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Stellingen
Het is geen regel, dat antagonisten die gelijktiidig aan planten toegediend worden
elkaar in hun werking remmen; het toadienen van een combinatie van antagonisten
biedt dus perspectief de biclogische bestrijding te verbeteren,

Biologische gewasbeschermingsmiddelen kunnen zeer persistent ziin en de
werking er van kan in de tijd zelfs toenemen. De persistentie van chemische
gewasbeschermingsmiddelen zal juist steeds minder worden door de eisen vanuit
het ocogpunt van de bescherming van het milieu. De markt voor persistente
gewasbeschermingsmiddelen zal dus vooral op biologische middelen gericht
worden.

Wachten kan voor sommige antageonisten een betere strategie zijn dan zich in
aantal te vermeerderen of te groeien

(J.M. Hirst, 1965, pp. 69-81 in K.F. Baker & W.C. Snyder (eds.) Ecology of soll-bome plant
pathogens, University of Califomia Press, Berkeley).

Gewasbescherming door geinduceerds resistentie kan worden toegepast met vrij
beschikbare organismen. Dit versmalt de commerciéle perspectieven van deze
methode.

Het langdurig gebruik van zeer effectieve gewasbeschermings.middelen heeft in de
agrarische sector geleid tot een houding en een organisatiestructuur die een
remmende fakior is bij een grootschalige toepassing van geintegreerde of
biclogische bestrijding.

Een ziekte moet niet steeds op dezelfde wijze bestreden worden om te voorkomen
dat de ziektewekker de werking van de methode 'leert’.

De opvatting dat een biologisch gewasbeschermingsmiddel altijd veilig is, houdt
risico’s in voor de volksgezondheid en het milieu.

Het is onjuist aan te nemen dat het algemene belang van de agrarische sector
parallel loopt met die van de individuele ondememers en werknemers in deze
sector.
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Phytophthora infestans en varkenspest kunnen ook bij de mens ziekie
veroorzaken.

Vermindering betekent in veel gevallen vooruitgang.

Het bestaan van wonderen en de voortgang van de wetenschap zijn als
communicerende vaten te beschouwen.

De wetenschap heeft leugens nodig om de werkelijkheid te doorgronden.

Voordat Nederland het begrip ‘24-uurs-economie’ kende, waren in Belgié de
winkels al op zondag open.

Een universiteit die op vrijdagavond de poorten sluit, is niet voorbereid op de
toekomst.

Het is te eenvoudig politieke besluiten t¢ nemen die vooral de generaties treffen die
op dit moment nog geen kiesrecht hebben.

Veel Nederlanders menen dermate Europees te denken dat een Nederandse
opvatting veelal als de beste oplossing voor Europese vraagstukken wordt
beschouwd.

Een man zonder buik heeft geen trek in het leven
(Salman Rushdie, 1995, De Ilaatste 2ucht van de Moor, Uiigeveri Contact,
Amsterdarn/Antwerpen}.

Stellingen behorend bij het proefschrift van Mario Nagtzaam ‘Biocontrol of Verficillium
dahliae by using Talaromyces flavus', te verdedigen op 14 oktober 1998 te Wageningen.




Venster op de utopie

Zij staat op de horizon, zegt Femando Bim. lk kom twee
stappen dichterbij, zij gaat twee stappen achteruit. |k zet
tien stappen en de horizon wijkt tien stappen.

Hoe ver ik ook loop, ik zal haar nooit bereiken. Waartoe
dient de utopie? Daartoe dient zij: om te lopen.

Eduardo Galeano in Dolende woorden

Voor mijn vader



Abstract

Nagtzaam, M.P.M., 1998. Biological control of Verticillium dahliae by Talaromyces flavus.
PhD thesis, Wageningen Agricultural University, Wageningen, The Netherlands.

Verticillium dahliae causes vascular wilt in a wide range of host plants. Control of
Verticillium wilt is by soll disinfestation and to a lesser extent by crop rotation or, for a few
host plants, by growing resistant varieties. For environmental reasons, the development
of alternatives to chemical soil disinfestation is being sought. Biocontrol by microbial
agents is one of the options. The potential of Talaromyces flavus as a biocontrol agent in
management of the disease is the subject of the thesis.

The effect of the pathogen on plants was studied to adequately interpret results of
biocontrol experiments. Under controlled conditions, a linear relationship was
demonstrated between pathogen inoculum density in soil and its population density on
roots or in sap extracted from stems. In field experiments, incidence of stem infection by
V. dahliae and yield of tubers showed a clear dose-response relation to the amount of
pathogen inoculum applied to soil. Incidence of stem infection and density of stem
colonisation by the pathogen gradually increased during the season. For studying the
effects of antagonists on dynamics of V. dahliae a quantitative bioassay is recommended
using eggplant as a test plant.

Recovery of viable propagules from old samples of seeds coated with ascospores of
T. flavus in a clay formulation indicated that products containing the antagonist may have
a long shelf life. On the pelleted seeds, a significant proportion of the ascospores had
survived a storage period of 17 years.

In pot experiments with field soils, the fungus moved from seed tubers of potato and seeds
of eggplant coated with ascospores to the developing roots, including the root tips, the site
where V. dahlfiae infects the root, albeit at a low density. The population of T. flavus
decreased log-linearly with distance from the seed. Results suggest that passive movement
along the growing root is one of the main factors involved in colonisation by the fungus.
The potential of T. flavus to control V. dahliae was evaluated in several experiments. Its
application to senescent stems collected from a field with a2 diseased potato crop
reduced viability of microsclerotia. Incorporating an alginate wheat-bran preparation of
T. flavus in soil (0.5% wiw) was followed by a decrease of >90% of the population of
V. dahlfiae in soil. The microbial antagonist also reduced colonisation by V. dahliag of
roots and infection of eggplants. Although to a lesser extent than with the antagonist,
alginate wheat-bran without 7. flavus also reduced pathogen colonisation. T. flavus was
tested for efficacy to control wilt in two independent field experiments with potato. After
application of a T. flavus preparation, stems were less densely colonised by V. dahliae in
the treated plots than in the control plots in the first growing season of experiment 1 and



in the second growing season of experiment 2. A reduction in plant colonisation by the
pathogen was not followed by higher vields of potato tubers. Although popultation density
of T. flavus in soil had not increased during the growing season, it remained at a higher
level in treated plots than in non-treated plots, also in the second year after introduction
of the antagonist.

Treatment with combinations of T. flavus with Baciflus sublilis, Fusarium oxysporum or
Gliocadium roseurn gave similar control of root colonisation and stem infection by
V. dahliae as application of the single antagonists. The results suggest that 7. flavus is
compatible with these antagonists.

The significance of propagule distribution in soil for the performance of mycoparasites
was demonstrated using a simple model. Progress of infection of the host fungus was
slower with a random distribution than a uniform distribution of mycoparasite propagules.
With a random distribution, the average distance between propagules was 40-50%
smaller than with a uniform distribution.

The results of the experiments presented in this thesis and in the literature, demonstrate
that T. lavus has the potential for biocontrol of V. dahliae. However, thus far the results
with this antagonist tend to be inconsistent. Control is often partial or even fails
completely. This means that application of T. flavus as a single control method has little
commercial potential. For the time being, hiocontrol is considered as a method to be
applied in combination with cultural methods, biclogical disinfestation, the use of tolerant
cultivars or the selective application of chemical control. The next step in further research
should focus on the nature of the inconsistency of biocontrol using this fungus.
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Chapter 1

General introduction

Verticilliurn dahliae is a soil-borne pathogen that causes vascular wilt in a wide range of
host plants. Among them are agricultural crops, vegetables, flower crops, annual and
perennial ornamentals, and avenue trees. The pathogen occurs in the subtropical and
temperate zones and its distribution is world-wide.

Control of Verticillium wilt is achieved by soil disinfestation and to a lesser extent by crop
rotation and growing resistant varieties. For environmental reasons, the development of
alternatives to chemical soil disinfestation is being sought. Biological control is one of the
options. The potential of Talaromyces favus as a biocontrol agent in management of
Verticillium wilt is the subject of this thesis.

