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Author'sabstract
Powdery mildew on rose (Sphaerotheca pannosa) and cucumber {Sphaerotheca
fiihginea) are two serious diseases in glasshouses. Intensive control by fungicides is
needed. The research presented here deals with biocontrol of powdery mildew on
cucumber and rose by means of mycoparasites. The mycoparasites Ampelomyces
quisqualis, Sporothrix rugulosa, Tilletiopsis minor and Verticillium lecanii were
tested onrosepowderymildew.V. lecaniiproduced thebestresults.Forbiocontrol at
glasshouse scale an efficient production method of phialoconidia of V. lecaniiwas
developed. In exploratory glasshouse experiments V. lecanii was superior to S.
rugulosaincontrolling cucumbermildew. Especiallyonapartiallyresistantcucumber
cultivar biocontrol by V.lecaniishowed prospect. To identify characteristics for the
selection of V. lecanii isolates with high potential for biocontrol under glasshouse
conditions, the effect of water limitation on 14 isolates was explored. Conidial
germination, growth andsporulation wereallclearly affected byhumidity,but showed
no correlation with mycoparasitic potential. The effect of timing the biocontrol
treatment by V. lecaniiwas studied on rooted mildewed cucumber leaves. At high
humidity early preventative and early curative treatments gave considerable reduction
in mildewed leaf area. In semi-commercial glasshouse experiments our V.lecanii
isolate, A. quisqualis and Sporothrix flocculosa were tested against cucumber
powdery mildew.A. quisqualis didnot control the disease. V.lecanii had only minor
effects. S.flocculosagavethebest control.Thefailure ofbiocontrol byV. lecanii was
attributed tolowhumidityintheglasshouse.Formulation ofV. lecaniiwitharachidoil
significantly reduced its humidity dependence. Possibilities for integrated control are
combinations ofpartiallyresistant cultivars,formulation ofV. lecanii and combination
ofV. lecaniiwith fungicides.

Voorwoord

Voor altijd zalmijn aandacht getrokken worden door eenmeeldauwkolonie opeen
plant ofboom.Ennogenthousiaster zalikworden wanneerikzie daterzichopdat
blad een veldslag afspeelt tussen demeeldauwschimmel en andere schimmels. Het
onderzoek naar biologische bestrijding van komkommer- en rozenmeeldauw heeft
mijzeergeboeid.
Graag wil ik Tijmen Hijwegen en professor Zadoks bedanken voor alle
discussies, adviezen en het nakijken van mijn manuscripten. Tijmen, jij hebt mij
geleerd omgoednaardemycoparasietentekijken, ikkanbijna zeggenommetzete
praten, al weet ik niet zeker of ze wel luisterden. Heel veel dank voor al diejaren
samenwerking!
Tijdens eenvandeeerstebesprekingenspiegeldeprofessor Zadoksmij een
komkommerkas voor met hier en daar een eikeboompje waarop meeldauw met
daarop een mycoparasiet. Vanaf deze boompjes zou de mycoparasiet zich via de
lucht door de kas verspreiden en zo demeeldauw onder controle houden. In mijn
fantasie zie ik in die kas ook citroen lieveheersbeestjes die graag meeldauw
knabbelen en dusdoende de mycoparasieten van de ene naar de andere meeldauw
kolonie slepen. Daarnaast staanandereplanten die alsgastheer dienenvoorbiologische bestrijders. Voor biologische bestrijding van insekten worden niet alleen
insekten en schimmels ingezet maar ook vogels. En zo zal de monocultuur in de
kassen plaats moeten maken voor gecontroleerde stukjes "natuur". Zoals U in dit
boekje kunt lezen zijn we nog lang niet zo ver, maar er is een kleine bijdrage
geleverd aan het onderzoek naar demogelijkheden van biologische bestrijding van
komkommerenrozenmeeldauw.
Inhetvoorjaar van 1992begonikvolgoedemoedmijn eerstekomkommerkasproeven om de effecten van twee potentiele mycoparasieten van komkommermeeldauw te testen. Met het verzorgen en waarnemen van de planten had ik in
mijn tijdsplanning rekening gehouden. Echter geen haar op mijn hoofd had er aan
gedacht dat er ook nog eens duizenden komkommers geoogst moesten worden.Dc
wil hier al hetkaspersoneel enmetnameBertusvanderLaan enWimdenDunnen
bedanken voor alle hulp. Tijdens de kasproeven in Naaldwijk was Wout
Hoogkamer mijn compagnon. Het waren zware maar gezellige dagen daar in die
bloedhete kassen. Aleid Dik wil ik bedanken voor de gastvrijheid op het
Proefstation voor Bloemisterij en Glastuinbouw te Naaldwijk en de goede
samenwerking.
Naast de kasproeven werden verschillende kleinere experimenten uitgevoerd met bemeeldauwde komkommerblaadjes. Theo Damen wil ik ervoor
bedanken datiknaheelwatrondzwerven eindelijk terechtkwambijgoedinstelbare
klimaatkasten.

Omdat de rozenmeeldauwinWageningen niet goed wilde aanslaan zijn in
samenwerking met het Proefstation voor de Bloemisterij en Glastuinbouw in
Aalsmeer proeven over biologische bestrijding met behulp van mycoparasieten
uitgevoerd doorstudenteLindaHydra.AlbertKerssiesenTinekeBoskoop,bedankt
ikvoordegastvrijheid ensamenwerking.
Verscheidende studenten wilden tijdens hun afstudeervak een bijdrage
leveren aan dit onderzoek. Wendy van Eijnatten, Linda Hydra, Els Rooze, Pascal
de Koning, Gitte Schober, Jannie Schonhagen, Ellian van Strien, Karin 0stergaard
enNicole van deWerf, bedankt! Zoalsjullie gemerkt zullen hebben werk ikgraag
metmeermensenaaneenonderzoek.Zonderjulliewashetnietzovergekomen!
Frank van denBosch,ErnstvandenEnde,Herman Frinking, Dirk Janvan
der Gaag, Corrie Geerds, Eelco Gilliamse, Wout Hoogkamer, Nina Joosten en
Diederik Smildewilikbedankenvoor degezelligheid in onsgangetje enverder de
heleVakgroepFytopathologievoordegoede sfeer.
LieveKees,Saskia,KoenenTanja, ikbenjullie heel ergdankbaar voorde
ruimte en tijd diejullie mij gegund hebben omhet onderzoek met dit boekje af te
ronden.Ikzaldekeukentafel nouechteenshelemaalopruimen.Tenslottebedankik
mijn ouders enThea omdatzealtijd voormijklaarstonden enveledagenop Tanja
hebbengepast.

Marjan Verhaar
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General introduction

