Stellingen:

Toepassing van Ulocladium atrum tegen Botrytis spp. is een vorm van
ziektepreventie.

Dit proefschrift.

Een goede timing van Ulocladium atrum toepassing is essentieel voor
succesvolle bestrijding van Botrytis spp. en dient gerelateerd te worden
aan de fenclogie van het gewas.

Dit proefschrift.

De ecologische niche van een competitieve antagonist overlapt in
belangrijke mate met die van het te bestrijden pathogeen.

Het plukken van door Botrytis aangetaste aardbeien is, door het saniterend
effect, winstgevender dan het plukken van een zelfde aantal gezonde
aardbeien.

De ontwikkeling van biologische bestrijdingsstrategieén is maatwerk.

Om het gedrag van schimmels te begrijpen moet je ‘denken’ als een
schimmel.

Carpoolen verkort de spits maar maakt die, door werktijdsynchronisatie,
niet per se minder druk.




8. Het internet is het medium bij uitstek om informatie over RSI te
verspreiden.

9. Het World Wide Web heeft meer overeenkomst met een mycelium dan
met een web.

10.  Hetinstellen van een vierdaagse werkweek, waarbij de werkdagen over
alle dagen van de week worden verdeeld, is effectiever tegen files dan het
voortdurend aanpassen van het wegenstelsel.

11. Hallucinerende paddestoelen, wat een gezwam!

{Utrechts Universiteitsblad on-line)
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Author’s abstract

Kessel, G.J.T., 1999. Biological control of Botrytis spp. by UWlocladium atrum, an
ecological analysis. PhD Thesis, Wageningen University, the Netherlands, 155 pp.,
12 tables, 18 figures, English and Dutch summary.

Plant pathogenic fungi from the genus Botrytis cause economically important
diseases in a wide range of crops during the production phase as well as post harvest
phase. Control is based on the frequent use of fungicides. Alternative approaches for
control are studied because of the development of fungicide resistance in the
pathogen and environmental concerns. The fungal saprophytic antagonist
Ulocladium atrum is an effective biological control agent of B. cinerea in cyclamen.
U. atrum may also be effective against B. cinerea in other crops and against other
Botrytis spp. The biocontrol effect of U. atrum is based on a competitive interaction
with B. cinereg in plant tissue. An immuno-histological technique was developed to
visualize the interaction between the mycelia of Botrytis spp. and U. atrum in plant
tissue and quantify colonization levels. Nutrient competition was found to be the
dominant antagonistic mechanism between the species and pre-emptive colonization
of plant tissue by U. gtrum was identified as the most promising biocontrol strategy.
Necrotic plant tissue is the primary target for U, atrum applications, since this is the
(only) niche available to both Botrytis spp. and U. atrum. Pre-emptive colonization
of naturally necrotic tissue by U. atrum was highly effective against B. cinerea in
cyclamen, whereas U. atrum applications against B. elliptica in lily were ineffective.
A comparison of both pathosystems suggests three criteria that govern the potential
success of U. atrum as a biocontrol agent. 1) There must be a niche in which U. atrum
competes with the pathogen; 2) The competitive ability of U. atrum in this niche has
to be sufficient to allow for competitive exclusion of the pathogen. 3) The niche from
which the pathogen can be excluded has to be essential for disease development.
Colonies of U. atrum have lower radial growth rates than those of the Botrytis spp.
studied. In practical biocontrol, this competitive disadvantage of the antagonist can
be overcome by applying a high density of its conidia in a uniform distribution on
the target tissue.
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Voorwoord

Schimmels en andere micro-organismen zijn een essentieel onderdeel van ons
dagelijks leven. Het benutten van natuurlijke interacties tussen micro-organismen om
plantenziekten te bestrijden is een relatief nieuw terrein van onderzoek. Enkele van
de onderzoeksstapjes die nodig zijn om een biologisch alternatief te kunnen bieden
vaor chemische bestrijdingsmiddelen zijn beschreven in dit proefschrift.

De enorme hoeveelheid werk die verricht is om enig inzicht te krijgen in de interactie
tussen plantpathogene Botrytis soorten en de antagonist Ulocladium atrum komt
zeker niet alleen voor mijn rekening. De begeleiding was goed verzorgd, maar liefst
vier begeleiders stuurden het onderzoek terwijl twee maal per jaar de STW
gebruikerscommissie zijn licht liet schijnen op de behaalde resultaten.

Nyckle Fokkema, jouw ideeén vormden de basis voor het onderzoek aan biologische
bestrijding van Botrytis. Je hebt je niet dagelijks met het onderzoek bemoeit maar je
was beschikbaar als het nodig was. Jouw enthousiasme en inzichten zijn erg
belangrijk voor me geweest. Jirgen Kdhl, jij verzorgde veelal de dagelijkse sturing
van het (praktische) werk en de inbedding en ondersteuning van dit onderzoek
binnen de Botrytis groep op het IPO. Menig keer heb jij naar ons geluisterd als er
weer eens iets anders liep dan verwacht. Oplossingen voor problemen waren ook
vaak van jouw hand. Samen met Wopke van der Werf had je ook de twijfelachtige
eer de eerste versie van menig manuscript te mogen bewonderen. lk ben je zeer
erkentelijk voor je onvermaeibare inzet bij het onderzoek wat geleid heeft tot dit
proefschrift. Wopke, jij hebt mijn handel en wandel op het voor mij nieuwe gebied
van systeem analyse en simulatie in de juiste richting gestuurd. Gedurende de laatste
paar maanden van het schrijfwerk zat je in de Verenigde Staten. Dat was echter
absoluut geen rem op het correctie werk. |k had af en toe het idee dat je helemaal
nooit sliep terwijl de e-mail verbinding roodgloeiend moest zijn van alle heen en
weer gemailde files. Veel dank voor de enorme inzet. Rudy Rabbinge, jij hield strak
de hand aan het tijdschema en je hebt ook menig manuscript voorzien van kritische
kanttekeningen. Toen ik na anderhalf jaar werk in mineur kwam melden dat
Ulocladium waarschijnlijk nooit effectief zou zijn tegen Botrytis elliptica in lelie, was
jouw opgewekte commentaar dat ik dan mijn proefschrift kon gaan afronden. Jouw
enthousiasme en de energie die er van uitging was erg motiverend.

Heel veel praktisch werk is gedaan door Carin Lombaers - van der plas en Lia de Haas.
Jullie inzet en doorzettingsvermogen zijn voor mij een voorbeeld geweest.

Binnen de groep van de bovengrondse ecologen op het IPO was het altijd erg goed
toeven. Daarnaast was er altijd hulp bij “noodgevallen”. Thijs, Wilma, Helen, Pedro
en Pieter, bedankt! De zelfgemaakte slingers zal ik in elk geval nooit vergeten.
Daarnaast hebben ook de proefvelddienst, kassendienst, AIV en vele anderen op het
IPQ bijgedragen aan de totstandkoming van dit proefschrift. Ali wil ik speciaal




bedanken voor de vele vroege koffie en de koeken. Rob Nelissen en Maurice
Claassens, jullie hebben als stagiare bijgedragen aan het onderzoek. Jullie kunnen
je bijdragen in dit proefschrift terugvinden.

