Studies on the Fusarium-lily
interaction:
a breeding approach

233092

hoge!




Promotor: dr. ir. E. Jacobsen
Hoogleraar in de Plantenveredeling
Co-promotor: dr. H.J.M. Loffler
Senior onderzoeker CPRO-DLO afdeling Siergewassen

FFR

giBLIOTH

BOUWUNIY FRSFLIse
WACENINGEN




Nuofwot | 125 €

Th.P. Straathof

Studies on the Fusarium-lily
interaction:
a breeding approach

Proefschrift

ter verkrijging van de graad van doctor

in de landbouw- en milieuwetenschappen

op gezag van de rector magnificus,

dr. C.M. Karssen,

in het openbaar te verdedigen

op woensdag 9 november 1994

des namiddags te vier uur in de Aula

van de Landbouwuniversiteit te Wageningen.

S 33911



CIP-DATA KONINKLUKE BIBLIOTHEEK, DEN HAAG
Straathof, Th.P., 1994.

Studies on the Fusarium-lily interaction: a breeding approach. / Th.P. Straathof. -
[S.I.:s.n.). Thesis Wageningen. - With ref. - With summary in Dutch.

ISBN 90-5485-303-4

Keywords: Fusarium oxysporum f.sp. lilii, Lilium, resistance breeding

Cover design: E.M. van Cleef
Printed by: Grafisch Service Centrum Van Gils B.V., Wageningen
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STELLINGEN

De opmerking van Imle in 1942 dat bijna alle veredeling bij lelie is

uitgevoerd zonder te letten op ziekteresistentie is nog steeds actueel.
Imle, E.P., 1942. The basal rot disease of lilies. Ph.D. Thesis Cornell
University: 79 pp. + figures,

Bepaling van de "ziektegevoeligheid” van cultivars door middel van enquétes
onder telers, zoals uitgevoerd door het Milieuplatform Bloembollensector in
1993, is een niet-wetenschappelijke benadering en letdt tot onjuiste
conclusies.

Dit proefschrift.

Het ontbreken van discontinuiteit in de resistentieniveaus in F -populaties
zoals waargenomen door Bowes et al. (1992) betekent nog niet dat de
eigenschap polygeen overerft.
Bowes, S.A., R.N. Edmondson, C.A. Linfield & F.A. Langton, 1992.
Screcning immature bulbs of daffodil (Narcissus L.) crosses for resistance to
basal rot disease caused by Fusarium oxysporum £.sp. narcissi. Euphytica 63:
199-206.

De bewering van Ben-Yephet et al. (1993) dat een kastoets ter bepaling van

Fusarium-resistentie in anjers onbetrouwbaar is als voorspeller voor het

resistentieniveau van deze anjers in veldexperimenten is niet bewezen,
Ben-Yephet, Y., M. Reuven & Y. Mor, 1993. Selection methods for
determining resistance of camation culdvars o Fusarium oxysporum f.sp.
dianthi. Plant Pathology 42: 517-521.

Ter voorspelling van de duurzaambeid van resistentie kan beier worden
gekeken naar het aantal betrokken resistentiegenen dan naar het
resistentieniveau.

Rapportage werkgroep Duurzaamheid van resistentie. CPRO-DLO, 1994,

De kwaliteit van het onderzoek in Itali€é is omgekeerd evenredig met de

kwaliteit van de outillage.
Bezoek aan Italié, Projectgroep Fusarium-resistentie bij bolgewassen, 1991.

Het instellen van een leerstoel selectiemethoden zou niet alleen tot de
plantenveredeling beperkt moeten blijven, daar objectieve selectiecriteria
eveneens een rol spelen bij allerlei maatschappelijke vraagstukken.
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8. Indien we met de tulp nog 400 jaar vooruit willen dient de veredeling, op
korte termijn, sterk te worden gestimuleerd.

9. Er is blijkbaar nog onvoldoende druk van de maatschappij op de
bloembollenveredelingsbedrijven om resistentie als belangrijk kenmerk bij de
selectie te beschouwen.

10.  Het laten verschijnen van vier vakbladen voor de bloembollensector is pure
geldverspilling, maar goed voor de publikatielijst.

11.  De huidige aandacht voor de natuur kan leiden tot vreemde situaties. Het
vermeerderen en instandhouden van enkele roggelelies levert veel meer
publiciteit en waardering op dan gedegen resistentie-onderzoek.

12.  De overeenkomst tussen biotechnologisch onderzoek en aandelen is dat je er
op tijd in moet stappen, ... en eruit.

13.  Ter bescherming van flora en fauna in natrergebieden heeft het de voorkeur
om mensen in hun vrijheid te beperken boven honden.

Th.P. Straathof

Stdies on the Fusarium-lily interaction: a breeding approach
Wageningen, 9 november 1994
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WONDERFUL

When all the world is quiet and still

And doubts run deep as the ocean
Through troubled years and broken dreams
To the place where all silence has spoken

RUNRIG, 1993: Amazing Things



VOORWOORD

Op 1 februari 1989 werd op het toenmalige IVT, het huidige CPRO-DLO, gestart
met het project ’Resistentieveredeling tegen Fusarium oxysporum bij lelie en
gladiool’, waarvoor ik als projectleider werd aangesteld. Het Fusarium-onderzoek
bij bolgewassen groeide, mede in het kader van het ’Urgentieprogramma
Bollenziekte- en veredelingsonderzoek’, de afgelopen vijf jaar uit tot een volwaardig
wetenschappelijk onderzockprogramma. Zeer velen hebben hiervoor een bijdrage
geleverd waarvoor mijn hartelijke dank, een aantal van hen wil ik graag met name
noemen.

