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Abstract:       The fungus Fusarium oxysporum f. sp. radicis-lycopersici (F.o.r.l.) causes foot 
and root rot of tomato, which can be controlled by various microbes including 
Pseudomonas, Trichoderma and non-pathogenic Fusarium. Microbes labeled 
with autofluorescent protein (AFP) markers can be visualized in live samples 
using confocal laser scanning microscopy (CLSM). This enables the 
simultaneous determination of both pathogen and biocontrol agent in the 
tomato rhizosphere and provides a better understanding of the biocontrol 
processes. Results of CLSM suggest that mechanisms of biocontrol of plant 
pathogens include inhibition of spore germination, competition for niches and 
nutrients, antibiosis, predation, parasitism, and induction of host resistance.  

Key words:   biocontrol; confocal laser scanning microscopy; Pseudomonas; rhizosphere;
tomato foot and root rot; Trichoderma.

1         THE RHIZOSPHERE 

The rhizosphere is the area in 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 (Vancura and Hovadik, 1965) by the 
root creates a nutrient-rich rhizosphere which stimulates microbial activity. 
The composition of root exudates is influenced by multiple factors such as 
plant species, root region, and abiotic and biotic factors of the surrounding 
soil. Major soluble components of tomato root exudates include sugars, 
organic acids and amino acids (Lugtenberg and Bloemberg, 2004).  The 
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microbial community in the rhizosphere includes viruses, bacteria, fungi, 
nematodes and protozoa. The composition of the microflora and microfauna 
differs in soil types, plant species and surrounding soils where fewer 
nutrients are available. Moreover, interactions between plants and 
microorganisms can be classified as pathogenic, saprophytic and beneficial 
(Lynch, 1990).

2          PATHOGENIC INTERACTIONS 

Pathogenic interactions can occur between microorganisms, such as 
parasitism of one fungus by another one (mycoparasitism) and the 
production of antibiotics by one organism that inhibit or kill other 
microorganism. Another pathogenic interaction involves microorganisms 
and plant roots resulting in plant diseases. Soil-borne plant diseases may be 
caused by nematodes, mites, bacteria, viruses, and fungi. The latter group 
causes the more damage to crop and its interaction with other plant 
pathogens generally has synergistic effect on plant disease. Plants can reject 
pathogens due to resistance and incompatibility and as a result non-host 
plants are not parasitized by the pathogens. Host-plants have a basic 
compatibility with the pathogen which is from the corresponding formae
speciales. These pathogens produce a set of pathogenicity factors that allow 
successful parasitism. Generally plant diseases cause 10-20% loss in 
production (James, 1981).  

3         BIOCONTROL OF PLANT DISEASES 

Biocontrol of plant diseases is generally due to the presence of 
disease-controlling microorganisms collectively labeled biocontrol agents 
(Alabouvette et al., 1979; Schroth and Hancock, 1982; Schippers et al.,
1987; Handelsman and Stabb, 1996). Factors such as soil pH and organic 
matter content contribute indirectly to the biocontrol of diseases by their 
effect on microbial activity. Microbial activity and their metabolites can act 
both directly and indirectly on the pathogen and/or on the plant, resulting in 
disease control (Mazzola, 2002).

Microbial analysis of these suppressive soils may contribute to the 
identification of potential biocontrol agents.  Biocontrol agents are usually 
isolated from naturally suppressive soils (Montesinos, 2003).  Since bacteria 
and fungi are natural enemies occurring in the soil, these organisms can 
proliferate in the plant rhizosphere while their effect on the environment is 
minimal. Different mechanisms of biocontrol have been described 
(Bloemberg and Lugtenberg, 2001; Thomashow and Weller, 1996; Whipps, 
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2001), depending on the biocontrol agent, pathogen, plant species, abiotic 
and biotic features of the soil. 