Buiten Wageningen werd ondersteuning gegeven door Ernst van den Ende en Ineke
Pennock - Vos van het LBO. Vele leliebollen vonden hun weg naar Wageningen om
hier mishandeld te worden met Botrytis. Jullie hulp, enthousiasme, opstekers en
adviezen zijn zeer gewaardeerd. De medewerkers van Schoneveid b.v. In Twello wil
ik bedanken voor hun niet aflatende enthousiasme voor het Ulocladium werk.
Molley Dewey, your enthusiasm and contributions to our work were very motivating
and greatly appreciated. Collaborating with you and Natasha Karpovich was a joy!
| would like to thank all the participants in the PhD discussion group 1 of the C.T. de
Wit Graduate School for Production Ecology for their helpful comments on early
versions of the manuscripts. Your contributions were incorporated in this thesis.
Tijdens de afronding van het proefschrift heb ik veel hulp gehad van Raph de Rooij.
Raph, jouw kennis van DTP gerelateerde zaken was fenomenaal. |k hoop dat je
tevreden bent met het resultaat. Daarnaast waren er ook nog twee kaboutertjes die
op miraculeuze wijze onze weekenden thuis citroentjes fris wisten te ontlasten, Het
was altijd erg prettig thuiskomen op vrijdagavond.

Mijn ouders wil ik bedanken voor alle stimulansen die ze me gegeven hebben tijdens
mijn gehele opleiding. Ik hoop dat jullie op deze manier een klein beetje zicht krijgen
op mijn Wageningse werk. Ik draag dit proefschrift aan jullie op.

Tot slot wil ik Rina bedanken. De afgelopen maanden waren niet gemakkelijk en
menig weekend en uitstapje is er bij ingeschoten. Zonder jouw hulp en steun had ik
het niet gered. Je hebt er wel een bere-conditie aan overgehouden zoals ik recent
ondervonden heb. Vanaf nu mag jij weer met de auto naar je werk en ga ik weer
fietsen in het weekend, dan kan ik je tenminste weer bijhouden!

Geert
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Chapter 1

General Introduction

Plant pathogenic Botrytis spp. are ubiquitous fungi causing economically important
diseases in a wide range of host species throughout the world. Control of Botrytis
diseases is based on the frequent use of fungicides but remains difficult. Biological
control of Botrytis spp. is considered to be a valuable alternative or supplement to
other control measures. In recent years the saprophytic fungal antagonist U. atrum
was shown to be an effective biological contral agent of Botrytis spp. The biocontrol
effect of U. atrum against Botrytis spp. is based on both species interacting in
necrotic plant tissue. The research presented in this thesis studies the interaction of
U. atrum and Botrytis spp. in necrotic cyclamen- and lily tissue to gain insight in the
possibilities of biological control at tissue level, leaf level and crop level.

Plant pathogenic Botrytis spp.

Necrotrophic Botrytis spp. cause economically important diseases during the
production phase as well as post-harvest. Field and greenhouse vegetables, small
fruits, ornamentals, flower bulbs and forest tree seedlings are all attacked by Botrytis
spp. {Coley-Smith et al., 1980). The symptoms include rotting of above ground plant
parts and the harvestable- or harvested product. Members of the genus Botrytis are
commonly classified in two groups. 1} B. cinerea, a broad spectrum pathogen which
attacks a wide range of host plants and 2) species morphologically distinct from 8.
cinerea which are more specialized in their parasitism {Wood, 1962) e.g. B. elliptica
on Lilium spp. and B. aclada on onion. Hyphal cells of Botrytis spp. are multinucleate
and frequently heterokaryotic. Sexual recombination and heterokaryosis control the
heritable variation found in Botrytis spp. and generate the genetic potential of
Botrytis spp. to adapt to changes in the environment (Lorbeer, 1980).

Botrytis cinerea Pers. ex Pers. and Botryotinia fuckeliana (de Bary) Whetz.
{Ascomycetes, Sclerotiniaceae) are the asexual {anamorphic) and sexual
{teleomorphic) stages in the life cycle of the same heterothallic filamentous fungus
{Faretra et al., 1988). B. cinerea is pathogenic to a range of over 200 host plant
species {Jarvis, 1977; 1980a} and a saprophyte on necrotic plant material.

Infection of the host can arise from germinating conidia and ascospores, from
mycelium growing in dead plant parts and from mycelium established in extraneous
organic material (Verhoeff, 1980). The presence of water and excgenous nutrients
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is known to enhance infection by B. cinerea {Chou and Preece, 1968; Mansfield and
Deverall, 1974; van den Heuvel, 1981; Fourie and Holz, 1998). However, conidia can
also be infective after dry inoculation and in the absence of exogenous nutrients
{Cole et al., 1996). The rale of mycelial infections in B, cinerea epidemiology is not
clearly established but they were shown to play a role in strawberry (Jarvis, 1962d)
and in apricot (Yarwood, 1948).

Conidia, ascospores, mycelia and sclerotia can be dispersed by wind, rain splash or
growers activities (Jarvis, 1962a, 1962b, 1962¢; Ellerbrock and Lorbeer, 1977;
Hausbeck and Pennypacker, 1991). Conidia are produced in large quantities in
infected crops (Nicot et al,, 1996) and can be dispersed over large distances. Despite
this dispersal potential, Kéhl et al {19953} demonstrated in a field experiment that
the majority of the conidial infections originated from conidia produced within a few
meters from the infection site.

Sclerotia are generally believed to be the primary survival structures of Botrytis spp.
Sclerotia can germinate in three ways: myceliogenic, sporogenic or carpogenic,
giving rise to new dispersal propagules {Coley-Smith and Cooke, 1971). Ascospores
of B, fuckeliana have been reported to serve as primary inoculum in bean (Polach
and Abawi, 1975), grapevine (Vanev, 1965; Kublistskaya and Ryabtseva, 1970} and
conifers (Hainesworth 1949).

B. cinerea causes leaf rot in cyclamen and is a major pathogen in this crop
(Nightingale, 1982; Jacob, 1987). B. cinerea infection of cyclamen results in expanding
lesions on petioles and leaf blades. Contact infections from petiole to petiole in the
dense canopy of the cyclamen plant cause the typical symptom of diseased leaf
clusters which reduce the ornamental value of the plant.

B. elliptica Berk. Cooke causes destructive leaf infections in lily plants (‘leaf fire’)
resulting in serious yield losses (Doss et al., 1986). The host plant range of B. elliptica
is practically limited to lily (Lilium spp.} although alternative hosts have been
reported (Maclean, 1948). Conidia or ascospores causing primary infections of B,
elliptica were reported to originate from sclerotia present in the soil and on plant
debris {van den Ende and Pennock-Vos, 1997). B. elliptica is spreading within and
between lily plants through contact infections and splash or wind dispersal of
conidia (Beyma thoe Kingma and van Hell, 1931). B. elliptica infection of lily leaves
results in brown expanding lesions. Associated with the lesion, yellow streaks of
senescing tissue can be formed, distaily and proximally from the lesion {Doss et al.,
1988). From the leaves B. elliptica migrates to the stem where it can block vascular
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transport and kill plant parts located above the location of stem infection {Beyma
thoe Kingma and van Hell, 1931).

Chemical disease control

At present, the control of diseases caused by Botrytis spp. is based on the frequent
use of fungicides. Despite the availability of several effective fungicides and
improved application techniques, control of Botrytis diseases is often difficult and
incomplete (Gullino, 1992}. Botrytis spp. have demonstrated a great potential to
develop fungicide resistance (Gullino, 1992; Migheli et al., 1990). A constant selection
pressure exerted by the frequent use of fungicides led to the development of
resistance to benzimidazoles in the early 1970's {Bollen, 1982; Delp, 1988) and to
dicarboximides in the 1980's {Lorenz, 1988). Resistance to both benzimidazoles and
dicarboximides is now widespread {Gullino, 1992). Chemical control strategies for
Botrytis spp. using fungicides with different modes of action in alternation or
combination in order to avoid resistance development are now common practice, but
control of Botrytis diseases remains difficult {Leroux, 1994). On top of this, increasing
concerns about the effects of pesticide residues on environment and human health
(Jansma et al., 1993) lead to an increasing number of restrictions on the use of
pesticides. Integration of chemical, cultural and biological control measures guided
by decision support systems is now becoming a rational and realistic aim te control
diseases caused by Botrytis spp. (Gullino, 1992; Kerssies, 1994; Nicot and Baille, 1996).