GeneralIntroduction

General Introduction
Cucumbersand rosesintheNetherlands
Cucumber. Cucumber isthoughttohaveoriginatedinIndia,whereitwascultivated
for 3000years.CucumberswerespreadtoChina,NearEastandEurope(Zevenand
Zhukovsky, 1975).IntheNetherlands,theproductionofcucumbersunderglass started
about 1900.Since 1970introductionsofmoreproductive cultivarsandimprovements
ofcultivationtechniques,suchastheintroduction ofartificial substrate,increasedthe
productioninkgperm2.Nowadaysglasshouse-growncucumberbelongstotheleading
vegetablesofDutchhorticulture.In 1995, theareaofcucumberunderglasswasabout
750hawithaproductionof488millionkgandavalueof544millionguilders(CBS,
1998).About 85%oftheproduceisexported,mainlytoGermany.
Roses. Theoldestfossils ofrosesareabout35millionyears oldandare found
in the mountains ofN-America, Europe andAsia. InEgypt remnants ofroses date
from about 170 AD. Rose is thought to have originated in Persia. Roses were
cultivated by the Romans and Greeks and played a role in myths and legends as
symbolsfor youth, beauty, desireandfertility (Philips andRix, 1993).Onstilllives
offlowersoftheDutchandFlemishpaintersinthe 17thand 18thcenturythe famous
rosesofthattimecanbeseen.Today,rosegrownunderglassistheleading cutflower
intheNetherlandsandasuccessful exportproduct. From 1970to 1995theareaunder
glass increased from 422 to 900 ha. In 1995 the 900 ha of roses under glass
represented about25%ofthetotalareaofcutflowers underglass.Rosegreenhouses
areheated (18-20°C)and onethird oftherosesisgrownonartificial substrate.The
production per m2 is still increasing. The mean numbers of rose flowers per m2in
1985, 1990and 1995were 184,223and248,respectively (CBS, 1998).
Powdery mildew
Powderymildewsarecharacterizedbytheappearanceofspotsorpatches ofawhite
togreyish,powderygrowthontheoutsideofplantorgans.Thepowderymildew fungi
arebiotrophicparasites.Theyusuallygrowontheplant surface, obtainingnutrients
from theplantbymeans ofhaustoriareachingintothe epidermal cells.Anattackof
powderymildewreducesthevigouroftheplantandcausesalossofcropyield.The
external mycelium produces conidiophores. Each conidiophore produces achain of
conidia. Conidia are mainly carried by air currents (Frinking and Scholte, 1983).
Conidiaexistfor 50-70%ofwater sothattheycangerminateandinfect without free
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water on the plant surface. When environmental or nutritional conditions become
unfavourable mildews mayproduce one ormore asci inside a closed ascocarp, the
cleistothecium(Agrios, 1988).Powderymildewfungi occurinmanyclimates.They
belongtotheclassAscomycetes, theorderErysiphales, thefamilyErysiphaceae, the
subfamily Erysiphoideae. They obtain their nutrients from the host plant, reduce
photosynthesis,increaserespirationandtranspiration, impairplantgrowth, andreduce
yield.
Cucumberpowderymildew. Cucumber powdery mildew is amajor disease
attackingbothfield- andgreenhouse-grown cucumberplants. Thetwomost frequent
species on cucumber areErysiphecichoracearum DC. and Sphaerothecafuliginea
(Schlecht: Fr.) Pollacci. E. cichoracearum was considered to be the predominant
mildew pathogen throughout most of the world before 1958. TodayS. fuliginea is
morecommonlyreported worldwide.Ashift inthepredominance ofthesetwo fungi
may have occurred, orthecausal organismmayhavebeenmisidentified inthepast
(McGrathandThomas, 1996).
Ascleistotheciaarescarce,Ballantyne(1975)searchedtheavailable literature
and developed a set of consistently reproducible criteria for the identification of
cucurbitpowderymildewsusingtheconidialstage.S.fuliginea wasidentified asthe
powdery mildew pathogen in the Dutch greenhouses (Boerema and van Kesteren,
1964),andsofarhasbeentheonlyspeciesonDutchcucumber.S.fuliginea develops
quicklyunderfavourable conditionsintheglasshouses.Conidiaremainviablefor 7-8
days. Thelatentperiod is about 5days (McGrath and Thomas, 1996).ThenameS.
fuliginea has often been used in a wide sense comprising all or almost all
Sphaerothecataxawithlargeperidial cells.Junell(1966)splitthespeciesS.fuliginea
and restricted the latter name to the powdery mildews on Veronicas.lat. Junell
described cucumber powdery mildew as Sphaerothecafusca (Fr.) Blumer. Braun
(1985)followed Junell,anddescribed cucumbermildewasSphaerothecafusca (Fr.)
Blumer(Braun, 1995).TheRoyalNetherlandsSocietyofPlantPathology chosetouse
S.fusca(Fr.:Fr.)Blumer(Anonymous, 1996a). InthisthesisthenameS.fuliginea is
usedbecauseitisstillthemostusednamefor cucumberpowderymildew in scientific
literature.
Rose powdery mildew. Rose powdery mildew was described in 1819 by
Wallroth as Sphaerotheca pannosa (Wallr.:Fr.) (Braun, 1995). S. pannosa is an
economicallyimportantdiseaseofgardenandglasshouseroses.InDutch glasshouses
rosesaregrownyear-round sothatthemildewcanbeactivethroughout theyear.
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Chemical control
Intensive control by fungicides is needed, since resistant cucumber cultivars are
sensitive to chlorosis andpoorly adapted touse inDutch glasshouses (Groot et al,
1992).Resistant roses existbutthey arenotcommercially important andthusrarely
used. Belanger et al. (1998) reported, according experiments carried out at the
Research Stationfor Floriculture andGlasshouseVegetablesintheNetherlands,the
economicdamagethresholdforrosestobeestimatedat5to 10infected leaflets/m2 and
forcucumberayieldlossof0.02%perpercentagepointofinfected leafareaperplant
andperday.
ChemicalcontrolofS. fuliginea. Upto 1965S.fuliginea couldbe controlled
effectively byprotectivefungicides (Besemer, 1965).Thedevelopment from frames
to glasshouses and the intensification of the crop facilitated the occurrence of S.
fuligineaandprotectivefungicides couldnolongercontrolthedisease satisfactorily.
Afrequent application ofsystemicfungicides becamenecessary (Schepers, 1985).
S. fuliginea developed resistance to several fungicides. Application of
dimethirimol andbenzimidazole fungicides hadtobediscontinued after afewyears
becauseofresistance development (Bentetal., 1971;Kooistraetal.,1972).Theuse
ofpyrazophoswasdrasticallyreduced whenS.fuliginea developed partialresistance
tothisfungicide (DekkerandGielink, 1979).Failure ofdiseasecontrolby ergosterol
biosynthesisinhibitorshasbeenobservedfor triforine (Schepers, 1983).McGrathand
Thomas (1996) recently found isolates of S.fuliginea resistant to benomyl and
triadimefon incommercialproduction fields intheUSA.Mixturesandalternationof
fungicide compoundsaretwobasicstrategiestoreducetheresistanceriskbutthebest
strategyistoregard theuseofcropproduction chemicals asanelementinintegrated
cropproduction inwhichnon-chemical controlhasfirst priority (DeWaard, 1993).
A high input of fungicides against S. fuliginea is common. In 1996, seven
fungicides were registered for control of cucumber powdery mildew in the
Netherlands,pyrazophos,bitertanol,bupirimate,fenarimol, imazalil,tolylfluanide and
triforine. Chemicalcontrolhastobestartedimmediately after thefirst observation of
powderymildew(Anonymous, 1996b).Growerssprayseveraltimesper seasonmostly
atintervals of7to 10days(Lohuis, 1996).
ChemicalcontrolofS. pannosa.Chemicalcontrolbeginsimmediately after the
first observation of powdery mildew. In 1997 benomyl, bitertanol, bupirimate,
carbendazim, carbendazim/pyrazophos, dodemorf, fenarimol, imazalil,pyrazophos,
thiophanate-methyl,totylfluanide,triadimenol,triflumizole, triforine andsulphurwere
registered for use in roses in the Netherlands. Dodemorf, fenarimol, imazalil and
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sulphurwereusedasroomtreatments (Anonymous, 1996b).Ifnecessarysprayments
arerepeated inintervals of7to 10days(Lohuis, 1996).
Since about 1980 there is a tendency to grow greenhouse vegetables in an
environmentally friendly way. With biocontrol of insects good results have been
obtained.Commercialapplicationofbiocontrol oninsectsincreased considerably.At
themoment severalbiological agents,mostlyinsects,areavailable against whitefly,
leafminers,spidermites,thripsandcaterpillars.In98%ofthecucumber areaoneor
more insects were biologically controlled in 1996 (Anonymous, 1996c). Because
fungicides can affect the equilibrium between prey and predators in biocontrol
systems, fungicides against cucumber powdery mildew have to be chosen with
consideration (Anonymous, 1996b).
Alternative control treatments against cucumber and rosepowdery mildew
Anenormousdiversityofalternativecontroltreatments,suchaswater,plantextracts,
oils, antitranspirants, salts, compost extracts and biological agents were tested on
powderymildews(Belangeretal, 1998). Asummaryofalternative controltreatments
testedoncucumber androsepowderymildewisgivenbelow.
Water. Yarwood(1939)suggestedacontrolprocedurewithanabundantwater
supply for the home gardener and small commercial grower. He found that high
humidity favoured growth of certain fungal parasites of powdery mildew and that
rainfall, through mechanical action, materially decreased disease incidence. Water
sprayshavebeenused,withmoderatesuccessonly,asameansofcontrollingpowdery
mildew, especiallyinrose(PereraandWheeler, 1975;Wheeler, 1978).
Watershowedtohavedifferent effects onthevarious stagesofdisease development:
drynessfavoured colonization,sporulationanddispersal,whilehighhumidity favoured
infection and conidial survival (Reuveni andRotem, 1974).Yarwood (1978) found
thatperiods ofleafwetnessprogressively increasedmildew severity.
Plant extracts. Milsana®, a plant extract of Reynoutriasachalinensis F.
Schmidt, has a disease-reducing effect onpowdery mildew fungi in different crops
(Herger etal., 1988).This extract,marketed inGermany in 1991(Milsana,Compo
Ltd., Minister, Germany), is applied prophylactically with 7to 10days intervals.A
weeklyapplicationofMilsanareduceddisease severity ofcucumberpowderymildew
in eight weeks to 50%of that of the untreated control (Daayf etal., 1995). Under
Dutchgreenhouseconditions,Milsana*clearlycaused areduction insusceptibility of
cucumber plants topowdery mildew (Dik andvan der Staay, 1995).The extract of

GeneralIntroduction

neemkernelwaseffective againstS.fuligineaoncourgette(Rovestietal, 1992)and
garlicextractagainstS.fuliginea oncucumber(Qvarnstrom, 1992).
Compostextracts. Applications ofaqueousextractsofcompostwere effective
againstvariouspowderymildewsunderwhichmildewoncucumber(Weltzien, 1989).
Themechanismofcontrolisbelievedtobeinducedresistance(SamerskiandWeltzien,
1988).Variabilityinqualityhamperedcommercialapplication (Belangeretal.,1998).
Siliconamendments. Additionofsolublesilicontonutrient solutionsreduced
thepowderymildewinfections oncucumber(Bloemhard, 1992;O'Neill, 1991;Voogt,
1990;Menziesetal, 1991).Dik(1994)observedvariationineffects amongcultivars
and cropping seasons. Although the mechanism is not fully understood silicon has
becomeincreasinglypopularinthegreenhouseindustry.About60%ofthecucumber
growers and 30%of the rose growers in Europe are using silicon additions to the
nutrientsolutions(MenziesandBelanger, 1996).Foliarsprayswithpotassium silicate
reducedpowderymildewoncucumber (Menziesetal.,1992).
Salt applications. Reuveni et al. (1996) found that spray applications with
phosphate or potassium salts controlled powdery mildew in cucumber. This effect
could not be replicated by Dik (Belanger et al, 1998). Spraying with sodium
bicarbonateshowedaninhibitoryeffect onS.fuliginea (Hommaetal, 1981;Zivand
Zitter, 1992) and S. pannosa (Horst et al, 1992). The latter observed some
phytotoxicity ofbicarbonate onroses.
Detergents. DetergentssuchasTween80andZoharLQ-215showed inhibitory
effects oncucumberpowderymildew(Cohen etal, 1996).
Oils. Several researchers showed an effect of various oils against powdery
mildews,amongwhichS.fuliginea(HarbeleandSchlosser, 1993;Horst etal, 1992;
OhtsukaandNakazawa, 1991;SchneiderandNorthover, 1991)andS.pannosa(Pasini
etal, 1997).
Clayandwhitewash. Sprayingwitha 10%suspensionofclayandwhitewash
gavereduction inpowderymildewinfections (Marcoetal, 1994).
Inducedresistance. Systemicinducedresistance,inducedbyprior inoculation
oflowerleaveswithpathogensthatcauselimitedlocallesions,wasextensively studied
in cucurbits by Kuc and co-workers (Dean and Kuc, 1986). A single spray of
phosphateorpotassiumsaltsonthefirsttrueleafofcucumberwasreportedtoinduce
systemicprotection againstpowderymildew onleaves2-5 (Mucharromah andKuc,
1991;Reuvenietal, 1993;Reuvenietal, 1995).Singleapplications ofthesesalts
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Table 1.Biocontrol agentstestedoncucumber androsepowderymildews
Biocontrol agents

Mildew

References (inchronological order)

Acremoniumaltematum

S.fiiliginea

Malathrakis, 1985;Malathrakis andKlironomou,
1992;Malathrakis etal, 1995

Ampelomycesquisqualis

S.fiiliginea

JarvisandSlingsby, 1977;PhilippandCriiger,
1979;Sundheim, 1982;SundheimandKrekling,
1982;Philippetal, 1984;Sztejnbergef al, 1989
Schmitz-Elsherif, 1990;Feldmanera/., 1993
Falketal, 1995;Abo-Foul etal, 1996
Diketal, 1998a)

Aphanocladiumalbum

S.fiiliginea

Hijwegen, 1988

Calcarisporium arbuscula

S.fiiliginea

Hijwegen, 1988

Penicilliumchrysogenum

S.fiiliginea

Hijwegen, 1988

Sporothrixflocculosa

S.fiiliginea

Jarvisetal, 1989;Belangerefal, 1994
Dik etal, 1998"

S.pannosa

Hajlaoui andBelanger, 1991;Hajlaoui etal, 1992

S.fiiliginea

Jarvisetal, 1989;Verhaaretal, 1996'»

S.pannosa

Hajlaoui andBelanger, 1991

Tilletiopsisspp.

