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ABSTRACT 

Soesanto, L., 2000. Ecology and biological control of Verticillium dahliae. PhD Thesis, 

Wageningen University, Wageningen, the Netherlands. 

The dynamics of Verticillium dahliae, the causal agent of wilt disease in many crops including 

potato, cotton, and olive, were investigated. Its biological control with Talaromyces flavus with or 

without additional Pseudomonas fluorescens was attempted. Arabidopsis thaliana was selected as 

a bioassay plant for studying aspects of ecology and biological control of the pathogen because of 

its short life cycle and high sensitivity to the pathogen. The optimal temperature for production of 

microsclerotia, the survival structures of the pathogen, both in vitro and on A. thaliana was about 

20°C. Microsclerotia incorporated in soil were exposed to a range of conditions of temperature 

and moisture and quantified on several sampling occasions. One day after incorporation, densities 

were low, and were even lower over the following 1-6 months, but subsequently densities 

increased. These changes were ascribed to change in the level of soil mycostasis rather than death 

and new formation of microsclerotia. After application of T. flavus to fresh organic debris 

containing microsclerotia followed by a 3-week incubation aboveground at 15 or 25°C the 

population density of T. flavus increased in soil, especially at 25°C. T. flavus significantly 

reduced the density of microsclerotia in soil, especially at 25°C, and delayed the development of 

senescence of A. thaliana at 15 and 25°C. It is concluded that above-ground application of T. 

flavus may lead to more consistent effects. The effect of P. fluorescens strain P60, originally 

isolated from a take-all decline field continuously grown to wheat, on V. dahliae was also 

studied. Strain P60, and two other isolates of P. fluorescens, inhibited the in vitro mycelial 

growth of 20 isolates of V. dahliae, reduced formation of microsclerotia both in vitro and on A. 

thaliana and they retarded senescence of A. thaliana to a rate like that of uninoculated plants. 

Key words: Arabidopsis thaliana, biological control, bioassay, detection, eggplant, 

microsclerotia, Pseudomonas fluorescens, recovery, relative humidity, Solanum melongena, 

Talaromyces flavus, temperature, Verticillium dahliae. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Verticillium dahliae Kleb. is a soilborne pathogen that causes wilt in a wide range of hosts 

(Schnathorst, 1981). It affects many crops, the most economically significant being cotton, potato, 

and olive. In addition many other crops can be affected seriously, including vegetables (artichoke, 

eggplant, cauliflower, pepper), fruits (strawberry, grapevine), fruit trees (avocado, cocoa), stone 

fruit, fibre and oil seed crops (apricot, kenaf {Hibiscus canabinus), linseed, sunflower), 

ornamentals (chrysanthemum, dahlia, rose), and shade trees (maple, ash). Some reports on severe 

outbreaks of V. dahliae are listed in Table 1.1. 

Table 1.1. Reports of severe yield losses caused by Verticillium dahliae. 

Major hosts 
Almond (Prunus dulcis) 

Artichoke (Cynara scolymus) 

Ash (Fraxinus spp.) 

Avocado (Persea spp.) 

Cauliflower (Brassica oleracea var. 

botrytis) 

Cocoa (Theobroma cacao) 

Cotton (Gossypium hirsutum) 

Eggplant (Solanum melongena) 

Horseradish (Armoracia rusticana) 

Linseed (Linum usitatissimum) 

Olive (Olea europaea) 

Paprika (Capsicum annuum) 

Potato (Solanum tuberosum) 

Protea (Leucospermum cordifolium) 

Pyramid tree (Lagunaria patersonii) 

Sunflower (Helianthus annuus) 

Winter rape (Brassica napus) 

Location 
Italy 

Chile 

Italy 

USA 

Chile 

USA 

Brazil 

China 

Spain 

USA 

Japan 

USA 

UK 

Greece 

Spain 

Israel 

Canada 

USA 

Israel 

USA 

Italy 

UK 

Germany 

Yield loss 
I 

22-70% 

-
20-30% 

-
95% 

85% 

-
-
100% 

-
75% 

>98% 

-
25% 

22% 

-
50% 

20-50% 

-
-
25-90% 
44% 

References 
Luisi and Sicoli, 1993; Luisi etal., 1994 

Fernandez and Tobar, 1989 

Cirulli et al., 1994 

Heffer and Regan, 1996 

Latorre and Allende, 1983 

Koike etal, 1994 

Resende et at, 1994 

Shi etal., 1998 

Bejarano-Alcazar et al., 1996 

Friebertshauser and DeVay, 1982 

Hashimoto, 1989 

Eastburn and Chang, 1994 

Fitter a/., 1991; 1992 

Thanassoulopoulos 1993 

Bianco-Lopez et al., 1984 

Tsror et al., 1998 

Piatt et al., 1995 

Rowe et al, 1987 

Susnoschi et al., 1974 

Koike etal., 1991 

Polizzi, 1996 

Church and McCartney, 1995 

Daebeler et al., 1988 

Precise yield loss not indicated. 
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An extensive host list has been presented by Pegg (1974). Monocotyledonous plants are 

generally considered non-hosts, with the notable exception of barley (Mathre, 1986,1989). The 

pathogen occurs worldwide in the temperate and subtropical zones in all continents, but only 

sporadically in the tropics. 

The pathogen forms highly persistent survival structures, the microsclerotia, by which it 

may survive extended non-host periods. Given the wide host range of V. dahliae, crop rotation 

provides only limited protection against the disease, an alternation with monocotyledonous crops 

such as cereals yielding the best results (Bollen et al., 1989). Control of verticillium wilt has 

largely been based on chemical soil disinfestation, but because of the nonselective mode of action 

and the environmental impact, such treatments are becoming banned by the authorities. Currently, 

alternatives are not available except for soil solarization in Mediterranean areas (Katan, 1981). 

Although microsclerotia are generally regarded as the target structures to be controlled through 

strategies of biological or cultural control, their ecology and dynamics have only rarely been 

studied in detail. Therefore, factors affecting formation, survival, and death of microsclerotia of 

V. dahliae are the subject of this thesis. 

Besides V. dahliae, there are some other plant pathogenic species of Verticillium, i.e., V. 

albo-atrum Reinke & Berthold, V. longisporum (C. Stark) Karapapa, Bainbr. & Heale, and V. 

tricorpus Isaac. Their distinguishing morphological characters are listed in Table 1.2. Verticillium 

species are known to degenerate quickly after subculturing in vitro (Domsch et al., 1980), so the 

identification should be performed using fresh isolates. 

V. albo-atrum is known as the causal agent of wilt in mainly hop, tomato, soybean, and 

alfalfa (Domsch et al., 1980; Atkinson, 1981). It is distinguished from V. dahliae by the absence 

of microsclerotia and the formation of dark resting mycelium, which has less survival potential 

than the mycelium of V. dahliae. The basal cells of conidiophores are usually dark-coloured. In 

contrast to V. dahliae, V. albo-atrum may become air-borne through the formation of conidia on 

infected shoot tissue (Jimenez-Diaz and Millar, 1988). 