Biological control of necrotrophic fungal pathogens.

For biological control of fungal foliar pathogens using introduced antagonists,
usually a distinction is made between necrotrophic and biotrophic pathogens. This
distinction is based on the potential of nutrient competition in the antagonistic
interaction (K&hl and Fokkema, 1998). Nutrient competition will only be active
against necrotrophic pathogens and not against bictrophic pathogens because
biotrophic pathogens do not depend on exogenous nutrients or necrotic plant tissue
for infection and escape from interaction with antagonists in the phyllosphere after
infection. Infections by necrotrophic pathogens on the other hand are dependent on
or stimulated by exegenous nutrients {e.g. Chou and Preece, 1968; Fokkema et al.,
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1983). Necrotrophic pathogens kill healthy plant tissue by means of toxins or
enzymes before they colonize the tissue and utilize the available resources.

Three strategies for biological control of necrotrophic pathogens can be
distinguished (Fokkema, 1993; K6hl and Fokkema, 1998):

« microbial suppression of infection,

» microbial suppression of mycelial colonization, survival and sporulation of the
pathogen in necrotic plant tissue,

« microbial degradation of sclerotia as the primary inoculum for future crops.

The choice for a biological disease control strategy depends on the sensitivity of the
pathogen and the efficiency of the biocontrol agent during the different stages of
the pathogens life cycle. The choice for an antagonist depends on the antagonist’s
suppressive capabilities, its adaptation to the niche in which the interactions take
place and on the average interaction time.

Short interaction times between pathogen and antagonist require fast antagonistic
mechanisms, such as the production of antibiotics or other compounds toxic to the
competitor. Longer interaction times allow the use of antagonists effective through
slower antagonistic mechanisms such as nutrient competition. The niche in which
the interaction takes place is characterized by nutritional, abiotic and biotic factors.
Biocontrol agents introduced into a specific niche need to be ecologically adapted
to that niche.

Microbial suppression of infection

Microbial suppression of infection takes place on the leaf surface, where interaction
times between pathogen and antagonist are short. This habitat is characterized by
rapid fluctuations of temperature, water availability {Burrage, 1971) and nutrient
availability. All these factors are determining factors in the population dynamics of
the micro-organisms living on the leaf surface. Naturally occurring bacteria, yeasts
and fungi populating the phyllosphere depend on short periods suitable for growth
and have to be able to survive during periods unsuitable for growth with e.g. low
water availability or extreme temperatures. Nutrients available in the phyllosphere
include leaf leachates (Tukey, 1971}, pollen (Chou and Preece, 1868) and aphid
honeydew (Dik et al., 1991). These nutrients also stimulate infection of the leaf by
necrotrophic pathogens. Consumption of phyllosphere nutrients by the natural
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microbial population neutralizes this stimulation of infection, thus providing a
natural mechanism of disease control of necrotrophic pathogens (Dik et al., 1991).
Fungicides applied to the leaves can eliminate the natural phyllosphere flora after
which phyllosphere nutrients remain on the leaves, thus stimulating infections by
necrotrophic pathogens (Fokkema et al, 1975). Other examples of microbial
suppression of infection involve the use of introduced micro-organisms producing
antibiotics (Knudsen and Spurr, 1987), micro-organisms producing surfactants
reducing the leaf wetness duration (Seddon and Edwards, 1993) and the use of
Trichoderma harzianum isolate T39, which is capable of reducing the level of
hydrolytic enzymes produced by B. cinerea on the leaf surface (Kapat et al., 1998;
Zimand et al., 1996). Trichodex, a commercially available biocontrol product against
B. cinerea was developed based on T, harzianum T39.

Microbial suppression of mycelial colonization and sporulation

Microbial suppression of mycelial colonization during the saprophytic phase of
necrotrophic pathogens in necrotic tissue has the advantage of significantly longer
interaction times then microbial suppression of infection (Fokkema, 1993). After
senescence, plant tissue becomes available for saprophytic colonization by
saprotrophic and necrotrophic (pathogenic) micro-organisms. Similar to healthy
plant tissue, necrotic tissue is also exposed to extreme and strongly fluctuating
climatic conditions (K6hl et al., 1995b). The principal nutrient sources in naturally
senesced tissue are formed by remaining cell wall components such as cellulose,
hemicellulose and lignin. The amino acids and soluble sugars content is relatively
low due to relocation of these substances to healthy plant parts or reproductive
organs during senescence {Baddeley, 1971). In plant tissue necrotic due to other
causes than senescence, the nutrient sources may include the amino acids and
sotuble sugars. Primary colonizers of necrotic tissue, competing for the available
resources include Cladosporium spp., Alternaria spp., Aureobasidium pulluians,
Epicoccum nigrum and B. cinerea (Hudson, 1971). Competitive exclusion of one
primary colonizer by another is a common phenomenocn within this group of fungi.
This can be illustrated by the incapability of the pathogenic Fusarium roseum f. sp.
cerealis ‘Culmorum’ to colonize wheat straw which is already colonized by
Penicillium spp., Alternaria spp., Stemphylium spp. or Aspergitlus spp. (Cook, 1970).
Competitive interactions between pathogenic and non-pathogenic primary
colonizers of necrotic plant tissue again provide a natural level of disease control.

6
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The level of the natural disease control is a function of the available inocula and the
environment including the nutritional status of the substrate and micro climate
(Andrews, 1992). Examples of biological control via microbial suppression of mycelial
colonization and sporulation include application of the fungi Athelia bombacina and
Chaetomium globosum to apple leaves on the orchard floor to decrease ascospore
production by Venturia inaequalis (Heye and Andrews, 1983) and application of the
fungus Limonomyces roseipellis to wheat straw to reduce sexual reproduction of the
wheat pathogen Pyrenophora tritici-repentis (Ffender et al., 1993).

Microbial degradation of sclerotia

Sclerotia are survival structures producing the primary inoculum in future crops.
Microbial degradation of sclerotia aims at a reduced survival or viability of
pathogenic sclerotia in the soil or on/in crop debris. This approach has the advantage
of long interaction times between pathogen and antagonist.

Coniothyrium minitans is a ubiguitous soilborne mycoparasite of plant pathogenic
Scleratinia spp. (Winsch et al., 1993; Zhou and Boland, 1998; Whipps and Gerlagh,
1992}. Application of C, minitans to an infected crop results in a reduction of the
primary inoculum for future growing seasons {Gerlagh et al., 1999). C. minitans may
also be applied to the soil to destroy sclerotia of Sclerotinia spp. pathogenic to e.g.
lettuce or oil seed rape. This application strategy of C. minitans reduces the disease
pressure in the current growing season {McQuilken et al., 1995; Budge et al., 1995).
The cammercially available biccontrol product Cantans, which is effective against
S. sclerotiorum and 5. minor, is based on C. minitans.

Epidemiolagy

Several factors control the rate at which a disease epidemic progresses: infection
efficiency, length of the latent period, lesion growth rate and sporulation capacity.
{Zadoks and Schein, 1979). The reduction of one of these factors may by itself not be
enough to significantly hamper the development of an epidemic. Compensatory
effects have been reported. B. cinerea in begonia was able to compensate for low
initial inoculum by accelerated rates of disease progression (Plaut and Berger, 1981).
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Microbial degradation of the primary inoculum is specifically effective for Sclerotinia
sclerotiorum, because this pathogen does not use conidia for secondary dispersal.
Leonard and Mundt (1984} and Sache and Vallavieilte-Pope {1995) both used
mathematical models to analyse the relation between each of the factors involved
in disease progress and the progress of the epidemic. They both concluded that for
species with short latent periods and large sporulation capacities, such as 8. cinerea,
decreasing the sporulation capacity and thus the reproduction per generation would
be of great benefit to the crop.