Hein Inggamer, gedurende 3% jaar heb jij mij geassisteerd bij het vitvoeren van vele
experimenten. Met name jou nauwkeurigheid van werken heeft ertoe bijgedragen dat
betrouwbare resultaten zijn verkregen. Huub Liffler, als fytopatholoog en initiator
van het Fusarium-onderzoek bij lelie, was jij mijn directe begeleider en steunpunt
gedurende het onderzoek. Naast het gezamenlijk vitvoeren van experimenten was jij
met name betrokken bij het tot stand komen van de wetenschappelijke artikelen, die
de basis vormen van dit proefschrifi. Je niet aflatende kritiek op de concepten van
de artikelen heeft een zeer belangrijke positieve invloed gehad op de uiteindelijke
tekst. Jaap van Tuyl, niet alleen als sectiehoofd Bolgewassen verantwoordelijk voor
de codrdinatie van het bloembollenveredelingsonderzoek op CPRO-DLO, maar zeker
als de leliespeciatist zorgde jij, zowel praktisch als met idee&n, dat aan de plantzijde
van de bestudeerde interactie atles voorspoedig verliep. Hein van Holsteijn,
afdelingshoofd Siergewassen en programmaleider van het Urgentieprogramma, jou
ben ik zeer erkentelijk voor de vrijheid van werken die ik kreeg en de interesse die
jij altijd toonde tijdens de uitvoering van de experimenten en in de resultaten.
Evert Jacobsen, je was snel bereid om als promotor op te treden ondanks dat dit
onderwerp niet direct je eigen terrein is. We hebben elkaar niet zoveel gesproken
tijdens het onderzoek, je had er alle vertrouwen in dat de begeleiding goed verzorgd
was. Wel heb je alle artikelen kritisch bekeken en vele suggesties gedaan ter
verbetering, met name om mijn zendelingenwerk wat in te dammen,

Hans Sandbrink, jou komst als moleculair bioloog bij de sectie Bolgewassen
betekende een nieuw tijdperk in het veredelingsonderzoek bij bolgewassen.
Hoofdstuk 7 in dit proefschrift 1aat de eerste resultaten van dit onderzoek zien. Hans
Jansen, veelvuldig ben ik aangelopen tegen jou statistische methoden voor het
analyseren van waarderingscijfers. Gelukkig was jij altijd bereid om mijn
{onduidelijke) vragen, soms onduidelijk, te beantwoorden. Ook Ritsert Jansen en
Johan van Oocijen wil ik bedanken voor de hulp bij het maken van de lotingschema’s
en verwerking van gegevens.



Maria van Dién, Joop van Dijk, Wim Eikelboom, Marian van Harmelen, Ton
Kwakkenbos, Bertus Meijer en Joke Mouris hebben allen een belangrijke rol
gespeeld in de praktische uitvoering van het onderzoek. Het heeft mij altijd weer
verbaasd dat iedereen, ondanks de vele eigen drukke werkzaamheden, bereid was
om mij bij grote experimenten te helpen. Wim, het gladiool-onderzoek komt er in
dit boekje maar magertjes van af. Maar de resultaten zijn er zeker niet minder om.
QOok de stagiaires Leonie Bentsink, Herman de Putter, Walter Straathof, Edward van
der Vegt en John Verhees hebben hun steentje bijgedragen aan het beschreven
onderzock.

Robert Baayen, Marieke Forch (IPO-DLO), Jurriaan Mes en Eugéne Roebroeck
(LBO) hebben een belangrijke rol gespeeld in het Fusarium-onderzoek bij lelie en
gladiool. Dat onze projectgroep een voorbeeld mag zijn voor samenwerking tussen
instituten.

Frans Bonnier, Marjan van Creij, José van der Meulen en Patrizio Remotti, we
zaten in hetzelfde schuitje. Ook jullie succes gewenst in de afronding van jullie
werk. Pieter van Rijbroek wil ik aanmoedigen om het Fusarium-onderzoek bij
gladiool te voltooien. Ineke Kroes succes met het Fusarium-onderzoek in vlas,
hetgeen ik nooit heb afgemaakt.

Willem van Dijk, Ad van Dijken, Paul van Empel, Dick Geurtsen, Theo Huberts,
Gerrit Huisman, Johan Hulsman, Hans Jansen, Piet Kaagman, Karin van Pommeren,
Jos van Schaik, Harry Snitzelaar, Gerrit Terwoert en Guido van Tienen zijn
onmisbaar geweest bij de verzorging van de planten, het telen van bolmateriaal en
de gezellige sfeer in de kassen. Hopelijk doe ik niemand te kort maar Ad en Johan,
jullie hebben hierin een zeer belangrijke rol gespeeld.

Dirkje van Ewijk wil ik bedanken voor het verzorgen van de koffie, Willem Geutjes
voor het regelen van de klimaatbeheersing van de kassen, Roelie Molenaar-de Kleine
voor ondersteuning bij de automatisering, Erik Toussaint voor het verzorgen van de
publiciteit, de typekamer van "de Goor’ voor het verzorgen van alle correspondentie
en de DLO-fotodienst voor het maken van de foto’s en dia’s tijdens het onderzoek.
De Koninklijke Algemeene Vereeniging voor Bloembollencultvur, de Bond van
Bloembollenhandelaren en het Produktschap voor Siergewassen wil ik bedanken voor
de medefinanciering van dit onderzoek. De veredelingsbedrijven in lelie en gladiool
hebben gelukkig altijd hun belangstelling voor het onderzoek, en met name in de
resultaten en het materiaal, deen gelden. Cathie Osselton, Arie Peterse, Moniek van
Winden (Testcentrum Siergewassen), Ben Dekker en Erik Jongedijk (Mogen
International), onze samenwerking liep wat stroef maar we zijn op de goede weg.

I want to thank Derck Matthews and August De Hertogh for correcting the English
in several chapters of this thesis. De firma Gebr. Straathof wil ik bedanken voor de
financiéle bijdrage aan dit proefschrift. Tot slot rest het mij nog om Ineke te
bedanken voor de hulp bij het onderzoek, de adviezen, het lezen en corrigeren van
de manuscripten en voor de steun bij het afronden van dit proefschrift.
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GENERAL INTRODUCTION

THE LILY

The lily (Lilium spp.) is a perennial bulb, that is used worldwide as an ornamental.
The original centre of the genus Lilium L. is the Himalayan Region (De Jong,
1974). Currently, the genus is scattered over the Northern Hemisphere (North
America, Europe and Asia). More than half of the approximately 100 species
originate from Asia. The ancestors of the modern lilies such as the Asiatic and
Oriental hybrid lilies originate mostly from China and Japan (Beattie & White,
1993). The taxonomic classification divides Lilium into seven sections (Comber,
1949; De Jong, 1974).

Cultivation of lily bulbs for ornamental purposes started at the end of the 19"
century in Europe, Japan and the United States of America. Although the lily is a
cross-breeding crop, genotypic characteristics are perpetuated by vegetative
propagation. The perennial bulb exists of scale-like leaves attached to a compressed
stem, the basal plate, and are used as storage organs. These scales are used to
propagate the lilies (Griffiths, 1933).