4 TOMATO FOOT AND ROOT ROT

Fusarium oxysporum spp. are saprophytic fungi which grow and 
survive for long periods on organic matter, in soil and in the rhizosphere of 
many plant species (Garrett, 1970). Some Fusarium species cause wilting or 
root rotting whereas others are non-pathogenic. Both pathogenic and non-
pathogenic Fusarium species can penetrate roots. In contrast to the non-
pathogenic ones, pathogenic strains can penetrate the vascular tissues and 
cause disease (Olivain and Alabouvette, 1997).  Wilt causing Fusarium spp.
are highly host-specific and are classified in many different formae speciales
based on the host plant species (Armstrong and Armstrong, 1981). The 
fungus Fusarium oxysporum f. sp. radicis-lycopersici (F.o.r.l.) causes 
tomato foot and root rot (TFRR) and is a serious constraint for field and 
greenhouse crops (Jarvis, 1988; Roberts et al., 2000). 

5         VISUALIZATION OF BIOCONTROL OF TFRR 

The effects of different biocontrol agents on the pathogen F.o.r.l.
were analysed. For visualization studies, the gnotobiotic sand system 
described by Simons et al. (1996) was used. This system was previously 
useful for visualizing interactions of roots with microbes labeled with 
autofluorescent protein (AFP) markers, such as Pseudomonas (Fig. 1A) 
(Bloemberg et al., 1997; Bloemberg et al., 2000) and the pathogen F.o.r.l.
(Figs. 1B through D) (Lagopodi et al., 2002). Quartz sand was used because 
it could easily be 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. The quartz sand system focuses well 
on the interactions between the pathogen and biocontrol agent due to the 
absence of other rhizosphere microorganisms which are present in non-
sterile soil systems.

Due to the absence of competing indigenous bacteria, the use of 
quartz sand results in a very high disease incidence (70-100%) and very 
efficient biocontrol   (6-15% diseased plants in the presence of Pseudomonas
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Fig. 1. Confocal laser scanning microscopical analysis of tomato root 

Two-day-old tomato seedlings were inoculated at time zero with cells of Pseudomonas
harboring a reporter plasmid expressing the rfp gene, which here appear as red cells (Panel A) 
and subsequently grown in a gnotobiotic sand system. Or two-day-old tomato seedlings were 
grown in a gnotobiotic sand system containing spores of F.o.r.l. (FCL14) (Panel B-D). F.o.r.l.
(FCL14) harbors a constitutively expressed sgfp gene and appears as green. Walls of tomato 
root cells appear as red due to autofluorescence. 
Panel A, Pseudomonas cells colonizing the intercellular junctions of root cells of an 
inoculated seedling planted in sterile sand three days after planting. Panel B, Initial 
colonization of the tomato root by F.o.r.l. (similar for Fo47) ‘attachment’ to root hairs three 
days after planting. Panels C and D (picture taken by A. Lagopodi), F.o.r.l. hyphae growing 
along the intercellular junctions five days after planting. The size bar represents 10 µm in all 
panels.

colonization by Pseudomonas and Fusarium.
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chlororaphis PCL1391). For example, one of the mutants (P. chlororaphis 
PCL1119) which is impaired in biocontrol when tested in non-sterile potting 
soil, could significantly reduce disease incidence to 38-60% in the 
gnotobiotic system (Bolwerk et al., 2003). This is likely due to the absence 
of indigenous bacteria, which allows higher levels of the mutant strain. As a 
result strain PCL1119 can effectively compete with the pathogen for root 
colonization.

Using CLSM in combination with organisms differentially labeled 
with AFPs allowed the simultaneous visualization of both pathogens and the 
biocontrol agent on the root under disease controlling conditions in the 
gnotobiotic system. The biocontrol agents tested belong to Pseudomonas,
Fusarium oxysporum and Trichoderma. For these analyses, tomato seedlings 
were grown for seven days in the gnotobiotic sand system and sand was 
infested with F.o.r.l.. The biocontrol agents  were inoculated  when (i) 
tomato seedlings were incubated with a bacterial suspension or a suspension 
of germinated Trichoderma spores (ii) fungi were mixed in the sand, either 
as spores (non-pathogenic F. oxysporum) or as mycelium (Trichoderma
spp.).

