referred to as
‘colonization’; and (iv) dense colonization over the total width of the root surface,
referred to as ‘heavy colonization’. By using this classification, colonization by
F.o.r.l could be quantified and statistically analyzed. These stages occur in
chronological order and with increasing intensity of root colonization from (i) to (iv).
Each root was examined from the crown till the root tip (lengths-axis) for each one
of the four stages of root colonization by F.o.r.l. using CLSM. The number of
tomato root cells colonized in the length-axes was counted. When five cells in the
width-axes on the same length-axis position were colonized it was counted as one
cell in the length axis. In case these five cells in the width-axis were colonized by
the pathogen in more than one of the four defined stages (for example
‘attachment’ and ‘colonization’) the most progressed stage was scored (in this
example ‘colonization’). The total number of root cells colonized per stage in the
absence and in the presence of the Trichoderma biocontrol strains P1 and T22
were compared. Each experiment was performed at least twice.
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Statistical analysis

Data of the biocontrol experiments in potting soil were statistically
analyzed as described previously (Chin-A-Woeng et al., 2000) using a variance
analysis followed by Fisher’s least-significant-difference test (P<0.05), which was
performed with SPPS software (SPPS Inc., Chicago, Il., U.S.A.).

Data of the biocontrol experiments in the gnotobiotic system were
statistically analyzed by using a chi-squared goodness-of-fit test (Heath, 1995) as
described before (Bolwerk et al., 2003). The null-hypothesis was defined as the
lack of significant difference between two conditions tested. To test the null-
hypothesis the X, value was calculated for the two conditions. In case the
calculated X, value was lower than the critical X, value, the null-hypothesis was
accepted e.g. the two treatments were not significantly different.

The quantification of tomato root colonization was performed by counting
the number of plant cells colonized by the fungi (see above). A Wilcoxon-Mann-
Withney U-test (Sokal and Rohlf, 1981) was used to determine whether the
reduction in root colonization by F.o.r.. due to the presence of the Trichoderma
strains was significant.
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The plant rhizosphere

Organic compounds are exuded by the plant root in the rhizosphere and
can be used as nutrient sources by micro-organisms inhabiting this area. The
microbial community in the rhizosphere includes viruses, bacteria, mycorrhizae
and other fungi. In addition, nematodes and protozoa can be present. The
composition of the microflora and microfauna differs (i) from one soil type to
another, (ii) from one plant species to another and (iii) from the surrounding soil
where less nutrients are available. The composition of the root exudate is
influenced by multiple factors such as the plant species, root region, abiotic and
biotic factors of the surrounding soil. Major soluble components of tomato root
exudate have recently been described by Lugtenberg and Bloemberg (2004) and
contains organic acids, sugars and amino acids. Citric acid (133 pM) and glucose
(20 yM) are the main organic acid and sugar, respectively.

The outcome of the interactions between micro-organisms present in the
rhizosphere and the plant root can be divided into different classes: deleterious,
neutral and beneficial (Lynch, 1990). Here we focus on the interactions between
the plant root with bacteria and fungi. Deleterious interactions involve plant
pathogens causing diseases, which is a serious problem in crop production
(James, 1981). Beneficial interactions involve mycorrhizae and plant growth
promoting microbes. The latter organisms can (a) increase the availability of
nutrients for the plants (biofertilization) (Reid, 1990; Okon et al., 1997), (b) promote
plant growth by the production of the phytohormone auxin by micro-organisms
(phytostimulation) (Schippers et al., 1987 and references therein), (c) degrade
pollutants in the rhizosphere (rhizoremediation) (Anderson, et al., 1993; Kuiper et
al., 2004; Schwab and Banks, 1994), and (d) suppress plant diseases, a process
which is called biocontrol (Burr et al., 1978; Geels and Schippers, 1983; Schippers
et al., 1995; Suslow and Schroth, 1982).

Control of plant diseases

Diseases in agricultural crops severely affect the yield and this has serious
consequences for the product quality, world food supply, prices and economy.
Obviously, loss of crop production may have negative economic consequences for
both the growers and the retail industry. And since the human population grows
strongly, the demand for food is constantly increasing. These factors contributed to
the battle against plant diseases, using different agricultural practices and/or
pesticides.

Cultural practices involve soil tillage, crop rotation, planting date, heat
treatment and the removal of diseased plants in order to create unfavorable
conditions for disease development. However, most of these methods are labor-
intensive and therefore economically unattractive.

The use of chemical pesticides is widespread and intensive (Cook, 2000).
Although many of these pesticides are effective, they are unspecific in the sense
that they often negatively affect the surrounding environment. Additionally, they
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can have deleterious effects on human health. These risks increased the concern
among the human population.

The use of biological pesticides is a promising alternative for the use of the
chemical pesticides. In the U.S.A. alone, over one hundred products have been
registered. In Europe, registration is more difficult, especially because of the lack
of transparent criteria. Disease control by the application of micro-organisms is
established by attacking the pathogen or by interfering with the growth of the
pathogen or with its disease development. Biocontrol organisms are usually
isolated from naturally suppressive soils and also from plant roots of healthy plants
growing is such soils (Montesinos, 2003). Since biocontrol bacteria and fungi are
natural enemies, these organisms can proliferate in the plant rhizosphere and their
effect on the surrounding environment is minimal.

As mentioned previously, many biological products are commercially
available for crop protection (Fravel and Larkin, 1996). The application of
biocontrol agents is not always effective (Koch, 1999). To improve the consistency
of biocontrol, an extensive fundamental knowledge on the interactions between the
plant root, pathogen and biocontrol agent is needed. Understanding the
mechanisms involved in disease control, one is able to optimize the conditions and
the (commercial) product for efficient biocontrol, both in time and place.

The development and application of molecular and biochemical methods
has led to the identification of genes and traits involved in the biocontrol by various
organisms. The use of autofluorescent proteins (AFPs) and confocal laser
scanning microscopy (CLSM) allowed non-destructive, in situ studies on root
colonization by Pseudomonas biocontrol bacteria (Bloemberg et al., 1997) as well
as on colonization and infection by the plant pathogen F.o.r.l. (Lagopodi et al.,
2002). The use of different AFPs allowed simultaneous visualization of up to three
different Pseudomonas bacteria (Bloemberg et al., 2000).