An important advance in lily breeding was made with interspecific hybridisation.
One of the important interspecific hybridisations was made in the 1940’s by J. De
Graaff at Oregon Bulb Farm. He selected the Mid-Century hybrids, e.g.,
*Enchantment’, by crossing L. maculatam, L. x hollandicum (L. bulbiferum croceum
x L. maculatum) and L. tigrinum. The Mid-Century hybrids were crossed with other
species of the Sinomartagon section, e.g., L. davidii and L. cernuum, to form the
group called Asiatic hybrid lilies (De Graaff & Hyans, 1967; Feldmaier & McRae,
1982). The Asiatic hybrid lily ’Connecticut King’ has been one of the most
successful cultivars. The Oriental hybrid lilies were obtained by interspecific
hybridisation of species of the Archelirion section, e.g. L. auratum, L. speciosum,
and L. rubelium (McRae, 1976; Feldmaier & McRae, 1982). They are increasingly
of importance. The first upfacing Oriental hybrid lily 'Star Gazer’, bred by
L. Woodriff, is the leading lily in the Netherlands. Cultivars of L. longiflorum
(section Leucolirion) are important as cut flowers in Japan and they have been
produced for over one hundred years (Van Tuyl, 1985). In the United States,
L. longiflorum is mainly used as a pot plant (Miller, 1993). The Aurelian hybrids,
obtained from crosses between species of the Leucolirion section (L. regale, L.
sulphureum, L. sargentiae) and L. henryi, are used only in gardens and are,
therefore, commerciaily less important.

New tissue culture techniques have permitted further hybridisations (Van Creij et al.,
1990). Tetraploidisation techniques can restore fertility of sterile imterspecific
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hybrids (Van Tuyl, 1990). This offers new opportunities for using the genetic
variation in Lilium for important traits, like new flower colour and flower shape
combinations, low-light tolerance, forcing characteristics, vase life, and disease
resistance.

In the Netherlands, lily cultivation has increased from 227 ha in 1970 to 2896 ha in
1993 (Van Tuyl, 1992). Currently, the lily is the second bulb crop, after tulip. The
Netherlands is the world leading country in the production of lily bulbs, followed
by the United States and Japan. The Asiatic hybrid lilies are the most important
group with + 60 % of the area in 1993. The area with Oriental hybrid lilies has
increased rapidly and comprised + 33 % in 1993. In the past, the cultivation of
L. longiflorum was not possible in the Netherlands because of summer sprouting and
most bulbs were imported from Japan. Through breeding, new cultivars have been
obtained with a lower sensitivity to summer sprouting (Van Tuyl, 1985; Van Tuyl,
1988; Van Tuyl, 1992) and L. longiflorum bulbs is now exported from the
Netherlands to Japan (Matsuo, 1992). From the total Dutch lily bulb production, 560
million bulbs (65 %) are exported to other countries, mainly for cut flower
production. Important countries for bulb export are Iialy, Japan, the United States,
France, and the United Kingdom. The remaining 35 % of the bulbs is used for year
round flower production in the Netherlands. About 80 % of the flowers produced
in the Netherlands are exported. Important countries for flower export are Germany,
France, and the United States. The annual economic value of lily cultivation and
flower production in the Netherlands is estimated to be at least 600 million Duich
guilders (Lommerse, 1992).

The cultivation of lily bulbs is threatened by a number of pathogens. In the
Netherlands, the most important ones are viruses (Tulip Breaking Virus, Lily
Symptomless Virus, Lily Virus X, Tobacco Rattle Virus), nematodes (Pratylenchus
penetrans, Aphelenchoides fragariae), aleaf fungus (Botrytis elliptica), the seil fungi
(Fusarium oxysporum, Cylindrocarpondestructans, Rhizoctonia spp., Pythiumspp.),
and the fungi affecting during storage (Penicillium spp., Botrytis cinerea) (Bergman
et al., 1983).

In 1931, Van Hell investigated bulb and root rots found in lily bulbs cultivated in
the Netherlands. Cylindrocarpon radicola Wr. {Cylindrocarpon destructans) was
isolated and inoculation experiments on lilies resulted in typical symptems of root
and bulb rot. Besides Cylindrocarpon, Rhizoctonia solani and Fusarium solani were
isolated, but inoculation experiments with these fungi did not lead to disease
development., Imle first mentioned a bulb disease of lilies caused by Fusarium spp.
in 1940. In 1942, Imle published his thesis on basal rot of lilies, caused by a fungus,
classified as Fusarium oxysporum f.sp. lilii. Comparison of Cylindrocarpon and
Fusarium in screening tests showed that Fusarium was more destructive than
Cylindrocarpon (Smith & Maginnes, 1969; Bollen, 1972). At low temperatures
(5 °C) the growth of Fusarium ceases, but Cylindrocarpon still produces some



disease symptoms (H.J.M. Lffler, personal communication).

FUSARIUM

Fusarium belongs to the class of the Deuteromycetes (Fungi Imperfecti) and
F. oxysporum Schlecht. is the only species in the section Elegans (Snyder & Hansen,
1940). The haploid fungus can produce three asexual spore forms, uni(bi-)cellular
microconidia, multicellular 3-4-septate macroconidia, and chlamydospores. Genetic
exchange by a parasexual cycle may possibly occur following cell fusion when
heterokaryons are formed (Puhalla, 1981; Molnar et al., 1990). Under unfavourable
conditions chlamydospores (cells with a thick cell wall) can be separated from the
hyphae and they can survive for a long period in seit (Schipper & Van Eck, 1981).
Infection occurs by germinated spores which penetrate the roots of a host
(MacHardy & Beckman, 1981; Baayern, 1992).

Within F. oxysperum more than 75 formae speciales are defined which are distinct
from each other by their host plant range (Armstrong & Armstrong, 1981). Most
of these formae speciales cause wilting and colonize the vessels of the host plant
(MacHardy & Beckman, 1981). In flower bulbs, however, the dominant symptom
is rotting of the bulb or corm.

In lily, F. oxysporum f.sp. lilii causes scale and bulb rot (Imle 1942a; imle 1942b;
Linderman, 1981). The main infection court is probably through the bulb roots, but
infection can also occur in scales via stomata, the basal plate, and wounded tissue.
After infection, the root tissue between exodermis and endedermis is destroyed, but
the fungus does not penetrate beyond the endodermis. Hyphae mostly grow
intercellularly, and cells may be killed ahead of fungal hyphae after which the dead
cells can be invaded (Imle, 1942a; Imle, 1942b; Baayen, 1992; Rijkenberg &
Baayen, in preparation). Infection of the bulbs leads to brown or black necrotic
lesions, and if the rot extends to the basal plate, to disintegration of the bulbs.
Above-ground symptoms are yellowing and necrosis of leaves and dwarfing of the
stems. These symptoms are not always visible, because stem roots can develop and
survive, after bulb roots have been destroved. (Imle, 1942a; Imle, 1942b).