S.fiiliginea

HochandProvvidenti, 1979;Urquhartef al. 1994.

Tilletiopsisalbescens

S.fiiliginea

Knudsen andSkou, 1993; Hijwegen, 1988.

Tilletiopsisminor

S.fiiliginea

Hijwegen, 1986, 1988, 1992

Tilletiopsispallescens

S.fiiliginea

Urquhartefo/., 1994

Tilletiopsis
washingtonensis

S.fiiliginea

Urquhartefa/., 1994
Hajlaoui andBelanger, 1991

Verticillium lecanii

S.fiiliginea

Sporothrixrugulosa

S.pannosa

SpencerandEbben, 1983;Hijwegen, 1988;
Verhaar etal, 1996a);Askaryetal, 1997
Verhaaretal, 1997a);Askary etal, 1998;
Diketal, 1998a)

"Included inthisthesis.

GeneralIntroduction

also suppressed powdery mildew on roses (Reuveni et al 1994). Conspicuous
differences ininducibility ofresistancetopowderymildewbetween susceptibleand
partiallyresistantcucumberand rosecultivarswerefound inrespectively,numberof
colonies and number of produced spores per cm2when the synthetic inducer 2,6dichloroisonicotinicacid(INA)wasused (Hijwegen andVerhaar, 1994;Hijwegenet
al, 1996).
Biologicalcontrolbymeans ofbiocontrolagents. Analternativetotheuseof
fungicides maybebiologicalcontrolbymeansofbiocontrol agents.Biocontrolcanbe
based on competition for nutrients and space, production of antibiotics,
mycoparasitism orinducedresistance.Eladetal.(1996)reviewedbiological control
ofpowderymildews ingreenhouse crops.Table 1 provides anoverviewofresearch
on potential biological control agents ofS.fuliginea andS. pannosa inglasshouses
duringthelasttwentyyears.
This thesis
The research project reported in this thesis was part of the Additional Research
ProgrammaoftheMulti-Year CropProtectionPlan.TheMulti-Year CropProtection
PlanpublishedbytheDutchgovernment aimedatareduction oftheuseof fungicides
by65%infloricultureandby50%inhorticulturebytheyear2010(Anonymous, 1991
a,b,c).Thecontrolofpowderymildewsoncucumberandrose,twoimportantproducts
of Dutch horticulture, depends mostly on fungicides. Both the development of
resistanceagainstfungicides inS.fuligineaandtheincreasinguseofbiocontrol agents
againstinsects,which canbedisturbed byfungicides, demandfor analternative.
Theaimofthestudypresentedherewastoinvestigatebiocontrol ofpowdery
mildew on cucumber (S. fuliginea) and rose (S. pannosa) by mycoparasites as an
alternativetochemicalcontrol.Mycoparasitesarefungigrowinguponotherfungi, thus
decreasingthegrowthandmultiplication ofthehosting fungi.
hipreliminaryexperiments,isolates ofpotentialmycoparasites (Ampelomyces
quisqualis, Aphanocladium album, Calcarisporiumarbuscula, Penicillium spp.,
Sepedoniumchrysospermum, Sporothrix rugulosa,Verticillium lecanii) weretested
on cucumberpowderymildew.Inourexperimentsisolatesof Verticillium lecaniiand
Sporothrix rugulosa showedthebestresults(Verhaar,unpublished data).
V. lecaniiisknownasaparasiteofinsects,nematodes andrustfungi (Schuler
etal, 1991).AsV. lecaniiisalreadyusedinthepreparations Mycotal®againstaphids
andwhiteflies ingreenhouses intheNetherlands, astudyofV.lecanii asabiocontrol

ChapterI

agent against powdery mildews in greenhouse crops could possibly lead to
multifunctionality of biocontrol sprays. Therefore this study concentrated on the
tritrophicsystemcucumber,powderymildewandV. lecanii.
Outlineofthisthesis
Thepresentthesisaddressesseveralaspectsofbiocontrolbymycoparasites, gradually
focusing onVerticilliumlecanii. Chapter2dealswithbiocontrol ofmycoparasites on
rosepowderymildewintroducing anewbioassay. Theeffect ofrelativehumidityon
mycoparasitism after treatments with and without various mycoparasites
{Ampelomyces quisqualis,Aphanocladiumalbum,Sporothrix rugulosa1, Tilletiopsis
minorand Verticillium lecanii) was studied. Chapter3describes anefficient method
to produce high densities ofphialoconidia ofV. lecanii for biocontrol of cucumber
powdery mildew. Chapter 4 discusses two exploratory glasshouse experiments on
biocontrol of cucumber powdery mildew. Two mycoparasites, S. rugulosaand V.
lecanii, werecompared onasusceptible andapartiallyresistant cucumber cultivar.
Chapter5dealswithcomponentsanalysisofmycopathogeniciryinanattemptto select
V. lecanii isolates with a high biocontrol capacity on cucumber powdery mildew.
Chapter6describes experiments onpreventiveandcurativeapplication ofV. lecanii
for biocontrol ofcucumber powderymildew. Inglasshouse experiments on asemicommercial scale,executed attheResearch Station for Floriculture and Glasshouse
Vegetables in Naaldwijk, the Netherlands, three biocontrol agents (A. quisqualis,
Sporothrixflocculosa1 andV. lecanii) oncucumberpowderymildewwere compared,
Chapter7.Anappendixtothischapterdealswiththepersistence ofV. lecaniiinthe
glasshouse duringthese experiments. Chapter 8explores theeffects of formulations
onhumidityrequirementsofV. lecaniisporesforbiocontrolofSphaerothecafuliginea.
Chapter 9briefly discusses the sensitivity ofV. lecanii tofungicides used againstS.
fuliginea. Theresults areintegrated anddiscussed inChapter 10.

"In1995thenamesofSporothrix rugulosa andS.flocculosawerechangedtoPseudozyma rugulosa (Traquair,
L.A. Shaw & Jarvis) Boekhout & Traquair and P. flocculosa (Traquair, L.A. Shaw & Jarvis) Boekhout &
Traquair (Boekhout, 1995). Inthis thesis the names S. rugulosa andS.flocculosaareused for the purposeof
continuity.
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Effect of relative humidity on mycoparasitism of rose
powdery mildew with and without treatments with
mycoparasites

M.A. Verhaar
A. Kerssies 1
T. Hijwegen

1.Research Stationfor Floriculture andGlasshouse Vegetables,Linnaeuslaan2a,
1431JVAalsmeer, TheNetherlands

Mycoparasitismo/S. pannosa

Effect ofrelative humidity onmycoparasitism ofrosepowdery mildewwithand
withouttreatmentswith mycoparasites
Abstract
A bioassay was developed to study the effectiveness of mycoparasites to control
rose powdery mildew under selected environmental conditions. One isolate of
Ampelomyces quisqualis, Aphanocladium album, Sporothrix rugulosa and
Tilletiopsis minor, and four isolates of Verticilliumlecanii were tested at four
relative humidities (RH), 100,90,80and70%.Each ofthesefungi seemed tohave
its own, humidity-dependent pattern of mycoparasitism. Most mycoparasites lost
their effectiveness rapidly below 100%RH, but one isolate ofV. lecaniiachieved
over 80%mildewcontrol at90%RH,ahopeful result.

Introduction
Powdery mildew, caused by Sphaerotheca pannosa (Wallr.:Fr.) Lev. var. rosae
Wor., is an economically important disease ofglasshouse roses. Regular fungicide
applications are necessary to control the disease. Biocontrol by means of
mycoparasites may be an alternative to fungicides. Several biocontrol agents have
been described as candidates for the control of powdery mildews, especially of
cucumber powdery mildew, Sphaerothecafuliginea (Schlecht: Fr.) Poll, such as
Ampelomyces quisqualis Ces. (Jarvis and Slingsby, 1977; Philipp and Hellstem,
1986; Sundheim, 1982),Aphanocladium album(Preuss) W. Gams (Hijwegen and
Buchenauer, 1984), Sporothrixjlocculosa Traquair, L.A. Shaw & Jarvis and
Sporothrix rugulosaTraquair, L.A. Shaw &Jarvis (Jarvis etal, 1989;Verhaar et
al, 1996), Tilletiopsis minor Nyland (Hoch and Prowidenti, 1979; Hijwegen,
1986, 1992; Urquhart et al., 1994) and Verticillium lecanii (Zimm.) Viegas
(Verhaar etal, 1996;Askary etal, 1997).Hajlaoui andBelanger (1991)tested the
effects oftemperature andhumidity onthe activityofS.jlocculosa,S.rugulosaand
Tilletiopsiswashingtonensis Nyland on rose powdery mildew. S.Jlocculosa, the
fastest colonizer of these three, proved to be as effective as registered fungicides
under commercial conditions (Belanger et al., 1994). Many of the known
mycoparasites of powdery mildew have not yet been tested against rose mildew.
Because relative humidity (RH) has been shown to exert great influence on the
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effectiveness of mycoparasites (Hajlaoui and Belanger, 1991;Jarvis et al, 1989;
PhilippandHellstern, 1986),theyshouldbetested atdifferent relativehumidities.
The objective of this study was to develop a bioassay to compare
mycoparasites for effectiveness against rose powdery mildew under various
environmental conditions, and to determine the effect ofRH onmycoparasitism of
rose powdery mildew with and without mycoparasite treatments. The potential of
mycoparasites present in the resident phyllosphere mycoflora and of five
mycoparasites previously reported to have a deleterious effect on cucumber
mildew, A. quisqualis, A. album,S. rugulosa,T.minor(one isolate each), andV.
lecanii (four isolates)weretested atfour relativehumidities,rangingfrom 100%to
70%.