Commercial application of biocontrol agents

The selection of a suitable biocontrol agent involves different aspects
(Koch, 1999; Montesinos, 2003; Spadaro and Gullino, 2004) that can be divided
into the following classes (i) biotic, (ii) abiotic, (iii) production and formulation, (iv)
legal, and (v) social.

(i) Depending on the plant species and the pathogen to be controlled a
first selection of a potential biocontrol agent can be made. The efficacy of
biocontrol by this agent is determined by (a) the biocontrol traits of the agents that
contribute to the disease control, (b) the interactions between the plant root,
pathogen and biocontrol agent and (c) the ecology of a biocontrol agent with
respect to its survival and fitness in different growth substrates and conditions. (ii)
The latter indicates the influence of abiotic factors of the growth system such as
potting substrate, temperature, pH and water content. To be commercially
applicable, the agent should be (iii) produced at a large scale and subsequently
formulated. The mass production via fermentation should be rapid, efficient and
inexpensive. A long shelf-live of the product will make it economically more
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attractive. (iv) The government should clear directions and criteria for registration
allows the use of the product. (v) Finally, perception of growth and consumers
strongly influences the use of the product. To this end the product should be
effective and safe.

Biocontrol of tomato foot and root rot (TFRR)

Known mechanisms of biocontrol are (i) competition for niches and
nutrients, (ii) antibiosis, (iii) parasitism and predation, and (iv) induced systemic
resistance. Depending on the biocontrol agent, pathogen, plant species, abiotic
and biotic features of the soil, the contribution of these mechanisms is likely to
differ.

In this thesis we analyzed the effect of different biocontrol agents on the
pathogen F.o.r.I. which causes foot and root rot of tomato. Disease control can be
studied in a gnotobiotic sand system described by Simons et al. (1996).
Previously, this system was shown to be useful to visualize Pseudomonas
biocontrol bacteria (Bloemberg et al., 1997; Bloemberg et al., 2000) or the
pathogen F.o.r.l. (Lagopodi et al., 2002), labeled with AFP markers. Quartz sand
was used because it has the advantage that it can be easily removed from the
roots by gentle washing, after which the roots can be examined using CLSM. In
contrast, the removal of soil from the root is difficult and subsequent microscopy
studies are hampered due to the autofluorescence of the soil particles.

Using CLSM and combining different AFPs allowed simultaneous
visualization of both the pathogen and biocontrol agent on the tomato root under
disease controlling conditions in the gnotobiotic system. The biocontrol strains
tested belong to the genera Pseudomonas, Fusarium oxysporum and
Trichoderma. For these analyses tomato seedlings were grown for seven days in
the gnotobiotic sand system of which the sand was infested with F.o.r... The
biocontrol strains were introduced in different ways: (i) germinated tomato seeds
were incubated in either a bacterial or germinated spores (Trichoderma spp.)
suspension and subsequently sown or (ii) germinated tomato seeds were sown in
sand infested with spores of the non-pathogenic F. oxysporum or with mycelium of
the Trichoderma spp. in addition to F.o.r./..

To obtain more insight in the effect of the biocontrol strains on the stage of
spore germination by the pathogen, spore germination by F.o.r.I. was studied in an
in vitro setup. Spore germination was analyzed in tomato root exudate and in
culture supernatants of the biocontrol strains. These in vivo and in vitro studies
contributed to our understanding of how disease control was established by the
above-mentioned biocontrol agents, which is schematically presented in Table 1.
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Mechanisms involved in the biocontrol of TFRR by Pseudomonas spp.

P. chlororaphis PCL1391 produces the antifungal metabolite (AFM)
phenazine-1-carboxamide (PCN). Analysis of the PCN-biosynthetic mutant P.
chlororaphis PCL1119 indicated that the production of PCN is required for
biocontrol of TFRR in potting soil (Chin-A-Woeng et al., 1998; Table 1). In chapter
2 we reported the analysis of interactions of the pathogen with strain PCL1391,
PCL1119 or with purified PCN at the cellular level, which indicated that PCN
caused stress effects within the pathogen both on plate and in the tomato
rhizosphere, affecting hyphal morphology (Fig. 2C and 3D), growth directionality
(Chapter 2, Fig. 2D, 2E, 3E and 3H) and branching (Chapter 2, Fig. 2F, 3F and
3G6).

Previously, Chin-A-Woeng and colleagues (2000) demonstrated that
efficient colonization of the tomato root system is also essential for suppression of
the disease by this strain PCL1391 (Table 1). Root colonization is considered to be
the delivery system for AFMs, thereby inhibiting the pathogen over the total root. In
contrast to strain PCL1391, it was shown that extensive root colonization for P.
fluorescens WCS365 is not essential for biocontrol (Dekkers et al., 2000; Table 1).
Apparently for WCS365 presence at the top part of the root is sufficient to cause
biocontrol. Gerrits and Weisbeek (1996) showed that strain WCS365 triggers
induced systemic resistance (ISR) in Arabidopsis thaliana. Therefore, ISR is
thought to be involved in the control of TFRR by P. fluorescens WCS365 (Table 1).

Cells of both strains PCL1391 and WCS365 colonize the root faster than
the pathogen does (Chapter 2) and they occupy the same main niche as F.o.r.l.,
i.e. the cellular junctions of the tomato root cells (Chapter 2, Fig. 1A and 1B),
where root exudate is thought to be excreted (Chin-A-Woeng et al., 1997;
Lagopodi et al., 2002; Chapter 2). It is likely that as a consequence, the
Pseudomonas bacteria can effectively compete for both niches and nutrients
(Table 1), which results in a reduction of root colonization of F.o.r.l. by up to 80%
(Chapter 2, compare Fig. 1C with 1D, 1E or 1F).

It appeared that in addition to root colonization, cells of Pseudomonas
strains PCL1391 and WCS365 are able to colonize hyphae (Chapter 2, Fig. 2A
and 2B). Several pilot experiments indicated that these Pseudomonas biocontrol
bacteria could grow on the exudates and culture supernatants of F.o.r.I. (de Weert
and Kamilova, personal communication). Consequently, bacteria that attach to the
hyphae (Chapter 2, Fig. 1H) may feed on the hyphae, which will result in the
observed extensive hyphal colonization (Chapter 2, Fig. 2A). By feeding of the
bacteria on the hyphae, the pathogenicity of the fungus is likely to be negatively
affected, this parasitism might therefore be a new mechanism of biocontrol.