The first section of this chapter deals with the occurrence and importance of Verticillium
wilt in The Netherlands. The second section presents the life cycle of V. dahliae and
includes a description of the early dying syndrome. The third section provides details of
the epidemiology of the disease. The fourth section is on control of the pathogen with
emphasis on biocontrol as a potential alternative for chemical soil disinfestation.

Occurrence and importance of Verticillium wilt in The Netheriands
Verticillium wilt is a major problem in three important sectors of agriculture, viz. in
production of potato and strawberry as field crops, in raising avenue trees in nurseries
particularly lime tree, elm and maple, and in production of rose, chrysanthemum,
eggplant and tomato in greenhouses. Moreover, the disease incidentally causes severe
losses in variaus other host plants, e.9. sugarbeet, common ash and lilac.

In potato, the pathogen is associated with the early dying syndrome. Early dying results
in yield losses up to 25% (Bollen ef al., 1989; Haverkort et al., 1989). Incidence of the
disease is increased when potato js grown in short rotations.

Problems with Verticillium wilt have been accelerated by changes in agricultural practices
during the last decade. The success of the pathogen is due to an increased frequency of
susceptible crops in the present rotation cycles, the polyphagous character of the
pathogen, and the production of persistent resting structures by V. dahliae which survive
in soil for many years. This combination of factors implies that problems arise not only in
short rotations with the same susceptible crops, but also when cropping systems are
changed from arable farming to arboriculture or floriculture. In The Netherlands,
arboriculture and floriculture are economically flourishing and are expanding production
sectors at the same time that arable farming is declining. Fields planted with lime tree,
elm or maple often have a history of potato cultivation which implies that the soil has
likely been infested with V. dahliae. Losses are heavy since sympiom expression in
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woedy plants is rather slow and the disease is only noticed when considerable
investments have already been made. The same applies to soils used for growing
chrysanthemums or roses in greenhouses that have been built on former potato or
strawberry fields. The problems with Verticillium wilt have led to the common practice of
assessment for V. dahliae as a part of the analysis of soil to be used for nurseries or
greenhouses. Verticillium wilt is also a common feature in forests and parks. The present
governmental policies for nature conservation and outdoor recreation aim at an increase
of the area with forests and parks. These are laid out on former arable land. Since this
land has likely been infested with the pathogen, it is expected that the significance of
Verticillium wilt will increase.

Formation of microsclsrotia on dying tissue
[ Microsclarctia in soR of on plant residues

¢ N% @ﬁmmy

Infection ¢f roct tips.
ane reol wounds.

Colonization of sheal,
stem and leaves Colonization of
1he corfex and stela

Fig. 1. Life cycle of Verficillium dahiiae in potato.
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The measures included in the governmental Multi Year Crop Protection Plan (MYCPP)
are likely to increase incidence of Verticillium wilt. One of the goals in this plan is a
substantial reduction in the use of soil fumigants for control of nematodes (Anonymous,
1990). Together with the potato cyst nematode and other major pathogens, fumigation
reduces the population of free-living nematodes that predispose the roots to infection
with V. dahliae. Replacement of fumigation in potato fields by cultural methods and
growing varieties that are partially resistant to the potato cyst nematode will not, or only
slightly, affect the populations of free-living nematodes and, therefore, leaving mote
opportunity for infection by V. dahliae than with fumigation (Bollen, 1993). This statement
is not meant fo detract from the efforts made in developing alternative methods for
disease control by fumigation, but it indicates the need for developing alternative
methods for control of Verticillium wilt.

Life cycle of Verticillium dahliae and disease symptoms in potato
plants

Three stages can be distinguished in the life cycle of V. dahlige: a parasilic stage
followed by a short saprophytic stage and a dormant stage. The resting structures in the
dormant stage are microsclerotia that are formed in senescent and dead tissue of the
host plant (Fig. 1). In a few host plants, such as cotton, microsclerotia occur in dead
leaves; in woody host plants they occur in petioles (Tjamos and Tsougriani, 1990; Rijkers
et al., 1992); in potato in the superficial layers of the cortex of dead stems. In the field,
microscilerotia on potato stems can be observed with the naked eye. Germination of the
microsclerotia is highly sensitive 1o soil fungistasis and occurs only at high nutrition levels
as induced by root exudates in the rhizosphere of host plants. However, exudates of non-
hosts seem to induce germination as well (Schreiber and Green, 1963; Qlsson and
Nordbring-Hertz, 1985).

The parasitic stage starts when the germination hyphae infect the host plant at the root
tips or at sites of lateral root emergence. Then the fungus advances inter- or
intracellularly through the cortex tissue. Most of the infections seem to be superficial in
the root cortex as most of the colonies are removed when the roots are surface-sterilised
(Evans and Gleeson, 1973). Once the fungus has reached the vascular tissue, conidia
are formed and transported by passive movement. In cotton, hyphae were observed to
pass from one vessel to another through the pits (Schnathorst, 1981). The parenchyma
cells adjacent to the infected vessels are often discoloured and filled with gum-like
material. The vessels may become plugged by hyphae and products secreted by the
parenchyma cells.




4 Biocontrol of Verticillium dahliae by Talaromyces flavus

Symptom expression starts with flaccidity of the plant when the crop is exposed to dry
conditions or solar radiation. Chilorosis first appears at the lower leaves. Unilateral
chlorosis and wilting of the plant is observed when the vessels are infected at one side of
the stem base only. Individual leaves often show the same pattern when one half
becomes chlorotic and the other half remains green. Chlorosis is often, but not always,
followed by necrosis of the leaf tissue due to toxigenic action by the fungus (Schnathorst,
1981). In general, the next stage is irreversible wilting of the potato plant. Severely
infected crops are characterised by early dying that occurs a few weeks before
senescence of a healthy crop. Early dying is not always preceded by wilting.

As soon as the tissue of infected plants senesces, the saprophylic stage of the fungus
begins. From the xylem the mycelium of the pathogen invades the adjacent cells and
colonises the dying tissue followed by the formation of a great number of microsclerotia.
In and on dead stems of field-grown potatoes, 4x1 0° microsclerotia g‘1 dry weight were
counted (Nagtzaam, unpublished). Potato cultivars differ considerably in the extent to
which microsclerotia are produced (Slattery, 1981; Mol and Scholte, 1995). Together with
the residues of the infected crop the microsclerotia are retumed to the soil. During
decomposition of the residues the microsclerotia are gradually released and the life cycle
is completed. Part of the microsclerotia population survives for 12 to 14 years in soil
{Wilhelm, 1855).

Epidemiology

Since pathogen inoculum rarely produces new inoculum that incites infections within the
same growing season (Schnathorst, 1981), Verticitlium wilt is considered to be a single
cycle vascular wilt disease. Conidia or mycelia in soil do not contribute to long-term
survival of the pathogen (Green, 1969). The fungus survives as microsclerotia,
separately or in decayed plant tissue. Survival is affected by soil type, soil moisture and
temperature (Green, 1980). Additionally, low populations survive on the roots of many
symptomless crop and weed species, including monocotyledons (Martinson and Homer,
1962; Davis et al., 1997b) and enhance survival of the pathogen in agro-ecosystems.