To obtain more insight, in vitro studies were carried out on the effect 
of biocontrol agents at the initial stage of spore germination by F.o.r.l..
Spore germination was analysed in tomato root exudates and in culture 
supernatants of the biocontrol agents. These in vivo and in vitro studies 
contributed to our understanding of disease control by the biocontrol agents. 

6.         MECHANISMS OF BIOCONTROL OF TFRR 

6.1  Antibiosis 

Pseudomonas chlororaphis strain 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). Analysis of interactions of strains PCL1391 and PCL1119 or of 

causes stress on the pathogen, both on agar and in the tomato rhizosphere 
(Bolwerk et al., 2003). On agar, in the absence of bacteria, Fusarium hyphae 
grew straight in radial orientation with a low frequency of branching (Fig. 
2A). In the presence of either PCL1391 cells or of purified PCN growth 
directionality of the hyphae was altered; hyphae crossed    each  other while 

purified PCN with the pathogen at the cellular level indicated that PCN 
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Fig. 2. Differential interference contrast microscopy analysis of in vitro
effects of Pseudomonas chlororaphis PCL1391 on hyphal growth by and 

morphology of F.o.r.l.

F.o.r.l. was grown 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 of P. chlororaphis PCL1391 on 
growth and spore formation. Panel A, Growth of F.o.r.l. in the absence of bacteria. B through 
E, Growth of F.o.r.l. towards P. chlororaphis PCL1391, which is located (outside the picture) 
in the upper right corner (panel B, D and E) or at the left (panel C). B, Overview of the region 
close to the inhibition zone caused by PCL1391. B through D, Disturbance of hyphal growth 
directionality. C, Chlamydospores curly growing hyphae as well as thickening of hyphae was 
observed (arrow heads). D, Spiral growth of a hyphe. E, Increased branching frequency.  

growing in different directions (Fig. 2B) and some hyphae showed curly 
growth (Fig. 2C) or formed spirals (Fig. 2D). Additionally, chlamydospore-
like structures and swollen hyphae were observed (Fig. 2C, indicated by 
arrowheads) and branching frequency was increased (Fig. 2E). On agar, 
stress effects were not observed in the presence of cells of the PCN-
biosynthetic mutant PCL1119, indicating that PCN is causing the stress in 
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the presence of PCL1391 cells. In the tomato rhizosphere, cells of PCL1391 
and purified PCN were observed to cause comparable stress on the pathogen 
F.o.r.l. (Bolwerk et al., 2003). In the presence of either cells of PCL1391 or 
purified PCN, growth directionality was altered as indicated by the abrupt 
changes in growth direction (Fig. 3A) and by curly growth of hyphae (Fig. 
3B). Hyphal morphology was affected as well; the number of vacuoles (Fig. 
3C) and the diameter of some hyphae increased (Fig. 3D). In the presence of 
PCL1391 and purified PCN an altered branching pattern was observed: fork-
like branching structures consisted of three branched hyphae, whereas in the 
absence of bacteria the structures consisted of two branched hyphae 
(Bolwerk et al., 2003) 

Chin-A-Woeng et al. (2000) demonstrated previously that efficient 
colonization of the tomato root system is essential for suppression of TFRR 
by strain PCL1391. Root colonization is considered to be the delivery 
system for AFMs, resulting in inhibition of the pathogen over the total root.  

6.2        Competitive spore germination limiting root colonization 

Spore germination of a biocontrol agent F. oxysporum Fo47 is more 
efficient than F.o.r.l. in tomato root exudates and in solutions of glucose as 
well as citric acid (Bolwerk, 2005). Consequently, Fo47 utilizes more 
nutrients and subsequently proliferates stronger. In addition, the inoculum of 
Fo47 required for efficient biocontrol is fifty times higher than F.o.r.l.. As a 
result Fo47 hyphae reach the root earlier and in higher numbers compared to 
the hyphae of the pathogen and subsequent root colonization by F.o.r.l. is 
reduced in the presence of Fo47. A prediction which was confirmed by the 
CLSM visualization studies. In these studies tomato seedlings were grown in 
sand infested with spores of Fo47 and/or F.o.r.l.. Subsequently, whole roots 
(from crown to root tip) were analyzed for colonization by either fungi. Fo47 
hyphae were observed at two to five sites per root whereas F.o.r.l. hyphae 
could not be observed or was observed at one site after three days of growth. 
The total root area colonized by F.o.r.l. was reduced up to 10 times in the 
presence of Fo47 during the seven days of the experiment. Additionally, the 
intensity of root colonization by F.o.r.l. was reduced as indicated by the 
absence of ‘heavy colonization’ in the presence of Fo47 (Bolwerk, 2005).  