Compared to strain PCL1391, its mutants PCL1119 caused similar stress
effects within the pathogen (Chapter 2, Fig. 2G and 2H) in the gnotobiotic system,
although with a delay of three days (Chapter 2, Table 5). We therefore hypothesize
that the production of extra-cellular metabolites other than PCN, such as chitinase,
hydrogen cyanide and protease (Chin-A-Woeng et al., 1998), can cause stress
effects as well and that PCN accelerates the occurrence of these stress effects
within the pathogen (Chapter 2). Additionally, the production of chitinase and
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protease enables strain PCL1391 to attack the cell wall of the fungus and
subsequently utilize the released compounds.

Analysis of germination of F.o.r.l. spores in the culture supernatants of P.
chlororaphis PCL1391 and the GacS mutant (PCL1123) showed that secondary
metabolites produced by strain PCL1391 can limit spore germination by the
pathogen in an in vitro setup (Table 1). Reduction of spore germination by P.
fluorescens WCS365 could only be observed in minimal medium and was less
strong than the inhibition by P. chlororaphis PCL1391. It is likely these compounds
limit spore germination in the gnotobiotic sand system as well and could contribute
to the control of TFRR (Table 1).

Mechanisms involved in the biocontrol of TFRR by Fusarium oxysporum
Fo47

Temporal analysis of spore germination in tomato root exudate indicated
that a higher percentage of Fo47 spores germinated compared to F.o.r.l. spores,
both in solutions of the major exudate sugar (glucose) as well of its organic acid
(citric acid) (Fig. 6). Consequently, Fo47 can start faster with the utilization of the
nutrients and subsequent proliferation (Chapter 3 and Table 1). In addition, the
inoculum concentration of Fo47 used for biocontrol is fifty times higher compared
to F.o.rl. As a result Fo47 hyphae will reach the root earlier and in higher
numbers compared to the pathogen, a prediction which was confirmed by the
CLSM visualization studies (Chapter 3, Fig. 3).

Analyses of tomato root colonization and disease development of
seedlings sown in sand infested with spores of both F.o.r.l. and Fo47 showed that
an at least 50-fold excess of the biocontrol fungus over the pathogen was required
to obtain control of TFRR. Root colonization by Fo47 and F.o.r.l. involves the same
niches at the root (Chapter 3, Fig. 2A, 2C, 4A and 4B). Nevertheless, root
colonization by Fo47 is slower, less aggressive and to a lesser extent than that of
the pathogen despite its fifty-fold higher inoculum (Chapter 3, compare figure 2D
with 4A). This high Fo47 inoculum is thought to be required to compensate for the
difference in root colonization efficiency and would be necessary to allow Fo47 to
effectively compete for niches and nutrients when both fungi reach the rhizoplane
after spore germination in the rhizosphere (Table 1). This notion is confirmed by
the observed decrease of root colonization by the pathogen at increasing
concentrations of Fo47 (Chapter 3, Table 4). Our results indicate that the
preferential spore germination and the higher inoculum concentration enables
Fo47 to reduce both the severity and total root colonization by F.o.r.l. (Chapter 3,
Fig. 5), thereby contributing to the disease control.

Analysis of tomato root colonization and disease development after
coating seedlings with Fo47 showed that, despite the lack of distribution over the
root Fo47, was able to reduce the disease incidence (Chapter 3). This suggested
that competition for niches and nutrients plays a less profound role when Fo47
spores are coated on seedlings and that under these conditions another
mechanism contributes to the reduction of diseased plants (Chapter 3). This
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situation resembles a previous observation by Dekkers et al. (2000), namely that
colonization mutants of P. fluorescens WCS365, a strain supposed to control
TFRR via induced systemic resistance (ISR), still control TFRR. Our results with
Fo47 therefore provide evidence that ISR contributes to the disease reduction by
Fo47 (Table 1). Previously, Fuchs and colleagues (1997) illustrated the ability of
strain Fo47 to protect tomato plants against F. oxysporum f. sp. lycopersici Fol8
when introduced separately in time or space, an observation which also indicated
that F. oxysporum Fo47 is able to trigger ISR in tomato plants.

Mechanisms involved in the biocontrol of TFRR by Trichoderma spp.

Analysis of germination of F.o.r.l. spores in the culture supernatants of T.
harzianum T22 and T. atroviride P1 showed that both strains can inhibit spore
germination by the pathogen in an in vitro setup (Table 1 and Chapter 4, Fig. 4). T.
atroviride P1 produces different enzymes such as glucanases and chitinases and
mutant analysis showed that both the endochitinase and exochitinase contribute to
the observed inhibition of spore germination. For strain T22 an endochitinase and
a glucanase are likely to be involved in the inhibition of the germination of F.o.r.1.
spores.

It is likely that the extracellular enzymes produced by strains P1 and T22
inhibit spore germination in the gnotobiotic sand system as well. As a
consequence, the subsequent growth towards, and colonization of, the tomato root
will be reduced. CLSM analysis confirmed this hypothesis. In the rhizosphere T.
harzianum T22 and T. atroviride P1 were able to significantly reduce the severity
and total root colonization by F.o.r.I. (Table 4). Analysis of the chitinase mutants of
strain P1, showed the involvement of the endo- and exochitinase in the observed
reduction of the pathogen (Chapter 4, Table 4).

The rhizosphere competence of strain T22 is strongly influenced by the
composition of minerals and concentrations of trace elements present in the
system (Chapter 4). Therefore, it is hypothesized that the ability of T. harzianum
T22 to effectively compete for niches and nutrients strongly depends on the
nutrient composition. In our studies, which take place in sand moisturized with
PNS (Hoffland et al., 1989) containing 0.01% sucrose, the main niche occupied by
P1 and T22 are the root hairs (Chapter 4, Fig. 4A through 4C) whereas growth on
the main root was also observed in a few cases for strain T22 (Chapter 4, Fig. 4D
through 4G). Since T22 and P1 are poor root colonizers in the gnotobiotic sand
system used (Chapter 4, Fig. 4), competition for niches and nutrients is thought to
play only a minor role in the observed control of TFRR by both T22 and P1 in this
system (Chapter 4).