FUSARIUM CONTROL IN LILY

Fusarium damage in lily occurs mainly during bulb propagation and cultivation.
Fusarium-infected bulb lots have lower yields and can be rejected by the Inspection
Service. Contaminated soil cannot be used for lily cultivation for several years and
infected bulb material camnses major problems for bulb exporters. Infected bulb
material and intensive soil use can also cause major problems during flower forcing.



No survey of the financial damage caused by Fusarium in lily has been reported.
This is due to the fact that most of the damage is indirect and difficult to determine.
Prevention of infection by Fusarium depends on a combination of measures
(Linderman, 1977; McRae, 1987). Besides cultivation practices like crop rotation,
a low nitrogen supply, steaming of soil, and the use of healthy plant material,
prevention is mostly based on chemical disinfestation of bulbs {e.g., benomyl,
captan, prochioraz). However, resistance of Fusarium to fungicides can occur
(Bollen, 1972). Furthermore, insufficient protection is often obtained by fungicides.
Chemical disinfestation of soil used for control of nematodes in lily, also has a
fungicide effect. In the Netherlands, a reduction of the application of chemicals for
disease control is necessary to reduce environmental pollution. For soil
disinfestation, with respect to 1985, a reduction of 60-85 % in the flower bulb
industry and approximately 75 % in the bulb flower industry must be accomplished
before the year 2000 (Van Aartrijk et al.,, 1990). A decrease in the use of
nematocides in lily cuitivation can lead to an increase in damage caused by
Fusarium,

An environmental friendly alternative will be disease resistant cultivars. Breeding
for resistance has proven to be successful in many crops and for many pathogens,
including soil-borne diseases (Tinline et al., 1989) such as F. oxysporum (Shaner,
1981). In flower bulbs, breeding for Fusarium resistance is being investigated for
the major crops, i.e., lily, gladiolus, tlip and narcissus.

BREEDING FOR FUSARIUM RESISTANCE IN FLOWER BULBS

Imie (1942a; 1942b) was the first to study Fusarium resistance in lily. He performed
screcning tests in greenhouses and in the field. A temperature range between 27 and
30 °C and a pH range between 5.6 and 7.4 was optimal for fungal growth. Soil or
bulbs were artificially infested with the pathogen. He primarily used commercial
bulbs for his experiments, but sometimes stem bulblets, stem bulbils, scale bulblets
and scales were used. Bulblets gave greater losses than mature bulbs. Smith &
Maginnes (1969) described a screening test using scales. This test was later
optimized by Loffler & Mouris (1989). Van Tuyl (1980) described a screening test
using scale bulblets. Variation in Fusarium resistance was detected, mainly between
Lilium species (Imle, 1942a; Imle 1942b). Variation within species was not
mentioned. No absolute resistance has been found in lily. Imle (1942a) found no
evidence for the existence of physiological races of the fungus. Bald et al. (1971)
showed that isolates of F. oxysporum f.sp. lilii from roots, bulbs and stems differed
in tissue specificity. Development of a seedling test was unsuccessful, since direct
sowing of seed in infested soil caused heavy losses by damping-off (Imle, 1942a).
F. oxysporum £.sp. gladioli (Massey, 1926) Snyd. & Hans. (1940) causes corm rot



in many crops of the Iridaceae, such as gladiolus, crocus, iris and freesia
(McClellan, 1945; Apt, 1958; Linderman, 1981). Besides rotting of corms and roots
of the gladiolus, Fusarium is able to colonize the vascular tissue (Nelson et al.,
1981). Screening tests were developed and variation in Fusarium resistance was
found (McClellan & Pryor, 1957; Palmer & Pryor, 1958; Wilfret & Woltz, 1973;
Jones & Jenkins, 1975; Chandra et al., 1985). New resistant cultivars were released
(Wilfret & Magie, 1979; Wilfret, 1981; Wilfret, 1986). Our experiments showed
that absolute resistance to Fusarium does exist in the species Gladiolus dalenii (not
published). The occurrence of physiological races of the pathogen has been reported
by Roebroeck & Mes (1992). Qur results showed that selecting for Fusarium
resistance is possible at seedling level (Straathof & Loffler, 1992). Seedlings showed
less sensitivity than corms.

Breeding for resistance in tulip to F. oxysporum f.sp. fulipae Apt (1958) was carried
out by Van Eijk and colleagues (Van Eijk et al., 1978; Van Eijk et al., 1979; Van
Eijk & Eikelboom, 1983). Screening tests were developed, variation in resistance
was retrieved and inheritance in terms of general and specific combining ability was
studied. Seedling tests were also performed. Juvenile bulbs were less sensitive than
adult bulbs. In tulip, the fungitoxic tulipalin A exerts a role in the resistance
mechanism (Bergman, 1966; Baayen, 1992}

The pathogenesis of F. oxysporum f.sp. narcissi Snyd. & Hans. in narcissus has
been described by Langerak (1985). Breeding for resistance has been mainly carried
out in the United Kingdom. Screening tests were develeped and variation in
resistance was found (Linfield, 1986; Linfield & Price, 1986; Tompsett, 1986). In
several species and cultivars absolute resistance was detected (Linfield, 1992).
Furthermore, seetlling tests were performed and inheritance in terms of general and
specific combining ability studied (Bowes et al, 1992). Tests with several ages of
bulbs suggested that sensitivity to Fusarium decreased with bulb age.

Although formae speciales can be distinguished by their host range, cross-infection
is reported. Imle (1942a) reported that an isolate of F. oxysporum f.sp. lilii was
pathogenic on crocus, and a Fusarium isolated from crocus was pathogenic to
L. formosanum. Apt (1958) found that cross-infection only occurred within the
Iridaceae. Valaskova (1976) demonstrated that freesia could be infected by fusaria
isolated from gladiolus, lily and tulip. Loffler & Mouris (1992) showed that
Fusarium isolates from gladiclus and tulip were pathogenic for lily. This can have
a large influence on the crop rotation system for bulb production.

Although breeding for Fusarium resistance in lily was investigated by Imle (1942a;
1942b), lily breeders de not use it. In 1989, the Royal General Bulbgrowers’
Association (KAVB), the Dutch Bulb Exporters Association (BVB), and the
Commodity Board for Ornamental Plants (PVS) together with the Dutch government
decided to finance the Urgency Programme for Research on Diseases and Breeding
of Flower Bulbs. The research on the possibilities for breeding for Fusarium



resistance in lily and gladiolus was part of this programme. This thesis presents
results of the research programme on lily.