6.3        Secondary metabolites produced by biocontrol agents 

The ability of biocontrol agents to inhibit spore germination of the 
pathogen F.o.r.l. can contribute to the biocontrol of TFRR. Pilot experiments 
indicated that culture supernatants of both P. fluorescens WCS365 and P. 
chlororaphis PCL1391; grown in King’s medium B (KB; King et al., 1994), 
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limit spore germination of F.o.r.l. from 40% to 30% and 4%, respectively. 
When bacteria were grown in minimal BM medium (Meyer and Abdallah, 
1978), the percentage of spore germination was lowered from 84% to 58% 
and 37% by strains WCS365 and PCL1391, respectively. Analysis of a GacS 
minus mutant of strain PCL1391 indicated that secondary metabolites, under 
the regulation of the two component system GacA/GacS, produced both in 
KB and BM media, contribute to the inhibition of spore germination by 
PCL1391.

Culture supernatant of T. harzianum T22 was shown to inhibit the 
germination of F.o.r.l. spores from 57 to 33% in vitro. Similarly, culture 
filtrate of T. atroviride P1 reduced germination of F.o.r.l. spores from 57% 
to 1-3% (Bolwerk, 2005).These observations indicate that these strains 
produce extracellular compounds which inhibit spore germination. Mutant 
analysis of strain P1 showed that both the CHIT42 endochitinase and 
CHIT73 exochitinase produced by P1 contribute to the inhibition of spore 
germination. It is likely that these extra-cellular compounds inhibit spore 
germination in the rhizosphere as well. As a result, the subsequent growth of 
F.o.r.l. towards the root, and colonization of the tomato root by F.o.r.l. is 
reduced. This mode of action is  supported by CLSM analysis which showed 
that severity of root colonization and total area colonized by F.o.r.l. were 
significantly reduced in presence of the wild type strain P1 but not in the 
presence of the endo- and exochitinase mutants. These mutants were also 
impaired in their ability to control TFRR, both in non-sterile potting soil and 
in the gnotobiotic sand system (Bolwerk, 2005). CLSM analysis showed that 
like strain P1, strain T22 also significantly reduced the severity and total root 
colonization by F.o.r.l..  This effect is likely due to the production of 
chitinases and glucanases that limit spore germination of the pathogen 
F.o.r.l. (Bolwerk, 2005).  

6.4         Competition for niches and nutrients on the tomato root 

 Analyzing roots of seedlings coated with bacteria grown in sand 
infested with spores of F.o.r.l., showed that cells of strains PCL1391 and 
WCS365 colonize the root faster than the pathogen. Biocontrol agents 
occupy the same niche, i.e., the cellular junctions of the tomato root cells 
occupied by F.o.r.l.  (Figs. 1A and 1D). At these sites root exudate is 
thought to be secreted (Chin-A-Woeng et al., 1997; Lagopodi et al., 2002). 
As a result Pseudomonas can effectively compete for both niches and 
nutrients and reduce root colonization of F.o.r.l.  up to 80% (Bolwerk et al., 
2003).  

Analyses of tomato root colonization and disease development of 
seedlings grown in sand infested with spores of both F.o.r.l. and Fo47 
showed that at least a 50-fold excess of biocontrol agent over pathogen was 
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required to obtain control of TFRR. Root colonization by Fo47 and F.o.r.l.
involves the same niches at the root but root colonization by Fo47 is slower, 
less aggressive and occurs to a lesser extent than that of the pathogen despite 
its fifty-fold higher inoculum (Fig. 3E with 3F). High Fo47 inoculum is 
required to compensate for the difference in root colonization efficiency and 
is necessary to allow Fo47 to effectively compete for niches and nutrients 
when both fungi reach the rhizoplane after spore germination in the 
rhizosphere. This is confirmed by the decrease in root colonization by the 
pathogen at increasing concentrations of Fo47 (Bolwerk, 2005). 