Upon seedling coating and subsequent growth in the gnotobiotic system,
T. atroviride P1 and T. harzianum T22, were observed to stimulate the
development of new roots. The endo- and exochitinase mutants, in contrast to the
wild type strain P1, did not alter root formation. In tomato different pathogenesis-
related proteins are described including chitinases and glucanases (Duijff et al.,
1998; Fuchs et al.,, 1997; Joosten and De Wit, 1988). Additionally, chitinase
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deposition in the plant root was spatially related with pathogen infection Benhamou
et al. (1990). Since T. atroviride P1 and T. harzianum T22 produce chitinases and
glucanases, we hypothesize that these extra-cellular enzymes could induce
defense responses within the plant via a positive feedback mechanism or by acting
as a-virulence proteins (Harman et al., 2004; Lorito et al, unpublished results). Avr
homologues could be identified by proteome analysis within P1 and T22. Besides
Avr homologues, oligosaccharides, low-molecular-weight compounds and
enzymes such as xylanase are known to induce resistance in plants (reviewed by
Harman et al., 2004). It is likely that the ability of strain T22 to penetrate the root
cortex (Fig. 3G and 3H) supports this type of induction of disease resistance. The
ability of Trichoderma spp. to induce a defense responses within tomato plants
was described previously by De Meyer and colleagues (1998) who showed that T.
harzianum T39, spatially separated from Botrytis cinerea, reduced disease
symptoms in tomato plants.

Pathogen defense

Antibiosis is described for many biocontrol agents. Not surprisingly
pathogens have developed defense strategies (reviewed by Duffy et al., 2003). (i)
Different secondary metabolites of pathogens have been described that negatively
affect the expression of biocontrol genes. Interactions between F.o.r.l. and P.
fluorescens affected gene expression in the biocontrol agent P. fluorescens.
Fusaric acid (FA), a secondary metabolite produced by F.o.r.l. was reported to
repress 2,4 diacetylphloroglucinol (2,4-DAPG) biosynthesis (Duffy et al., 1997;
Notz et al., 2002; Schnider-Keel et al., 2000). FA also reduces PCN production in
P. chlororaphis PCL1391 under in vitro conditions (van Rij et al., 2004).
Deoxynivalenol (DON), another secondary metabolite produced by different
Fusarium strains, represses the expression of the exochitinase gene nag? in
Trichoderma atroviride P1 (Lutz et al., 2003). (ii) Biodegradation (Mitchell et al.,
2002) and detoxification can be other strategies to confer resistance. The
detoxification by enzymatic degradation is described by Kinderlerer et al. (1993),
by hydroxylation the toxicity of hydrocarbon compounds can be minimized. HCN
tolerance can be established by detoxifyication through the conversion of HCN to
formamide (Osbourn et al., 1996). (ii) Active efflux of antibiotics through
membrane-bound pumps such as ABC transporters is another strategy of
pathogens to reduce the inhibitory effects by the biocontrol strains (reviewed by
Duffy, 2003). Schoonbeek and colleagues (2002) demonstrated the biological
importance of an ABC transporter, which can be considered as a trait that confers
multidrug resistance, in the sensitivity of Botrytis cinerea to antibiotics produced by
Pseudomonas and its capability to cause disease symptoms.
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Table 1. Mechanism involved in the biocontrol of TFRR by Pseudomonas, F. oxysporum
and Trichoderma spp.?

Biocontrol PCL1391 WCS365 Fo47 P1 T22
agent
Mechanism
Inhibition of spore +2 +2 3 +4 44
germination
Competition for +3 A 4

nutrients before
reaching root

Competition for +2 +2 +3 _4 _4
niches and nutrients

in rhizoplane

Antibiosis +20 .2 28 _4 4
Root colonization +P e +3 _4 _4
Hyphal colonization, +2 +2 .3 4 _4
parasitism

Induction of plant - +4 +3e +4 +4

defense responses

& The possible mechanisms involved in the biocontrol of TFRR by P. chlororaphis PCL1391,
P. fluorescens WCS365, F. oxysporum Fo47, T. atroviride P1 and T. harzianum T22 are
presented in this table. The studies that contributed to the insight of the mechanisms
involved are denoted between parentheses. These studies are described within the
chapters of this thesis or in previous publications by others. Mechanisms contributing to the
control of TFRR by the different biocontrol agents are denoted in black. Mechanisms that
are not involved in the control of TFRR by the different biocontrol agents are denoted in
gray. References: ™ °®? Mutant analysis: Chin-A-Woeng et al., 1998 ° and 2000 €, °
Dekkers et al., 2000; Duijf et al., 1998;Fuchs et al., 1997: > 32" Chapter within this thesis

Improving efficiency of biocontrol of TFRR

Fogliano and colleagues (2002) reported the biocontrol by T. atroviride P1
could be improved by the addition of P. syringae pv. syringae B359. The degrading
enzymes produced by strain P1 were shown to act synergistically with the
lipodepsopeptides produced by strain B359 in the control of a Botrytis cinerea on
apple fruit. This study supports the concept of combining two different biocontrol
agents to improve consistency is commercial products (Koch et al., 1999; Spadaro
et al., 2004).
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In case of the control of TFRR, efficiency can be improved by combining
two agents described in this thesis, P. fluorescens WCS365 and T. harzianum
T22. The advantage of using strain WCS365 is that its biocontrol activity is hardly
dependent on mechanisms that can be negatively influenced by the system or the
pathogen, such as extensive root colonization and antibiosis. P. fluorescens
WCS365 is thought to trigger defense responses in the tomato plant. Trichoderma
is thought to induce defense responses in the plant as well in addition to the
potential direct action of T. harzianum T22 on spore germination of the pathogen
as mechanism of control. In this way both the host and the pathogen are affected.
In addition, Trichoderma species are already commercially used which would
make registration of the cocktail less difficult. Moreover, strain WCS365 does not
produce antibiotics, which makes registration easier.