Materials andmethods
Bioassay
Cutrose leaves. Compound roseleaves(cv. Sonia)withjustunfolded leaflets were
taken from plants grown in a glasshouse, in which no fungicides against powdery
mildew had been used for two weeks prior to the experiment. Only the top three
leaflets were used, the lower leaflets were removed. A test unit was prepared by
sticking the petiole of a leaf through a small hole in the cap of a plastic test-tube
containing about 5 ml of a sucrose solution. Two ranges of sucrose solutions (0;
0.001; 0.005; 0.01; 0.015; 0.02% and 0; 0.1; 0.5; 1; 1.5; 2%) were tested to
determine the optimum for shelf life of the mounted leaves. Per litre of sucrose
solution, 0.5 mg AgN03 was added toprevent the growth of algae. The test units
were incubated in a climate room (20°C; 16hours light, 20 W/m2, Philips Son-T
Agro 400 W; 80%RH). Twice a week the nutrient solutions were re-adjusted to
their original volumes. Per sucrose solution, five test units were assessed and the
experimentwasconducted threetimes.
Inoculum effectiveness. Before mounting, detached rose leaves were
inoculated in avacuum-operated settling tower (Reifschneider and Boiteux, 1988)
at a pressure of -15 kPa by laying them, with the upper surfaces upwards, at the
bottom of the tower. Pieces of leaves with different numbers (1, 5 or 10) of
abundantly sporulatingmildewcolonies(diameter 5-10mm)wereused asinoculum
sources to determine the optimum inoculum density. After a sedimentation time of
2 min the inoculated leaves were removed from the tower and mounted.
Inoculations were performed in order from low to high levels of inoculum. Per
14
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mildew colony,thesporedepositwasabout 7sporespercm2.Testunits containing
0.01% sucrose solutionwere incubated for 3daysinplasticboxes (43x 35cm,23
cm high),with a shallow layer ofwater onthebottom. Theboxes were covered by
polyethylene sheetsto obtain asaturated atmosphere, optimal for germination ofS.
pannosa (Wheeler, 1978). The boxes wereplaced in a growth chamber (20°C; 16
hours light, 20W/m2, Philips Son-TAgro 400W).After 7daysthetestunits were
taken from theboxes andincubated for 14daysin agrowthchamberwith aRHof
75% during the day and 85% at night. Twelve test units were inoculated per
inoculum level. The number of mildew colonies was assessed per leaflet. The
experimentwasconducted threetimes.
Mildewcontrolbymycoparasites
Mycoparasites. Themycoparasites arelisted inTable 1. V.lecanii isolates 1,4, 13
and 14were cultured on oatmeal agar,A. albumandS.rugulosaonmalt agar, and
A. quisqualis onoatmeal agar alternatingwithmalt agar. T.minorwascultured ina
liquid medium of 2%malt extract and 0.2%mycological peptone inthe dark at20
°C in a rotary shaker at 140 rpm (Hijwegen, 1986). Spore suspensions were
prepared from 10 to 14 days old cultures by washing the colonies with distilled
water and filtering the resulting suspension through cheesecloth. In the case of T.
minor, an 8 days old culture was taken. Spore densities were determined with a
haemocytometer andadjusted to5*10*sporesml'1.Asanadditive, 0.01%Algan-S,
a biological detergent containing 30% Ascophyllumnodosum extract (Europlant
Ltd,Appelscha,theNetherlands),wasused.
Mildew. About 60 detached rose leaves were inoculated simultaneously as
described before with S. pannosa using 10 colonies as inoculum. They were
mounted in plastic test-tubes and incubated at a saturated atmosphere as described
above.
Biocontrol treatments. After seven days of incubation, inoculated leaves
with moderate levels (2-4 colonies per leaflet) of mildew were selected and
randomly distributed over the treatments. These leaves were sprayed with spore
suspensions ofthemycoparasites containing5><106 sporespermlusingaDeVilbiss
sprayer in a separate building. Controls were sprayed with distilled water with or
without 0.01% Algan-S (Wa and W, respectively). Thereafter the leaves were
incubated in climate rooms (280m3, under Philips Son-T Agro 400 Watt
assimilation lamps (20W/m2, 16hours light);20°C; 70%,80%,90%or 100%RH
controlled byultrasonicmist equipment Damfomat Edo20;windspeed (2m/sec).In
practicetemperaturesrangedbetween 19and21°CandRH's(except 100%)varied
15
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Table 1.ThemycoparasitestestedagainstSphaerothecapannosa onrose.
Code

Isolate

Year of
isolation

Host/origin

Aa

Aphanocladium
album

1985

ex Sphaerothecajuliginea onCucumis,
Wageningen, The Netherlands

Aq

Ampelomyces
quisqualis

1993

exSphaerothecapannosa, Republic of South
Africa

Sr

Sporothrix
rugulosa

1990

exSphaerothecajuliginea on Cucumis,
Wageningen, The Netherlands

Tm

Tilletiopsis
minor

1981

exErysiphe martii onLupinuspolyphyllus,
Bonn, Germany

VI

Verticillium
lecanii (1)

1988

exSphaerothecajuliginea onCucumis,
Wageningen, The Netherlands

V4

Verticillium
lecanii (4)

1973

CBS470.73exHemileiavastatrix on
Cqffea,India

V13

Verticillium
lecanii (13)

1993

exErysipheonHordeum, Wageningen,
The Netherlands

V14

Verticillium
lecanii (14)

1993

exMicrosphaera onMahonia, Marienthal,
Germany

within 5%.Toobtain a saturated atmosphere inthe growth chambers, polyethylene
coveredplasticboxeswereused asdescribedabove.
Percentage parasitized powdery mildew was assessed at 3 and 7 days after
biocontroltreatments(d.a.b.)for 100%RH, and2,6and 14d.a.b.for the otherRH
values. The percentage ofthemildew colonies parasitized by the biocontrol agents
was assessed using a binocular microscope at x50 magnification. Percentage
parasitation was scored in classes separated by 5%intervals (0,5,10,...).Themean
ofthethreeleaflets pertestunitwascalculated and subjected tostatisticalanalysis.
For each humidity level, two or three sequentially replicated experiments
were carried out with a total of 20 or 21 leaves per mycoparasite. Test units were
randomlyplacedonatableinthemiddle ofthegrowth chamber.
Additionalcheckon cross-contamination
After thebiocontroltreatmentswerefinished, thegrowthchamberswerecleanedso
that no cross-contamination could occur. Per humidity level, 20 rose leaves were
16
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inoculated with mildew and the percentage parasitized mildew colonies were
assessedafter twoweeks.
Statistics
The effect of the amount of mildew inoculum on the mean number of mildew
colonies per leaflet was analyzed by ANOVA and mean results per inoculum per
experimentweresubjected tononlinearregressionanalyses.
Because humidity effects on mycoparasitism were obvious, the data were
separated by humidity level and subjected to the Kruskal-Wallis test with an
associated multiple range test for unequal sample sizes (Hollander and Wolfe,
1973).
Percentagesparasitized mildew coloniesincreased atratesvarying according
tomycoparasite,RHlevel, andtime.Therate ofincreaseofparasitism expressedin
percentage/day was calculated by interpolation between observations made at the
days(d.a.b.)indicatedabove.

Results
Bioassay, inoculum effectiveness
Rose leaves grown on high sucrose concentrations, 1, 1.5 and 2%, yellowed and
died. Onasucrose concentration of0.01%leavesremainedgreenoverathreeweek
period.
The numberofmildew coloniesused asinoculumhad asignificant (PsO.05)
effect on the resulting number of lesions per leaflet. The effect of number of
inoculum colonies on resulting number of mildew colonies could be roughly
described by the nonlinear equation: Y = 3.08X/(0.42 + X) (R2 = 0.60, n= 12,
PsO.01). The differences were relatively small, probably due to the inevitable
background infection caused by spores dispersed in the glasshouse environment.
The mean background infection of about 1colony/leaflet, was evidenced by the 0
inoculumlevel.Forfurther research 10colonieswereused astheinoculumdosage,
resultinginabout 3coloniesper leaflet.
Mildewcontrolatdifferentrelative humidities
In all cases the applied mycoparasites were observed on treated mildew colonies,
while no equivalent amounts of saprophytic fungi or other mycoparasites were
noticed onthesecolonies.
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100%RH. At a RH of 100%,mildew parasitation by V. lecanii-l was over
70% within 3 d.a.b. (Fig.1A). The other three V.lecaniiisolates attained similar
valuesonlyat7d.a.b.Atleastninetypercentofthemildewareawasparasitizedby
V.lecanii-l, V.lecanii-13, S. rugulosa, A. quisqualis, A. albumand the water plus
Algan-Scontroltreatment at7d.a.b.
90% RH. At 90% RH, V.lecanii-l and V.lecanii-13attained values over
40% within 2 d.a.b., while at 6d.a.b. themeanvalues were 72 and 55%(Fig.IB).
The other mycoparasites did not reach more than 25% parasitized mildew at 6
d.a.b. At 14 d.a.b. the percentages mildew parasitized by V. lecanii-l and V.
lecanii-13had risen to 83% and 75%, whileS.rugulosaandA quisqualisattained
about70%.
80%RH and 70%RH.At 80%RHV. lecanii-l parasitized 26%at 2 d.a.b.
and 57% at 14 d.a.b (Fig.lC). At 70% RH mildew parasitation never surpassed
35%andno significant differences betweenmycoparasiteswerefound (Fig.ID).
Expansion rates. The expansion rates of the mycoparasites on mildew,
expressed in percentage/day, differed most in the first two days, the period of
establishment of the mycoparasites. At 100%RH V.lecanii-l, V.lecanii-13and S.
rugulosawere the fastest colonizers during the first 2 days. Other mycoparasites
suchasA. albumandA. quisqualis started slowlyandshowedincreasing expansion
rates after 2d.a.b.At90%RHtheexpansionrates ofV. lecanii-l andV. lecanii-13
during the first 2 d.a.b. were comparable to those at 100% RH The other
mycoparasites developed more slowly. At 80% RH V. lecanii-l was one of the
fastest mycoparasites. As the two most promising isolates of V. lecanii(isolate 1
and isolate 13)andthetwo control treatments didnot differ significantly (P^O.05),
the mean expansion rates of these two V. lecanii isolates and the two control
treatmentsweresummarized inTable2.
Control treatments.The water and water plus Algan-S control treatments
resulted at 100%RH and 90%RHinhighpercentages parasitism atrespectively 7
and 14 d.a.b. (Fig.lA, IB). V. lecanii, Penicilliumspp. and Cladosporiumspp.
were frequently observed on the mildew of the control leaves. At 100% RH S.
rugulosawasalso found.
Additional check on cross-contamination. At 100% RH about 30%
parasitized mildew was observed 14 d.a.b. A Penicillium sp. was isolated from
parasitized mildew. At the other humidities amounts of parasitized mildew were
negligible.
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Table 2. Expansion rates ofV. lecanii andof thepresent phyllosphericmycoflora onS.pannosa in
percentageperdayovertwoorthreeobservation periods,after respectivelybiocontroltreatmentswith
V.lecanii (means of isolate 1and 13)and control treatments (means of water andwater plus0.01%
Algan-S).
rate(mm/day)
%RH

Period

V. lecanii

100

0-3
4-7

20.2 a"
11.3

8.3 b
10.8

90

0-2
3-6
7-14

22.5a
4.7
2.1a

1.8 b
3.5
5.8b

80

0-2
3-6
7-14

11.0
2.5
2.6

7.0
2.5
1.9

Control

*Meanswithinarowwithdifferent letters aresignificantly different accordingtoamultiplerangetest
basedonKruskal-Wallis ranksums(PsO.05).