The growth of T. atroviride T22 strongly depends on the nutrient 
and mineral composition present in the gnotobiotic system. CLSM studies 
on root colonization by T22 showed differences in root colonization with 
increasing hyphal biomass in sand moisturized with (i) plant nutrient 
solution (PNS; Hoffland et al., 1989), (ii) PNS with sucrose and (iii) 
hydroponic solution (HPS; Yedidia et al., 1999). Comparison of the mineral 
composition of PNS and HPS showed that the latter contains more minerals 
(K, Ca and NH4NO3) and the concentration of trace elements is up to 5000 
times higher. This indicates that growth of strain T22, and its ability to 
compete for niches and nutrients, strongly depends on the composition and 
concentration of minerals and/or trace elements.  

6.5       Colonization of hyphae 

Cells of Pseudomonas strains PCL1391 and WCS365 colonize 
hyphae in addition to root colonization (Fig. 3G). Several pilot experiments 
indicated that Pseudomonas could grow on the exudates and culture 
supernatants of F.o.r.l. (de Weert and Kamilova, personal communication).
Consequently, bacteria that attach to the hyphae may feed on the hyphae, 
which could be the basis of the observed extensive hyphal colonization (Fig. 
3G and 3H). The pathogenicity of the fungus might be negatively affected 
by feeding of bacteria.  

6.6        Predation and parasitism 

The PCN biosynthetic mutant P. chlororaphis PCL1119 and its 
parental strain PCL1391 cause comparable stress on pathogens in the 
gnotobiotic system, although the mutant does so with a delay of three days 
(Bolwerk et al., 2003). We therefore hypothesize (a) that the production of 
extra-cellular metabolites other than PCN, such as chitinase, hydrogen 
cyanide and/or protease (Chin-A-Woeng et al., 1998) cause stress; (b) that 
PCN accelerates the occurrence of these stresses within the pathogen 
(Bolwerk et al., 2003); and (c) the production of chitinase and protease
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Fig. 3. Confocal laser scanning microscopical analysis of tomato root 
colonization by Fusarium and Pseudomonas.
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Two-day-old tomato seedlings were coated with Pseudomonas bacteria harboring a reporter 
plasmid expressing the rfp gene, which here appear as red cells (panel A-D, G-H). Seedlings 
were grown in a gnotobiotic sand system containing spores F.o.r.l. (FCL14) (Panel A-E, G-
H) or spores of Fo47 (FCL31) (panel F). F.o.r.l. (FCL14) harbors a constitutively expressed 
sgfp gene and appears as green. Fo47 (FCL31) harbors a constitutively expressed ecfp gene 
and appears as blue. Walls of tomato root cells appear as red due to autofluorence (panel A-D, 
G-H) or gray due to contrast light (panel E and F). Panel A-D, in presence of P. chlororaphis
PCL1391 different stress effects are observed within F.o.r.l. hyphae. A, Abrupt changes in 
growth direction of F.o.r.l. hyphae (indicated by arrow heads). B, Curly growth of F.o.r.l.
hyphe. C, Increased number of vacuoles in F.o.r.l. hyphae. D, Thickening of F.o.r.l. hyphae. 
Panel E and F, highest density of hyphal network of F.o.r.l. (E) and Fo47 (F) colonizing the 
tomato root. Panel G and H (picture taken by A.H.M.Wijfjes), Colonization of F.o.r.l. hyphae 
by Pseudomonas bacteria. The size bar represents 10 µm in all panels. 

enables strain PCL1391 to attack the cell wall of the fungus and bacterial 
cells subsequently utilize the released compounds. 