V. dahliae behaves as an obligate parasite as it infects only the living plant and does not
colonise soil organic matter because it lacks competitive saprophytic ability. In non-
sterile soil, its mycelium is readily lysed. Therefore, dispersal of the pathogen is mainly
by passive transport. Transport of microsclerotia in soil particles and in diseased plant
tissue by mechanical means (agricultural tools and machinery) or by the wind seem to be
most important. Leaves of diseased trees containing microsclerotia spread Verticillium
wilt in these crops. In addition to transport by mechanical means and by wind, water can
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also spread microsclerotia (Easton ef al, 1969). Termorshuizen (1997) observed
massive sporulation of V. dahliae on leaves and petioles of Arabidopsis thaliana. Under
humid conditions, formation of conidia on microsclerotia present on the soil surface and
on dead infected potato tissue was noticed. However, the significance of conidia in
dispersal is considered to be limited because of their high sensitivity to drought. In wind
tunnel experiments with sporulating microsclerotia as an inoculum source, the pathogen
was not dispersed by conidia (Termorshuizen, 1997). Seed transmission has been
demonstrated for safflower and sunflower (Klisiewicz, 1975; Sackston and Martens,
1959). In The Netherlands seed-potatoes do not play a role in pathogen dissemination
because harvest is early in the growing season when microsclerotia have yet to form.
Soil mesofauna can be important in dissemination of fungi. Williams and Whipps (1995)
and Whipps and Budge (1993) showed that mesofauna can transmit viable conidia of
Coniothyriumn minitans in soil. The presence of mites and collembolans in and near
Verticillium-infected plant debris in soil creates suitable conditions for spread in this way.
In The Netherands, compost made from crop residues and household waste is used to
maintain or increase soil fertility. Spread of V. dahliae in certified compost to -new fields
would seem to be excluded as the conditions during the thermophilic phase of the
composting process are lethal to Verticillium propagules when present in crop residues
used as parent material for composting (Bollen and Volker, 1995). The conditions during
composting are more severe than during exposure to 50 °C during 23 minutes which
already kills 90% of the microsclerotia (Pullman et al., 1981).

Severity of Verticillium wilt is related to the inoculum population at the start of the growing
season (Ashworth et al., 1979; Bollen ef al, 1989; Davis ef al, 1994). Verticillium
populations vary in strain composition and density depending on the cropping history of
the field, because the release of microsclerotia from colonised plant debris lasts at least
one year following its incorporation into the soil. Slattery (1981) concluded that in potato
fields most microsclerotia are incorporated in buried infected tissue. Data on the
relationship between soil incculum population and wilt severity are inconsistent
(Termorshuizen and Mol, 1995). Yield loss in potato was observed at 10 up to 200 colony
forming units per gram soil (Powelson, 1970; Nnodu and Harrison, 1979; Bollen ef af.,
1989). Devay ef al. (1974) were unable to demonstrate a significant correlation between
inoculum density in field soils and percentage of diseased plants. Similar resulis were
obtained by Ashworth ef al. (1972), Bejarano-Alcazar et al. (1995) and Davis and
Everson (1986). So, pathogen density in soil is not the only determinant of disease
severity. One factor is the variation in germination rate of the microsclerotia and the
number of germination hyphae {(Hawke and Lazarovits, 1994). Another factor is the
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pattern of pathogen distribution in soil. In commercial fields microsclerotia occur in
clustered or aggregated patterns (Smith and Rowe, 1984; Xiao ef af,, 1997) and the
population density varies with soil depth (Ben-Yephet and Szumelewich, 1985). Up to
now, no data are available on the effect of microsclerotial distribution on Verticillium
disease development and severity. Variation in virulence of strains of Verticillium also
affects disease development (Mol et al., 1996). Virulence of an isolate depends on the
host species, geographical origin and susceptibility of the host cultivar (Zilberstein,
1983b). Until 1980, intraspecific variation in V. dahfiae had been considered the
exception rather than the rule but recent studies showed the contrary (Jeger ef al., 1996).
Other soil-borne pathogens can have a profound effect on disease progress and yield
loss caused by V. dahlfae. Migratory nematodes of the Pratylenchus group strongly
enhance disease severity (Riedel ef al., 1985; Saeed of al., 1997). Other nematodes,
e.9. Globodera, Heterodera and Meloidogyne, are claimed aiso to predispose the plant to
Verticillium wilt (Hamison, 1971; Jacobson ef al, 1979; Storey and Evans, 1987;
MacGuidwin and Rouse, 1990). The literature on interactions with V. dahliae is less
consistent for fungi than nematodes. Scholte et al. (1985) found that with potato cultivar
Amethyst yield loss by V. dahliae was almost doubled in the presence of Colfletotrichum
coccodes whereas with cultivar Bintje no synergism was found between these fungi.
Johnson and Miliczky (1993) reported that C. coccodes was not associated with
V. dahliae.

Yield reduction is mainly the result of closure of the stomata, reduced photosynthesis,
and early senescence of the canopy after blockage of the vascular system of the haulm
(Haverkort ef al., 1990; Bowden and Rouse, 1981). High temperatures are considered to
favour yield loss in potato (Francl ef al., 1990). The optimum temperature for the growth
of V. dahliae in vitro ranges from 20 to 26 °C and the minimum temperature from 3 to 12
°C, depending on the tested Verticillium isolate (Brinkerhoff, 1973). During a cool
summer in temperate zones, the level of pathogen inoculum can stay below the
threshold necessary to cause disease symptoms and yield loss. Disease development is
restricted at very high temperatures is (Pullman and DeVay, 1982). Germination of
conidia and mycelial growth are inhibited at temperatures above 31-33 *C (Pullman ef
al., 1981). Temperature may affect not only the pathogen but also the resistance level of
the host plant {Brinkerhoff, 1973).

It is widely recognised that wet soil conditions enhance potato early dying in an arid
atmosphere. These conditions favour rapid transpiration associated with a high flow of
water and conidia through stems and teaves of the plant (Cook, 1973). Gaudreault of al.
(1995) hypothesised that an increased disease severty under moist conditions is also
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caused by slowing root growth and by indirectly increasing the rate of microsclerotial
germination. The latter is due to an increased leakage of nutrients from roots under moist
conditions (Kuan and Erwin, 1980) which enhances the likelihood that a microsclerotial
germ tube encounters a root tip. Pullman and DeVay (1982) concluded that irrigation
‘increased disease development as the root system increased rapidly and provided
increased root surface for inoculum contact. Bollen et al. (1989) found that in wet
summers potato sterns were colonised by V. dahliae to about the same extent as in two
years with a dry summer. Moreover, yields were reduced to a lower degree than in dry
years. It is hypothesised that temperature is more critical than soil water potential in
determining disease development in The Netherlands. At the same time, rain water
decreases soil temperatures. In addition fo temperature and soil water potential,
fertilisation has been shown to influence disease incidence significantly (Davis and
Everson, 1986; Cappaert et al., 1992).

The major part of new inoculum is formed in the aerial parts of the host plants (Ben-
Yephet and Szmulewich, 1985; Mol and Scholte, 1995). Various environmental factors
influence formation of microsclergtia. In Israel, autumn crops had a higher microsclerotial
production than spring-grown crops (Ben-Yephet and Szmulewich, 1985). This difference
was attributed to the dry hot weather in spring and cool, moist conditions in autumn
during senescence of the crop. Experiments in vitro corroborated this hypothesis as
microscierotial production was rapid and abundant from 18 to 28 °C , but was reduced
between 5 and 15 °C and at 30 °C (Brinkerhoff, 1973). The results of Soesanto and
Termorshuizen (1997} that the optimum for microsclerotia production on shoots and
roots was at moderate temperatures (15 and 20), are in accordance with the findings in
Israel. Mol and Scholte (1995) found that numbers of microsclerotia were higher in a late
harvest than in an early one. They hypothesised that in a late harvest the pathogen
already started to grow to the outer part of the potato tissue. In that case, competitors
would develop too late to prevent pathogen reproduction. Another reason they suggested
was that later in the season the vascular system of potato was more colonised by
V. dahliae.