OUTLINE OF THE THESIS

Several steps are necessary in order to start a breeding programme for Fusarium
resistance in lily. First, a useful screening test has to be developed. For flower
bulbs, screening tests can be performed at clonal level and under standardized
conditions, by which an accurate estimation of the resistance level can be obtained.
Special attention has to be paid to resistance measurements, since the major
symptoms are below the soil surface. The development of these techniques is
described in Chapter 1. For lily bulb cultivation, different stages of development
have to be passed. Comparison of Fusaritm resistance in the various developmental
stages is necessary, since resistance may differ between these stages (Chapter 2). To
esiablish reliable resulis in a screening test, the influence of testing conditions on the
cultivar ratings has to be investigated (Chapter 3).

Next, the occurrence of genetic variation for Fusarium resistance is required in
order to start a successful breeding programme. Variation was determined in (old)
cultivars or wild species {Chapter 4). The possibilities for interspecific hybridisation
in lily allow for introgression of resistance genes from various species. Besides
variation in resistance in the host, variation in virulence may exist in the pathogen.
When different physiological races of the pathogen occur, resistance might not occur
for all isolates. Before intensive and expensive interspecific breeding programmes
are carried out, the durability of the resistance has to be estimated (Chapter 5).
Finally, screening tests that can preferably be applied at individual level in the
seedling stage are required for selecting new resistant cultivars. The development
of a seedling test is described in Chapter 6. Molecular markers can be used for '
indirect selection of a desired trait without disturbance by environmental variation.
A first prerequisite of this technique is a close linkage between Fusarium resistance
and molecular markers (Chapter 7). Inheritance of partial resistance is hard to
evaluate. Based on a diallel analysis of the seedling test and using the molecular
marker system, the inheritance of Fusarium resistance in lily was studied.
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ABSTRACT

A screening test for determination of resistance fo Fusarium oxysporum f.sp. lilii in
Liliom was developed. Under standardized conditions, 16 Asiatic hybrid lily
cultivars were tested for resistance. Disease rating data were analyzed statistically
using a threshold model for ordered categorical data. Bulb weight measurements
were modeled as weight change of planis cultivated in Fusarium-infested soil relative
1o weight change of control plants, and further analyzed by ANOVA. Results of boith
observations were highly correlated. For disease ratings, six categories provided
more information than two or three categories. Variation in resistance among the
cultivars was demonstrated. The threshold analysis with six categories showed at
least four groups of cultivars that differed in resistance. Disease ratings provided
reproducible results and a practical experimental design.

Keywords. Asiatic hybrid lilies, disease rating, Fusarium resistance, relative weight
change, scale bulblets, threshold model.

INTRODUCTION

Lily (Lilium L.} is cultivated worldwide as a cut flower, pot plant, and garden plant.
Lily bulbs are propagated vegetatively by inducing development of scale bulblets.
Scale bulblets are grown for one or two years to obtain commercial bulbs. The
culture of lily bulbs, especially at the scale bulblet stage, is often limited by the
scilborne fungus Fusarium oxysporum f.sp. lilii Imle, which causes basal rot.
Infection of the bulbs leads to brownish or black necrotic lesions, and, if the whole
basal plate rots, the bulbs disintegrate (Imle, 1942; Bald et al., 1971).

Prevention of such damage depends mostly on chemical disinfestation of soil and
plant material (Bald & Chandler, 1957; Boontjes, 1974; Bald et at., 1983; McRae,
1987). Resistance of the fungus to fungicides can occur (Bollen, 1972; Duineveld
& Beijersbergen, 1975), however, and reduced application of chemicals is desirable
to limit environmental pollution. Another way of controlling the disease would be
the cultivation of resistant cultivars, which must be developed in breeding programs.
In the Fusarium-lily interaction, only partial resistance has been reported (Imle,
1942; Smith & Maginnes, 1969; Maginnes & Smith, 1971; Van Tuyl, 1980¢; Lofiler
& Mouris, 1989). Therefore, a standardized screening test with sufficient sensitivity
to discriminate between different resistance levels is needed.

Such a test requires that observations reflect the 'true’ level of resistance in the
plants considered. Furthermore, for a precise quantification of differences in
resistance level, the observations must be analyzed statistically. This paper describes
an approach to the analysis requirement.

12



Often the development of symptoms is considered a reflection of susceptibility.
Usually, severity of symptoms is observed visually, and results are recorded as
ratings on an ordinal scale. Consistent ratings may be difficult to achieve, however,
especially between experiments. Moreover, analysis of disease ratings is not
straightforward because the measurement scale may be nonlinear. A threshold model
for ordered categorical data (McCullagh, 1980; Jansen, 1990; Jansen, 1991) may
provide a suitable method for analysing disease ratings of basal rot in lily.

The difficulties associated with subjective observations may be avoided by a method
to determine the decay of plants quantitatively. In this respect, weight change of
plants infected by the pathogen relative to weight change of control plants may be
used. Analysis of variance (ANOVA) may then be used to analyze the data.
Classification of cultivars with respect to resistance may provide a concise
representation of the results of a screening test, The problem of classification of
cultivars has been considered for quantitative data (Calinski & Corsten, 1985) and
similar ideas can be applied in the case of disease ratings.

The objective of this research was to compare resistance levels of scale bulblets of
Asiatic hybrid lily cultivars based on disease rating data with those based on relative
weight change data. Effects of combining categories on the analysis of disease
ratings were considered, and cultivars were classified in groups representing
different levels of resistance.

MATERIALS AND METHODS

Plant material

Cultivars were chosen so that variation in resistance level could be expected (J.M.
Van Tuyl, personal communication). The experiment was conducted twice (in 1989
and 1990). Commercial bulbs, which were used to induce scale bulblets in the 1989
experiment, were obtained from several growers. Bulbs used in the 1990 experiment
were cultivated under standardized conditions and without fungicides. Scales of
commercial bulbs of 16 Asiatic hybrid lily cultivars (Aristo, Connecticut King,
Enchantment, Esther, Golden Melody, Hilde, Milano, Mont Blanc, Montreux,
Napoli, Orlito, Pirate [1990 experiment only], Prominence, Snow Star, Sterling
Star, and Yellow Blaze) were incubated at 25 °C in plastic bags with wet
vermiculite to induce development of scale bulblets (Van Tuyl, 1983). After eight
weeks at 25 °C, the temperature was reduced to 17 °C for another four weeks,
followed by eight weeks at 5 °C. After the final incubation, newly formed scale
bulblets were harvested and selected for uniformity of weight within each genotype.
The resistance tests were then performed on the selected scale bulblets.
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Fungus
Two highly aggressive isolates of Fusarium oxysporum f.sp. lilii (CPRO-Fol4 and