V. tricorpus is a weak pathogen that is able to produce three types of resting structures, i.e., 

resting mycelium, microsclerotia, and chlamydospores (Heale and Isaac, 1965). Korolev and 

Katan (1999) mentioned that although V. tricorpus colonized the roots and hypocotyls of 

seedlings, stems were only rarely infected. Paplomatas et al. (1997) reported preliminary evidence 

that V. tricorpus can be used as a biocontrol agent of Rhizoctonia solani in cotton seedlings. 

V. longisporum was formerly named V. dahliae var. longisporum Stark (Stark, 1961), but 

studies on the morphology, phylogeny, and ecology revealed the necessity of recognition at the 

level of species (Jackson and Heale, 1985; Karapapa et al., 1997). V. longisporum is recognised 
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as a heterodiploid of V. albo-atrum x V. dahliae. It can be distinguished morphologically from V. 

dahliae by three characters (Table 1.2), the most conspicuous is the longer conidia. In addition, 

phialides occur 3 per node in V. longisporum and usually 4-5 per node in V. dahliae. In contrast 

to V. dahliae, the host range of V. longisporum is limited to crucifers and the fungus has been 

most phialides occur 3 per node in V. longisporum and usually 4-5 per node in V. dahliae. In 

contrast to V. dahliae, the host range of V. longisporum is limited to crucifers and the fungus has 

been most frequently reported to occur in oil seed rape (Berg, 1997; Karapapa et al., 1997), 

though it was originally described from horseradish. 

Three aspects are introduced here, viz., the aetiology and the life cycle of V. dahliae, the 

epidemiology of verticillium wilt diseases, and current control approaches for the pathogen, 

before the objective, approach, and structure of this thesis are outlined. 

Life cycle of Verticillium dahliae and disease symptoms 

The life cycle of V. dahliae can be divided into a dormant, parasitic, and saprotrophic stage 

(Figure 1.1). During the dormant stage the fungus survives in roundish to ellipsoid aggregates of 

thick-walled, melanized cells called microsclerotia. Melanins are dark-pigments found in animals, 

plants, and micro-organisms. They are not essential for growth or development (Polak, 1989), but 

provide protection against infection and, consequently, play an important role in the survival. 

Microsclerotia of V. dahliae have been shown to remain viable in soil for more than 10 years 

(Wilhelm, 1955; Powelson and Rowe, 1993). Hawke and Lazarovits (1995) found that non-

melanized microsclerotia of a mutant had no persistence. 

In soil, V. dahliae lacks a saprotrophic stage. Germination of microsclerotia, being subject to 

mycostasis (Lockwood, 1977), takes place only under the influence of root exudates in the 

rhizosphere of host plants. Also non-hosts have been reported to induce germination of 

microsclerotia (Schreiber and Green, 1963; Olsson and Nordbring-Hertz, 1985; Mol et al., 1995). 

Mycostasis is probably overcome by root exudates in the rhizosphere where available carbon is 

not limited (Lynch and Whipps, 1990). Sites of infection of germinating microsclerotia are the 

root tip, the root elongation zone, or the points of lateral root emergence. 
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Formation of microscierotia on dying tissue 

Microsclerotia in soil or on plant residues 

Germination of 
microsclerotia 

Colonization of shoot, 
stem and leaves Colonization of 

the cortex and stele 

Figure 1.1. Life cycle of Verticillium dahliae in potato (Courtesy Dr M.P.M. Nagtzaam in 
Nagtzaam, 1998). 

Most of the root cortex infections seem to affect the plant to a limited extent and they 

remain superficial and small (Huisman, 1988; Gerik and Huisman, 1988). In some plants, root 

infections remain limited in size probably as a result of a resistance reaction by the host. 

However, in chrysanthemum considerable damage was observed in infected root cells (Hall and 

Busch, 1971). The endodermis acts as a natural barrier that apparently cannot be penetrated by V. 

dahliae, only very few root cortex infections seem to reach the vascular tissue. Huisman (1982) 

estimated that only 5% or less of the root cortex infections ultimately results in infection of the 

shoot. It has been postulated that vascular infections are successful only where the endodermis 

has yet not developed (i.e., at the root tip) (Bowers et al., 1996), or where the endodermis has 

been damaged, e.g., by nematodes (Pegg, 1974; Schnathorst, 1981; MacGuidwin and Rouse, 

1990a). 

After penetration of the endodermis, the fungus enters the vascular system where it forms 

conidia from inconspicuous intercalary phialides, also termed budding (Gerik and Huisman, 
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1985; Ferrandino, 1995). Subsequently, the conidia are transported passively with the sap stream 

to end walls where they germinate and penetrate into the next vessel segment (Bell, 1992), 

followed again by production of conidia. V. dahliae secretes pectinolytic enzymes that destroy the 

middle lamellae of the xylem parenchyma and degrade pectic compounds in the walls of vessels 

and tracheids (Pierson et al, 1955; Heale and Gupta, 1972). Parenchyma cells adjacent to the 

infected xylem vessels become discoloured and filled with gum-like material. In most host 

species, xylem discoloration can be seen by the naked eye. Infected xylem vessels may become 

clogged by the secretion of material by the parenchyma cells and by masses of fungal hyphae. 

This, in combination with production of wilt toxins (e.g., lipopolysaccharides) by the pathogen, 

results in reduced respiration, reduced photosynthesis, and, finally, wilting (Orenstein et al, 

1989; Mansoori et al, 1995). 

Wilt symptoms appear initially at the lower leaves, where, typically, first half of an infected 

leaf shows disease symptoms, but ultimately the whole leaf wilts and drops off. In many cases, 

however, no one-sided wilting of leaves occurs, and premature senescence is the only disease 

symptom. In trees, only some branches may show wilting and they may recover temporarily or 

completely in subsequent years (Hiemstra, 1998). Since specific disease symptoms are often 

absent, the disease is only diagnosed reliably when the pathogen can be isolated from diseased 

plant material. Moreover, several Fusarium species cause similar disease symptoms. 

During and after plant senescence the saprotrophic stage of the fungus begins, resulting in 

the colonization of the shoots and roots followed by massive production of microsclerotia. 

Microsclerotia are formed most prominently in the cortex of stems, and more rarely in the leaves 

(cotton) of herbaceous plants. They are also commonly formed in petioles of woody hosts 

(Rijkers et al, 1992). 

Epidemiology of verticillium wilts 

Verticillium wilt is considered to be a monocyclic disease, because a single propagule (i.e., a 

microsclerotium) causes only one infection within one growing season and new microsclerotia 

may be formed in the season of infection, but they will not lead to new infection in the same 

season. A linear relationship between the density of microsclerotia in soil and the number of root 

infections per unit of root length has been reported frequently (Huisman and Ashworth, 1976; 

Ashworth et al, 1979; Nagtzaam et al, 1997). V. dahliae may be considered an ecologically 

obligate vascular pathogen. A short growth through soil to reach a root is possibly at the expense 



of the energy contents of the microsclerotia. 

It has been shown that microsclerotia may germinate independently of an external nutrient 

supply (Ben-Yephet and Pinkas, 1977). However, as described in the previous paragraph, in an 

unsterile soil, V. dahliae is subject to the phenomenon of mycostasis. Lockwood (1977) 

hypothesized that propagules can germinate by consuming exudates accumulated on their surface. 

In an unsterile soil, these exudates are removed by other organisms, thus preventing germination. 