Biological control of Botrytis spp. using Ulocladium atrum

Ulocladium atrum Preuss (Deuteromycetes, Dematiaceae) is a saprophytic fungus,
mostly encountered in conjunction with degradation of organic materials, in soils
and above ground. It is also one of the micro-organisms responsible for the
degradation of wood and stone of monumental buildings (Almendros et al., 1985;
Gutierez et al., 1995). In three cases U. atrum has been identified as a minor plant
pathogen responsible for leaf spot in cucumber {Butler et al., 1979), leaf spot disease
of potato in Peru {Turkensteen, 1979) and achene blemish of sunflower in Israel
(Shtienberg, 1994). In recent years U. atrum isolate 385 was identified as an effective
biological control agent of Botrytis spp. (Kohl et al., 1995b, 1995¢, 1998). U. atrum
385 was isolated from a necrotic tip of a field grown onion. It suppresses sporulation
of Botrytis spp. under greenhouse and field conditions {K&hl et al., 1995b, 1995c).
Conidia of U. gtrum survive long dry periods in the phyllosphere {K&hl et al., 1995¢)
and U. atrum is growing in a temperature range matching that of Botrytis spp. (Kohl
et al., 1999}. In commercial cyclamen crops U. atrum applications were as effective
against B. cinerea as the growers’ standard fungicide program (K&hl et al., 1998). The
control effect of U. atrum against Botrytis spp. is based on both species competitively
interacting in plant tissue {Kohl et al., 1997).

Mycelial interactions

Biological control through suppression of pathogen development in necrotic tissue
is an attempt to manage an interacting microbial community in favour of the
biocontrol agents. Biocontrol agents are applied to pre-emptively colonize a
substrate or to recolonize a substrate displacing the pathogen (Andrews, 1992). Park
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{1960} classified harmless or beneficial fungal interactions as symbiotic and
interactions detrimental to at least one of the species as antagonistic. Three
antagonistic mechanisms were distinguished: competition, antibiosis and parasitism
(Park, 1960, 1968; Clark, 1965; Baker and Cooke, 1974). Another classification for
fungat interactions was given by Cocke and Rayner {1984) and focuses on resource
capture. They classified mycelial interactions as mutualistic (beneficial to both),
neutralistic (beneficial nor detrimental to both) or competitive {detrimental to either
or both). Competitive interactions were divided into primary resource capture and
combative interactions. Primary resource capture is the process of gaining initial
access to, and influence over an available resource. Combative interactions were
classified as defensive or offensive. in a defensive interaction access to resources
gained by primary capture is denied to other species. During offensive interactions
or secondary resource capture, access is gained to an already occupied resource and
the established species can be replaced.

In relation to biological control, Cocke and Rayner (1984) distinguish preventative
and curative biological control. The principles underlying preventative biological
control will usually involve primary resource capture whereas combative interactions
and especially secondary resource capture or direct parasitism are characteristic for
curative biological control.

Thus, the later the antagonist is applied relative to the pathogen the more aggressive
the antagonist needs to be to capture the available resources and achieve the desired
biocontrol effect. Biolegical control through microbial interactions within lesions
(Biles and Hill, 1988} thus requires antagonists with a different mode of action then
biological control through pre-emptive colonization of a substrate {e.g. Pfender et
al., 1993).

Systems analysis, simulation and biological control

Biological control is applied ecology. The interaction between a pathogenic and an
antagonistic population as influenced by biotic (host plant and natural microflora)
and abiotic conditions (climate and nutritional status of the niche) together
determine the result of the biocontrol effort. As a whole, a biocontrol system offers
an enormous complexity. Systems analysis and simulation have been used as tools
to analyse biocontrol interactions and to bring order in the complexity. Knudsen and
Hudler {1987} developed a simulation model to analyse interactions between
antagonistic Pseudomonas fluorescens and Gremmeniella abietina, a leaf pathogen

9
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of Pinus resincsa. They demonstrated that populations of the bacterial antagonist
were extremely sensitive to dry periods whereas germinating conidia of the
pathogen were insensitive to small variations in the bacterial concentrations. Based
on the model results they concluded that the antagonist was unsuitable for
application to the phyllosphere and formulated requirements for an effective
biocontrol agent. Dik {1991} developed a computer simulation model for the
consumption of aphid honeydew by phyllosphere yeasts. The model was used to
assess the effect of yeasts on the amount of honeydew as a stimulant for infection
by necrotrophic pathogens under different scenario’s of aphid and yeast populations
as influenced by fungicides. This resulted in quantitative predictions of the role of the
natural phyllosphere population as antagonists against necrotrophic pathogens. For
the current research, systems analysis was used as a tool to identify key aspects of
the Botrytis spp., U. atrum interaction at tissue level and plant and crop level.
Simulation was used to integrate the knowledge generated and evaluate its
consequences for system dynamics and biological control.

Research target

The aim of the research described in this thesis was to identify the key ecological
principles underlying biological control of Botrytis spp. using Ulocladium atrum and
to elucidate the mechanisms of competition between Botrytis spp. and U. atrum in
plant tissues. In turn, this will contribute to the development of reliable biocontrol
strategies against Botrytis spp. Ulocladium atrum was chosen as a biocontrol agent
because of its proven capability to suppress Botrytis spp. in necrotic tissue under
interrupted leaf wetness periods (K6hl et al., 1995b} and under field conditions (Kohl
et al., 1995¢). Botrytis elliptica and Botrytis cinerea were chosen as a specialized and
broad spectrum pathogen respectively, Botrytis spp. and U. atrum interact in necrotic
tissue but knowledge of the competitive interaction between B. cinereo and U. atrum
is limited. A thorough knowledge of competitive substrate colonization by 8. cinerea
and U. atrum is essential to understand the possibilities and limitations of the
antagonist and to identify options to manipulate the interaction in favour of the
antagonist,

10
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Qutline of this thesis

This thesis addresses several aspects of biological control of Botrytis spp. using the
antagonist U. atrum. Chapter 2 describes the development of a technique to visualize
and to quantify the volume of interacting mycelia of Botrytis spp. and U. atrum in
necrotic plant tissue. This technique allows investigation of spatio-temporal aspects
of competitive substrate colonization by fungi. It is applied in Chapter 3 to study
temporal, spatial and mechanistic aspects of competitive colonization of necrotic
cyclamen leaves by B. cinerea and U. atrum. This results in the identification of the
ecological principles underlying suppression of colonization and sporulation.
Chapter 4 describes a study in which successful biocontrol of B. cinerea in cyclamen
by U. atrum is compared to unsuccessful biocontrol of B. elfiptica in lily by the same
antagonist. In a comparative approach ecological key factors that determine the
biocontrol potential of U. atrum at plant and crop level are derived. In Chapter 5 a
spatially explicit dynamic simulation model of the interaction between B. cinerea and
U. atrum in necrotic cyclamen leaf tissue is described. This model integrates the
information presented in the previous chapters and is used to study the general
behaviour of the system and to identify knowledge gaps. Chapter & discusses
scientific and applied aspects of the research presented. Methodological aspects of
the current research are discussed and possibilities for future work are indicated.
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Quantification of mycelium of Botrytis spp. and the
antagonist Ulocladium atrum in necrotic leaf tissue
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Chapter 2

Abstract

A technique was developed to localize and quantify the internal mycelial colonization
of necrotic leaf tissue of cyclamen (Cyclamen persicum) or lily (Lilium) by pathogenic
Botrytis spp. and the antagonist Ulocladium atrum. This technique allows investigation
of competitive substrate colonization by both fungi which is a key process for
biological control of Botrytis spp. by U. atrum. A combination of differential
fluorescent labelling and image analysis was applied on cryostat sections of necrotic
leaf tissue. Botrytis mycelium was labelled specifically by indirect immunofluorescence
using a moneclonal antibody specific for Botrytis spp. and an anti-mouse fluorescein
conjugate. Wheat germ agglutinin conjugated to the fluorochrome TRITC was used to
label mycelium of both fungi. Image analysis was used to measure the relative surface
area of the cryostat section covered by fluorescing hyphae of Botrytis spp. and by
fluorescing hyphae of both fungi. A mathematical conversion was derived and used
to calculate the relative mycelial volume of each fungal species in the necrotic tissue
based on the measured relative surface areas. Temporal aspects of substrate
colonization were studied in a short time series. An analysis of components of
variance provided some insight into spatial colonization patterns for the fungal
species involved and allowed the design of efficient sampling strategies for future
experiments.