Present methods in control of Verticillium wilt

Thus far, the most effective method for controlling persistent soil-borne pathogens is soil
disinfestation by steaming or by fumigation with eradicants. Recently, attempts have
been made to reduce the amount of fumigants needed for Verticillium control, either by
improving the techniques of application (Gamliel et af., 1997} or by combinations with
other control agents (Fravel, 1996). Fravel (1996) advocated integrated control by a
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combination of treatment with metam sodium at low rates and application of biocontrol
fungi. At a sublethal rate of the fumigant, growth of V. dahliae from microsclerotia was
reduced but growth of the biocontrol fungus Talaromyces flavus was not. Infection of
eggplant by V. dahliae was reduced by treatment with the combination, but not by the
fumigant alone. Probably the pathogen is weakened by the fumigant, making it more
vulnerable to its antagonist. In The Netherlands and in many other countries, fumigation,
even at reduced rates, is discouraged due to the high costs, the health risk for workers,
and the adverse effects on the environment. Solarization is an effective way of
disinfestation of Verticillium infested soils, although it appears to be difficult to completely
eliminate the pathogen (Melero-Vara ef al., 1995). However, its practice is not relevant
for fields in temperate zones.

Various cultural methods are used in the control of Verticilium wilt. Crop rotation has
received much attention (Schreiber and Green, 1963). Short rotations with nan-hosts do
not result in sufficient control because of the longevity of the microsclerotia (Easton ef
al., 1992; Mol et al., 1996). Since 1951, when Wilhelm published that inoculum of
Verticillium can be reduced by soil amendments, much research has been done to
suppress the disease by applying organic products. The results varied from no effects
with straw and compost (e.g. Elmer and Stoner, 1993) to an appreciable reduction of
survival by using alfalfa and oat residues (Green and Papavizas, 1968), chitin (Jordan et
al., 1972) or barley (Harrison, 1976). With these products questions can be raised about
the practicability of the application since the effective rate of amendment was >0.5% w:w,
except for chitin where it was 0.2%. Recently, the use of organic matenials for reducing
Verticilium has again become of topical interest. Lazarovits (1997) tested a wide
spectrum of organic materials and obtained significant control of V. dahfiae, also in the
second crop year after application. Davis et al. (1996) evaluated several green manure
treatments and found that Verticillium wilt was best controtled and yields were highest
after treatments of either sudangrass or - to a lesser extent - maize. Koike ef al. (1997)
demonstrated that amendment with broccoli residues is very effective against Verticilium
wilt in cauliflower. Plots treated with these residues had inoculum densities as low as the
fumigated ones. Blok {(1997) considerably improved the efficacy of disease control with
green crop residues by inducing fermentative conditions in soil. Anaerobiosis was
achieved by tarping the amended soil with plastic sheeting with a low permeability for
oxygen. With this procedure a reduction to 0.08 or 15 % of the original V. dahliae
population was obtained in grass-amended soil in two field experiments. It was
suggested that toxic products are formed when green residues are decomposed under
anaerobic conditions. Probably, the mechanism(s) of microsclerofia inactivation are to
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some extent the same as those in flooded soil where conditions are also detrimental for
survival of V. dahfiae (Pullman and DeVay, 1981).

Since stems colonised with microsclerotia are the major source of soil infestation,
removal of crop debrnis is often recommended as a cultural practice to prevent build-up of
inoculum in soil. Mol et al. (1995) and Lamers and Termorshuizen (1997) found that it
was not sufficiently effective in short rotations with host crops, but they suggest a role for
it in rotations with a low incidence of susceptible crops or in combination with chemical
and biological control measures.

Breeding for disease resistance and tolerance has been successful for a few host crops.
Although resistant or tolerant cullivars are commerciafly available for tomato, hop,
peppermint and potato, they are only widely used in tormato and cotton production (Allen,
1994). For other crops, performance is suboptimal and they are grown only in regions
with acute wilt problems. The choice of potato varieties grown for industrial processing
{e.g. for production of crisps and French fries) is not likely to change in the near future
because of the long-term investments made in machinery required for specific varieties.
Traditional variety preferences of consumers also delay changes.

Resistance against V. dahliae induced by other organisms has been reported in many
hosts (Jorge et al, 1992; Melouk and Horner, 1975; Schnatthorst and Mathre, 1966).
Research on stimulation of the plant defence system in this way has not yet led to
commercial practice for control of V. dahliae. Induced resistance is dependent on
enviranmental conditions. The effects are often temporal and inconsistent and there is a
lack of field experiments. Moreover, it is difficult to make the method patentable for
registration (Kuc and Strobel, 1992).

Biacontrol of soil-borme pathogens is approached in at least two ways. The first is by the
search for soils that are naturally suppressive to the disease. These soils are a hostile
environment either for pathogen growth and survival or for disease expression even if the
soil contains high populations of pathogen inoculum (Baker and Cook, 1974). Thus far,
soils suppressive to V. dahliae have not been found. It is not clear whether this is
because specific searches for these soils have not been made or that these soils do not
exist. Keinath and Fravel (1992) induced suppressiveness to Verticillium wilt by repeated
cropping of the same soil with potato in the greenhouse. This suppressiveness was
associated with specific types of soil.

The second method of biocontrol is by applying microbial antagonists. This approach has
received more attention than the search for suppressive soils. More than 40 species of
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fungi and bacteria have been tested for their in vitro or in vivo activity against V. dahliae
(Table 1). About 25 species were tested in labour-intensive field experiments.

In field experiments, promising results were occasionally obtained by Marois ef al.
(1982), Fravel et al. (1986), Ordentlich et al., (1990), Georgieva (1992), Johnston ef al.
(1994) and Tjamos et al. (1997). Up to now, biocontrol of V. dahliae is not commercially
practiced. Research efforts on biocontrol of V. dahfiae are characterised by separate and
short-term projects. An exception is the work on Talaromyces flavus in the research
programme of the Biocontrol Plant Diseases laboratory in Beltsville, USA. The work
started with that of Marois et al. in 1982 and since then has been continued by Fravel
and co-workers and by research workers in Israel, Germany and Greece.

It seems justified to conclude that up to now, no single method is available for a
consistent and effective control that is compatible with the principles of sustainable
agriculiure. Therefore, there is a demand for an overall strategy built on partially effective
methods that complement each other.

Objectives, approach and outline of the thesis

Anticipating the increased chance of infestation of potato and other crops by V. dafiliae
due to a reduction in soil fumigation in addition to existing problems with Verticillium wilt,
two 4-years research projects were initiated and funded by the The Netherands
Multiyear Crop Protection Programme. One project geared towards control by cultural
measures and the other to control by biological agents. Both projects were granted to the
Wageningen Agricultural University.

The first project was performed at the Department of Agronomy from 1990 to 1994. The
potential of cultural practices was studied either by growing non-host crops or by removal
of crop debris and mechanical treatment of infested potato haulms. The project yielded a
wealth of quantitative information on the ecology of V. dahliae, in particular on its
dynamics. Mol (1995) demonstrated that the cultural practices mentioned did not provide
effective control of Verticillium wilt under commercial conditions. This conclusion does
not detract from the general merits of cultural practices for controliing other diseases.
The second project was performed at the Department of Phytopathology from 1992 to
1996. The resuits are presented in this thesis. The choice of T. flavus as an antagonist
was based on its higher resistance to adverse conditions than other antagonists of the
pathogen (Beuchat, 1992; Tjamos and Paplomatas, 1987), on its preference for the
rhizosphere as a habitat (Marois et al., 1984), and on its efficacy in biocontrol of
V.dahliae in the USA (Marois et al., 1982, 1984; Fravel et al., 1986). It should be stated
however that data on the efficacy of the antagonist are not consistent, for example Spink
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and Rowe (1989) and Keinath ef al. (1990) were not successful in their attempt to control
Verticillium wilt.

T. flavus affects pathogen development in several ways. It is known as a mycoparasite
on Rhizoctonia solani (Boosalis, 1956}, on Sclerotinia sclerofiorum (McLaren ef al.,
1986), on Sclerotium rolfsii (Madi et al., 1992) and on Verficilliium dahliae (Fahima and
Henis, 1990; Fahima et al.,, 1992). It produces antibiotics that inhibit growth of a wide
range of fungi (Mizuno ef al., 1974). Kim et al. (1980), Fravel and Roberts (1991), and
Madi ef al. (1997) presented substantial evidence for production of glucose oxidase as
the antifungal principle inhibiting development of V. dahliae.