Mycostasis has been interpreted as ecologically advantageous for any soil-borne plant pathogen 

because in the absence of a host their germination hyphae would be lysed readily. In the 

rhizosphere, however, where through the exudation of nutrients by the root carbon limitation is 

counteracted (Lynch and Whipps, 1990), microsclerotia of V. dahliae germinate readily (Mol and 

Van Riesen, 1995). The production of new microsclerotia from germinated microsclerotia has 

also been reported (Farley et al., 1971), but this new microsclerotium receives less energy than 

the original one, as the uptake of nutrients from the surrounding soil is considered to be highly 

unlikely. The energy contents of a microsclerotium are likely to be sufficient to support hyphal 

growth over a very short distance towards a root. 

Each single cell of a microsclerotium is able to germinate once. Thus, microsclerotia are 

able to germinate repeatedly. A linear relationship has been observed between density of 

microsclerotia in soil and root infection or disease incidence (Ashworth et al., 1979; Nagtzaam et 

al., 1997). However, in several other studies no significant correlation was found between 

microsclerotial density in soil and infection or yield loss (Ashworth et al, 1972; DeVay et al, 

1974; Davis and Everson, 1986; Bejarano-Alcazar et al., 1995). Some dispersal of V. dahliae 

through the soil is possible by mesofauna or abiotic factors. Uneven distribution of the 

microsclerotia may also play a role. Bejarano-Alcazar et al. (1999) observed infection in all parts 

of the root systems of eggplants that were inoculated by placing about 100 microsclerotia 

adhering to a 9-18 mm2-sized tape against the root for three days. They suggested that production 

of conidia on microsclerotia and subsequent transport of these conidia by water flow or the 

mesofauna may explain the distribution of infection on the eggplant root system. Transmission of 

conidia of Coniothyrium minitans in soil by the mesofauna has been shown by Williams and 

Whipps (1995). However, for time-spans longer than a few weeks, microsclerotia are the only 

survival structures of V. dahliae in soil (Green, 1969). 

The main mechanisms of dispersal of V. dahliae are probably through transport of infested 

soil by agricultural tools or by the wind, by using infected plant material or by infested soil 

adhering to plant material. Rowe et al. (1997) showed a high incidence of infection in potato seed 

tubers. Seed transmission seems to be an important mechanism of dispersal of V. dahliae which 
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has been demonstrated for safflower (Klisiewicz, 1975), sunflower (Sackston and Martens, 1959; 

Richardson, 1990), cotton, eggplant, linseed, soybean, and tomato (Richardson, 1990), and 

spinach and beet (Van der Spek, 1972). 

Genetic variation of V. dahliae, presence of root-infecting nematodes and environmental 

conditions may explain differences in the relation between soil inoculum density and disease 

incidence among fields. Although V. dahliae has long been regarded as a fairly homogeneous 

species, several pathotypes and, more recently, four or five vegetative compatibility groups have 

been recognised (Jeger et al, 1996). These vegetative compatibility groups exhibit some 

specialization with respect to host range, aggressiveness, and distribution. For example, 

vegetative compatibility group 4A is most commonly encountered in solanaceous crops in Europe 

and America (Joaquim and Rowe, 1991). Of course the virulence of particular isolates of V. 

dahliae depends also on the susceptibility of the host cultivar (Zilberstein et al., 1983). 

Plant-pathogenic nematodes are known to enhance verticillium wilt severity {e.g., 

Harrison, 1971; MacGuidwin and Rouse, 1990ab; Bowers et al, 1996). The mechanism of this 

interaction is not well-understood. Both direct (provision of infection courts for V. dahliae by 

root wounding caused by nematodes; Mai and Abawi, 1987) and indirect interactions (increased 

susceptibility; Faulkner et al, 1970) have been suggested. The interaction between verticillium 

wilt and root-infecting nematodes is likely to be of considerable importance, given the wide host 

ranges and strong survival capabilities of both nematodes and V. dahliae. 

Moderately high temperatures favour yield loss in potato (Francl et al., 1990). However, 

supra-optimal temperatures curtail further development of V. dahliae. In potato-growing areas 

disease development of V. dahliae is limited to the spring and autumn, because temperatures 

become too high in summer (Tsror et al., 1990). Germination of conidia and mycelial growth at 

temperatures above 31-33°C (Pullman et al., 1981) and the development of V. dahliae in infected 

plants stop at temperatures above 27°C (Rowe et al, 1987; Koike et al, 1994). This may be the 

major reason that V. dahliae is of less importance in tropical regions. Excessive soil moisture is 

known to enhance potato early dying in irrigated areas with an arid climate. This may be caused 

by a fast transpiration stream (Cook, 1973), although several other factors such as effects on root 

growth and root exudation have also been proposed (Pullman and DeVay, 1982; Gaudreault et 

al, 1995). In more temperate areas the effect of soil moisture is, however, less evident (Bollen et 

al, 1989; Haverkortef al, 1990). 

Yield reduction is mainly the result of blockage of the xylem vessels, closure of the 

stomata, reduced photosynthesis, and early senescence (Haverkort et al, 1990; Bowden and 

Rouse, 1991; Schnathorst, 1981). The production of toxins by V. dahliae possibly also 
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contributes to yield reduction (Heale and Gupta, 1972; Orenstein et al, 1989). 

New microsclerotia are formed when infected plant parts senesce. V. dahliae leaves the 

xylem, colonizes the parenchymatous tissues and forms microsclerotia. When plant parts bearing 

microsclerotia are incorporated into the soil, aggregated microsclerotia are initially held together 

by the shoot tissue, but gradually, as the shoot decomposes, the microsclerotia fall apart. This is 

reflected in an apparent increase in soil inoculum density one or two years after the incorporation 

of infected plant material (Mol et al, 1996a). Wilhelm (1955) reported that microsclerotia may 

survive in soil for 12-14 years. Populations of microsclerotia gradually decrease with time down 

to levels where damage to the host is insignificant. Bollen et al. (1989) found that growing non-

hosts for four years was sufficient to eliminate damage to V. dahliae in potato. The effects of 

environmental conditions on the survival of microsclerotia have been studied only rarely. 

Artificially produced microsclerotia may have different survival patterns from those formed 

naturally. In unsterile soil, they survived only up to 60 days (Lazarovits et al, 1991). 

Moist conditions resulting from heavy rains and flooding of potato fields were found to 

induce production of microsclerotia of V. dahliae on the surface of moribund stems and leaves 

after plant senescence (McKeen and Thorpe, 1981; Stapleton et al, 1993). V. dahliae, however, 

also can grow, sporulate, and form microsclerotia under dry conditions of -100 to -120 bars 

(approx. pF 5) (Ioannou et al, 1977a). Further Lazarovits et al. (1991) reported that 

microsclerotia in water-saturated soils lost viability more quickly (less than 10 hours) than in 

soils that were air-dry or at 50% of field capacity. Mol and Scholte (1995b) found that covering 

the plant remains with soil did not reduce the production of microsclerotia. Root colonization by 

V. dahliae was suppressed consistently by a soil water tension of -0.01 MPa (pF 2) (Gaudreault et 

al, 1995). The findings of Ioannou et al. (1977a) and Powelson and Rowe (1993) that early-

season irrigation can be an effective component of integrated disease management support this. 