Concluding remarks

The application of biocontrol agents is an attractive alternative for chemical
control of plant diseases. Unfortunately, biological control is not always effective.
To improve the consistency of biocontrol, an extensive fundamental knowledge on
different aspects is needed. The visualization studies of the interactions between
the plant root, the pathogen, and biocontrol agent deepened our insight on these
aspects. (i) The ecology of a biocontrol agent with respect to its survival and
fitness in different growth substrates and conditions. The development of T.
harzianum T22 in the tomato rhizosphere was shown to be strongly dependent on
the mineral composition of the gnotobiotic system (Chapter 4). (ii) The biocontrol
traits of the agents that contribute to the disease control. Our studies indicated that
hyphal colonization and parasitism by Pseudomonas may represent a new
mechanism of biocontrol by these bacteria (Chapter 2). Moreover, the preferential
spore germination by the non-pathogenic F. oxysporum Fo47 strongly contributes
to the control of TFRR (Chapter 3). Inhibition of spore germination by F.o.r.I. due to
the production of extra-cellular enzymes is considered as the main mechanism of
biocontrol by both Trichoderma strains analyzed (Chapter 4). (iii) The interactions
between the plant root, the pathogen and biocontrol agent. The visualization
studies on the interactions in the rhizosphere described in this thesis, contributed
to a better understanding of how the biocontrol agents affect the pathogen, F.o.r.I..
P. fluorescens WCS365, P. chlororaphis PCL1391 and F. oxysporum Fo47 reduce
the severity and total root colonization by F.o.r.I. through the competition for niches
and nutrients and preferential spore germination in case of Fo47 (Chapters 2, 3
and 4). P. chlororaphis PCL1391 causes different stress effects within F.o.r.l.
during root colonization through the production of PCN. Both Trichoderma strains
T22 and P1 reduce the severity and total root colonization by F.o.r.I. by inhibiting
spore germination and possibly hyphal growth through the production of
extracellular enzymes such as chitinase and glucanases. The inhibition of spore
germination could also be a mechanism of biocontrol by the Pseudomonas strains
WCS365 and PCL1391.
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Future perspectives

The complexity of the interactions between the biocontrol agent and the
pathogen influence the efficacy of biological control of plant diseases. Analysis of
the gene expression in the plant, the pathogen and the biocontrol bacterium in
presence of each other on the tomato root will provide more information on the
regulation of pathogenicity and biocontrol traits and of the reaction of the plant. To
explore the role of hyphal colonization in the control of TFRR by Pseudomonas
bacteria, attachment to- and subsequent colonization of- the hyphae should be
studied in more detail, focussing on gene expression profiles, stress responses of
the pathogen and biocontrol ability of the bacteria. The development of an ISR-test
system for tomato will contribute to a broader screening potential of biocontrol
agents of TFRR.
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Planten kunnen groeien omdat ze koolzuurdioxide (CO,) uit de lucht en
water en voedingstoffen uit de grond kunnen opnemen via de wortels. Omgekeerd
scheiden plantenwortels ook organische verbindingen uit, welke een voedselbron
zijn voor micro-organismen in de directe omgeving van de plantenwortels (de
rhizosfeer). Een aantal van deze verbindingen functioneren als signaalstof om
interacties tussen organismen en plantenwortels in de rhizosfeer te beinvioeden.
De samenstelling van de microbiéle gemeenschap is sterk afhankelijk van
bodemsoort, bodemsamenstelling en plantensoort. Schimmels en bacterién die
behoren tot de microbiéle gemeenschap kunnen worden onderverdeeld in drie
functionele groepen. Deze kunnen respectievelijk een negatieve, een neutrale of
een positieve invloed hebben op de plantengroei.

Ziekteverwekkers van planten veroorzaken grote problemen in de
productie van bloemen en plantengewassen: kwaliteit en opbrengst gaan achteruit
met alle economische gevolgen voor de agrarische, retail en transport sector van
dien. Daarnaast is er ook een probleem ten aanzien van onze primaire
levensbehoefte: de groei van de wereldbevolking gaat samen met een
toenemende vraag naar voedsel. Het bestrijden van plantenziekten is daarom van
groot sociaal en economisch belang.

De toepassing van chemische middelen kan bescherming bieden tegen de
meeste plantenziekten. Echter, er zijn vele nadelen verbonden aan het gebruik
ervan. Het product en zijn werking zijn vaak niet specifiek. Ook andere organismen
kunnen dus negatief worden beinvioed door het gebruik van chemicalién. Naast
het effect op de directe omgeving kunnen chemische bestrijdingsmiddelen zich
verspreiden via het (grond-)water waardoor ook het milieu en de mens wordt
blootgesteld aan deze verbindingen. De risico’s die de verspreiding en blootstelling
met zich meedragen heeft de discussie over de wenselijkheid van de toepassing
van dergelijke producten versterkt.

Door de toenemende behoefte aan alternatieven en onderzoek naar
biologische middelen om plantenziekten te bestrijden, wordt een toenemend
aantal biocontroleproducten ontwikkeld. Biocontrole staat voor de vermindering
van de plantenziekten door de toepassing van andere (vaak micro-) organismen.
De volgende mechanismen van biocontrole door microorganismen zijn
beschreven. (i) Competitie voor niches (habitat, leefomgeving) en nutriénten
tussen de biocontrolestam en de pathogeen. (ii) De productie van antibiotica door
de biocontrolestam die de pathogeen remmen in zijn groei of zelfs doden. (iii) Door
productie en secretie van bepaalde enzymen kunnen biocontrolestammen de
pathogeen aanvallen en vervolgens groeien op (resten van) de pathogeen. Dit
mechanisme wordt ‘parasitisme en predatie’ genoemd. (iv) Een laatste
mechanisme van biocontrole omvat de inductie van verdedigingssystemen in de
plant door de biocontrolestam waardoor resistentie tegen de pathogeen wordt
opgebouwd. Afhankelijk van de biocontrolestam, de pathogeen, de plantensoort,
abiotische en biotische factoren van de grond is de bijdrage van deze
mechanismen verschillend.
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In dit proefschrift hebben we de interacties tussen de tomatenplant, de
pathogeen Fusarium oxysporum f. sp. radicis lycopersici (F.o.r.l.) en verschillende
biocontrolestammen op cellulair niveau bestudeerd. F.o.r.I. veroorzaakt het rotten
van tomatenwortels, hieronder aangegeven als TWR. De biocontrolebacterién die
bestudeerd zijn behoren tot de soort Pseudomonas, de biocontroleschimmels tot
de soorten Fusarium oxysporum en Trichoderma. Deze organismen geven
significante reductie van de ziekte in potgrond en in een model systeem. In dit
gnotobiotisch zand systeem, beschreven door Simons en collega’s (1996), zijn
sporen van F.o.r.l. door het zand gemengd, waarna hierin gekiemde tomaten
zaden (zaailingen) geplant worden. Na zeven dagen groeien werden de wortels
geanalyseerd op ziekte-symptomen. In aanwezigheid van de pathogeen en in
afwezigheid van biocontrolestammen was 90-100% van de planten ziek.
Biocontrolestammen werden op verschillende manieren geintroduceerd:
Pseudomonas bacterién werden gecoat op de zaailingen; sporen van Fusarium
oxysporum werden, net als die van de pathogeen, door het zand gemengd;
mycelium van Trichoderma werd door het zand gemengd of zaailingen werden
gecoat met gekiemde sporen van Trichoderma.