Chapter 2 presents a quantitative bicassay to study the effects of various antagonists on
dynamics of V. dahliae. It indicates that the level of internal colonisation of plants by
V. dahliae is an useful additional parameter in biocontrol studies.

Chapter 3 deals with the persistence of the spores of T. flavus during storage of a
product containing the antagonist. For commercialisation, a long shelf life is a strong
point in favour.

Chapter 4 deals with dynamics of T. flavus on the roots of eggplant and potato. It
demonstrates the potential to establish (itseff) at locations on the root where V. dahliae
infects the root.

Chapter 5 presents the results of in vitro and growth chamber experiments on biocontrol
of V. dahlige in soil and on the roots of the host. 7. favus and other antagonists were
tested. In an attempt to improve biocontrol efficacy of T. flavus combinations of
antagonists were applied and their compatibilities were assessed.

Chapter & presents a theoretical study on the effect of spatial distribution of fungal
antagonists on their performance as biocontrol agents.

Chabter 7 includes the presentation of the results of two field experiments. It is discussed
whether application of T. flavus deserves a role in the strategy for biocontrol of
Verticillium wilt in The Netherlands.

Chapter 8 contains a general and summarising discussion on (bio)control of Verticillium
wilt.
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Table 1. Literature on fungal and bacterial biocontrol agents against V. dahliae

Bloconool agant Host plent Boconimiefiget! 0 Source
:namnhnlodomwnm Undef fistd
nwirg ____ Geophouse conghtjons
Fungt
Asperpiius slutaceus [ + + Meros &t af, 1052
A, fumigius Epool s M * * Cadant & Patoron, 1867
Blestornycas kisus Tomao; o' mouth ¢+ * q Isaac, 1954
Chaoiomism 8pp. Egpplant - - [ Caani & Paierson, 1967; Marois af al., 1962
Chiaridiom versacens Egoplent [ - 0 Marais of !, 1662
Coninasa halarmdeme Epgplant Q . Q Maris of ., 1062
Conioshyrium gp0. Strawbany + + +e Jarcan & Tam, 1978
Doméomyces anp. Swrawberry + + - Jordan & Tam, 1978
Eupeniclium javanicum Eggelant [} - 0 Maris of al, 1302
Fusariun spp. Eggplont + 4o . Jovdan & Tair, 1976; Marols of oL, 1582
F. aquizafi Potato [ Q + Davis ot ol 10107¢
E Eggplant; bmaio ] + 0 Juguur 1m‘f-|-pudnm 19922,
F. axyspoam L3p. i Tomako [ + 0 & Garbald, ¥
Cotior:; eggpkini; ] * - O-Mi&Pum IW Glotuss & Muronitsire, 1090; Jobnston of &, 1984;
poisa; locema aingth of o, 1900, 1901 Mitlar et al., 10304
G. virane ] - - Keeneth of ., 1000, 10934.b; Maris of &0., 1062
Gllorsastix 5pp. Strawbeny + + -+ Jordan & Tar, 167/
Homodendron spp. Acar ap5. + [ 0 Calanl & Peterson, 1867
Pasciicmycas sgp. Mapple; eggptant +- + ] Catant & Paterson, 1967; biarots of 7., 1082
F. Ragiua Egpplant ) a + Marois at &, 1962
Peaiciium spp. Egoplant Acer spp. +- - + Caotant & Potorson, 1867; Jordon & Tarm, 1976; Keinath of al, 16812
£ funicukosim Epgpiant +- - ] lllnIlP!-wn 1967; Maroia o i, 1962
Psoudogymroasous Eopplant o 2 - Maroisaf al, ¢
Taisrormyces flavus Egoptant. potatn; + * +- Dovle st od., 1m Fahima & Hons, 1095, 1665; Fahima of a)., 1632; Frovel &
oiiaead mpo FRoborts, 1091: Froval of al., 1908, 1065: Engelkes. 1963; Jobwsion ot &,
1684, Honia & Fahima.: 1890; Keinaih of a)., 10012, 186(0; Kim atal, 1883,
1000; Mavois of af, T2, Marois of &', 1384; Spink & Rowe, 1850; Zetsa,
1007
Y. beciyspenus Epgplent [ - 9 Mavois of &, 982
Trichodanme hemedum Epgplant [ - g Warok o @i, 1082
T. haszioaum Eggpiant; potain [ + - Elad st &/, 1680
T. komingd Peppar [] o +
T. Sgnonm Eggplant 0 * + Catsnd & Pulerson, 1967
T. viride + + * Jarden & Tare, 1I7E; Marois of o, 1842
rossum + o - Jonden & Tar, 1976
Varliclkum albo-atnem Tomalo [ + ] Gartoaid, 1977
¥, dahdee Sunfiower; cotian 0 + * Prioe & Sacksion, 1663, 1885 Schnathorst & kathee, 1086; Zaki a2 of., 1672
V. iNgrescons Mevrtha pipevits L. [] + [} Malouk & Homer, 1975
Meontha candiaca L
V. toorpus Tomak L] + + Mgita & Gardbald, 197T: Davia of o, 19872
Bacherla
B sudeis Mapis AR . : g -
+ + Berg & Bafiin, 1894; quovy.llf 1985; Hal of al., 1988; Podde of al.. 1065
Beaciius spp. Egptpriant ¢ + + Tiemos of al., 1807
Cofuiomonar. Ravipana Fotaio + + 1] Vyadi & Esston, 1085
Erwinid SeroKvor Coon + - ] Barg & Batin, 1904
Pesuiomones fucrescens  Poluio :) « ;f Bwe:nlanlh 1934; Loben of ai., 1667, Wadi & Exston, 1985
—Straplomyons fevpfingir! _ Potglo * 8

14, 4 - Significant, mcdersie and no conlrol, respectively; 0 = no date provided for.
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Chapter 2

The relationship hetween soil inoculum density and plant
infection as a basis for a quantitative bioassay
of Verticillium dahliae

Abstract

Using potato, eggplant and thorn apple as test plants, the relationship between soil
inoculum density and plant infection was studied as a basis for the development of a
guantitative bioassay of Verticillium dahliae. A linear relationship was demonstrated
(P<0.05) between soil inocutum density and population density on roots for all three test
plants and for soil inoculum density and population density in sap extracted from stems
for eggplant. Correlation coefficients were higher W|th densities on or in roots (R varying
from 0.45 to 0.99) than with densities in stems (R® varying from 0.04 to 0.26). With
eggplant, population densities onfin root and in sap extracted from stems were
significantly correlated at 20 and 25 °C with Pearson's correlation coefficients of 0.41 and
0.53, respectively. For potato, root colonisation was higher at 15° than at 20 °C, whereas
the reverse applied to eggplant. Stems of potato were less densely colonised than
stems of eggplant. The pathozone sensu Gilligan {1985) was calculated to be <300 mm,
indicating that infection was caused by microsclerotia which were located close to the
roots. To assess the density of V. dahfize in plant tissue pipetting infested plant sap on
solidified ethanol agar medium withaut salts yieided higher densities than using pectate
medium or mixing sap with molten agar. A bicassay for determining effects of (a)biotic
factors on development of V. dahliae in the plant is recommended with eggplants as a
test plant, grown in soil infested with 300 single, viable microsclerotia g™ soil at a matric
potential of -6.2 kPa, and incubated at 20 °C for 8 weeks.

Introduction

Verticillium dahliae Kleb. causes early dying of potato resuiting in considerable yield
losses in The Netherlands (Bollen et al., 1989; Scholte, 1989). Soil inoculum consists of
microsclerotia that occur free or embedded in plant debris (Schreiber and Green, 1962)
and may survive for many years (Wilheim, 1955). In some studies disease incidence was
shown to be related to soil inoculum density (e.g. Nicot and Rouse, 1987; Pullman and
DeVay, 1982; Wheeier et al., 1992), whereas in other studies such a relation could not
be established (Ashworth et al., 1972; Davis and Everson, 1986; DeVay et al., 1974).
The main reason for this discrepancy may be the effects of the environment on
processes that occur over the long period between germination of microsclerotia in soil
and the appearance of disease symptoms, usually late in the growing season
(Termorshuizen and Mol, 1995).