Management of verticillium wilt disease 

Many non-hosts, including various monocotyledonous crops, can be symptomless carriers of V. 

dahliae. Attempts have been made to reduce inoculum densities of V. dahliae by inducing 

germination of microsclerotia by non-hosts. However, new microsclerotia were produced in the 

roots of non-hosts, resulting in insufficient control of V. dahliae (Mol et al, 1996a). 

Breeding for resistance or tolerance has been successful for only a few crops. Commercial 

resistant or tolerant crops are only available in tomato and cotton production (Allen, 1994) and in 
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sunflower (Miller and Gulya, 1995). Tolerance is available in other crops such as potato, but 

presently the choice of potato cultivars is dominated by the requirements of the processing 

industry and preferences of the consumers. 

Crop rotation is commonly recommended as a method to control V. dahliae. Cropping 

non-hosts for four years or more markedly reduces populations of V. dahliae (Bollen et al, 1989). 

However, given the wide host range of V. dahliae, non-hosts may not be an economic alternative 

to the farmer. Moreover, crops such as cotton and potato are grown continuously in various areas. 

Under these circumstances soil steaming or fumigation has been applied. These methods, 

however, become more and more restricted due to high costs, health risk for workers, and adverse 

effects on the environment. 

Soil solarization provides control in areas with a Mediterranean climate (Katan, 1980). 

Soil inundation may also be effective provided that low oxygen levels develop and temperatures 

are not too low (Ioannou et al., 1977b). In the Netherlands, Blok et al. (2000) obtained at least 

90% reduction of inoculum density of V. dahliae by inducing anoxic conditions through the 

incorporation of fresh organic matter and overnight irrigation followed by the placement of a 

plastic tarp. In addition to the direct effect on the fungus, nematodes stimulating verticillium wilt 

were also controlled. Conn and Lazarovits (1998) were able to reduce verticillium by the 

application of chicken manure. Other organic amendments that showed an effect on V. dahliae 

are alfalfa and oat residues (Green and Papavizas, 1968), chitin (Jordan et al, 1972) or barley 

(Harrison, 1976). Davis et al. (1996) concluded that green manure treatments with sudangrass or 

maize gave best control of verticillium wilt. Koike et al. (1997) and Subbarao et al. (1999) 

demonstrated the effectiveness of broccoli residues to control verticillium wilt in cauliflower. The 

removal of debris containing microsclerotia seems a logical approach to control V. dahliae but, 

according to Mol et al. (1995), this treatment was insufficient to allow narrow rotations of potato. 

Soils that are suppressive to V. dahliae are barely reported. Ash worth et al. (1976) showed 

that Cu2+ was involved in the suppression of V. dahliae. This effect was noticed when no 

microsclerotia were recovered from soils which previously had contained high densities of them. 

Further data on this phenomenon have not been reported. Keinath and Fravel (1992) were able to 

induce suppressiveness in the greenhouse by repeatedly cropping potato on the same soil. The 

induction of this suppressiveness varied with soil type, but its nature was not further investigated. 

The phenomenon of disease suppression, which is understood in several other soilborne 

pathosystems (e.g., Baker and Cook, 1974; Oyarzun et al., 1997, 1998) is still not explained for 

verticillium. 
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The potential of the application of biocontrol agents to control verticillium wilt is now 

being studied intensively. About 25 potential antagonists have been tested. In most, if not all, 

cases, these antagonists have been selected from studies on other sclerotial parasites. The study of 

parasites of microsclerotia is hampered by their small size. Recently investigated antagonists 

include Trichoderma (Gliocladium) virens (Johnston et al, 1994), Trichoderma koningii 

(Georgieva, 1992) and other Trichoderma species, Bacillus subtilis, Pseudomonas fluorescens, 

and Streptomyces flavofungini (Berg and Ballin, 1994), Pythium oligandrum (Al-Rawahi and 

Hancock, 1998) and, most notably, Talaromyces flavus (Marois et al, 1982; Fravel, 1996). T. 

flavus is able to parasitize microsclerotia of V. dahliae (Fahima et ah, 1992) and sclerotia of 

several other pathogens such as Sclerotinia sclerotiorum (McLaren et al, 1986), Rhizoctonia 

solani (Boosalis, 1956), and Sclerotium rolfsii (Madi et al, 1992). Furthermore, T. flavus is able 

to produce enzymes such as glucose oxidase that generates toxic peroxide, chitinase, glucanase, 

and cellulase. Madi et al. (1997) showed that culture filtrates of T. flavus affected germination 

and melanin formation of microsclerotia. McLaren et al. (1986) reported partial disintegration of 

melanized material of sclerotia of S. sclerotiorum that were parasitised by T. flavus. Although T. 

flavus is regarded as a root colonizer, the factors affecting the population dynamics in the 

rhizosphere are insufficiently understood (Fahima and Henis, 1995; Nagtzaam and Bollen, 1997). 

Recently T. flavus has been registered as a biocontrol agent by Prophyta (Rostock, Germany) for 

the control in oil-seed rape and tomato. Both root dipping of young plants or mixing of the 

suspended product is advised (Zeise, 1997; Koch, 1999). So far, application of T. flavus to the 

soil has yielded inconsistent results, probably because of competition with the resident 

microflora. 

About this thesis 

The main goal of the present study was to gather fundamental ecological knowledge on the 

formation and survival of microsclerotia. Detailed quantitative information about factors 

influencing these processes may lead to new prospects for controlling V. dahliae. A secondary 

goal was to further improve biological control of verticillium wilt. We hypothesized that the 

above-ground application of the biocontrol agent Talaromyces flavus onto microsclerotia-

containing debris would lead to reduction of inoculum density of V. dahliae. In addition, the 

effects of a diacetylphloroglucinol-producing strain of Pseudomonas fluorescens on verticillium 

wilt was studied. 
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In Chapter 2 a bioassay is presented for the quantitative study of the formation of 

microsclerotia and for evaluating the effects of biocontrol agents using Arabidopsis thaliana as a 

test plant. A. thaliana was chosen because of its short life cycle and its sensitivity to many plant 

pathogens. Many other bioassay plants require either labour-intensive methods, involving the 

plating of root or shoot fragments to detect or quantify V. dahliae, or they need a long period 

before disease symptoms develop, or do not allow to detect low population levels of, e.g., 1 

microsclerotium per gramme soil, that may still damage a susceptible crop. 

In Chapter 3 the effects of constant and variable temperatures on the formation of 

microsclerotia on A. thaliana are assessed. In the field a large variation in density of 

microsclerotia is commonly observed in senescent host tissue. We studied whether temperature 

affects the process of microsclerotium formation, either directly "or indirectly through plant 

senescence. 

In Chapter 4 factors affecting the density of microsclerotia distributed in unsterile soil are 

investigated. Factors studied include temperature, moisture, and different methods of 

incorporation of organic debris. 

Chapter 5 studies effects of various methods of application of the antagonist T. flavus on 

survival of the pathogen on potato stems covered with microsclerotia of V. dahliae. 

In Chapter 6 the effects of a 2,4-diacetylphloroglucinol-producing strain of P. fluorescens on 

verticillium wilt in A. thaliana and eggplant, with or without in combination with T. flavus are 

reported. 