Discussion
Bioassay
Beyond a certain dosage of mildew inoculum the number of resulting mildew
colonies seemedtobe stable(Hijwegen etal, 1996).Amaximum amount ofabout
5 colonies per leaflet wasregularly observed on cvSoniainglasshouses (Kerssies,
unpublished). Thisphenomenon ofastablenumberofresultingcolonieshasnotyet
been explained.
As rose leaves become rapidly resistant to mildew, S. pannosa can only
infect young leaves (Wheeler, 1978;Frinking and Verweij, 1989). One week after
inoculation thediameterofthemildew colonieshadattained 5to 10mmandhardly
increased further. Thus,mildew colonies in alltreatments were comparable in size
andmaturity.
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The bioassay using detached rose leaves, kept on a 0.01% sucrose solution,
proved to be a useful system to observe different mycoparasites of S. pannosa
duringatwoweekperiod atvarioushumidityconditions.
The relative high infections on the mildew of the controls could have
originated from (1.) cross-contamination between test units within one
compartment, (2.) micro-organisms resident on the rose leaves, and (3.) crosscontamination between compartments. The first explanation is the most probable.
The negative conclusion is that control units placed at random among the treated
units do not serve their purpose well. The positive conclusion could be that
spontaneous dispersal of biocontrol agents is highly effective, at least within the
rangeoftime(1and2weeks)anddistance (0.1-lm).
Mildew control
General comments. The experiments were performed in a research station for
floriculture and mildew inoculum as well as leaves for the test units were taken
from plants growing in a semi-commercial glasshouse. Per humidity level, all
treatments including the controls were located in the same climate room. This
conditions can explain the relatively high parasitism levels by V.lecaniiand the
slightly parasitic saprophytes Cladosporium and Penicillium(Hijwegen, 1992) in
the water andwaterplusAlgan-Scontrol treatments, after morethan 6days.Micro
organisms ontheroseleavesasCladosporium andPenicillium, though onlyweakly
parasitic and slowgrowing, candegrade asubstantial amount ofmildew inthelong
run, due to their ability to germinate and grow at RH's of 80-85%and enormous
reproduction capacity (Hijwegen, unpublished). Enhancement of the effectiveness
of the resident phyllosphere mycoflora through creating favourable environmental
conditions by application of a formulation without a biocontrol agent was
mentioned by Yang et a/.(1993) and Verhaar etal.(1996). Rogers (1959) noticed
that prolonged wetting of mildewed leaves caused the collapse of conidial chains.
Probably, at a RH of 100%, collapsed conidiophores provide nutrients for the
resident mycoflora.
The additional check on cross-contamination showed parasitation of 30% at
14 d.a.b., but only at 100%RH, whereas the water control treatments in the main
experiment showed about 60%parasitized mildew ^7 d.a.b., atrelatieve humidities
> 90%. This indicates that cross-contamination in the main experiment by far
exceededtheeffect oftheresident mycoflora.
Mycoparasites.At 100%RHmostmycoparasites parasitized aconsiderable
area of mildew within 6 d.a.b., while most mycoparasites showed less activity at
21
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lowerhumidities. T.minor,evenat 100%RH,gavearatherpoorcontrol.Arelative
humidity close to saturation is needed for growth of this fungus (Urquhart et al,
1994; Hajlaoui and Belanger, 1991;Hijwegen, 1992). OnT. minortreated leaves,
where saprophytes and other mycoparasites have reduced opportunities, due to
excessT. minorinoculum,biocontrol isto slow, atleast intheearly stages,thatthe
T. minor treatment could be seen as a control treatment. Possibly a better control
treatment than the water controls. When antagonists are antagonized the net effect
can be next to nil (Verhaar et al, 1996).ForA. quisqualis andA. albumthe low
activity below 100%RH is in accordance with theresults of Philipp et al. (1990)
andHijwegen andBuchenauer(1984).S.rugulosa showedlittle activityat90%RH
Hajlaoui and Belanger (1991), however, obtained more than 80% rose powdery
mildew parasitized byS.rugulosa at6d.a.b., 90%RHand 26°C,but only 30%at
18°C, a value comparable to ours at 20°C. In our experiment,performed at 20°C,
V.lecanii-l andV. lecanii-13 seemed to be the fastest powdery mildew colonizers
at90%RHat6d.a.b.
The differences inexpansionratesbetweenmycoparasite treatments indicate
that every mycoparasite had its own, humidity-dependent, pattern of parasitism.
Considerable differences in activities were noted for the four V. lecaniiisolates.
This result underlines the importance of testing different isolates of each
mycoparasite.
Possible improvements. In Dutch rose glasshouses the daily mean RH
fluctuates between 50% in winter and 90% in fall. In spring and summer the
temperature and the RH show a daily pattern, low temperature (<20°C) and high
RH (>80%) atnight andhightemperature (>20°C)andlowRH(<70%) duringthe
day (Kerssies, 1994).These conditions are far from optimal for biological control.
Anemulsion or acarriermaybeneeded toprovide moisture for the mycoparasites.
Mineral oils (Philipp et al, 1990) or invert emulsions (Yang et al, 1993), for
instance, could reduce moisture stress of A quisqualis and the mycoherbicides
Alternariaalternata andA. angustiovoidea. Withtheaddition ofavegetable oilthe
controleffect ofV. lecanii couldbegreatlyincreased (Chapter8).
In conclusion, the bioassay developed to studymycoparasitism on detached
mildewed rose leaves at different RHs indicated that two isolates ofV. lecaniiare
interesting as potential biological control agents of S. pannosa. Experiments in
commercial rose glasshouses are necessary to determine the biocontrol potential
undermorerealisticconditions.

22

Chapter 3

Efficient production ofphialoconidia of Verticillium
lecaniiforbiocontrol ofcucumber powdery mildew,
Sphaerothecafuliginea

M.A. Verhaar
T. Hijwegen
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Production ofphialoconidiaofV. lecanii

Efficient production of phialoconidia of Verticilliumlecanii for biocontrol of
cucumberpowdery mildew, Sphaerothecafuliginea
Abstract
Amethod isdescribedthatyields over3x 109 phialoconidia/ml ofV. lecanii.

Sporeproductionofmycoparasiticfungi mayvary considerably andmassproduction
of fungal conidia for biological control often meets with problems. Some
mycoparasites do not produce sufficient inoculum for small-scale experiments
(Hijwegen, 1988). Usually, special studies on cultivation methods are required as
demonstrated forAmpelomyces quisqiialis bySchmitz-Elsherif (1990).
Verticillium lecanii (Zimm.) Viegas strain Fyto 88.1, isolated from
Sphaerothecafuliginea (Schlecht.: Fr.) Poll.(Hijwegen, 1988),can easilybegrown
and sporulates well on most solid media such as agars containing potato-dextrose
broth,maltextractplusmycologicalpeptone,oatmeal,chitin orskimmedmilk.Inthis
way productions of 1-4 x 107 conidia/cm2 (0.5-2 x 10' conidia/petridish) can be
obtained.When,however,8 x 10'°conidiawererequired everyweekfor agreenhouse
experiment, (Verhaar and Hijwegen, unpublished) surface grown cultures were
inadequate andothermethods ofcultivation were investigated.V. lecaniiwasgrown
at20°Cand 135lpminliquidmediacontainingmilled, autoclaved oatmeal, skimmed
milk or malt extract plus mycological peptone. Yields of conidia were rather low.
Conidium production was enhanced by raising the incubation temperature to 25°C.
Yeast cell walls and malt extract plus mycological peptone gave a good yield of
conidia. These media were, however, surpassed by far by growing V.lecanii in
autoclaved oatmeal suspension.
V.lecanii has been reported to produce only blastoconidia in liquid culture
(Latgeetal., 1986). After consulting Dr.W.Gams,CBS,Baarnthiswasinvestigated
usingourstrainFyto88.1.Inourexperimentssubmergedmycelium, producingmicroverticils with micro-phialides carrying normal phialoconidia, was formed in liquid
culture. Budding wasnot observed. Conidia produced inliquid culture could notbe
distinguishedmicroscopicallyinsizeorshapefrom conidiaproduced on solidoatmeal
medium.In 1%oatmealmoremyceliumwasformed than in3%oatmeal.Thisraises
the question whether oat meal contains substances that influence the mycelium /
conidiaratio.
Toinvestigateconidiumproduction quantitatively, 0.8 cm2pieces ofagarwith
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Figure 1A. Effect of oat meal concentrations (1%, 2%and 3%) on the number of V. lecanii conidia
produced inliquid media incubated at 25°C. Thegraph gives themean number of conidia/ml in four
replications.Datawerelogtransformed (y-axis) andback-transformed (righty-axis).Thestandarderrors
ofthemean aregiveninthegraphsbybars
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produced in 2% liquid oat meal medium. The graph gives the mean number of conidia/ml in four
replications. Data were log transformed and back transformed (righty-axis). The standard errorsof
themeanare given inthe graphsby bars.
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mycelium from themargin of a growing culture ofV. lecanii were added to300-ml
Erlenmeyer flasks containing 100mlof 1, 2,or 3% milled andautoclaved oatmeal
(Quaker HONaturel) in distilled water. These flasks were incubated in the dark at
25°C inarotary shakerat 135rpm. Otherflasks containing 2%autoclaved oatmeal
were inoculated with V.lecaniiandincubated inthe sameway at20° or 30°C.For
every treatment two flasks were used. The experiment was repeated twice. Ten-ml
samples were removed under sterile conditions after 3, 5, 7 and 10 days. The
suspensions were diluted 10-fold or, if necessary, 100-fold and the conidia were
counted in a hemocytometer. A production of over 3 x 10' conidia/ml could be
obtained at25°Cin3%oatmeal(Fig. 1).
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Fig.2.GerminationofconidiaofV. lecaniiproduced inliquidmediacontaining 1%,2%or3%
oatmeal,incubatedat25°Cafter 3,5,7or 10daysincubation. Dropsof20ulcontaining2x l C spores
were placed onwater agar. Germination was assessed after incubation for 24 hat 20°C. Thedata are
meansoftworeplicates.Thebarsindicatethestandard errorsofthemean.
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Germinationwasassessedat3,5,7and 10daysbyplacing20fi.1 droplets containing
106conidia/mlonwateragarandcountinggerminated andnon-germinated conidiaon
thenextday(Fig.2).
Incubation at 30°C resulted in a limited production of conidia, which
germinatedpoorly.Poorgermination ofconidiaproduced attemperatures abovethe
optimumfor growth doesnot seemtobeuncommonwithmycoparasitic fungi (Van
EynattenandVerhaar,unpublished).After 7daysofcultivationlysisofmyceliumand
conidiahadoccurred andthecultureshadtobe discarded.
AsaroutineprocedureV. lecaniiwascultured 7daysat25°Cand 135 rpmin
a3%oatmealsuspensioneveryweekduring6subsequentweeks.Oneflask perweek,
containing morethan 109conidia/ml,was always sufficient for the 8x 10'°conidia
needed for the weekly applications on cucumber powdery mildew,Sphaerotheca
fuliginea, duringsixsubsequentweeks,indicatingthatthemethod isreliable.
Inalaterexperiment 2to4x 1010conidiawererequiredweekly.Aswith3%
oatmealsuspensionstheporesofthefilterbecameplugged sometimes,itwasdecided
to growV. lecanii ina 1%suspension. Themethodprovedtobereliable duringthe
production ofeightconsecutivebatches and 1 or2flasks werealways sufficient for
eachoftheweekly applications inthegreenhouse experiment.
Inconclusion,ahighproductionofphialoconidiawithhighgerminabilitywas
obtainedbygrowingV. lecaniiin 1 to3%milledoatmealduring7days at25°Cinthe
darkat 135rpm.
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Glasshouse experiments onbiocontrol ofcucumber
powdery mildew(Sphaerothecafuliginea)bythe
mycoparasites VerticilliumlecaniiandSporothrix
rugulosa
MA. Verhaar
T. Hijwegen
J.C. Zadoks