CPRO-Foll1) (Loffler & Mouris, 1989; Loffler & Rumine, 1991) were used. These
isolates are monospore cultures provided by the Bulb Research Centre (LBO, Lisse,
The Netherlands) and the Department of Phytopathology (LUW, Wageningen, The
Netherlands), respectively and were stored on Protect Bacterial Preservers
{Technical Service Consultants LTD, Lancs, UK) at -80 °C for long term
preservation. Before experimental use, fresh cultures were obtained by plating this
stock on Czapek-Dox agar medium (Oxoid LTD, Hampshire, UK}. For soil
infestation, the fungus was incubated for three weeks at 23 °C in an autoclaved
(120 °C, 2 h) oatmeal-soil mixture (1:4 w/w). The fully grown cultures were
ground and mixed in a 1:100 ratio with soil (Loffler & Mouris, 1989}. The number
of propagules was determined by plating soil dilutions on a modified Komada
medium (Komada, 1975; Loffler & Mouris, 1989) immediately after mixing
(£ 150,000 propagules per gram of soil) and at the time of planting the scale
bulblets, two weeks after infestation of the soil (+ 100,000 propaguies per gram of
soil).

Experimental design

Scale bulblets were planted in pots and placed in 2 temperature-controlled
greenhouse at 18/14 °C (16 h day / 8 h night). Each pot contained four bulblets of
the same genotype. The experiment was arranged in ten blocks each of an infested
and a noninfested (= control) pot of each genotype. The 16 cultivars and the two
treatments were randomly assigned to the pots. Observations were made six (1989)
or eight (1960) weeks after buiblets were planted.

Disease measurement

Disease severity was measured in two ways. Decay of the infested bulblets was rated
visnally according to an ordinal scale with six categories: 1 = healthy; 2 = slightly
rotten; 3 = moderately rotten; 4 = heavily rotten; 5 = very heavily rotten; and 6
= completely decayed. In addition, fresh weight of each plant (bulb + stem +
Ieaves) was measured. Roots were removed to avoid inclusion of soil particles in the
weight measurements.

Analysis of ordinal data

Disease rating data were analyzed according to a threshold model for ordered
categorical data (McCullagh, 1980; Jansen, 1990). The threshold model assumes the
presence of an underlying, continuous variable y that is related to disease resistance.
The value of y of bulblet k (= 1...4) of cultivar j (= 1...16) in block i is given by
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where g is the grand mean, §; is the effect of block i (8, = 0), v, is the effect of
cultivar j (y, = 0), ¢; is 2 random contribution related to the pot with cultivar j in
block i and e is a random contribution related to bulblet & in the pot with cultivar
J inblock i. The random contributions e, and &, are assumed to be independent and
normally distributed with zero mean and variances ¢} and o3, respectively. The
variances oZ and ¢Z represent between-pot and within-pot variation, respectively. The
disease severity score (DSS) of cultivar j is defined as u + 8 + v, where 8 =
L, 8,/ 10, i.e., the average value for cultivar j on the underlying scale.
Categorization is thought to arise from partitioning of this underlying scale by five
thresholds (@, 8,...8;) which are assumed to be the same for all cultivars. A plant
is assigned to category 1 of the ordinal scale if the value of y is less than or equal
to the threshold #,. A plant is assigned to category 2 if its value of y lies between
#, and 6, and so on. Finally, the plant is assigned to category 6 if its value of v is
larger than the threshold 8;. To estimate parameters two restrictions must be made,
First, the origin of the undetlying scale has to be fixed, which is done by taking
8, = 0. Second, the scale parameter has to be fixed, which is done by taking
o2 = 1, As a consequence, the probabilities that a plant of cultivar j in block i is
assigned to categories 1, 2...6, respectively are given by

P;‘lr‘: P(-(p+B+vy+tegl)

pi=®0.-[p+8+y+el)-20,-[p+B8+y+el))
c=2.56 =0

Pp=1-®@-[p+8+y+el)

where & denotes the probability distribution function of the standard normal
distribution. The probabilities p; may be considered as areas under a normal
probability density function with mean y; = p + 8, + v; + ¢; and unit variance.
A graphical representation of the model is given in Figure 1.1.

Estimates of all unknown parameters (4, 8, v, 6., and ¢;) can be obtained
simultaneously by maximum likelihood with the computer package Genstat (Payne
et al., 1987). Furthermore, deviance statistics (McCullagh & Nelder, 1989) are
calculated, which are similar to sum-of-squares used in ANOVA. Values of a
deviance statistic have to be compared with the table of the chi-squared distribution
with the appropriate number of degrees of freedom. (A Genstat procedure as well
as a Fortran program can be obtained for a nominal fee from the second author.)

Analysis of weight changes
The relative weight change (RWC) per block of a cultivar was calculated as the ratio
of the weight change (final weight minus initial weight) of the four plants cultivated
in infested soil and the weight change of the four control plants. Values of RWC
were analyzed by ANOVA.
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Figure 1.1 Representation of ordinal disease rating data for three lily cultivars infected by Fusarium
oxysporum f.sp. lilii. Data were analyzed according to a threshold model for ordered categorical data.
A, C, E, Distribution of disease ratings for resistance for "Connecticut King' (CK), "Montreux' (MO)
and "Esther” (ES), respectively. B, D, F, Corresponding normal distributions and disease severity scores

according to the threshold model with five thresholds (6,...9,).
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Correlations

Correlation diagrams were made to investigate the relation between DSS data and
RWC data. To investigate reproducibility, correlations between the two independent
experiments were calculated for both DSS and RWC data.

Combining categories of the ordinal scale

The disease rating data were regrouped into three new categories (i.c., old category
1+2, 3+4, and 5+6) or two new categories (i.e., old category 1+2+3 and
4+5+6) to determine whether or not a disease rating with fewer than six categories
would lead to less discriminating power relative to a rating with six categories.

Classification of cultivars

Cultivars were classified with regard to resistance so that most of the variation
among cultivars could be attributed to variation among groups rather than to
variation within groups. The criterion for classification was the deviance for
differences between cultivars within groups. This deviance reached a maximum
when all the cultivars were classified in a single group and a minimum (zero) when
the number of groups was equal to the number of cultivars. To obtain a concise
representation of the results, the number of groups must be as small as possible.
Results can be represented in a dendrogram similar to that proposed by Califiski &
Corsten (1985) for continuous data.

RESULTS

Bulbs used in the 1990 experiment were cultivated under standardized conditions and
without fungicides, so results of this experiment are assumed to be more reliable
than those from 1989 and are emphasized here.