Introduction

Botrytis spp. cause economically important diseases in numerous greenhouse and
field crops. In lilies (Lilium), B. elliptica Berk. Cocke can cause destructive leaf
infections {‘leaf fire’) resulting in serious yield losses (Doss et al., 1986). In cyclamen
(Cyclamen persicum), B. cinerea Pers.: Fr. causes leaf rot and is considered to be one
of the major pathogens in this crop. At present, the control of Botrytis diseases
depends on the frequent use of fungicides. However, Botrytis spp. have shown a
great potential to develop fungicide resistance (de Waard et al., 1593; Gullino, 1992).
The threat of fungicide resistance and an increasing number of governmental
restrictions on the use of pesticides has increased the need for alternative control
measures. Biclogical control offers an envircnmentally friendly supplement or
alternative to chemical control.
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Necrotrophic pathogens such as Botrytis spp. kill plant tissue before invading it and
sporulate exclusively on necrotic tissue. The saprophytic fungal antagonist
Ulocladium atrum Preuss isolate 385 suppressed sporulation of Botrytis spp. in
several necrotic plant tissues (K6hl et al,, 1998; K&hl et al.,1995b; Kéhl et al.,1995¢).
As demonstrated for Botrytis spp. in onion, reduction of the sporulation of the
pathogen causes a delay in the disease build up (K&hl et al.,, 1995a). The mechanism
by which U. atrum suppresses sporulation of Botrytis spp. is unknown but Kohl et
al. {1997) suggested that toxins and direct parasitism were not involved. Antagonism
is probably due to nutrient competition.

Competitive substrate colonization by the pathogen and the saprophytic antagonist
resulting in reduction of sporulation takes place within the necrotic plant tissue from
the earliest phases of colonization onward. Detailed knowledge of the spatial and
quantitative characteristics of the competitive colonization of necrotic plant tissue
by these fungi is missing and techniques to study this subject are, to the best of our
knowledge, not available, Quantification of the spore producing surface area (Elad
et al., 1994a; K&hl et al.,1995b}, conidial production (Biles and Hill, 1988) or fruiting
body formation (Adee et al.,1990; Newton et al., 1997) does not give information
about the early stages of colonization or the extent of internal colonization of the
tissue. Chemical techniques quantifying fungal constituents such as chitin or
ergosterol {Hicks and Newell, 1983; Lumsden et al., 1990; Ride and Drysdale, 1972;
Seitz et al., 1979) are not very sensitive and cannot selectively quantify specific fungal
populations (Lumsden et al., 1990). Immunological {Bermingham et al. 1995; Dewey
et al., 1992; Harrison et al., 1990; Karpovich-Tate et al., 1998; Plasencia et al., 1996;
Ricker et al., 1991) or molecular methods (Hu et al,, 1993) can quantify the total (i.e.
internal plus external} fungal biomass. Furthermore chemical, immunological and
molecular technigues rely on homogenization of the colonized substrate which
makes them inappropriate to study spatial aspects of fungal colonization.

A thorough knowledge of competitive substrate colonization will result in
identification and understanding of the possibilities and limitations of the
antagonist. This knowledge is essential to predict when antagonist applications will
result in successful disease control and when other control measures shouid be used.
The objective of this study was to develop a technique to quantify internal
colonization of necrotic cyclamen tissue by B. cinerea and U. atrum and of necrotic
lily tissue by B. efliptica and U. atrum. This was achieved using an immuno-
histological approach. Our method has the advantage of being able to provide both
quantitative and qualitative data on two fungal species competitively colonizing
necrotic plant tissue.
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Development of the procedure involved optimization of methods for sectioning
necrotic cyclamen and lily tissue, optimization of dual fluorescent fungal labelling
techniques and development and optimization of an image analysis program.
Variance components for the different sampling levels were estimated and used to
design optimal sampling strategies for the experiments. As a final step, a
mathematical conversion was derived which relates the measured relative surface
area of the section covered by fungal hyphae to the volume of hyphae within the
section as an estimator for fungal biomass.

Materials and methods

Cultures

Botrytis cinereaq, isolate 700, was originally isolated from a diseased gerbera (Gerbera
Jjamesonii). Isolate BEG401 of Botrytis elliptica, isolated from a diseased lily, cv Mont
Blanc, was provided by E. van den Ende (Bulb Research Centre (LBO), Lisse, the
Netherlands). Ulocladium atrum isolate 385 was isolated from a necrotic leaf tip of
a field grown onion (K&hl et al., 1995¢). B. cinerea and B. elliptica were stored as
conidial suspensions in 15% glycerol at -80°C. U. atrum was maintained on oatmeal
agar slants {20 g of milled oats, 15 g of agar (Oxoid L13, Unipath Ltd, Basingstoke,
UK) and 1 L of tap water) at 4°C. Before use, B. cinerea was cultured on ocatmeal agar
for two weeks at 20°C in the dark. B. elliptica was cultured on malt extract agar
(Oxoid CM5g}) for 2 weeks at 18°C under the continucus combined light of an 18W
black light and an 18W cool-white fluorescent tube suspended 20 cm above the
cultures. U. atrum was cultured on oatmeal agar for 4 weeks at 18°C in the dark.
Conidial suspensions of all fungi were prepared by flooding the cultures with sterile
tap water containing 0.01% Tween 80. After gently rubbing with a rubber spatula to
detach the conidia, suspensions were filtered through nylon gauze with a mesh of
200 pm. Conidial concentrations were determined using a haemocytometer and
adjusted with sterile tap water containing 0.01% Tween 80 to 1x10° conidia/ml for
B. elliptica and 1x10° conidia/ml for B. cinerea and U. atrum.
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Plant material and leaf inoculation