Biocontrol6: 353-360

Controlo/S. fuliginea bytwomycoparasites

Glasshouse experiments on biocontrol of cucumber powdery mildew
(Sphaerotheca fuliginea) by the mycoparasites Verticillium lecanii and
Sporothrixrugulosa
Abstract
Two potential biological control agents of cucumber powdery mildew
(Sphaerothecafuliginea), Verticillium lecaniiandSporothrix rugulosa, were tested
under glasshouse conditions. Two experiments were carried out. In the first
experiment two cucumber varieties with different levels of resistance, cv Corona
(susceptible) and cv Flamingo (partially resistant) were used. Verticillium lecanii
controlled the mildew better than 5. rugulosa.On cv Flamingo, V lecanii could
keep the mildew severity below 15% infected leaf area for 9 weeks after
inoculation withS.fuliginea. TreatmentbyHora Oleo 1IE, alone oras an additive
to V. lecanii, was as good as a fungicide treatment. In the second experiment
weekly and two-weekly treatments withV.lecaniiwere compared on cvFlamingo.
Weekly treatments with V. lecanii, kept mildew severity at a level below 20%
infected leafareaduring 10weeksafter inoculationwithS.fuliginea. Ifappliedtoa
partially resistant cucumber cultivar, V. lecanii is an interesting candidate for
biological controlofS.fuliginea.
Key Words: Sphaerothecafuliginea, Sporothrix rugulosa, Verticilliumlecanii,
biocontrol,HoraOleo 1IE,partialresistance.

Introduction
Mycoparasites might be used in biological control of powdery mildews in
glasshouses. Several mycoparasites of cucumber powdery mildew are known
(Hijwegen, 1986; Hoch and Prowidenti, 1979; Jarvis et al, 1989; Malathrakis,
1992; Philipp etal, 1984; Sundheim, 1982;Urquhart etal, 1994). The potential
of mycoparasites to control powdery mildew depends on their intrinsic properties
and environmental conditions. Philipp et al. (1984) noticed that intensive wetting
during inoculation wasimperative to obtainhighrates ofparasitation. Hajlaoui and
Belanger (1991)found thattemperature andhumidityinfluenced thecolonizationof
rosepowderymildewbythreeantagonists ofthis fungus.
In commercial glasshouses, conditions are rarely favorable to a good
development of mycoparasites. Relative humidity during daytime is low (around
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75%) and temperatures can rise to high levels. Formulations could be used to
improve the parasites' control potential by reducing their humidity demand
(Hijwegen, 1992;Philippetal, 1990).Also,thesearchmustbefor amycoparasite
with a high control potential under glasshouse conditions and for improvement of
these conditions for mycoparasitism. A partially resistant cucumber variety might
slowdownmildewdevelopment andthusfavor mycoparasitism.
In preliminary experiments with Ampelomyces quisqualis, Sporothrix
rugulosa,Tilletiopsis minor,and Verticillium lecanii the best results were obtained
with S. rugulosaandV. lecaniionmildewed leavesinplastic boxeswith arelative
humiditiy of about 85%(Verhaar, unpublished). Most experiments onrecord were
done with detached mildewed leaves or young, mildewed cucumber plants
(Hijwegen, 1986, 1992; Hoch and Prowidenti, 1979; Jarvis et al., 1989;
Malathrakis, 1992;Philipp et al, 1984, 1990). This paper reports experiments on
biocontrol of cucumber powdery mildew under glasshouse conditions, applying V.
lecanii (Zimm.) Viegas and Sporothrix rugulosa Traquair, Shaw and Jarvis, to
cucumber varieties with different levels of resistance to mildew(Sphaerotheca
fuliginea (Schlecht: Fr) Poll.). Preliminary results were published elsewhere
(Verhaar etal, 1993).

Materialsandmethods
Plants
Plants of the susceptible cucumber cv Corona and the partially resistant cv
Flamingo were raised inpots in growth chambers (20°C, 70%RH). After 3weeks
theyweretransplanted withoutpotsintothesoilofaglasshouse.Plant distancewas
40 cm in the rows and 1mbetween the rows.Resistant plants of cvProfito were
planted alongtheborderstominimizeborder effects.
Mildew
In Experiment 1 (Exp-1) leaves seven and eight of 6-week-old plants and in
Experiment 2 (Exp-2) leaves six and seven of 7-week-old plants were inoculated
withS.fuliginea by spraying a suspension of 105sporesperml intapwater, which
resulted inabout60sporespercm2leaf surface.
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Mycoparasites
Sporothrix rugulosawas isolated in 1990 from mildewed cucumber plants and
cultured onmaltextractagarinpetridishes.After 1 weekthesporeswereharvested
by washing the petri dishes with tap water and filtering the spore suspensions
through cheesecloth. Verticillium lecaniistrain F88.1 was isolated from cucumber
mildew in 1988 and cultured according to Verhaar and Hijwegen (1993). Oneweek-old cultures were diluted and filtered through cheesecloth, to separate
mycelium and spores. In Exp-1, spore suspensions of the mycoparasites (5.106
spores per ml in water with 20 ul Tween 80 per liter), with or without 0.5% w
Hora Oleo 1IE ("Hora", a formulated paraffin oil of Ciba Geigy), were applied
weekly as biocontrol agents, whereas 0.5% w Hora and a fungicide (fenarimol,
Rubigan ®,AgrEvo, Haren, The Netherlands) were used as controls (Table 1).In
Exp-2, spore suspensions ofV. lecanii (5.106sporespermlwaterwith20 ulTween
80 per liter) were applied once or twice per fortnight. Hora (0.5%w) and water
were used as controls (Table 1). In both experiments the untreated control was
omitted to avoid the 'cryptic error' (Vanderplank, 1963) due to high levels of
inoculumwhich causecross-contamination betweenplots.
In Exp-1 and Exp-2 treatments began 1week after the first observation of
mildewlesions andcontinued for 6and8weeks,respectively. Treatmentswere
Table 1.TheTreatments
Experiment 1
Verticillium lecanii (5.109sporesperliterwaterwith20ulTween 80perliter)
Sporothrix rugulosa (5.109sporesperliterwaterwith20ul Tween80perliter)
HoraOleo 1IE (5mlperliter)
Verticillium lecanii+HoraOleo 1IE
Sporothrixrugulosa +HoraOleo HE
Fenarimol (Rubigan*) (24mgperliter)
Experiment 2
Verticillium lecanii
Verticillium lecanii
HoraOleo HE
HoraOleo 1IE
Water(+20ul Tween 80perliter)
Water(+20ul Tween 80perliter)

onceperfortnight
twiceperfortnight
onceperfortnight
twiceperfortnight
onceperfortnight
twiceperfortnight

£flde
V
S
H
VH
SH
F
Code
VI
V2
HI
H2
Wl
W2
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Figure 1.Thedesign ofExperiment 1.Lettersrepresentcucumbercultivars:C=Corona(susceptible),
F = Flamingo (partially resistant), and P = Profito (resistant). Numbers represent treatments; 1=
V+H,2=V,3=S+H,4=S,5=H,and6 =F ( V = Verticillium lecanii, S=Sporothrix rugulosa,H
= Hora Oleo 1IE, and F = Rubigan"). The lines represent the block borders. Experiment 2 had a
similardesign.