6.7       Induction of systemic resistance 

Extensive root colonization by P. fluorescens WCS365 (Dekkers et
al., 2000), in contrast to strain PCL1391 (Chin-A-Woeng et al., 2000), is not 
essential for biocontrol of TFRR. Apparently for WCS365 the presence of 
cells at the top 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. 

Analyses of tomato root colonization and disease development after 
coating the seedlings with Fo47 showed that, despite the lack of distribution 
of its hyphae over the root, Fo47 was able to reduce the disease incidence. 
This resembles the above observation of strain WCS365 and suggests that 
when Fo47 spores are coated on seedlings, competition for niches and 
nutrients plays a moderate role, if any, and that another mechanism 
(inducing systemic resistance) is more important for the reduction of the 
number of diseased plants. Fuchs et al. (1997) illustrated the ability of strain 
Fo47 to protect tomato plants against F. oxysporum f. sp. lycopersici Fol8 
when inoculated separately in time or space, an observation which also 
indicates that F. oxysporum Fo47 is able to induce systemic resistance in 
tomato.

Incubation of seedlings in suspensions of T. atroviride P1 and T.
harzianum T22 induced altered root formation: a new main root emerged 
from the original seed-generated root, which did not grow further and 
developed a brown color. In addition, this newly emerged root was generally 
shorter than the corresponding root structure of non-treated seedlings 
(Bolwerk, 2005). Interestingly, the mutants D11 and P1ND1, impaired in the 
production of chitinases (Woo et al., 1999; Brunner et al., 2003), did not 
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cause the development of new roots (Bolwerk, 2005). In tomato, chitinases 
and glucanases have been described as pathogenesis-related proteins (Duijff 
et al., 1998; Fuchs et al., 1997; Joosten and De Wit, 1988). Other studies 
showed that chitinase deposition was correlated with pathogen distribution
in F.o.r.l.-infected tomato roots (Benhamou et al., 1990). Possibly, 
chitinases and glucanases produced by T. atroviride P1 and T. harzianum
T22 could enhance plant defense responses by a positive feedback 
mechanism. The induction of plant defense responses could be a mechanism 
of biocontrol of TFRR by T. atroviride P1 and T. harzianum T22. The ability 
of Trichoderma spp. to induce a defense response within tomato plants was 
described by De Meyer et.al. (1998) who showed that T. harzianum T39, 
spatially separated from Botrytis cinerea, reduced disease symptoms in 
tomato.

7          CONCLUDING  REMARKS 

Biocontrol is an attractive alternative to chemical control of plant 
diseases. Unfortunately, biological control is not always effective, especially 
in field trials. To improve the consistency of biocontrol, an extensive 
fundamental knowledge of various steps of biocontrol of disease is needed. 
Visualization studies of interactions between plant root, pathogen, and 
biocontrol agent deepened our insight in the following 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. (ii) The 
biocontrol traits of the agents that contribute to disease control. Hyphal 
colonization (this chapter, 6.5) and parasitism (this chapter, 6.6) by 
Pseudomonas may represent an efficient mechanism of biocontrol by these 
bacteria. (iii) Our studies indicated that the preferential spore germination by 
the non-pathogenic F. oxysporum Fo47 is likely to contribute to the control 
of TFRR. Inhibition of spore germination of F.o.r.l. due to the production of 
extra-cellular enzymes is considered to be the main mechanism of biocontrol 
by both Trichoderma strains analyzed. (iv) The interactions between plant 
root, pathogen and biocontrol agent and their visualization studies in the 
rhizosphere contributed to a better understanding of the temporal/spatial 
mechanisms in which the biocontrol agents affect the pathogen F.o.r.l..

The complexity of the interactions between plant, biocontrol agent 
and pathogen influence the efficiency of biological control of plant diseases. 
Analysis of gene expression in the pathogen and the biocontrol agent on the 
tomato root will provide more information on the regulation of pathogenicity 
and biocontrol traits. To explore the role of hyphal colonization in the 
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biocontrol of TFRR by Pseudomonas, attachment and subsequent 
colonization of the hyphae should be studied in more detail, focusing on 
gene expression profiles, stress responses of the pathogen and biocontrol 
ability of the bacteria. 
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