Results of the 16 cultivars with regard to disease rating with six categories,
estimated DSS values, and corresponding standard error of differences (relative to
Connecticut King") of the 1990 experiment are given in Table 1.1. The deviance
for differences between cultivars is equal to 221.2 based on 15 degrees of freedom,
which shows that large differences in resistance to Fusarium exist between the
different cultivars (£ < 0.001). Significant block effects did not occur {deviance
equal to 4.7 with 9 degrees of freedom). The estimate of the between-pot variance
(o7) is 0.17 (standard error = 0.124). Estimates and standard errors (s.e.) of the
thresholds are O (fixed), 0.98 (s.e. = 0.117), 1.95 (s.e. = 0.132), 2.47 (s.e. =
0.139), and 3.76 (s.e. = 0.165).
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Table 1.1 Number of bulblets in six disease categories and disease severity score (DSS) obtained by
the threshold model, after planting scale bulblets of 16 Asiatic hybrid lity cultivars in Fusarium-infested
soil (1990 experiment).

disease category DSS
cultivar 1 2 3 4 5 [ estimate s.e.d.’
Connecticut King (CK) 7 9 i1 5 8 0 1.29 -
Mont Blanc (MB) 0 12 15 B 5 0 1.52 0.245
Prominence (PR) 1 8 17 9 3 2 1.65 0.245
QOdito (OR) 2 6 16 8 6 2 1.75 0.245
Napoli (NA) 0 5 19 9 7 0 1.79 0.245
Hilde (HT) 1 4 11 11 11 2 2.10 0.247
Milano (MI) 0 4 13 5 17 1 2.21 0.247
Montreux (MQ) 0 4 12 6 14 4 2,33 0.248
Yellow Blaze (YB) 1 6 8 7 11 7 2.35 0.249
Golden Melody (GM) 2 2 8 5 20 3 2.43 0.249
Sterling Star (ST) 0 3 4 8 20 5 2.72 0.252
Snow Sar (SN) 1 1 8 7 11 12 2.85 0.254
Enchantment (EN} 0 0 0 3 29 8 3133 0.261
Esther (ES) 0 0 2 4 22 12 3.37 0.261
Aristo (AR) 0 0 1 1 8 30 4,39 0.293
Pirate (PI) [} 0 1 0 3 36 4.99 0.338

*Standard error of differences, and refer to differences with "Connecticut King'.

The weight data (average initial and average final weight) per cultivar per treatment
in the 1990 experiment are given in Table 1.2. The initial weight of bulblets within
cultivars was similar. Among cultivars, the average initial weight per bulblet ranged
from 0.27 (’Pirate’) to 0.89 g ("Esther’) with an overall average of 0.55 g. In the
control, the absolute increase of weight ranged from 0.34 (’Pirate’) 10 5.77 g ("Mont
Blanc'). Variation in resistance level, calculated as RWC among cultivars was
observed (Table 1.2). The analysis of variance indicated highly sigunificant
differences among cultivars (P < 0.001) with no block effects detected.

To investigate the relationship between the RWC data and the DSS data, correlation
diagrams were made (Figure 1.2). A high correlation between DSS, obtained from
the threshold model with six categories, and RWC was observed. Correlations
between the 1989 and 1990 experiments for both DSS and RWC data are presented
in Figure 1.3. Results of both years were correlated for DSS as well as RWC.
Analysis of regrouped data in two or three categories still gave highly significant
differences between cultivars (P < 0.001). The deviance, however, was smaller
(189.1 for three categorics and 148.4 for two categories) than the deviance obtained
with six categories (deviance = 221.2). This indicates that discrimination was
reduced by combining categories.
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Table 1.2 Initial weight, final weight, and relative weight change (RWC) of scale bulblets of 16
Asiatic hybrid lily cultivars planted in comrol and Fusarium-infested soif (1990 experiment).

initial weight (g}’ final weight (g}
cuitivar control infested control infested RWC*
Connecticut King (CK) 0.45 0.44 5.78 1.96 0.34
Napali (NA) 0.54 0.57 5.12 1.65 0.24
Milano (MI) 0.56 0.54 6.24 1.65 0.24
Prominence (PR) 0.52 0.54 5.45 1.49 . 021
Mont Blanc (MB) 0.58 0.56 6.35 1.62 0.20
Orlito (OR) 0.54 0.52 5.09 1.13 0.14
Golden Melody (GM) 0.61 0.56 4.79 1.15 0.14
Hilde (HI) 0.67 0.56 5.40 1.08 0.12
Montreux (MO) 0.56 0.46 5.97 0.93 0.09
Enchantment (EN) 0.36 0.37 5.10 0.68 0.07
Sterling Star (ST) 0.57 0.62 5.46 0.93 0.07
Yellow Blaze (YB) 0.70 0.72 4.72 0.86 0.04
Snow Star (SN} 0.59 0.59 4.60 0.65 0.02
Esther (ES) 0.89 0.76 4,06 0.53 0.08
Aristo (AR) 0.59 ' 0.59 2.27 0.13 €0.36
Pirate (PI) 0.27 0.28 0.62 0.01 0.69
Standard error of differences 0.07

YEach value is the mean of 40 plants.
“Each value is the mean of 10 blocks.
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Figure 1.2 Cormelation diagram between disease severity score obtained by the threshold models and
the relative weight change of scale bulblets of 16 Asiatic hybrid lily cultivars planted in Fusarium-infested
soil. See Table 1.1 for abbreviations of cultivar names. A, 1989 (r = 0.87). B, 1990 (r = 0.94).
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Figure 1.3 Correlation diagram between results of the 1989 and 1990 experiments with scale bulblets
of 15 Asiatic hybrid lily cultivars planted in Fusarium-infested soil. See Table 1.1 for abbreviations of
cultivar names. A, Disease severity scores obtained by the threshold model (r = 0.78). B, Relative
weight change (r = 0.79).

A dendrogram (Figure 1.4) based on disease ratings in six categories indicates that
a division of the 16 cultivars into two groups led to a deviance of 94.1 (with 14
degrees of freedom) for differences between cultivars within groups. Further
division into three, four, or five groups led to deviances of 53.0 (with 13 degrees
of freedom), 17.0 (with 12 degrees of freedom) and 6.2 (with 11 degrees of
freedom), respectively. A classification with four groups provided an adequate
summary of the variation among cultivars, yet kept the number of groups acceptably
small. Such a classification accounted for 92 % of the differences among cultivars.
Borders between groups were found where large intervals of DSS existed between
cultivars, i.e., ’Napoli’ and ’Hilde’, "Snow Star’ and 'Enchantment’, and 'Esther’
and ’Aristo’ (Table 1.1).