Finally, in Chapter 7 topics of bioassays, formation and survival of microsclerotia, and 

biocontrol are discussed in a more general context. 
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CHAPTER 2 

ARABIDOPSIS THAUANA AS A BIOASSAY PLANT FOR 

VERTICILLIUM DAHUAE 

Summary 

Arabidopsis thaliana was used as a bioassay plant to detect low inoculum levels of Verticillium 

dahliae in soil. Although in the field crucifers are predominantly infected by V. longisporum, 

under the test conditions A. thaliana became readily infected by four isolates of V. dahliae. 

Disease symptoms included early senescence, but no typical verticillium wilt. Increasing amounts 

of infection of both root and shoot were noted at densities of 1, 3,10, 30, and 100 microsclerotia 

g"1 soil. A log-linear relation between inoculum density and the area-under-the-disease-progress 

curve was established. Even at the lowest inoculum density of 1 microsclerotium g"1 soil, 5% of 

the root length was infected with V. dahliae, and 30% of the stems. The most sensitive parameter 

was the density of new microsclerotia formed in the shoot. The higher the inoculum density the 

greater the density of microsclerotia in the shoot, indicating that multiple root infections lead to a 

more intense colonization of V. dahliae. Disease progress was fastest at 20°C, and slower at 10, 

15, and 25°C. A bioassay with A. thaliana for assessing infestation of fields with V. dahliae can 

be recommended. 

Introduction 

Verticillium dahliae Kleb. causes considerable economic losses through wilting and early 

senescence in diverse crops such as potato, cotton, rose, strawberry, and maple (Schnathorst, 

1981). This root-infecting pathogen forms abundant survival structures, microsclerotia, in 

diseased, senescent tissue. Given the wide host range of V. dahliae, crop rotation provides only 

limited protection against the disease, an alternation with monocotyledonous crops such as 

cereals giving the best results (Bollen et al., 1989). Control of V. dahliae has largely been based 

on the application of chemical soil disinfestants, but because of their impact on the soil 
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ecosystem, the groundwater quality, and the contribution to the depletion of the ozonosphere by 

methyl bromide, these methods are becoming unacceptable. 

For the development and evaluation of new management strategies against V. dahliae, 

assays are needed that, rapidly and with limited labour input, provide information about the 

density of V. dahliae microsclerotia in soil to evaluate the need for control or control efficacy. 

Changes in the soil inoculum density of V. dahliae are often assessed by plating a soil suspension 

onto a semi-selective agar medium, but these determinations are not always reliable 

(Termorshuizen et al., 1998). Moreover, they exclude effects of competition in the rhizosphere 

and of induced resistance. Therefore, bioassays have been recommended to study the ecology of 

V. dahliae (e.g., Evans et al., 1974), for selection of resistance to the pathogen (Palloix et al., 

1990) and for the evaluation of biocontrol agents {e.g., Nagtzaam et al., 1998). However, 

bioassays so far available are either labour-intensive, involving plating of root or shoot fragments 

to detect or quantify V. dahliae, or disease symptoms take a long time to develop. Moreover, 

presently available bioassays are not able to detect low population levels of e.g. 1 

microsclerotium per gramme soil that may still damage a susceptible crop (Nicot and Rouse, 

1987). 

Arabidopsis thaliana (L.) Heyhn. having an unusually small genome among green plants 

has become a guiney pig for studies on gene expression. In preliminary experiments, at this 

institute, A. thaliana was found to be sensitive to V. dahliae. We therefore decided to try its use 

as a test plant in bioassays for V. dahliae. A. thaliana is used in many studies, with fungi (Koch 

and Slusarenko, 1990), plant-pathogenic bacteria (Whalen et al., 1991; Tsuji and Somerville, 

1992), nematodes (Sijmons et al., 1991), and viruses (Sosnova and Polak, 1975), in part because 

of its short life cycle. Cruciferous crops such as oil seed rape are long known to be preferentially 

infected by heterodiploid strains of V. dahliae formerly known as V. dahliae var. longisporum, 

but recently this taxon was elevated to species level (Karapapa et al., 1997). Tabrett et al. (1995), 

however, showed that the haploid V. dahliae also was able to infect the crucifer A. thaliana. 

Material and methods 

Fungal collections, maintenance, and inoculum preparation 

Four collections of V. dahliae, K3 and VI, V3, and V4, were obtained in summer 1996 and 1997, 

respectively, from diseased potato stems containing microsclerotia in the municipalities of 

Veenhuizen, Nieuweroord, Nieuw-Balinge, and Bruntinge, respectively, in the Province of 
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Drenthe, the Netherlands. The potato stems were cut into 1-cm pieces, allowed to air dry for 

about ten days at room temperature, and stored in plastic boxes until further use. 

To separate the microsclerotia from potato stem tissue the material was ground and sieved 

over screens with mesh sizes of 106 and 20 um. The residue remaining on the 20 um sieve was 

suspended in water containing 0.08% agar. The agar was added to obtain a homogeneous 

suspension of microsclerotia. The number of microsclerotia in the suspension was determined in 

small subsamples using a dissecting microscope at 25 x magnification. To determine the 

germinability of microsclerotia, 25 microsclerotia were plated individually in Petri dishes 

containing Modified Soil Extract Agar (MSEA) medium (Harris et al., 1993) by using an insect 

pin 000 (Emil Arlt, Australia). The Petri dishes were incubated upside down in the dark for 14 

days at 23°C, and the number of germinated microsclerotia was counted. 

Microsclerotia from collections VI, V3, and V4 were surface-disinfested in 1% NaCIO 

for 1 min, washed three times in sterile water each for 1 min, blotted dry on sterile filter paper, 

and plated onto Potato-Dextrose Agar (Oxoid) amended with 50 ppm oxytetracyclin. From this 

culture monoconidial isolates were prepared. This culture was propagated by growing in Czapek-

Dox liquid medium (Oxoid) for 7 days at 23°C in a shaking incubator (Gallenkamp Orbital 

Incubator). After incubation, conidia were filtered through cheese cloth and suspended in sterile 

distilled water to obtain 1.0 x 106 conidia ml"1 suspension. 

Plant material and growth conditions 

A. thaliana ecotype Columbia was used in this study. A preliminary experiment did not indicate 

significant differences in colonization with three other ecotypes of A. thaliana, i.e., Cape Verde 

Islands, Landsberg erecta, and Wassilewskaija. Seeds of A. thaliana were provided by Prof. Dr 

M. Koornneef (Laboratory of Genetics, Wageningen University). Seeds were spread over sieved 

and wetted potting soil in a plastic box covered with a cap in order to maintain high humidity. 

The boxes were incubated in a climate chamber with 16 h light (Philips TD32W/84 HF) and 8 h 

dark at 20°C. 

To determine infection by V. dahliae, A. thaliana was harvested after its rosette had 

completely died. Roots were washed on a sieve by spraying tap water to remove organic matter. 

Stem segments were surface-sterilized in 1% NaCIO for 30 sec, root segments in 96% ethanol for 

1 sec, then washed twice in sterile water, dried on sterile filter paper, plated separately in Petri 

dishes containing MSEA and incubated at 25°C in the dark for 14 days. 

27 



Disease assessment 

Senescence of rosette leaves and stems (including stems, stem leaves, flowers and siliquae) was 

evaluated separately by assessing senescence indices (SI) ranging from 0 to 5 in weekly intervals. 