carried out witha5litrebackpack sprayer. Perplant 125mlliquid was sprayed till
drip-off, which resulted in about 50 spores per mm2 leaf area. To limit
crosscontamination between plots during the spray operation, the plots in Exp-1
were separated by plastic curtains (during the spray operation only) and in Exp-2
byplants ofcvProfito.
Experimental design
Exp-1 and Exp-2 had a randomized complete block design (Gomez and Gomez,
1984) with six and four replicates, respectively. Three plants in a row represented
oneplot(Fig. 1).
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Mildew observations
Percentage ofleaf area covered by mildew was assessed weekly on two leaf levels
per plant, using akey with ten disease classes (0 = 0%mildew, 1= < 1%, 2 = 1 5%,3=6-10%, 4= 11-20%,5=21-30%,6=31-40%,7=41-60%, 8=61-80%,9
= 81-100%) (Ubels and van Vliet, 1979). The key provided most detail in the
severity range 1-40%, the more relevant part of the total range (0-100%). The
assessmentsweremadeona'middle'leaflevel(aboutleaf 15)andaTugh'leaflevel
(aboutleaf28).
Primary colonies result immediately from inoculation (1" generation),
secondary colonies result from primary-lesion spores and appear on noninoculated
leaves (2ndgeneration). Colonies which belongtothe 3 affd later generations were
called tertiary colonies. In Exp-1, the number of secondary and tertiary young
mildew colonies (NSC and TSC) was assessed, 4.5 and 6 weeks after the mildew
inoculation, atthe 'middle'leaf level (about leaf 15)andthefifth leaf oftheyoung
shoots,respectively.
Mycoparasitismandfungicidal effects
The mildew colonies affected by mycoparasites, oil, or fungicide were assessed
weekly on the 'middle' and 'high' leaf levels (Exp-1) or on leaf discs taken from
these leaf levels(Exp-2).Asymmetricalkeywithfive classes (0=healthymildew,
1=<10%,2= 10-35%,3=36-65%,4=66%-90%, 5=>90%ofmildew affected),
modified after Philipp etal.(1984), was used to classify the percentage of mildew
visibly affected bymycoparasites, oil,or fungicide.
Presence of mycoparasites on mildew colonies was determined weekly. In
Exp-1, one leaf discof2.5cm2perplotwaspunched outafew hoursbefore anew
treatment. In Exp-2, the two leaf disks per plot mentioned above were used. Leaf
discswereplaced onmoistfilter paperinpetridishes(5cmdiam,oneperdish)and
were inspected for the presence of V. lecanii and/or S. rugulosa after 48 h
incubation inthedarkat20°C.
Yield
Fromeachexperimentalunit, cucumberswereharvested andweighedtwiceaweek.
Environmental conditions
Temperature and humidity in the glasshouse were recorded every ten minutes by
sensorscoupledtoadatalogger.
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Statistics anddata processing
Mildew. For statistical analyses the mildew assessments (means of the scored
classes)wereaveragedperplot. Observedresponses (severities)wererearranged in
derived responses (Campbell and Madden, 1990), the area under the mildew
progress curve (AUMPC), the early growth rate of mildew (EGR) and the
maximummildewlevels(MML).
ForExp-1theAUMPCwasdeterminedperplotfor assessments 1 through5.
The AUMPC for Exp-2 was determined over the total range of assessments. The
analysis of variance was applied to square roots of these data to improve
homogeneity of error variances. For the comparison of means the Tukey test was
used.
EGRswere calculated bylinearregressionthroughthree datapointsperplot,Julian
days 141, 147,and 154inExp-1, and 273, 280,and288inExp-2.AV"(EGR+0.5)
transformation was carried out before analysis of variance. Comparisons of means
weremadebytheTukeytest.
MMLs were determined per plot by taking the means of the last three
assessments per experiment. Analysis of variance (ANOVA) and Tukey test were
carried outwitharcsine squareroottransformed data.
For thenumbers ofcolonies inExp-1a squareroot transformation wasused
before ANOVAandTukeytestwerecarriedout.
Mycoparasiiismandfungicidal effects. The final level of affected mildew
(FLA) was determined for Exp-1 and Exp-2 by taking the mean of the last three
assessments per plot and per treatment. FLAs were compared by ANOVA and
Tukey test. The final level ofleaf areainfected withhealthy mildew (FLH),which
representstheultimate severity ofthedisease,wascalculatedby
FLH=MML-FLA * MML
Arcsin square root transformed FLH data were compared by ANOVA and Tukey
test.
To test the independence of treatments in Exp-1, the frequency distribution
of mycoparasites over the treatments was tested by the exact-square test by using
theprogramStatXactofCYTELSoftware Corporation (Anonymous, 199Id).
Yield.Treatment effects on cumulative yield of cucumbers heavier than 400 gper
plotperexperimentalunitweretestedbyANOVAandTukeytest.
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Results
MildewProgress Curves(MPC)
Fig. 2A shows the MPCs of Exp-1 on the susceptible cucumber cv Corona. One
week after the third biocontrol treatment (day 148),S. rugulosadid no longer give
satisfactory control on the susceptible cucumber cultivar cv Corona, so that this
biocontrol treatment had to be replaced by fungicide (fenarimol) to avoid crossinfection between treatments. Similarly, V.lecaniiwas replaced by fungicide one
week after thefourth treatment. WhenHorawasused asanadditivereplacement of
mycoparasites by fungicide was not necessary. Hora alone or with V. lecaniigave
excellent control, while Hora with S. rugulosa did not. The ranking order of
treatments on cvFlamingo during Exp-1 (Fig 2B) is roughly as on cv. Corona. V.
lecanii kept the mildew just below the 15% level. The MPCs of Exp-2 on cv
Flamingo showed that Hora gave good, V.lecanii modest, and water poor control,
whereas treatment once a week gave better control than once a fortnight (data not
shown).
AreaUndertheMildewProgress Curve(AUMPC)
TheAUMPCs onCorona andFlamingo summarizemildewprogress duringthe first
5 weeks of Exp-1 (Table 2). V. lecaniigave significantly better control than S.
rugulosa.AUMPCs for treatments withmycoparasites andHorawere significantly
smaller than those for mycoparasites without Hora. Hora, with or without V.
lecanii, gavesignificantly bettercontrolthanHorawithS. rugulosa.
In Exp-2, the Hora treatments gave significantly better control than the V.
lecanii or water treatments (Table 3). There were no significant differences
betweenthewaterandV. lecanii treatments.
EarlyGrowthRates(EGR)ofS.fuliginea
On cvCorona in Exp-1, EGRs for mildew withV. lecanii were lower than withS.
rugulosa,both with or without Hora (Table 2).On cv Flamingo these differences
werenot significant.
In Exp-2, EGRs of weekly treatments were lower, but not significantly
lower, than of fortnightly treatments (Table 3). A weekly Hora treatment was
significantly betterthanV. lecanii aloneandwatertreatments (weeklyorbiweekly).
The EGR of aweekly V. lecaniitreatment was significantly smaller than the EGR
of the biweekly water treatment. When we omitted the Hora control treatment,
weeklytreatments delayedthemildew epidemic significantly (P^O.05)morethan
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Fig.2.Experiment 1.Mildew progress curves oncvs Corona (A)and Flamingo (B).Inoculation with
Sphaerotheca fitliginea, themildewpathogen,tookplaceonday 112.Theweeklycontrol treatments,
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and +=Hwereapplied ondays 128, 135,142,148,155, and 163, whilethefungicide treatment (»=
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the fortnightly treatments, while the V. leccmiitreatments delayed the mildew
epidemic significantly (P^O.05)morethanthewatertreatments.
MaximumMildewLevel(MML)
V. lecanii gave asignificantly lower MML than S. rugulosa (Table 2). The MML
for treatments with mycoparasites and Hora were significantly smaller than those
for mycoparasiteswithoutHora.HorawithorwithoutV. lecanii, gave significantly
lowerMMLthanHorawithS. rugulosa.
In Exp-2, MMLs in Hora treatments were significantly lower than in other
treatments(Table3).
NumberofSecondary andTertiary Colonies(NSCandNTC)
Very few primary infections were observed on noninoculated leaves. In Exp-1,
NSCs on cv Corona with Hora, alone or as an additive, and fungicide treatments
were significantly lowerthanwithtreatments consisting ofthemycoparasites alone
(Table 4).Asignificantly lower amountofNSCswasformed onV. lecanii- thanon
S. rugulosa-tieaXed plants. Cv Flamingo showed the same pattern but differences
were small. TheNTCs on cv Corona were suppressed mostby thetreatments with
fungicide, Hora, and V.lecaniiplus Hora. On cv Flamingo a significantly lower
amount of colonies was formed onV. lecanii-than onS.rugulosa- treated plants.
On both cultivars theNTCs were significantly more suppressed byV. lecaniiwith
HorathanbyS.rugulosawithHora.
Yield
The main yield was about 12kg per plant, a few kg less than commercial yields,
which can be explained by the mildew epidemic and the short duration of the
cultivation. Exp-1 and Exp-2 gave no significant differences in yield between
cultivars andtreatments(datanotshown).
Mycoparasitismandfungicidal effects
On cv Flamingo, Hora, with or without mycoparasites, gave the lowest levels of
percentage affected mildew (FLA) and the mycoparasites gave the largest FLA
(Table 5). On cv Corona treatments with S. rugulosaand V.lecanii showed low
levels of FLA before they had to be replaced by fungicide treatments. On both
cultivars the final level of the percentage leaf area infected with healthy mildew
(FLH)wassignificantly smallerafter V. lecaniiwithHoratreatmentthanafter S.
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Table 2. Experiment 1.AreaUnderthe Mildew Progress Curves (AUMPCs),Early Growth Rates of
mildew(EGRs)andMaximumMildewLevels(MMLs)oncvsCoronaandFlamingo.
Flamingo

Corona
6

C

Treatment"

AUMPC

EGR

MML'

AUMPC6

EGR'

MMI/

S

1118d'

5.53d

77.7d'

202 d

0.78c

25.1 d

V

665 c

2.49c

48.5 </

117cd

0.43 be

12.0c

SH

185 b

0.67b

23.3b

35ab

0.11ab

4.6b

VH

39 a

0.06a

4.7a

5a

0.01a

0.2a

H

47a

0.10a

6.4a

5a

0.00a

0.4ab

F
96ab
0.37ab
5.4a
57be
2.2ab
0.01a
"Fortreatmentcodes,seeTable 1.
*AUMPCs dataweretransformed tosquarerootsbefore analysis.
c
EGRs(%infected leafarea/day)dataweretransformed to/(EGR+0.5)before analysis.
d
MMLs(% infected leaf area)dataweretransformed toarcsinesquarerootsbefore analysis.
' Means within a column with the same letter are not significantly different according to the Tukey
MultipleRangetest(E<0.05).
•^Replacedbyfungicide, Satday 153andVatday163.
Table 3.Experiment 2.AreaUnder the Mildew Progress Curves (AUMPCs),Early Growth Rates of
Mildew(EGRs)andMaximumMildewLevels(MMLs)oncv.Flamingo.
Treatments"

AUMPC6

VI

833 b'