Middels het gnotobiotisch zand systeem kan tevens wortelkolonisatie door
F.o.r.l. (Lagopodi et al., 2002) en Pseudomonas bacterién (Bloemberg et al., 1997;
Bloemberg et al., 2000) zichtbaar worden gemaakt. Daarvoor wordt gebruik
gemaakt van autofluorescente eiwitten (AE) en confocale laser scanning
microscopie (CLSM). We moesten hiervoor de experimenten in een gnotobiotisch
zand systeem uitvoeren. Redenen waren dat zand, in tegenstelling tot potgrond,
gemakkelijk van de wortels verwijderd kan worden en dat zand niet interfereert
met microscopie studies. Door gebruik te maken van verschillende AE’s werd het
mogelijk de pathogeen en biocontrolestam tegelijketijd te visualiseren onder
ziekte-reducerende condities in het gnotobiotisch systeem. Door het effect van de
biocontrolestammen op de pathogeen onder deze condities te bestuderen is meer
inzicht verkregen in de mechanismen die bijdragen aan de biologische controle
van TWR door Pseudomonas, Fusarium oxysporum en Trichoderma.

In hoofdstuk 2 wordt beschreven dat P. chlororaphis PCL1391 en P.
fluorescens WCS365 de wortel sneller koloniseren dan F.o.r.. PCL1391 en
WCS365 hebben dezelfde niche als de pathogeen, de ruimte tussen wortelcellen
waar nutriénten waarschijnlijk worden uitgescheiden (Chin-A-Woeng et al., 1997;
Lagopodi et al., 2002). Hierdoor kunnen PCL1391 en WCS365 concureren voor
niches en nutriénten waardoor de wortelkolonisatie van de pathogeen afnam met
80%. PCL1391 en WCS365 kunnen ook de hyphen (= schimmeldraden) van
F.o.r.I. koloniseren. Pilot experimenten hebben aangetoond dat deze bacterién op
schimmel exudaat kunnen groeien (De Weert en Kamilova). Het koloniseren van
en het groeien en voeden op de hyphen zal mogelijk de virulentie van F.o.r.l.
reduceren en zou dus een nieuw mechanisme van biocontrole kunnen zijn.
Daarnaast bleek dat PCL1391 en WCS365 de kieming van F.o.r.l. sporen
reduceren middels componenten uitgescheiden in het groeimedium. Indien deze
componenten ook op de tomatenwortel worden geproduceerd en uitgescheiden,
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wordt de pathogeen al in het primaire stadium van spoorkieming geremd, wat kan
bijdragen aan de controle van TWR.

P. chlororaphis PCL1391 produceert de antischimmel component
phenazine-1-carboxamide (PCN) die noodzakelijk is voor de biocontrole van TWR
in potgrond (Chin-A-Woeng et al., 1998). In dit proefschrift hebben we aangetoond
dat PCN stress reacties veroorzaakt bij F.o.r.l. op de plantenwortels. De
morfologie, groeirichting en vertakkingspatroon van de hyphen waren aangetast,
wat het negatieve effect van PCL1391 op de virulentie van F.o.r.l. kan verklaren.

In hoofdstuk 3 wordt beschreven dat het percentage sporen van F.
oxysporum Fo47 dat in tomatenwortelexudaat kiemt hoger is dan dat van F.o.r.l..
Dit heeft tot gevolg dat Fo47, net als F.o.r.l. aanwezig als sporen in het zand,
sneller de exudaat nutriénten kan gebruiken om naar de wortel te groeien.
Wanneer de concentratie van F. oxysporum Fo47 50 maal hoger was dan die van
de pathogeen vond er significante biologische controle van de ziekte plaats (een
reductie van 100% naar 60% zieke planten). Deze twee factoren dragen ertoe bij
dat Fo47 de wortel eerder en in hogere aantallen bereikt, zoals waargenomen
tijdens CLSM studies. De aansluitende kolonisatie van de wortel door Fo47 is
daarentegen langzamer, minder agressief en resulteert in een lagere dichtheid dan
wordt bereikt door F.o.r... De hogere inoculatie concentratie is dan ook
waarschijnlijk nodig om het verschil in wortelkolonisatie gedrag te compenseren,
waardoor Fo47 effectief kan concureren voor niches en nutriénten op de wortel.
Samen met de betere kieming van sporen heeft dit tot gevolg dat de
wortelkolonisatie door de pathogeen significant gereduceerd wordt.

De wortelkolonisatie door Fo47 nadat het gecoat was op de zaailingen, in
plaats van gemengd door het zand, beperkte zich tot de bovenste 2 cm van de
wortel, vlakbij de plek van inoculatie. Ondanks de geringe verspreiding over en
kolonisatie van de wortel nam de ziektedruk af van 100% naar 75%. Deze
observatie impliceert dat de rol van competitie voor niches en nutriénten minimaal
is onder deze condities. De situatie is vergelijkbaar met die gevonden na analyse
van wortelkolonisatie mutanten van P. fluorescens WCS365 welke nog steeds
biocontrole gaven, waarschijnlijk via het induceren van verdedigingsmechanismen
in de plant (Dekkers et al., 2000). Fuchs en collega’s (1997) hebben aangetoond
dat Fo47 bij gescheiden introductie (in tijd en ruimte) tomatenplanten bescherming
bood tegen F. oxysporum f. sp. lycopersici Fol8. Daarbij kan Fo47 de productie
van pathogenese gerelateerde eiwitten (PR-eiwitten) in tomatenplanten stimuleren
(Duijff et al., 1998). Het is daarom waarschijnlijk dat, wanneer Fo47 is gecoat op
de zaailingen, de inductie van verdedigings mechanismen in tomatenplanten door
Fo47 bijdraagt aan de ziekte reductie.