Cyclamen plants (Cyclamen persicum L.} cv. Superserie were grown in a greenhouse
set at 18°C during the autumn without additional light. Flower buds were removed
to prevent pollen deposition on the leaves which is known to enhance infection by
B. cinerea (Chou and Preece, 1968). Mature healthy leaves were removed from the
plants and dried slowly at room temperature to simulate natural senescence as
closely as possible (Kohl et al., 1995c). After drying the petiole was removed, the leaf
was cut in half along the midvein and sterilized by gamma irradiation (4 Mrad,
cobalt-60 gamma source, Gammaster BV, Ede, the Netherlands). Before inoculation,
leaves were rehydrated in sterile tap water. Excess water was removed by blotting
the leaves on dry sterile filter paper. Subsequently, each leaf was placed on top of
two pieces of sterile filter paper {50 mm in diameter} containing 0.6 ml of sterile
water in sterile plastic petri dishes (55 mm in diameter, one halved leaf per dish).
Leaves in the petri dishes were sprayed with a conidial suspension of B. cinerea
{1x10° conidia/ml), a conidial suspension of U. atrum (1x10° conidia/ml), conidial
suspensions of both fungi at the same concentrations or sterile tap water containing
0.01% Tween 80 using an atomizer (Desaga, Heidelberg, Germany). When
appropriate, U. atrum was applied directly after the application of B. cinerea. This
resulted in conidial densities of 26 + 8 conidia/mm? for U. atrum and 23 + 11
conidia/mm? for B. cinerea. Sprayed leaves were incubated at 18°C in the dark.
Asiatic hybrid lilies (Lifium) cv. Mont Blanc were grown in pots in the greenhouse at
18°C with 16 h of light per day. Flower buds were removed, as is usual in bulb
production and to prevent pollen deposition on the leaves. Healthy leaves,
approximately 8 cm long, were removed from 3 months old plants, dried at 60°C for
48 h and sterilized by gamma irradiation (4 Mrad). Before inoculation, leaves were
washed three times in sterile tap water to remove soluble nutrients. Excess water
was removed by blotting the leaves on dry sterile filter paper. Subsequently, leaves
were placed on top of two pieces of sterile filter paper (80 mm in diameter)
containing 1.5 ml of sterile water in sterile plastic petri dishes {90 mm in diameter,
four leaves per dish). Leaves in the petri dishes were sprayed with both a conidial
suspension of B. elliptica {1xa0" conidia/ml) and a conidial suspension of U. atrum
{1x10° conidia/ml) or sterile tap water containing 0.01% Tween 80 using an atomizer.
U. atrum was applied 8 h after the application of B. elliptica. Four petri dishes were
sprayed per treatment. Sprayed leaves were incubated at 18°C under the continuous
combined light of an 18W black light and an 18W cool-white fluorescent tube
suspended 20 cm above the petri dishes.
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Preparation, sectioning and staining of colonized leaves

Lily or cyclamen leaf tissue samples approximately 3 x 5 mm in size were cut using
a scalpel and placed in an eppendorf vial containing 1 ml 3% {w/v} paraformaldehyde
in PBS (phosphate buffered saline solution) for overnight fixation. Samples from the
same leaf were placed in the same eppendorf vial. After fixation leaf samples were
transferred to a graded series of sucrose solutions with increasing concentrations
of 5,10, 20, 30, 40 and 50 % (w/v} in PBS. Samples were kept in each concentration
for %2 to 1 hour. Samples were blotted on dry filter paper to remove excess sucrose
solution before embedding in Tissue-Tek O.C.T. compound (Miles, Elkhart, IN). Cross
sections, 8 um in thickness for cyclamen leaves and 16 pm in thickness for lily leaves,
were cut using a cryostat (Microm, HM 500 O, Microm Laborgerate GmbH, Walldorf,
Germany) at -30°C. Tissue sections were transferred to poly-l-lysine (Sigma Chemical
Co, St. Louis, MO, p-1524; 0.1 % in milliQ (w/v)) coated slides and dried on a slide
drying bench at 50°C for 15 minutes.

Hybridoma supernatant from cell line BC-KH4 {Bossi and Dewey, 1992) was used to
selectively detect B. elliptica hyphae in lily tissue sections and B. cinerea in cyclamen
tissue sections. The monoclonal antibody (MAb) BC-KH4 was originally raised against
a B, cinerea isolate from grapes and is considered to be genus specific (Cole et al.,
1996). Wheat germ agglutinin conjugated to tetramethylrhodamine isothiocyanate
(WGA-TRITC) was used to label both fungi in lily and cyclamen tissue sections. This
lectin exhibits a specificity for hyphal fragments {Morell et al., 1985} and selectively
binds to chitin.

Dual fluorescent labelling of the hyphae in the tissue sections on the glass slides was
carried out according to the following schedules.

Slides with cyclamen tissue sections were rinsed in PBS containing 0.1% (v/v) Tween
20 (PBST) for 10 minutes to remove the embedding material. Subsequently, 2% (w/v)
bovine serum albumin (Merck, Darmstadt, Germany, Art. 12018) + 1% (v/v) normal
goat serum in PBS was applied for 30 minutes to block binding to nonspecific sites.
The slides were then rinsed two times in PBST for 15 minutes. The MAb BC-KH4
(diluted 1:5 in PBST + 0.1% (w/v) acetylated bovine serum albumin: PBS-BSA-C
{Aurion, Wageningen, the Netherlands)) was then applied and incubated overnight
at 4°C. After incubation, tissue sections were rinsed three times in PBST for 30
minutes. FITC-conjugated p-specific goat-anti-mouse 1gG (1020-02, Southern
Biotechnology Associates. Al. ) (diluted 1:80 in PBST-BSA-C} and the nonspecific
fluorescent stain WGA-TRITC (Sigma L-5266; 0.033 mg protein/mt PBS-BSA-C) were
mixed in equal volumes and applied to the sections which were then incubated for
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one hour at 20°C. Sections were again rinsed three times in PBST, mounted in
citifluor anti quench (glycerol in PB5: Citifluor Limited, London, UK}, and covered
with a cover slip. Treated samples were stored at 4°C in the dark for later
examination.

slides with lily tissue sections were rinsed in PBST for 10 minutes to remove the
embedding material. Subsequently, a 0.3% casein (Sigma C-5890) solution in PBS was
applied for 30 minutes to block binding to nonspecific sites. The slides were then
rinsed twice in PBST for 5 minutes and twice in milliQ. The MAb BC-KH4 (diluted 1:5
in PBST + 0.2% (w/v) BSA: PBST-BSA) was then applied and incubated overnight at 4°C.
Tissue sections were rinsed twice in PBST and twice in milliQ. FITC-conjugated goat-
antimouse IgG {Sigma F-9006) (diluted 1:10 in PBST-BSA} and the nonspecific
fluorescent stain WGA-TRITC (Sigma L-5266; 0.033 mg protein/ml PEST-BSA) were
mixed in equal volumes, applied to the secticns and incubated for one hour at 20°C.
Sections were again rinsed twice in PBST and twice in milliQ and treated further as
described for cyclamen tissue sections.

Differences in the staining procedure for cyclamen and lily tissue sections were due
to higher levels of background fluorescence encountered in cyclamen tissue.
Acetylated BSA {BSA-C) was used in the cyclamen protocol because it is highly
efficient in suppressing charge determined background fluorescence (van de Plas and
Leunissen, 1993}.

Microscopy

Stained tissue sections were examined with a Leica DM RB fluorescence microscope
(Leica, St. Gallen, Switzerland) equipped with three filter sets housed in a rotating
carrier. An "HQ" filter block (excitation 535/emission 610) was used for TRITC
detection (Fig. 2.1A), an "L4" filter block {BP450-490/RKP510/BP515-560) was used for
FITC detection {Fig. 2.1B) and an "A™ filter block (BP340-380/RKP400/LP430} was used
to obtain an image of the section based on autofluorescence only {Fig. 2.1C). Fungal
hyphae were not visible using the “A” filter block. This filter did however provide a
clear ‘background’ image of the section.

Digitized images and photographs of the sections of colonized tissue were obtained
at 200x magnification. Ektachrome 1SO 100/21° film (Kodak, Rochester, NY) was used
for the photographs.

19



Chapter 2

Image analysis

The image analysis package MicroGop 20005 (Context Vision, Kista, Sweden} was
used to automatically detect and estimate the surface area covered by each of the
two dually labelled fungi. Using the tools of this package a dedicated program was
developed on a SPARC 5 workstation operating under Solaris 2.4 using X-WINDOWS
as a graphical interface (SUN Microsystems, Inc., Mtn. View, CA}.

The images were obtained from a low-lux Black and White cooled CCD camera
PLTA50 {resolution: 604x576 pixels; HCS Vision Technology, Son, the Netherlands)
attached to the binocular tube of the Leica DM RB fluorescence microscope through
a C-mount adapter and a 0.3x phototube. This camera produces low noise images
under poor light conditions {fluorescence) by means of integration techniques. An
S-Bus frame grabber DASM-VIP (Analogic Corp., Peabody, Massachusetts) connected
with the SPARC-Bus (5CSI) was used for acquisition of the images.