For the rosette leaves: 0 = 0-5% of the rosette leaves showing some necrosis; 1 = 6-15%; 2 = 16-

25%; 3 = 26-50%; 4 = 51-75%; and 5 = 76-100%. For the stems: 0 = no necrosis; 1 = stems still 

green but 1-5% of leaves showing necrosis; 2 = 1-5% of the stem brownish or yellowish, but 6-

25% of the leaves showing necrosis, and 1-5% of pods and/or flowers yellowish or brownish; 3 = 

6-25% of the stems brownish or yellowish, 26-75% of the leaves showing necrosis, and 6-25% of 

the pods brownish; 4 = 26-50% of the stems brown, 26-100% of the leaves showing necrosis, 26-

50% of the pods brown and 1-75% of the flowers yellow or brown; and 5 = most of all stems, 

leaves, flowers, and pods show necrosis. The disease index (DI) of verticillium-inoculated plants 

was defined as SI after subtraction of the values of SI determined for the control plants. Using 

these indices, the area-under-the-senescence-progress curve (AUSPC) and the area-under-the-

disease-progress curve (AUDPC) were calculated (Campbell and Madden, 1990). 

Production of microsclerotia of V. dahliae was quantified after A. thaliana had completely 

died. Shoots and roots were separated and the roots were washed by gently soaking in standing 

tap water. All parts of the plant were then dried at room temperature for a week. Both dried 

shoots and roots of A. thaliana were weighed and ground using a mortar and pestle and 

suspended in 0.08% water agar. The suspension was weighed and homogenized. The density of 

microsclerotia in the suspension was determined by direct counting of at least three small 

subsamples under the dissecting microscope at 16 x magnification measuring approximately 20 

u l 

Experiments 

Effect of inoculum density on disease development. The experiment was carried out as a 

completely randomized block design using densities of 0 ,1, 3,10, 30, and 100 microsclerotia g"1 

dry soil and was performed with 10 replications per treatment. Plastic pots (w/w/h, 7/7/8 cm) 

were used containing mixed sieved potting soil and sand (2/1, v/v). Four-week-old seedlings of A. 

thaliana with the first rosette leaf emerging were planted and placed in a climate chamber at 25 °C 

under a 16/8 h light/dark regime. A repeated experiment showed similar results, and only those of 

the first experiment are presented here. 

Effects of temperature. The optimal bioassay temperature and the pathogenicity of three isolates 

of V. dahliae were determined in a root-dip experiment with isolates VI, V3, and V4. Four-week-
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old seedlings of A. thaliana were uprooted carefully and the roots were washed in sterile distilled 

water, dipped for 20 min in a conidial suspension of V. dahliae (106 conidia ml"1), and planted in 

pots with mixed potting soil and sand as described above. The pots were placed at 10,15,20, and 

25°C, under the same light regime. 

Results 

Disease symptoms became visible as early as 4 weeks after planting the seedlings of A. thaliana 

in infested soil or dipping the seedlings in a conidial suspension. Symptoms consisted of 

chlorosis followed by necrosis, sometimes accompanied by some stunting. The typical unilateral 

wilting of leaves or plants, often described for verticillium wilt was not observed. Nine weeks 

after planting, most rosette leaves were completely dead and 11 weeks after planting the stems 

had nearly or completely died. During the final stage of senescence, microsclerotia were formed 

abundantly, especially on the stems, but many were also observed on all other plant parts, 

including the root system. The dry weight of the shoot was not significantly affected by V. 

dahliae. Natural senescence progressed slowly at low temperatures. Senescence due to V. dahliae 

was most strongly enhanced at 20°C but less at 15 and 25°C (Table 2.1). 

Senescence began earlier and progressed faster at increasing densities of microsclerotia in 

soil (Figure 2.1). Since senescence is a rapid natural process in A. thaliana all plants eventually 

became senescent; thus differences in senescence between treatments tend to converge at the end 

Table 2.1. The time (days) it takes for the plants to die of seedlings that were root-dip infected 
with three isolates of Verticillium dahliae (106 cfu ml"1 suspension) to uninfected control plants. 

Temperature 

10 
15 
20 
25 

(°C) 

VI 

Life span 
0.81 
0.82 
0.66 
0.76 

Isolate of Verticillium dahliae 
V3 V4 

I 

of Arabidopsis thaliana relative to the control 
0.86 
0.80 
0.59 
0.71 

0.82 
0.79 
0.66 
0.71 

'Control plants had life spans of 293, 247, 178, and 99 days for incubation temperatures of 10, 
15, 20, and 25°C respectively. 
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Figure 2.1. Senescence progress for rosette leaves and stems of Arabidopsis thaliana at different 
inoculum densities of Verticillium dahliae. (A) Senescence index, (B) Disease index = 
senescence index minus the senescence index estimated for the control plants. 
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Figure 2.2. Senescence progress for rosette leaves and stems of Arabidopsis thaliana at different 
inoculum densities of Verticillium dahliae. (A) Area-under-the-senescence-progress curve 
(AUSPC), (B) Area-under-the-disease-progress curve (AUDPC) = AUSPC minus AUSPC 
estimated for the control plants. 
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• rosette, repetition 1 
AUSPC = 5.7(±0.7)log(ID+1)+6.5(±0.6) 

• rosette, repetition 2 
AUSPC = 6.0(±0.5)log(ID+1)+7.2(±0.6) 

• stem, repetition 1 
AUSPC = 6.3(±0.6)log(ID+1)+8.5(±0.6) 

x stem, repetition 2 
AUSPC = 7.4(±0.6)log(ID+1)+8.3(±0.7) 

100 

LOG (MICROSCLEROTIA G'1 SOIL) 

Figure 2.3. Regression lines for the area-under-the-senescence-progress curve (AUSPC) as a 
function of the transformed (10log) soil inoculum density. 

of the life cycle of A. thaliana (Figure 2.1). The disease index {i.e., the senescence index scored 

for the inoculated seedlings minus the senescence index scored for the non-inoculated seedlings) 

was maximal 6-8 weeks after transplanting the seedlings into infested soil for the rosette leaves, 

and 6-9 weeks for the stems (Figure 2.1). Disease indices for the rosette leaves generally gave less 

variable results than those for the stems. In several cases disease indices decreased temporarily 

for the estimates based on the stems, perhaps indicating that compensation growth had occurred. 

The area-under-the-senescence-progress curves steadily increased and showed the largest 

differences at the final observation date (Figure 2.2). The area-under-the-disease-progress curves 

showed few differences with the area-under-the-senescence-progress curves (Figure 2.2). 

At the latest observation date (9 and 11 week after transplanting for the rosette leaves and stems 

respectively), a log-linear relationship existed between inoculum density and the area-under-the-

senescence-progress curve (Figure 2.3), with adjusted-R2 values close to 0.70. At harvest, 11 

weeks after transplanting, plating of the stem bases of seedlings that had been inoculated at 1 

microsclerotium g"1 soil resulted in 30% incidence of V. dahliae (Figure 2.4). Individual colonies 

growing out from the roots could not be counted because most root infections appeared to be 

systemic. Therefore, the percentage of root length covered with V. dahliae after 14 days of 

incubation on MSEA was determined, resulting in 5% root infection at the lowest inoculum level. 