DISCUSSION

Disease severity in lily scale bulblets was measured and analyzed in two different
ways. In the first analysis, disease rating data were used, in which plants were
assigned to the categories of an ordinal scale according to the severity of symptoms.
This method of evaluating discase severity is relatively easy and, therefore,
commonly used. Analysis of these data is difficult, however. The threshold model
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for analysing ordered categorical data is a fairly new approach that involves an
underlying linear scale (McCullagh, 1980; Jansen, 1990; Jansen, 1991),
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Figure 1.4 Deviances for differences between cultivars within groups and corresponding disease
severity scores obtained by the threshold model, after classification of cultivars in different groups (1950
experiment), Group 1 = CK, MB, PR, OR, NA; group 2 = HI, MI, MO, YB, GM; group 3 = ST, SN;
group 4 = EN, ES and group 5 = AR, FI. See Table 1.1 for abbreviations of cultivar names.

Categories of the disease rating scale must be well-defined to obtain consistent
results. A larger number of categories improves discrimination between disease
severity levels but increases the difficulty of assigning plants to specific categories.
Moreover, the chance of rating errors or empty categories increases. On the DSS
scale, thresholds mark the borders of the disease rating categories. The distance
between thresholds determines how precisely categories are chosen. In this study,
six categories were used, and fewer plants were assigned to category 4 than to either
categories 3 or 5. This conforms with the relatively small estimated difference
between thresholds 3 and 4 and may be due to the fact that symptom development
in the bulbs progresses at a variable rate after infection.

Adjacent categories were combined to study the effect of using a reduced number
of categories. When two or three categories were used instead of six, however,
deviances were reduced and led to less discrimination between the cultivars. When
only two categories were used, the model was reduced to a binomial mode! in which
plants were classified only as healthy or diseased. The reduction of the deviance
with two categories is due to the fact that a part of the information is discarded, i.e.,
severity of symptoms is not considered.
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Although almost all scale bulblets were infected in the experiments, large cultivar
effects occurred. The cultivars Aristo and Pirate both had a rather high standard
error of differences compared to the other cultivars, which means that the DSS
estimates of "Aristo’ and Pirate’ is less reliable than the DSS estimates of the other
cultivars. This occurred because both *Aristo’ and ’Pirate’ were severely diseased
and received disease ratings mainly in the high categories.

Disease ratings, although rated on a progressively coarser scale with a limited
number of categories, are often analyzed by analysis of variance. An analysis of
varance on the disease rating data presented in this paper provided results similar
to those obtained with the threshold model (not shown). Standard errors of
differences between cultivars as provided by analysis of variance were relatively
underestimated compared to those obtained by the threshold model, however,
especially if extremely susceptible or resistant cultivars were involved. The threshold
model acknowledges the fact that discrimination becomes more difficult if cultivars
are extremely resistant or extremely susceptible. In complex experiments involving
several factors, analysis of variance may lead to inclusion of interactions that are
caused by the limitations of the ordinal scale rather than the biology of the system.
Another way of estimating the disease severity was by calculation of the relative
weight change of lily scale bulblets. Normally, bulblets gain weight during
cultivation by developing shoots and by growing of the bulbs. Infection causes bulb
rot, wilting, and stunting, and all are reflected in diminished weight increase or even
weight decrease. Therefore, weight change of infected bulbs relative to weight
change of control bulbs can express disease severity. Differences in RWC reflect the
difference in disease severity of the cultivars used. As with DSS estimates, RWC
data analyzed by analysis of variance revealed a large cultivar effect.

The RWC values apparently were not influenced by the initial weight of the bulblets
because RWC values and initial weight were not correlated. Results might be
influenced, however, by the vigour of the cultivars. The two most slowly growing
cultivars also had the lowest RWC. Whether this slow growth biases the test results
or low vigour implicates a high Fusarium disease severity is unclear.

The 1989 and 1990 experiments gave reproducible results for both DSS and RWC.
Differences between the data sets might be due to differences in the origin of the
bulbs. Both methods described to estimate disease severity (DSS and RWC) gave
clear resulis. The high correlation between results from those two methods in both
years means that both methods adequately describe the same phenomenon, i.e.,
disease severity. In this case, however, both resistance and tolerance of cultivars
must be considered. Both methods are based on symptoms, so neither method can
discriminate between tolerance and resistance. Histological research indicated that
genotypes with a low level of disease retard colonization (R.P. Baayen, personal
convnunication), which suggests that resistance rather than tolerance is involved.
We expected that the weight measurements would reflect disease severity more
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precisely than the visible symptom scale because weight measurements are more
objective than the disease ratings. The high correlation between RWC and DSS,
however, indicates that the disease rating, if analyzed propetly, can be used. Both
methods provided similar precision. The weight measurement is labour intensive and
needs a large experimental design (equal number of infested and control pots), which
are important practical considerations. If disease ratings are used, only a small
number of control plants have to be analyzed to determine whether or not bulbs
were infected prior to the experiment. Although weight measurements can be
analyzed easily compared to disease ratings, labour and greenhouse capacity
involved in obtaining these measurements make their application in large screening
tests impractical.

As expected from the choice of cultivars for this study, variation in resistance to
Fusarium oxysporum f.sp. lilii, although partial, was found in Asiatic hybrid
cultivars of Lilium. Classification of cultivars into phenotypic groups would provide
an adequate representation of the resulis of a screening test. In this study, at least
four groups of cultivars, differing in resistance, could be distinguished by the disease
rating analysis with six categories. Cultivars within groups can be treated as
equivalents. Results can be used for purposes of practical breeding and variety
research.

Whether the resistance level observed for some cultivars in this study is sufficient
to justify reduced use of fungicides in conmmmercial bulb cultivation is not yet clear.
Cultivars that were resistant in this test (e.g., "Connecticut King’ and *Mont Blanc”)
did not exhibit disease symptoms when cultivated in the field. Cultivars that were
susceptible in this test (e.g., 'Pirate’ and 'Esther’) often have been susceptible under
field conditions. Our results were also comparable with other reports (Van Tuyl,
1980; Laffler & Mouris, 1989).

The Fusarium test under standardized conditions combined with disease ratings,
analyzed using the threshold model as applied in this study proved to be very
suitable for detecting differences in resistance level among cultivars. Disease ratings
provided reproducible results and a practical experimental design. This test will be
used to compare Fusarium resistance of different developmental stages of lily bulbs
in further research.
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