The image analysis program consisted of a loop with a dialogue part for interaction
with the user, grey scale image processing, thresholding, binary image processing
and display functions. This loop had to be completed for each section that was
analysed.

The loop started with the dialogue section in which the grey value TRITC {Fig. 2.1D),
FITC {not shown) and background image {not shown) were obtained using the HG,
L4 and A filter block respectively. The user then draws a fine line along the edges of
the section in the grey value background image so that an accurate estimate for the
surface area of the section is obtained. The detected surface area of the section was
contained in a binary image (not shown).

In the grey scale image processing step, the grey-value background image was
subtracted from the grey value TRITC {Fig 2.1D) and grey value FITC images,
respectively. This resulted in corrected grey value TRITC (Fig. 2.1E} and FITC {not
shown) images that almost exclusively contained the brightly flucrescing structures,
representing the fungal hyphae, without the original background. The corrected grey
value TRITC and FITC images were thresholded resulting in estimates for the fungal
surface area contained in two binary images: a binary TRITC image (red overlay in
Fig. 2.1F) and a binary FITC image (green overlay in Fig. 2.1F which was placed on top
of the red TRITC overlay}. The threshold value was set manually in the first section
of a batch of sections to assure that the detected fungal area represented the fungal
area, as it is seen through the microscope, as closely as possible. The selected
threshold values for FITC and TRITC detection were then stored and used for the
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Figure 2.1. Photographs (A, B and C) and digitized images {D, E and F} of a cross section of a necrotic
lily leaf colonized by B. elliptica and the antagonist U, atrum 51 hours after inoculation. A: all fungi
present in the section were labelled using wheat germ aggltutinin conjugated to the fluorochrome
TRITC. B: B. elliptica is selectively labelled using the MAb BC-KH4 conjugated to the fluorochrome
FITC. C: Background image of the section as seen through a Leica “A” filterblock which does not show
the fluorochromes TRITC and FITC. D; grey value image of “A”, E: grey value image calculated by
subtracting the grey value image of C from D resulting in a separation of fungal hyphae from the
original background present in D. F: Composite image with the total fungal area detected {red} on
top of image E and the detected B. elliptica area {green) on top of both E and the total fungal area
detected. As a result of this layering B. elliptica is represented by the green areas and U. atrum is
reprasented by the red areas. Bars represent 100 um.

21



Chapter 2

whole batch of prepared sections. This procedure allowed a small correction for
variation in labelling intensity between batches of stained sections.

In the binary image processing step, the surface area of the whole tissue section, the
surface area of the tissue section covered by Botrytis spp. and the surface area of the
section covered by both fungal species were measured from the binary background,
binary FITC and binary TRITC images respectively (.:m?). The areal density (fraction
of the section covered by hyphae (Weibel, 1979)), was calculated from the measured
values and converted into the relative volume, or volume density {(Weibel, 1979), of
the mycelia of both species in the section using the procedure described below,

In the display procedure Botrytis spp. and U. atrum hyphae were shown in two
separate colour overlays (green and red respectively) on top of the grey value TRITC
image thus showing how the Botrytis spp. and U. atrum hyphae were situated within
the leaf {Fig. 2.1F). Values obtained for the relative surface area of Botrytis, U. atrum,
both species and the area of the section were displayed and stored on file.

Side view

T
Top view
AR =Ar+ A

Figure 2.2, Schematic representation of a leaf tissue cross-section containing one hyphal element.
The side view of the section shows a hyphal element of length L oriented in the section under angle
f. T represents the section thickness. The lower figure represents the section as it is seen through the
microscope with the projected surface area of the hyphal element. According to the principle of
Delesse the surface area of the cross section through the hyphal element {A_) is the correct estimator
for the relative volume of the hyphal element in the section. For very thin sections {section thickness:
T=0), the relative susface area of the hyphal element in the section is A, = A,. The second line from
the top (thin) in the side view represents the lower border of such a section. For thicker sections, A |,
is composed of A_, plus the relative surface area of the projection of the body of the hyphal element:
A, = A + A_. Thusin thicker sections, A, overestimates the relative voiume of the hyphal element in
the section by the projected surface area of the body of the hyphae {A }. Our calculation methed for
V, using equations 2.1 and 2.2 corrects for this overestimation.
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Mycelial Volume

According to the principle of Delesse (1847), the measured relative surface area or
areal density of hyphal elements in sections {A, } is a good estimator for the relative
volume or volume density of the hyphal elements {V,) provided that the section is
very thin. However, in our relatively thick sections, A, overestimates V, due to a
significant contribution of the projection of the hyphal element (A ) to A, (Fig. 2.2}.
The areal density of the Botrytis spp. in the section (A,, unitless) is measured using
the Be-KH4 - FITC label after which equation 2.1 is used to calculate V,, the unitless
volume density of the Botrytis spp. The total areal density (A,,, unitless) is measured
using the WGA-TRITC label. Substitution of V, and A, in equation 2.2 allows
calculation of V, {unitless), the volume density of U. atrum. Both conversion formulas
are based on established stereological principles. The complete derivation of
equations 2.1 and 2.2 is given in the appendix.

T
R T

[
2r,

1-A,=0-V,) e( (equation 2.1)

{equation 2.2)

In equations 2.1 and 2.2, A, and A, represent the relative surface area of the section
covered by the projection of hyphal elements of both species and the Botrytis spp.
respectively while V, and V, represent the relative volume of the section occupied by
hyphal elements of the Botrytis spp and U. atrum. T is the section thickness (um) and
r, and r, represent the hyphal radius (pm) of the Botrytis spp. and U. atrum. Thus, the
relation between A, and V, is governed by the ratio between section thickness and
the hyphal radii (Fig. 2.3). For known dimensions of the section, V, can easily be
converted into the absolute volume of the hyphal elements in the sections.
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Figure 2.3. Theoretical relationship between the measured areal density (A,) and the volume density
(V) of hyphal elements in sections according to equation 2.1 for different values of the ratio between
section thickness and radius of the hyphal elements {T/(2r)). Section thickness {T) and hyphal radius
(r) determine the contribution of the projection of the body of the hyphal element to the measured
areal density {A,) plus the chance of hyphal elements overlapping in the image used to measure the
surface density. The ratio ({T/(2r)) therefore governs the theoretical relationship between the areal
density (A,} and the volume density (V,). Volume densities of U. atrum and B. cinerea in Table 2.2
were calculated using a section thickness of 8 um. Hyphal radii for U. atrum and B. cinerea were 2.1
and 2.6 pm respectively. This results in a T/{2r) ratio of approximately 2.

Detection of Botrytis spp. and U. atrum in tissue

Two experiments were carried out on sterile necrotic cyclamen leaves with B. cinerea
and U. atrum and one on sterile necrotic lily leaves with B. elliptica and U. atrum. The
first cyclamen experiment was used to obtain estimates for the variance components
at the different sampling levels of leaf, leaf-sample, section within sample and
position within section. Variance components are indicative of the variability of
fungal colonization between and within leaves and can be used to design optimal
sampling strategies. Five sterile necrotic cyclamen leaves were inoculated with a
conidial suspension of B. cinerea and another five leaves were inoculated with a
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conidial suspension of U. atrum. Petri dishes were incubated at 18°C in the dark in
a completely randomized design. After 36 h of incubation, 4 samples approximately
3x5 mm in size were taken per leaf and prepared for sectioning. Per sample, two sets
of approximately eight sections were collected, each set on a separate glass slide.
The sets originated from locations 300 - 400 pm apart. Sections within a set were cut
in sequence. Tissue sections were stained using the nonspecific fluorescent stain
(WGA-TRITC) only. One randomly chosen section per set was analysed. Within
sections three positions were distinguished, the centre of the section and two
positions left and right from the centre near the edges of the section. Measurements
were taken from three positions per sample including a randomly chosen position
in a section from the first set and from the two complementary positions in a section
from the second set of a sample. Including measurements on all three positions per
section would have doubled the number of measurements without a significant
effect on the precision of the estimates. This resulted in a total of 120 measurements
(2 fungal species, 5 leaves per species, 4 samples per leaf and 3 positions per sample).
For both fungi, the importance of variation between and within leaves as well as
systematic differences between positions were examined by fitting a mixed model
with position as the explanatory variable and random effects for differences between
leaves, between samples within leaves and between sections within samples. In the
maodel the random effects are assumed to be normally distributed with mean zero
and variances o’ ., 6% npies within leaves 3N 0% saction within sample FESPECtively.