Research on introduced biocontrol agents and other environmental factors on the
dynamics of V. dahiiae requires a reliable quantitative bioassay. Plant bicassays have
been used in ecological studies on V. dahiiae (e.g. Evans ef af., 1974) and for selection
for resistance to the pathogen in host plants (Palloix et al., 1990; Zeise, 1992). These
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tests are generally based on symptom evaluation. Because symptom expression is
strongly dependent on environmental factors, some of which are unknown, estimation of
presence of the pathogen in the host plant provides absolute proof on infection of the
plant. Evans ef al. (1974) were the first to develop a quantitative bioassay based on root
colonisation by V. dahfiae. Estimation of inoculum density of V. dahliae in stem tissue in
addition to that in or on the root would again add extra information. In studies where
severity of symptom expression, yield and susceptibility of the host plant were shown to
be associated with vascular colonisation, methods were described to quantify
colonisation of the stem by V. dahliae (e.g. Pegg and Jonglaekha, 1881; Ordentlich et
al., 1990; Hoyos ef al., 1991; Johnson and Miliczky, 1993). However, thus far the degree
of colonisation of the stem has not been used in a quantitative bioassay. Moreover,
experimental evidence for a relation between numbers of microsclerotia in soil and
colony forming units (cfu} in stem sap is lacking. In field experiments, Davis et afl. (1983
and 1996) found a significant comelation between estimated inoculum density of
V. dahliae in naturally infested soils and inoculum density in dried potato stems.

The objective of the present investigation was to evaluate the usefulness of the
techniques that are used for estimating the population densities on or in plant roots and
in sterns for determining effects of biotic and abiotic factors on development of V. dahlise
in the plant in growth chamber bioassays.

Materials and methods

Preparation of inoculum
Microsclerotia were obtained either from potato stems collected from an infested field or
artificially produced on autoclaved rye seeds as described by Kotcon et al. (1984). The
inoculum was air dried in a sterile flow cabinet to eliminate conidia and mycelial
fragments (Green, 1969). After chopping the potato stems or grinding the rye seeds with
pestle and mortar, the inocuium was blended in tap water. The resulting suspension was
poured through nested 150, 75 and 20 pm mesh sieves. Material retained on the 20 mm
sieve was rinsed with additional water and resuspended in tap water. A drop was
pipetted on a microscope slide and the separation of microsclerotia from stem material
was verified by examination under a binocular dissecting microscope (50x). The retained
material was resuspended in 0.08% water agar (Slattery, 1981) to lessen sedimentation
of the microsclerotia in the suspension. The density of the suspension was estimated by
direct assessment of the number of microsclerotia in at least 10 drops of 10-20 nl.
Germination percentage of the microsclerotia was assessed by plating 0.2 ml of
suspension on ethanol agar medium (EA)(Nadakavukaren and Homer, 1958), or by
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transferring single microsclerotia to MSEA-medium (Harris ef al., 1993) as described by
Hawke and Lazarovits (1994). Instead of streptomycin, chioramphenicol and
chlortetracycline, the bacteriostatic antibiotic oxytetracycline (50 mg ml”') was added to
these media.

Preparation of soil and seed

An autoctaved (4 h, 115 °C and 50 kPa) sandy soil (pH-KCI 7.0, 0.3% organic matter,
fraction particies 216 um 97.4%, density 1.23 g cm™) was used in all experiments.
Recolonisation and microbial activity were standardised by growing the soil with wheat
(Trticum aestivum L. cv. Okapi) before use. Ten days after sowing, the wheat was cut at
soil level and the soil was air-dried and sieved through a screen of 2 mm mesh to
remove roots.

Seeds of eggplant (Solanum melongena L.} of the susceptible cv. Black Beauty
(Ferrandino and Elmer, 1993} and thom apple (Datura stramonium L.) were surface-
sterilised as described by Fahima and Henis (1990). Potato minitubers (Lommen and
Struik, 1992), diameter 12-17 mm, of cv. Element, shown to be highly susceptible to
V. dahliae (Scholte, 1990), were washed with tap water, surface-sterilised for 10 min in
1% NaOQCI, washed twice with sterile water and dried on sterilised filter paper. The tubers
were incubated in the dark at 20 °C until sprouts started to grow, and then used for the
bioassay.

Bioassay

A suspension of microsclerotia was applied to air-dried soil fo obtain the required
inoculum density. Differences in germinability between inoculum preparations were
adjusted for by applying different quantities of inoculum. In the experiments with eggplant
grown at 15 and 20 °C, microsclerotia were used that originated from potato stems
collected from an infested field. In other experiments artificially produced microsclerotia
were applied. The level of colonisation of the roots can be affected by both the density
and distribution pattern of microsclerotia in soil (Ashworth et al., 1972a; Wheeler et al.,
1994). In the field, part of the microsclerotia population is associated with plant debris,
especially in the year after cultivating a susceptible crop (Ashworth ef al., 1974, Slattery,
1981). The distribution pattern of microsclerctia depends on decay of the infected plant
residues, which is strongly infiuenced by environmental conditions. For this reason we
applied microsclerotia, rather than incorporating plant residues infected by V. dahliae.
The soil was moistened to a 10% and 15% moisture level corresponding with a matric
potential of -6.2 and -4.2 kPa, respectively. Soil matric potential was measured by mini-
tensiometers. Pots (4 x 4 x 12 ¢m) with parallel sides and a bottom of 22.4 pm mesh
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polyamide screen were filled with the soil. Three eggplant or thorn apple seeds or one
potato minituber were placed in each pot. Pots were covered with plastic to maintain a
high air humidity and incubated in growth chambers at a light intensity of 20 W m?2 16 h
day' and a air relative humidity of 80%. After emergence of the seedlings, the plastic
was removed and the number of plants per pot was reduced to one, Soil temperatures at
a depth of 5 cm below soil level were 1-2 °C higher than air temperatures. Soil moisture
level was maintained by compensating for moisture losses and plant growth by adding
half strength Hoagland's nutrient solution (about four times per week) after weighing the
pots.

Detection in shoot tissue
Stems were cut at the soil line, defoliated, washed in tap water, surface-disinfected in 1%
NaOCI for 1 min, washed twice in sterile water, and blotted dry on sterilised filter paper.
In order to estimate the extent of penetration of the disinfectant, stems were soaked in a
solution of equal volumes of fluorescein isothiocyanate and TRIS-buffer (pH 6.8) for 1
and 30 min, respectively. Fluorescence microscopy showed that the fluorescence
suspension penetrated 1-2 mm into the stem ends for both soaking durations. Five mm
long segments were cut off at both ends to remove tissue that had absorbed NaOCl.
Stem infection was assessed by plating one 5 mm portion of the stem base on
EA. Plates were incubated at 20 °C and examined for growth of V. dahliae after 1 week.
In a preliminary experiment, methods were compared to quantify colonisation of stem
tissue. Sap was extracted from a 5 cm segment of the basal portion of a surface
sterilised stem of potato using a plant press. If the first extraction yielded less than 0.1 ml
of sap, the extraction procedure was repeated by further pressing after addition of a
measured volume of sterile water. Extracted plant sap was mixed with molten agar
medium according to Hoyos et al. (1991), or pipetted on solidified medium as described
by Ordentiich ef al. (1990). Between processing the samples, the press was cleaned with
hot water, 95%-ethanol and cold water, respectively. Aliquots of 0.1 or 0.2 ml were
pipetted into plastic Petri dishes (Greiner, diam. 8.5 cm, with ridges) and 20 ml of molten
medium (45-50 °C) added while the dish was agitated gently. Alternatively, sap was
spread over the solidified medium with a surface-sterilised glass rod. The plates were
incubated in the dark at 20-22 °C. Zilberstein et al. (1983a) found that germination of
microsclerotia was inhibited at lowered oxygen concentrations. Therefore, after 3 days
the lids of the plates were moved to remove water barriers that possibly prevent inward
oxygen diffusion. Starting at 7 days up to 3 weeks after preparing the plates, the number
of cfu per ml sap was determined by counting the number of colonies that produced
microsclerotia.
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Three media were compared for their suitability to quantify V. dahiiae in plant sap:
pectate medium (PM) (Huisman and Ashworth, 1974; slightly modified by Bollen et al.,
1989), EA (Nadakavukaren and Horner, 1959) and EA amended with salts but without
PCNB (EA+) (Ausher ef al., 1975). For all media, 50 mg i oxytetracycline was added
instead of streptomycin and chioramphenicol. All data were transformed to compensate
for the possibility of overlapping colonies, using Gregory's (1948) multiple infection
transformation. A mean colony size of 0.028 ¢m? at evaluation time was assumed, based
on the ability to discriminate colonies on the agar plate. The transformed number of
colonies Ng 4, with a Petri plate area of 56.7 cm? and Ng, the number of counted colonies
per Petri plate, was calculated as Ns,t = (-in(1- 0.028*Ngf56.7)"Ng)+N.