Infection gradually increased with increasing inoculum levels, leading up to 100 for stem and 

70% for root infection, at 100 microsclerotia g"1 soil (Figure 2.4). 
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Figure 2.4. Incidence of Verticillium dahliae in the stem base and percentage of root length 
infected of completely senescent Arabidopsis thaliana as revealed by plating in relation to soil 
inoculum density. 

The numbers of microsclerotia g"1 dry shoot tissue were correlated with the inoculum 

density of V. dahliae. While at 1 microsclerotia g"1 soil 1.6 xlO3 ± 9.0 xlO2 microsclerotia g"1 dry 

shoot tissue was found, at 100 microsclerotia g"1 soil an 18-fold increase was observed (Figure 

2.5). Irrespective of the inoculum level, incidence of microsclerotia in the shoots was 100%. 

However, not all the stems produced by a single test plant contained externally visible 

microsclerotia (Figure 2.5); the proportion of stems with externally visible microsclerotia was 

strongly correlated with inoculum density. 

Discussion 

The four isolates tested had conidial lengths up to 6.0 um, indicating that they belong to V. 

dahliae, and not to V. longisporum, which has conidia up to 8.8 um (Karapapa et al., 1997). 

Problems with verticillium wilt in oil seed rape (Brassica napus var. oleifera) and other crucifers 

have been associated with V. longisporum, and mostly not V. dahliae, whilst on non-crucifers 

they appear to be always associated with V. dahliae, and not V. longisporum (Okoli et al., 1994; 

Subbarao et al., 1995). However, when inoculating V. dahliae or V. longisporum on crucifer or 

non-crucifer hosts, disease regularly occurred (Subbarao et al., 1995, Tabrett et al., 1995; 
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Figure 2.5. Microsclerotia in shoot tissue after complete senescence of Arabidopsis thaliana as a 
function of soil inoculum density. (A) The amount of microsclerotia g"1 dry shoot tissue, (B) The 
percentage of stems per plant exhibiting externally visible microsclerotia. 

Karapapa et ah, 1997). Apparently, in the field other mechanisms are operative that suppress 

disease development or dispersal of the pathogen in V. dahliae I crucifer and V. longisporum I 

non-crucifer combinations. 

A. thaliana was susceptible to all four isolates of V. dahliae used in this study. Each 

isolate caused similar disease symptoms and formed microsclerotia in all parts of the senescent 

plants. However, typical disease symptoms of verticillium wilt, such as partial wilting of the 

leaves, were not observed. All parameters measured, except shoot dry weight, showed strong 

positive correlations with soil inoculum density of V. dahliae. Even at 1 microsclerotium g"1 soil, 

stem and root infection was detected and the area-under-the-senescence-progress curve differed 

significantly from that of the control plants. The sensitivity of detecting V. dahliae by plating 

stem base fragments appear to be lower than that of assessing microsclerotia in the shoot, 
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senescence index, or root plating. For example, microsclerotia were detected in all stems of plants 

exposed to 1 microsclerotium g"1 soil, although only 30% of them showed presence of V. dahliae 

on plated stem base fragments. Nagtzaam et al. (1997) found that plating of 5-mm pieces of stem 

bases of eggplant or potato was much less sensitive than plating sap squeezed from 5-cm stem 

pieces. This indicates either that low populations of V. dahliae are unable to grow out from the 

stem pieces onto the agar medium or that the pathogen may simply be absent from the small stem 

pieces. Using ELISA and plating, Van der Koppel and Schots (1995) mentioned uneven 

distributions of V. dahliae in stems of various hosts. Likewise, in our platings of the 5-cm-long 

pieces of the stem base of A. thaliana, V. dahliae may have been absent, while being present in 

other parts of the stem. 

The association of V. dahliae with the crucifer A. thaliana may be rare under field 

conditions, if extant at all, but for bioassay purposes it appears to be well-suited. The bioassay is 

relatively fast as already 6 weeks after planting final disease scores can be made. The bioassay 

appears to be suited to detect low levels of soil infestation with V. dahliae. Assessment of disease 

6-9 weeks after planting is optimal when the differences with the control are most prominent. The 

disease index is the parameter most easily determined. More sharply defined criteria include the 

number of isolations of V. dahliae obtained from the shoot or root, and the amount of 

microsclerotia formed on the shoot after complete senescence of the plants. Instead of 

determining the amount of microsclerotia per unit of dry weight of shoot material, a semi­

quantitative index for microsclerotial density may also be used (data not presented). However, we 

prefer the use of disease indices because they discriminate sufficiently between the different 

inoculum densities. A. thaliana responded more sensitively to low inoculum densities than other 

bioassay plants such as eggplant (Nagtzaam et ah, 1997) or thorn apple (Evans et al., 1974). For 

example, at several (but not all) observation dates 5-7 weeks after planting, disease indices 

differed significantly (P < 0.05) between inoculum densities 0 ,1, and 3 microsclerotia per 

gramme dry soil. Disease progressed most quickly in plants grown at 25°C, but the life span of 

the V. dahliae-infected plants was most influenced at 20°C (Table 2.1). Therefore, we 

recommend a temperature of 20°C for the bioassay. 

In all test plants, the proportion of stems exhibiting externally visible microsclerotia was 

strongly positively correlated with inoculum density. This may indicate that a single infection on 

a root is not able to infect all stems of a plant. The amount of microsclerotia g"1 dry shoot tissue 

reaches rather similar values for inoculum densities of 1, 3, and 10 microsclerotia g'1 soil, i.e., 1.6 

x 103 ± 9.0 x 102, 2.2 x 103 ± 6.4 x 102, and 3.8 x 103 ± 1.1 x 103, respectively, if only the stems 

showing externally visible microsclerotia are taken into account. However, at 30 and especially at 
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100 microsclerotia g"1 soil, higher densities of microsclerotia, viz., 8.5 x 103 ± 4.3 x 103 and 2.9 x 

104 ± 6.8 x 103 respectively were observed in the stems. The much higher density of 

microsclerotia at 100 microsclerotia g"1 soil indicates that repeated infection of the shoot leads to 

a more thorough colonization and subsequently to higher amounts of microsclerotia g"1 shoot. 

Therefore we hypothesize that a single shoot infection is not able to colonize the shoot 

completely. 

The most sensitive bioassays reported so far recommend the determination of the number 

of root infections per unit of root length on thorn apple (Datura stramonium) (Evans et ah, 1974). 

This method allowes a detection limit of about 2-3 microsclerotia g"1 soil. The detection limit 

reported here of at least 1 microsclerotium g"1 soil is also lower than with other plants tested such 

as potato and eggplant (Nagtzaam et al., 1997). This may be due to the high sensitivity of A. 

thaliana to systemic root infection. While in many host plants the great majority of root infections 

remain localized (Huisman and Gerik, 1989), in A. thaliana we observed mainly systemic 

infections, with microsclerotia present inside the xylem tissue of roots after plating onto Ethanol 

Agar. It was, therefore, impossible to count the number of root infections in our bioassay. 