Estimates of fixed effects of position and variance components were obtained using
the method of residual maximum likelihood {REML} in Genstat 5 (Numerical
Algorithms Group, Oxford, UK). Systematic effects of position were assessed by the
Wald statistic using the chi-square test.

The secand cyclamen experiment was designed to monitor colonization levels of the
pathogen and the antagonist in a shont time series. Sterile necrotic cyclamen leaves
were sprayed with conidial suspensions of B. cinerea, U. atrum, both fungi or sterile
tap water + 0.01% Tween 80 and incubated at 18°C in the dark in a completely
randomized design. Six replicate leaves per treatment and sampling time were
included. Leaves were destructively sampled 0, 30 and 51 hours after spraying. In
accordance with the results of the analysis of components of variance, colonization
levels were determined for the centre position of one section of one sample for each
leaf. Colonization data for U. atrum and B. cinerea were subjected to analysis of
variance (ANOVA} testing for effects of fungal inoculum, sampling time and their
interaction. In case F-tests were significant (P < 0.05), LSD tests {P = 0.05) were used
for testing pairwise differences between the means.

25



Chapter 2

In the lily experiment, sterile necrotic lily leaves were sprayed with conidial
suspensions of B. elliptica and U. atrum or sterile tap water + 0.01 % Tween 80. U.
atrum was applied 8 hours after B, elliptica. petri dishes were incubated at 18°C in
the dark in a completely randomized design. Four replicate petri dishes with four
leaves per dish were used per treatment. Colonization levels were determined 0, 30
and 51 hours after application of the 8. elliptica inoculum.

The hyphal diameter was measured in WGA-TRITC labelled sections of both
colonization experiments in sections sampled after 30 and 51 hours incubation. The
hyphal radius, required for the conversion of areal densities of fungal colonization
to the volume density {equations 2.1 and 2.2), was calculated as the average of 24
measurements per species B. cinereaq, B. elliptica and U. atrum were found to have
hyphal radii of 2.6 + 0.3, 2.7 + 0.1 and 2.1 + 0.3 pm respectively.

Results

Immunofluorescent labelling and general lectin stain

The staining procedure resulted in a bright and consistent staining of hyphae of B.
cinereaq, B. elliptica and U. atrum by the WGA-TRITC label (Fig. 2.1A) and of B. cinerea
and B. elliptica hyphae by the MAb BC-KH4 + anti-mouse FITC conjugates (Fig. 2.1B).
Hyphae of Botrytis spp. were visible with the TRITC- and the FITC-selective filter,
whereas U. atrum hyphae were only visible with the TRITC-selective filter. Differences
in staining intensity between B. cinerea, B. elliptica and U. atrum for the WGA-TRITC
stain were not observed. FITC labelled hyphae in sections containing only U. atrum
were never observed. Green or red fluorescing structures in sections of non-
inoculated leaves were not abserved. This made it possible to distinguish the fungi
from the background and to distinguish between the mycelia of the respective
pathogens and the antagonist.
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Quantification of mycelium

Detection threshold, quenching and reproducibility

The detection program was applied on digitized images obtained from the CCD
camera. Structures represented by one pixel were the smallest structures that could
be detected. This corresponded to structures 1.2 x 1.2 pm in size at a 200x
magnification. Smaller structures could be detected using higher magnifications.
Similar to other fluorescent stains the intensity of the stains described here was
subjected to quenching. However, with our staining procedure the quenching rates
were relatively low when compared to the quenching rate of fluorescein diacetate
(FDA). When the measurements on the section in Fig. 2.1. were repeated seven
months after the original measurements, during which time the sections were stored
at 4°Ciin the dark, the relative surface areas detected were 4% for B. elliptica and 14%
for U. gtrum as compared to 5% and 17% respectively in the original measurements.
When the section was exposed to continuous illumination using the HQ-filter block
for TRITC detection, the detected total surface area covered by fungal hyphae was
reduced by 7% in 15 minutes and by 53% in 60 minutes {data not shown). This low
quenching rate allowed ample time for measurements, which took about 1 minute
per sample. These results also indicate that it is possible to store non exposed
sections for at least several months at 4°C in the dark without significant loss of
quality.

Reproducibility was tested by repeated measurements on the same section. For this
purpose a section of lily tissue colonized by B. elliptica and U. atrum after 51 hours
of incubation was used. Four replicate measurements resulted in almost identical
results: 6.5 + 0.3% colonization by B. elliptica and 7.2% + 0.3% colonization by U.
atrum. Small differences in the four images obtained from the section by the
integrating CCD camera were the most likely cause for the differences that were
found.

Variance components

Variance components for the different sampling levels of B. cinereg or U. atrum
colonized necrotic cyclamen leaves are given in Table 2.1, The calculated P-value of
the chi-square test for the Wald statistic (P = 0.064), indicated that measurements
near the edges of a section tend to be lower than measurements near the centre of
the section. This clear edge effect may be the result of over fixation of the exposed
edges of a tissue sample by the paraformaldehyde which is capable of blocking the

27



Chapter 2

TABLE 2.1. Components of variance with standard errars in parenthesis indicative of variability of fungal
colonization between and within leaves.

Source of variation® Utocladium atrum Botrytis cinerea
Leaves (0’ 55 (4.7) 56 (4.8)
Samples within leaves {0’} 28 (1.9) 0.7 {2.4)
Sections within samples {0®, ..} 09 (L7 1.3 (3.2}
Position within sections (0°,uen) 3.8 (12) 8.3 (2.7}

* The importance of variation between and within leaves as well as systematic differences between
paositions were examined by fitting a mixed model with position as explanatory variable and randam
effects for differences between leaves, between samples within leaves and between sections within
samples. Estimates of fixed effects of position and variance components were obtained using the
method of residual maximum likelihood (REML) in Genstat 5. Systematic effects of position were
assessed by the Wald statistic using the chi-square test.

binding sites for the MAb and the lectin through extensive cross-linking. This
problem can be avoided by measuring at less exposed locations near the centre of
the section.

For both fungi, the estimated components of variance in Table 2.1 suggest a large
variation in colonization levels between leaves. The estimated components of
variance from sources within the leaf suggest a spatially inhomogeneous
colonization of leaves. Residual error variances generally were large but because
they are asymptotically estimated their informative value is limited.

Based on the size of the estimated components of variance from the present
experiment, the expected variance of the mean colonization level of a new
experimentat design can be calculated according to:

varl e = {olleaJnleaf)*{l" llnsample * {ozsamplelozleaf + (&w:ﬁonlozleaf)lnse(tion + (C'qusitioﬁ"':,2 leaf)/(nsecﬁun*nposiﬁon)}}

Costs of labour and materials for the different steps in the sampling, processing
and measurement can be taken into account by introducing cost functions (Sokal
and Rohlf, 1995). Thus, the most efficient sampling scheme for each purpose can
be designed. From the estimated components of variance it is concluded that, in
general, sampling schemes will be most efficient when the number of leaves is
maximized with as little effort as possible at the lower sampling levels.
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