In hoofdstuk 4 worden in vitro studies beschreven die aangaven dat
extracellulaire eiwitten van T. atroviride P1 en T. harzianum T22 de kieming van
F.o.r.l. sporen significant reduceren. Wanneer deze eiwitten ook in de rhizosfeer
worden geproduceerd kan dit de groei van de pathogeen naar de wortel, en
daardoor de wortelkolonisatie, verminderen. Deze hypothese wordt bevestigt door
de CLSM studies die aantoonden dat in de aanwezigheid van Trichoderma
stammen P1 en T22, de wortelkolonisatie door F.o.r.l. (met andere woorden de
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aantasting van de wortel) gereduceerd was in zowel oppervlakte als in intensiteit.
Door de reductie van de wortelkolonisatie zal het infectieproces geremt worden,
hetgeen bijdraagt aan de waargenomen biologische controle van TWR door P1 en
T22.

De productie van endo- en exochitinases door P1 is betrokken bij (i) de
controle van TWR (in potgrond en zand), (ii) de reductie van de wortelkolonisatie
door F.o.r.l. en (iii) de reductie van kieming van F.o.r.l. sporen. Deze resultaten
versterken de hypothese dat de remming van spoorkieming van F.o.r.l. door de
productie van de chitinases door T. atroviride P1, een direct effect hebben op de
ziekte reductie. De productie van de extracellulaire eiwitten chitinase en glucanase
wordt beschouwd als een mechanisme dat bijdraagt aan de biocontrole door T22.

In het gnotobiotisch zand systeem koloniseren T. atroviride P1 en T.
harzianum T22 de tomatenwortel matig: P1 en T22 hyphen waren voornamelijk
aanwezig tussen de wortelharen. T22 koloniseerde in enkele gevallen de
hoofdwortel. Competitie voor niches en nutrienten zal daarom een minimale rol
spelen in de biocontrole door P1. De competitie voor aanhechtingsplekken
(primaire stadium wortelkolonisatie) kan een rol spelen bij de biocontrole door T22.

De toepassing van biocontrolestammen is een aantrekkelijk alternatief voor het
gebruik van chemische bestrijdingsmiddelen. Echter, de biocontrole is niet altijd
effectief. De combinatie van verschillende biocontrolestammen kan de biologische
controle van plantenziekten verbeteren. Tevens is een gedegen kennis van de
volgende aspecten nodig om de betrouwbaarheid te vergroten. (i) De
mechanismen die een rol spelen in biocontrole, (ii) biologische eigenschappen
van de biocontrolestam, de pathogeen en het infectieproces en (iii) de interacties
tussen plantenwortel, pathogeen en biocontrolestam. Deze interacties zijn echter
zo complex dat er naast de verkregen inzichten beschreven in dit proefschrift,
vervolg onderzoek gedaan moet worden. Zo kunnen componenten van de
pathogeen de productie van (a) het antischimmel component geproduceerd door
P. chlororaphis PCL1391 (van Rij et al., 2004) en (b) één van de chitinases
geproduceerd door T. atroviride P1 (Lutz et al., 2003), reduceren. Het is echter
niet bekend of PCL1391, P1 of één van de andere biocontrolestammen de
productie van eiwitten betrokken bij de virulentie van F.o.r.l. beinvioeden.

Wanneer een gedegen kennis van de boven beschreven aspecten
verkregen is, kunnen potentiéle biocontrolestammen geselecteerd worden voor
commerciéle toepassing. Daarbij is het van belang dat de stammen op grote
schaal en tegen lage kosten geproduceerd kunnen worden. Registratie is
noodzakelijk voordat de biocontroleproducten toegepast kunnen worden. Echter,
in Europa zijn de richtlijnen onduidelijk waardoor tot op heden slechts enkele
producten beschikbaar zijn. Uiteindelijk zullen de biocontroleproducten niet alleen
bijdragen aan een vermindering van gewasverlies maar ook aan duurzame
landbouw.
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Full color figures - chapter 2 -

Chapter 2, Figure 1. Confocal laser scanning microscopical analysis of tomato root
colonization by the phytopathogenic fungus F. oxysporum f. sp. radicis-lycopersici (F.o.r.l.)
and by Pseudomonas biocontrol bacteria.

Two-day-old tomato seedlings were inoculated at time zero with cells of either P.
fluorescens WCS365 or P. chlororaphis PCL1391 harboring a reporter plasmid expressing
the rfp gene, which here appear as red cells. Plants were grown in a gnotobiotic sand
system containing spores of F.o.r.I. harboring a constitutively expressed gfp gene. Walls of
tomato root cells appear as red due to autofluorescence.

A, P. fluorescens WCS365 colonizing the intercellular junctions of root cells of an inoculated
seedling planted in sterile sand three days after planting. B, F.o.r.. hyphae growing along
the intercellular junctions of root cells of a sterile seedling three days after planting in sand
containing fungal spores. C, Hyphal network present in the rhizosphere of a sterile seedling
planted in sand containing F.o.r.l. spores seven days after planting in absence of biocontrol
bacteria; D, in presence of P. fluorescens WCS365; E, in presence of P. chlororaphis
PCL1391; F, in presence of P. chlororaphis PCL1119. G, Vacuoles (indicated by
arrowheads) abundantly present in hyphae in the rhizosphere of seedlings inoculated with
P. chlororaphis PCL1391 three days after planting. H, P. chlororaphis PCL1391 attached to
fungal hyphae three days after inoculation. The lower part of the panel (2-4) is a cross
section in the Z direction at the white line in the upper part (1) showing the attachment. 2.
Both the fungus and the bacteria. 3. The GFP signal of the fungus and 4. The DsRed signal
of the bacteria. The size bar represents 10 um in all panels.
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Full color figures - chapter 2 -

Chapter 2, Figure 2. Confocal laser scanning microscopical analysis of effects of the
presence of Pseudomonas chlororaphis PCL1391 and PCL1119 cells on growth of F.
oxysporum f. sp. radicis-lycopersici (F.o.r.l.) in the tomato rhizosphere.