Defection in root tissue.

To assess root colonisation, soil was washed off the roots under a gentie flow of tap
water on a sieve with 0.25 mm pore size. Subsequently the roots were washed for 20
min in running tap water, rinsed twice in sterile water and blotted dry on sterile filter
paper. The root system was cut into three parts, viz. the regions 0-3, 3-6 and >6 cm
below the stem base, respectively. Each part was transferred to a plastic EA plate
(diameter 8.5 cm). The roots were placed apart using preparation needles and pressed
into the medium using a spoon. Root length was determined by automatic image
analysis using a Quantimet 570 (Leica). Roots were then incubated for at least 7 days in
the dark at 20-22 °C and regularly examined for growth of V. dahfise. The numher of
colonies obtained was adjusted for possibility of overlapping colonies assuming a mean
colony length at evaluation of 2.5 mm. This length was based on observation of the
plates and corresponds with the lengths of 2 and 2-3 mm reported by Evans and
Gleeson (1973) and Huisman (1988b), respectively. The transformed number of colonies
on the root, N4, is given by (L/0.0025)"(-In(1-0.0025*(N,/L}}), with root length L (m) and
number of observed colonies of V. dahliae N on the root system.

Statistical design and data analysis

All experiments were designed as randomised blocks with 10 to 12 replicates and each
pot representing an experimental unit. Data of stem and root colonisation were analysed
after | logio{Ng+1) transformation. Root and stem colonisation were regressed on
logio{inoculum density g'1 soil + 1) and homogeneity of regression slopes was tested.
Stem colonisation was also regressed on root colonisation and Pearson correlation
coefficients calculated between root and stem colonisation. In all analyses zero's were
included.
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Results

Assays for V. dahliae in plant tissue

Two methods and three media were evaluated to assess the density of V. dahliae in
stems. Colonies developed on all media. Pipetting infested plant sap on EA (solidified
alcohol agar medium) without salts, on EA with salts, on pectate medium or mixing the
sap with molten EA yielded 87, 7, 14 and 5 cfu ml" sap, respectively (N=10). With
pipetting sap on EA without salts the highest density (P<0.05) was obtained. This method
was used in all further experiments.

Thom apple Potato Eggptant
. dahliae (logyo cfu m-! root)
A
3 3
2 20°C 2
1 1
‘o 1 2 E] %% 1 2 3
inoculum density (logqp microsclerotia g-1)
Temp. Exp.period A2 | Skpe S.E. Temp. Exp.period RZ2 | Sbpe SE Temp. Exp.pasiod R2 - S.E
{woaks} (wenks) (weeks) we
a 20 2 045 0.08 088 0.024 . 15 a 086 039 111 00%9 s 15 7 Q45 D14 0.4
s 20 3 098 002 059 0.02¢ o 18 a 081 011 086 0039 a 20 8 071 042 o.s? &ggg
& 20 8 081 058 062 0.048 ¢ 25 7 035 162 049 0.130

Fig 1. Log-log relationships between inoculum densities of Verticillium dahliae in scil and
colony forming units per unit root length at different temperatures (°C) and experimenital
periods (weeks) for thorn apple (A), potato (B) and eggplant (C). Data were analysed b!
regression analysis which was statistically significant in all experiments (P<0.001). R",
intercept (1), slope and standard error of slope (SE) are presented.

Relationship between inoculum densily and colonisation of stems and roots
The relationship between inoculum density in soil inoculated with viable microsclerotia
and root colonisation is shown in Figure 1. In all experiments, a significant linear
relationship was found between | logio-transformed numbers of microsclerotia g'1 soil and
log.c-transformed numbers of cfu m™ root, for all test plant species and all temperature
regimes, Slopes of the lines varied between 0.42 and 1.11 (Fig. 1). At densities 0 1
microsclerofium g" soil root systems were colonised in all pots. For potato, slopes of the
lines were higher at higher at 15 °C than at 20 °C (P<0.05).

The relation between soil inoculum density and stem colonisation is shown in
Figure 2. Logic-transformed numbers of V. dahliae mi” sap showed a linear relation with
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logie-transformed numbers of microsclerotia g” soil (P<0.01) except at 15 °C with potato.
The coefficient of determination increased with increasing temperature.

With eggplant, root and stem colonisation were significantly correlated at 20°C
and 25 °C (P<0.01) with Pearson’s comelation coefficients of 0.41 and 0.53, respectively,
but not at 15 °C. Regression analysis of density in the stem on soil inoculum density
resulted in lower coefficients of determination than regression of root colonisation on soit
inoculum density (Figures 1 and 2).

Stem colonisation generally increased with increasing soil inoculum density
(Table 1). Occasionally, typical symptoms of disease developed as unilateral chlorosis
and/or wilting of leaves. In the series with eggplant at 25 °C, contamination with V.
dahliae resulted in a low level of infection in the noninoculated control. Most probably this
occurred by dispersat of Verticillium propagules present in water or soil during handling
processes in the growth chambers.

The pathozone width was calculated for eggplant at 15 and 20 °C on the basis of
the data on inoculum densities and root colonisation, using the displacement model
(Gilligan, 1985), excluding the mean radius of the microsclerotia and assuming an
average root diameter of 0.34 mm. The width ranged between 0.1 mm and 0.3 mm and
did not differ between inoculum densities and temperature (P<0.05).

Table 1. Proportion of stems of eggplants and potatoes infected by Verticillium dahliae in
relation to inoculum density in soil.

Experimental conditions Inoculum density in so (number of mirosderotia g soi)
Test plant Temperature L Detection methed 0 1 10 30 100 300 1000
perncd (weeks}
Eggoiant 15°C 8 sap o 2 020 020 056
segmMent 0 - 0 1} 040 -
20°C 8 sap 0 1} 0.20 050 08 050 060
segment 0 4] 0.70 070 004G 070 1.00
25°C 7 sap 0.11 - 018 050 058 083 -
segment 0.11 - 010 040 066 092 -
Potato 16°C 8 sap 0 4] 0 0 L] 010 -
segment ° ] 1] 0 ¢10 030 -
18C 8 sap 0 0 [ o 0 0 0
sepment o 0 0 [ o L] 0.t0
20°C [ sap ] 0 o 0% 43¢ 020 033
segment 0 o o0 0 050 050 080

' Each number represants the proportion of infecied stern partions found among 10-15 plants examined.
2 Inoculurn dendity not included. .