Nevertheless, the percentage of root length occupied by V. dahliae 14 days after plating onto 

MSEA was strongly correlated with soil inoculum density (Figure 2.4). Given the low standard 

errors, we therefore recommend, in line with Evans et al. (1974), to use the amount of root 

infection as the best estimate for soil inoculum density of V. dahliae. If however, the aim is solely 

to determine whether a given soil is infested with V. dahliae, the less labour-intensive method of 

observing the senescence severity 6-9 weeks after planting 4-week-old seedlings of A. thaliana in 

infested soil may be used. 
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CHAPTER 3 

EFFECT OF TEMPERATURE ON THE FORMATION OF MICROSCLEROTIA OF 

VERTICILLIUM DAHLIAE 

Summary 

Microsclerotium formation by six isolates of Verticillium dahliae was studied at different 

temperatures both in vitro and in Arabidopsis thaliana. Mycelial growth appeared to be optimal at 

25°C, but microsclerotium formation was greatest at 20°C (two isolates) or 15-20°C (one isolate). 

Seedlings of A. thaliana were root-dipped in a conidial suspension, planted, and either placed at 

5,10, 15, or 25°C, or left at 20°C until the onset of senescence, after which some of the plants 

were placed at 5, 10, 15, or 25°C. The amount of microsclerotia per unit of shoot weight was 

assessed in relation to isolate and temperature. Generally, the optimal temperature for production 

of microsclerotia was 20°C. Two isolates each produced about ten times more microsclerotia than 

each of the other four isolates. For these isolates, high R2
adj.-values of 0.77 and 0.66 were 

obtained in multiple regressions, with temperature and its square as highly significant (P < 0.001) 

independent variables. R2
adj.-values for the other isolates varied between 0.28 and 0.39. Moving 

plants to different temperatures at the onset of senescence led to microsclerotial densities 

intermediate between densities on plants that had grown at constantly 20°C and plants grown at 

other temperatures. This suggests that vascular colonization rate and rate of microsclerotium 

formation are similarly affected by temperature. The senescence rate of plants appeared 

unimportant except for plants grown at 25°C, which showed highest amounts of microsclerotia 

per unit of plant weight in the most rapidly senescing plants. Temperature and isolate are 

regarded as primary factors in the microsclerotium formation in host tissue. 

Introduction 

Verticillium dahliae Kleb. is a soil-borne wilt pathogen of a wide range of crops such as 

vegetables (e.g. potato, tomato, eggplant), ornamentals (e.g. chrysanthemum), fruit trees (e.g., 

cacao, olive), and shade trees (e.g. ash, maple) (Pegg, 1974; Schnathorst, 1981; Hiemstra, 1998). 

The pathogen can survive for 14 years or more (Wilhelm, 1955) in soil as microsclerotia, which 
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are small, multi-celled and melanized structures. Germination of microsclerotia in the rhizosphere 

is induced by root exudates (Schreiber and Green, 1963; Schnathorst, 1981). After penetration of 

the vascular system, the pathogen is transported passively upwards through the xylem vessels. 

Disease symptoms develop as the result of physical blockage of the xylem vessels and the 

production of toxins. Finally, verticillium wilt results in early senescence of the infected plant. 

When infected plant parts are dying or dead, the pathogen grows into the parenchymatous tissue 

where it forms abundant microsclerotia up to 2 x 105 g'1 dry shoot tissue or more (Mol and 

Scholte, 1995a). However, among and within fields the formation of microsclerotia in shoot 

tissue can vary considerably (Mol and Scholte, 1995b). Although it seems likely that spatial 

pattern in inoculum density explains most of the spatial variation in formation of microsclerotia 

(Smith and Rowe, 1984), it may at the same time be the consequence of variation in formation of 

microsclerotia. The choice of host cultivar has been shown to strongly influence density of 

microsclerotia in host tissue (Slattery, 1981; Davis et al., 1983). In addition, environmental 

factors may play an important role. 

Temperature may affect formation of microsclerotia either directly or indirectly through 

plant senescence. Heale and Isaac (1965) reported that the optimum temperature for 

microsclerotium formation by V. dahliae produced on Czapek-Dox Agar was 24°C. Brinkerhoff 

(1969) reported on PDA optimum temperatures for mycelial growth and formation of 

microsclerotia of 22-25°C. In cotton leaves, some formation of microsclerotia continued even at 5 

and 30°C, though with low densities, but it was stopped at 32°C (Brinkerhoff, 1969). Formation 

of microsclerotia in infected tomato tissue in unsterile soil amended with Potato-Dextrose Broth 

occurred at all temperatures tested (12-33°C) and was optimal at 24°C (Ioannou, 1977a). 

The goal of the present study was to investigate the effect of temperature on 

microsclerotium formation in vitro and in planta. Arabidopsis thaliana was used as a test plant 

because of its high susceptibility to V. dahliae and short life cycle (Chapter 2). To avoid variation 

due to differences in inoculum density, seedlings were root-dipped in a high density conidial 

suspension. To study temperature effects on events prior to microsclerotium formation, plants 

grown at constant temperatures were compared to plants left at 20°C until the first symptoms of 

senescence were observed, after which they were placed at the test temperatures of 5, 10,15, and 

25°C. 
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Materials and methods 

Inoculum of V. dahliae 

Six monospore cultures of V. dahliae were obtained from a flax stem (isolate CI) or potato stems 

(isolates C2, C3, VI, V3, V4) collected from fields in the province of Gelderland (isolates Cl-

C3) or Drenthe (isolates V1-V4), the Netherlands. Conidial suspensions were prepared by 

growing the cultures in Czapek-Dox liquid medium (Oxoid) for 7 days at 23°C in a shaking 

incubator. After incubation, conidia were filtered through cheese cloth and suspended in sterile 

distilled water to obtain 106 conidia ml"1. 

Effect of temperature in vitro 

Cultures of isolates VI-V4 were grown on Ethanol Agar medium (Nadakavukaren and Horner, 

1959) at 10, 15, 20, 25, or 30°C in the dark for 25 days. Colony size was measured every 2-3 days 

and numbers of microsclerotia per colony were counted at the end of the incubation time. To 

determine the numbers of microsclerotia, a measured sector of the colony was taken, ground 

using mortar and pestle, suspended in 0.08% water agar, and the microsclerotia were directly 

counted in three small subsamples (each 15 ul) of the suspension using a dissecting microscope 

(magnification 25 x). 

Effect of temperature inplanta 

Seedlings of Arabidopsis thaliana ecotype Columbia were germinated in steamed potting soil. 

After 40 days at 22°C the first rosette leaves were formed and the plants uprooted. The roots were 

washed in sterile distilled water, dipped for 20 min in a conidial suspension, planted in black 

plastic pots (w/w/h, 7/7/6 cm) containing sieved potting soil mixed with sand (2/1, v/v), and 

placed at 5, 10, 15, 20, or 25°C for experiment 1 (isolates C1-C3) or 10, 15, 20, or 25°C for 

experiment 2 (isolates VI-V4) respectively. Another set of plants was placed first at 20°C and at 

the onset of senescence transferred to the temperatures of 5 (experiment 1 only), 10, 15, or 25°C. 

The onset of senescence was defined as the stage when rosette leaves and lower stem leaves had 

started to yellow and first seeds were being produced. At this stage, no microsclerotia could be 

observed within the plant tissue. Every treatment was replicated ten (experiment 1) or six 

(experiment 2) times. Plants were watered as necessary and placed in a 16 h-lighted (Philips TD 

32 W/84 HF) climate chamber. 
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