Two-day-old tomato seedlings were inoculated at time zero with P. chlororaphis PCL1391
cells harboring a reporter plasmid expressing the rfp gene, which here appear as red cells.
Plants were grown in a gnotobiotic sand system containing spores of F.o.r.l. harboring a
constitutively expressed gfp gene. Cell walls of the tomato root appear as red due to
autofluorescence. A, P. chlororaphis PCL1391 cells concentrating around the hyphae and
colonizing F.o.r.l. hyphae ten days after inoculation. B, same picture as 2A without the GFP
signal showing that all bacterial cells are attached to the fungal hyphae. C, In presence of
strain PCL1391 an increase of the diameter of hyphae (indicated by arrowheads) was
observed after seven days. D, Curly growth of hyphe along the cellular junction of the
tomato root was observed in close vicinity of PCL1391 cells, nine days after planting. E, In
presence of strain PCL1391 abrupt changes in the growth direction of hyphae (indicated by
arrowheads) observed after ten days. F, Branching of F.o.r.l. hyphae resembles fork-like
structures (indicated by arrowheads) in presence of strain PCL1391 thirteen days after
inoculation. G, Hyphal growth in presence of strain PCL1119 in the rhizosphere. H,
Branching of F.o.r.I. hyphae resembles fork-like structures at lower frequency in presence of
strain PCL1119 thirteen days after inoculation. The size bar represents 10 ym in all panels.
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Chapter 2, Figure 3. Confocal laser scanning microscopical analysis of effects of the
presence of purified PCN on growth of F. oxysporum f. sp. radicis-lycopersici (F.o.r.l.) in the
tomato rhizosphere.

Plants were grown in a gnotobiotic sand system containing spores of F.o.r.l. harboring a
constitutively expressed gfp gene. Cell walls of the tomato root appear as red due to
autofluorescence. A and B, hyphal growth in presence of ethyl acetate. C, An increase in
the number of vacuoles was observed after four hours in presence of PCN. D, An increase
in the hyphal diameter was observed after 1 day. E, Abrupt changes in the growth direction
was observed after 1 day incubation. F, Increased branching frequencies was observed
after 1 day. G, altered branching structures were observed after 1 day. H, Curly growth was
observed after 3 days. The size bar represents 10 um in all panels.
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Chapter 2, Figure 4. Differential interference contrast microscopy analysis of in vitro effects
of Pseudomonas chlororaphis PCL1391 on hyphal growth and spore formation by Fusarium
oxysporum f. sp. radicis-lycopersici (F.o.r.1.).

F.o.r.I. was grown in the vicinity of P. chlororaphis PCL1391, P. chlororaphis PCL1119 or
purified PCN, on microscopy glass slides covered with a thin layer of LB agar. Three days
after growth F.o.r.l. hyphae were examined for effects on growth and spore formation. A,
Growth of F.o.r.l. in the absence of bacteria. B through F, Growth of F.o.r./. towards P.
chlororaphis PCL1391, which is located (outside the picture) in the upper right corner. B,
Overview of the region close to the inhibition zone caused by PCL1391. B through D,
Disturbance of hyphal growth directionality. E, Frequent branching close to the hyphal tip. F,
Chlamydospores, observed within the hyphae. G, Overview of the region close to PCL1119,
which is located (outside the picture) on the right. H through L, Growth of F.o.r./. towards
purified PCN, which is located (outside the picture) in the upper right corner. H, overview of
the region close to the inhibition zone caused by PCN. H through J, Disturbance of hyphal
growth directionality. K, Frequent branching close to the hyphal tip. L, Chlamydospores,
observed within the hyphae. The size bar represents 10um in all panels.
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Chapter 3, Figure 2. Confocal laser scanning microscopical analysis of tomato root
colonization by Fusarium.

Two-day-old tomato seedlings were grown in a gnotobiotic sand system containing spores
of F.o.r.l. (FCL14), which harbors a constitutively expressed sgfp gene. Walls of tomato root
cells appear as gray due to contrast light (panel A, B and D) or reflected light (panel C).
Panel A, Initial colonization of the tomato root by F.o.r.I. (similar for Fo47) ‘attachment’ to
root hairs. Panels A through D: subsequent root colonization stages by F.o.r.l. A,
‘attachment’ to root hair. B, hyphe growing along the intercellular junctions of two root cells:
‘start colonization’-stage. C, F.o.r.l. hyphae growing along the intercellular junctions of more
than two root cells: ‘colonization’-stage. D, hyphae growing over the whole root at a very
high density and biomass: ‘heavy colonization’-stage. The size bar represents 10 ym in all
panels.
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Chapter 3, Figure 4. Confocal laser scanning microscopical analysis of tomato root
colonization by the pathogenic fungus F.o.r.I. and the biocontrol strain Fo47.

Two-day-old tomato seedlings were grown in a gnotobiotic sand system containing spores
of Fo47 (FCL31) (panel A and B) or spores of both F.o.r.l. (FCL14) and Fo47 (FCL31)
(panel C-F) at an inoculum ratio of 1:50. F.o.r.l. (FCL14) harbors a constitutively expressed
sgfp gene and appears as green. Fo47 (FCL31) harbors a constitutively expressed ecfp
gene its emission signal is depicted as red in the shown images. Walls of tomato root cells
appear as gray due to reflected light (panel A-D) or contrast light (panel E and F). Panels A
and B, Colonization of the tomato root by Fo47. A, Hyphal growth along cellular junctions
and crossing root cells. B, Penetration of the tomato root by Fo47 (indicated by an
arrowhead). C, On healthy roots (disease index 0) Fo47 is dominant. D, On sick roots with
disease index 1, Fo47 and F.o.r.l. are equally present. E and F, direct cell cell contact
between F.o.r.l. and Fo47 in the rhizosphere. The size bar represents 10 ym in all panels.
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Chapter 4, Figure 4. Confocal laser scanning microscopy (CLSM) analysis of tomato root
colonization by two Trichoderma strains.

Two-day-old tomato seedlings were grown in a gnotobiotic sand system. Trichoderma strain
P1 or T22 was introduced as germinated spores coated on seedlings (panel A) or as
mycelium mixed through the sand (panel B through H). After seven days of growth, tomato
root colonization by the Trichoderma strains was analyzed. Walls of tomato root cells
appear red because of auto-fluorescence. A. Clump of germinated P1spores with short
hyphae. B. Initial attachment of P1 hyphae to root hairs. C. T22 hyphal growth in the root
hair zone. D. Hyphae of T22 growing in the rhizosphere but not attached to the root surface.
E to G. Hyphae of T22 attached to and growing along the main root. G and H (close-up of
G), Penetration of the tomato root by T22 as indicated with an arrow. Bars represent 10 pm.
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