20 Biocontrol of Verticillium dahiiae by Talaromyces flavus

Potato . Eggplant
V. dahliae {log1g cfu mi-1 sap)

2 3 0o 1 2
Inoculum density (logig microsclerotia g1}

Temp. Exp. period R2 I Slope SE. Temp. Exp.perod RA2 !  Slope SE.
(weeks) {weeks)

® 15 B 0.04 -0.02 004 0.027 e 15 T 011 011 053 Q1%

A 20 a 0.07 004 017 0.071 n 20 8 0.26 -0.07 061 0.13

+ 25 7 026 -1.00 137 034

Fig 2. Log-log refationships between inoculum densities of Verticillium dahifiae in soil and
colony forming units per ml plant sap at different temperatures (°C) and experimental
periods (weeks) for potato (A) and eggplant (B). Data were analysed by regression
analysis which was significant in all experiments (P<0.01) except at 15 °C with potato.
R?, intercept (1), slope (S!) and standard emor of slope (SE) are presented.

influence of soil temperature and moisture leve! on colonisation of roots and stems

At 20 °C and a soil moisture level of 10%, the basal part of the stem was colonised by

V. dahliae in 100% of the plants examined B weeks afier sowing {Table 2). Infection
tended to be faster at the low soil moisture level. Root colonisation remained at the
same level during the experimental period at 20 °C, but decreased from 7 weeks after
sowing at 25 °C (Fig. 3).

Discussion

Differences in root colonisation among plant species observed in the present research
and elsewhere (Huisman and Gerik, 1989; Evans ef al., 1974) can be due to various
factors, e.g. root morphology, growth rate and growth pattern of roots, phytoalexin
production and the amount and composition of root exudates. The latter is probably the
most important factor. Exudation depends not only on plant species but alse on
environmental conditions and on microbial activity in the rhizosphere (Schreiber and
Green, 1963). We aimed to standardise the recolonisation and microbial activity of soil
by cropping the steamed soil with wheat. However, random deposition of airbome
microbes on the freshly sieamed soil can then still affect the process of recolonisation. In
most experiments (15°C and 20°C with potato and 20°C with eggplant), the same batch
of recolonised soil was used and consequently the factors mentioned above could not
have been major sources of variance. The densities for root colonisation in our experi-
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Fig 3. Colony density of Verticillium dahliae per unit root length at two temperatures (°C)
and two soil moisture levels {%). Least significant difference (P<0.05) is shown.

ments were in the same range as those reporied by Evans et al. (1974) and Gaudreault
et al. (1995) who performed their experiments also under controlled conditions. Root
colonisation densities in the field are often lower (Huisman, 1988b, Nagtzaam, 1995).
This may be related to the interruption cof the germination and infection processes due to
different temporary biotic and abiotic conditions in the field.

Soil inoculum density and the population density in or on roots showed a logio-
logqo relationship. This is in agreement with the observations of Evans et al. (1874) and
Huisman (1988a) who found that the number of colonies on the root was directly
proportional to inoculum density in soil. The linear relationship on logic-logqo scales does
not support occuirence of extensive multiplication of V. dahliae neither on or in roots or
in soil, nor does it support systemic colonisation of a large part of the root system in soil
or extensive growth in the root cortex, as this would lead to deviations from a linear
relation on logie-logo scale (Huisman and Gerik, 1988).

Several authors demonstrated a correlation between symptom expression and
stem colonisation by V. dahliae (Busch and Schooley, 1970; Hoyos et al, 1991;
Ordentlich et al., 1990; Schreiber, 1992). Results of field experiments conducted by
Ordentlich ef al. (1990) indicated a correlation between stem colonisation and yield of
potato tubers. In the present study, the relationship between inoculum density in soil and
population density of V. dahliae in stem sap was linear on a log-logio scale. Also
significant correlations were obtained between population density on/in roots and in sap
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extracted from stems. We emphasise that our results are based on only one type of soil
and with inoculum added under controlled conditions. Therefore, the significance of our
resuits for other conditions is difficult to infer. Estimating population densities of
V. dahfiae in stem sap in addition to densities on the root provides extra information in
studies on effects of environmental factors on the dynamics of V. dahliae in the soil or in
the plant. The population densities in stem sap of the test plants were similar to those
reported for potato by Hoyos ef al. (1991). Although colonisation of the roots was higher
with potato than with eggplants, the stems were not more colonised and infected.
Apparently, in potato the ascent and proliferation of the pathogen in stems is more
limited by physical or chemical barriers than in eggplant.

Table 2. Proportion of eggplant stem portions infected by Verticillium dahliae at four
experimental periods, two temperatures and two soil moisture levels at an inoculum
density of 300 microsclerotia g~ soil.

Experimental Temperature and soil moisture level
period (weeks)

20°C 25°C
10% 15% 10% 15% moisture content
62 4.2 6.2 4.2 kPa
6 07" 05 0.8 0.5
7 08 0.6 1.0 0.6
8 1.0 0.9 0.9 0.9

' Each number represents the proportion of infected stems among 10 plants examined.

The freguency of stem colonisation never reached 100%, and in some cases
remained lower than expected at an inoculum density of 300 microsclerotia g soil. In
field soil, disease incidence of >80% has been reported from 5 ms g'1 soil onwards (e.g.
Nicot and Rouse, 1987). The absence of nematodes in the soil used for our bio-assays
might have played a role. Moreover, we applied in our experiments individual
microsclerotia instead of aggregates of microsclerotia in plant residues which probably
have a higher infection capagcity.

Correlations of soil inoculum density were higher with root colonisation than with
stem colonisation. This is easily explained as root colonisation is one of the processes
involved between germination of microsclerotia and stem colonisation. It could be argued
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that the lower correlation coefficients observed at suboptimal temperatures for V. dahliae
(Figures 1 and 2) reflect the lesser activity of V. dahliae at these temperatures.

Among the plant species, eggplant had the highest infection level of stems.
Therefore, we recommend a bioassay with eggplant at a temperature of 20 °C, at a
matric potential of 6.2 kPA and an experimental period of 8 weeks. A temperature of
20°C is preferred as colonisation of the root system was constant over time (Fig. 3),
whereas variation in stem and root colonisation increased at lower temperatures {Fig. 1
and 2). An experimental period of at least 8 weeks and a soil inoculum density of 300
microsclerotia 9'1 soil is recommended to assure a sufficiently high infection percentage
(Tables 1 and 2). At first sight this density seems rather high compared with population
densities in infested soils. For example, Bollen et al. (1989), Davis ef al. (1996), Melero-
Vara et al. {1995) and Tjamos and Paplomatas {1987) reported soit inoculum densities of
17-27, 40-70, 2-85, 1-28 microsclerotia g field soil, respectively. However, under a
highly susceptible crop, populations can mount up to 1500 propagules g'1 soil (Jordan,
1971). In cotton fields in Califomia with an incidence of Verticillium wilt, densities usually
range between 100 and 200 viable propagules g soil (Schnatthorst, 1981). Moreover,
estimates of numbers of propaguies based on recovery from soil should be considered
with caution. They often lead to underestimation of the actual population since recovery
ranges from 1-60% dependent on the isolation methods (Nicot and Rouse, 1987;
Termorshuizen, 1995).

Root colonisation by V. dahliae depends on the ability of the microsclerotia to
germinate, grow and infect. These processes are affected by the secretion of exudates
by the host plant. Our calculations of the pathozone width, indicating that microsclerotia
must be present within a distance of 0.1-0.3 mm from the root surface in order to infect
the root, support the stimulatory role of root exudates for germination of microsclerotia.
The estimated pathozone width corresponds with data available in the literature for
V. dahliae. Huisman and Gerik (1989) calculated a pathozone width of 0.13-0.43 mm for
different host plants. Olsson and Nordbring-Hertz (1985) and Mol and Van Riesen (1985)
found that microsclerotia germination percentages decreased rapidly to background
levels at distances of 5 mm and 1 mm from the root, respectively.

in summary, a bioassay for determining effects of (a)biotic factors on
development of V. dahliae in the plant is recommended with eggplants as a test plant
grown in soil infested with 300 single, viable microsclerotia g soil at a matric potential of
-6.2 kPa and incubated at 20 °C for 8 weeks.



24

Biocontrol of Verticifliurm dahliae by Talaromyces flavus