1.42be

28.3 b

V2

969 b

4.80cd

31.2 b

Wl

882 b

6.87cd

30.7 b

W2

1171 b

12.94 d

46.5 b

HI

15 a

0.09a

0.3 a

H2

114 a

0.68 ab

4.4 a

EGR<

MML*

"Fortreatmentcodes,seeTable 1.
6
AUMPCsdataweretransformed tosquarerootsbefore analysis.
c
EGRs(%infected leafarea/day)dataweretransformed to/(EGR+0.5)before analysis.
*MMLs (% infected leafarea)data weretransformed toarcsinesquarerootsbefore analysis.
' Means within a column with the same letter are not significantly different according to the Tukey
Multiple Rangetest(P<0.05).
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rugulosawith Horatreatment. Exp-2gaveno significant differences inFLAs (data
notshown).
Based on the presence of mycoparasites on the leaf discs during Exp-1, the
hypothesis ofindependence betweenthetreatments couldnotberejected atthe5%
level of significance for the first 4weeks according tothe exact-square test. Thus,
we consider the treatments to be independent, at least during the first months
following Julianday135.
Environmental conditions
Fig. 3 shows the temperature of days and nights, and relative humidity for Exp-1.
The long-term means for temperature and relative humidity of Exp-2 were similar
tothoseofExp-1buttherangesbetweendayandnightvaluesweremuchsmaller.
Discussion
Experiment 1
On both cucumber cultivars, V. lecanii reduced the mildew considerably in
comparisontoS.rugulosa. OncvFlamingoV. lecanii couldkeepthemildewbelow
15% infected leaf area. In preliminary experiments we observed that mildew
colonies on Corona grew about twice faster and formed more conidiophores per
mm2 than onFlamingo.Abul-Hayja (1982)found that 16days after inoculationthe
mildew produced about 40 times more conidia on susceptible leaves than on
partially resistant leaves. We assume that mycoparasites can more easily destroy
slowthanfast growingmildewcolonies.
Variousmechanismsmayexplainthefact thatHoraOleo 1IE controlledthe
mildewatleastequallywellwithoutaswithmycoparasites.Firstly, oilscandamage
fungi. Ohtsuka and Nakazawa (1991) found that a film of machine oil caused
deformation of conidia of cucumber powdery mildew. Secondly, oils can change
theplant's physiology. Leavestreated withoilsmaycontainmore sugarsbecauseof
the decrease in assimilation, which couldinhibitmildew development (Horsfall and
Dimond, 1957). Severity of cucumber powdery mildew was reduced by spraying
Canola oil andAgral90(Schneider andNorthover, 1991).Plant oilswere effective
against apple powdery mildew without much specificity attributable to chemical
structure. Chemically distinct oils might act similarly by altering the physiology of
plant-host relationship (Northover andSchneider, 1993).Thirdly, oilsinfluence the
microflora ontheleaves.Philipp etal.(1990),who tested different formulations of
themycoparasiteAmpelomycesquisqualis Ces.oncucumberpowderymildew,
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Table4.Experiment 1. Number of Secondary(NSC)andNumber ofTertiarymildew(NTC)Colonies
onCoronaandFlamingoplantsafter different treatments.
Corona
Treatments"

Flamingo

NSC'

NTC

NSC

NTC

c

S

174c

124d

18.1c

87c

V

81b

118d

8.3 be

30ab

SH

13 a

76 cd

0.4a

59be

VH

5a

37b

0 a

12 a

H

3a

42 be

2.2ab

35ab

F

6a

6a

11.8be

19ab

"Fortreatmentcodes,seeTable 1.
*NSC andNTC data (mean numbers of secondary andtertiarymildew colonies) weretransformed to
squarerootsbefore analysis.
' Means within a column with the same letter are not significantly different according to the Tukey
MultipleRangetest (P<0.05).

Table 5.Experiment 1.TheFinal Levelsofpercentages Affected mildew(FLAs)and Healthymildew
(FLHs)oncvsCorona andFlamingoafter different treatments.
Corona

Flamingo

Treatments"

FLA*

FLff

FLA*

FLff

S

_d

-

91.1 c

2.4 c

V

-

-

76.7 c

2.8 c

SH

51.6 a'

11.8 b

51.2 b

1.8 be

VH

61.6 a

1.3 a

14.1 a

0.2 a

H

60.2 a

2.2 a

12.3 a

0.3 ab

F

68.3 a

1.4 a

51.6 b

1.0 abc

"Fortreatmentcodes,seeTable 1.
*FLA(FinalLevelof%affected mildew).
c
FLH (Final Level of % leaf area infected with Healthy mildew), data were transformed to arcsine
squarerootsbefore analysis.
' Replacedbyfungicide, Satday 153andVatday163.
' Means within a column with the same letter are not significantly different according to the Tukey
MultipleRange test (P<0.05).
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concluded thatHoraOleo 1IEwasmosteffective byreducingthehumiditydemand
of A. quisqualis, though parasitization of powdery mildew by A. quisqualis
decreased whenHoraOleo 1IEwasadded.
Since the percentage of affected mildew on cv Flamingo was higher after
treatmentwithmycoparasites thanwitheithermycoparasites plusHora,Horaalone,
or fungicide, two different control mechanism might play a role. After treatments
with mycoparasites plus Hora, Hora may destroy most of the mildew and thus
create favourable nutritional conditions for mycoparasites and antagonistic
saprophytes. Hora with or without mycoparasites may destroy mildew within a
week while mycoparasites without Hora perform more slowly. Consequently, a
weekafter spraying,thetreatmentwithHoraonlywillcarryfewbutmainlyhealthy
mildew colonies, eithermissedbythetreatments oryounger than oneweek andnot
yet treated. On cv Corona the total amounts of affected mildew after Hora
treatments, with or without V. lecanii,was larger than on cvFlamingo. This might
be explained by the fact that destroyed mildew colonies remained better visible on
the susceptible cv Corona than on the partially resistant cvFlamingo. Although S.
rugulosawithHorashowed ahigherpercentageaffected mildewthanHoraaloneor
V. lecaniiwithHora,thetotal amount ofinfected leafareawithhealthymildewwas
significantly largeronplantstreatedwithS.rugulosawithHora.
Belanger et al. (1994) reported good control of Sphaerothecapannosa
(Wallr.:Fr.) Lev. var. rosae in glasshouse experiments by Sporothrixflocculosa
Traquair, Shawand Jarviswith 1%paraffin oil.Astheydidnot testtheparaffin oil
alone, it is not clear whether the mycoparasite, the oil, or the combination was
responsible for thegoodcontrol.
Experiment 2
Results of the AUMPC and MDL do not permit to reject the hypothesis that the
weekly and fortnightly treatments are equal in the cases of V. lecanii and water.
The significant difference inEGRbetween the fortnightly water andtheweeklyV.
lecanii treatments indicates that differences between the two treatments are not
large enough to be detected by AUMPC and MDL with the given method and
sample size. Verticillium lecanii wasobserved onleaf discsofeverytreatment. The
mean frequencies ofV. lecaniiinweekly treatments were VI, 82%;Wl, 56%,and
Hl,36%. The fortnightly treatments showed the same order: V2, 74%;W2, 60%,
and H2,44%. Apparently,part ofthecontrol ontheHoraandwatertreatmentswas
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Fig. 3. Mean temperatures and relative humidities of days and nights of experiment 1 ( • = night
humidity, O =dayhumidity,+=daytemperature, v =nighttemperature).

due tobiological control,possibly after cross contamination byV. lecanii.It seems
bettertoisolate experimentalunitsduring sprayingbyplastic curtains,asinExp-1.
General remarks
In both experiments biological control began 1week after the first observation of
mildew ontheinoculated leaves.Themildewwasgiven 1 weektodevelop without
anycontroltreatments.Anearlier startofbiological controlmighthavegivenbetter
results.
Withhindsight, itwould havebeenbetter touse 0.1% Hora instead of0.5%.
A lower concentration of Hora might have had a smaller effect on the mildew by
itself (Hijwegen, 1992). The phyllosphere is a complex system. Apart from the
pathogen various other organismsmaythrive onthe leaf and interfere intheproces
of mildew development. A major change, such as the application of Hora and/or
mycoparasites,will profoundly influence allthe organisms inthe system. Horamay
create new opportunities for the sedentary microorganisms to antagonise the
mildew. Onmany occasions bacteria deleterious to powdery mildew were isolated.
The ubiquitous fungi Cladosporiwnsphaerospermum and Penicilliumspp. were
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abundantly present on older mildew colonies not treated by mycoparasites. These
fungi are weakly antagonistic to S.fuliginea. We hypothesize that treatment with
mycoparasites may somehow antagonize these weak bacterial and fungal
antagonists. In other words, the antagonist may be antagonized and the net effect
can be next to nil (Hijwegen, 1992). This may explain that the performance of S.
rugulosawithHorawaspoorerthanthatofHoraalone.
These glasshouse experiments demonstrated that biological control of S.
fuliginea by V.lecaniiin combination with the use of partially resistant cucumber
cultivars has prospects. Selection for V.lecanii isolates with a higher control
potential under glasshouse conditions might improve the biological control. In
addition, asearch for formulations ofbiological control agents isimportantbecause
formulations canimprove the efficiency ofthemycoparasites, especially under low
humidity conditions. Care is needed since, in The Netherlands, formulation
chemicals tend to be seen as pollutants and thus have to be screened before the
formulated mycoparasite canberegistered.
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Selection of Verticillium lecanii isolates with high potential for biocontrol of
cucumber powdery mildew by means of components analysis at different
humidityregimes
Abstract
To identify characteristics for the selection of Verticillium lecanii isolates with
high potential for biocontrol of Sphaerotheca fuliginea under glasshouse
conditions, anexploratory studywasperformed ontheeffect ofwaterlimitation on
the development of 14 isolates. Conidial germination, growth and sporulation of
isolates ofV. lecanii were studied in atrirrophic system oncucumber leaves andin
a ditrophic system in Petri dishes. Their mycoparasitic ability was studied on S.
fuliginea and Cladosporiumcladosporioides.All characteristics were clearly
affected by humidity. Four isolates showed good biocontrol potential. The
performance ofisolates onagarhad lesspredictivevaluethan onpowdery mildew.
Germination ofisolates ofV. lecanii was lower andmycelial growth faster onagar
than on mildewed leaves under corresponding humidity conditions. The results
suggest that conditions in the phyllosphere differed from the set humidity in the
surrounding air. A correlation was found between lysis of C.cladosporioides
growing in dual culture on agar with isolates of V. lecanii and parasitism of
powdery mildew on detached, rooted leaves. C. cladosporioidesmight offer a
suitable substrate for testing isolates of V. lecanii for mycoparasitic potential at
various environmental conditions. Conidial germination, growth and sporulation
hadlimitedpredictivevalue.

Introduction
The mycoparasite, Verticillium lecanii(Zimm.) Viegas, is a promising biological
control agent of Sphaerotheca fuliginea (Schlecht.:Fr.) Poll., especially in
combination with partial resistance (Verhaar etah, 1996). V.lecaniigrows overa
wide temperature range (Magan &Lacey, 1984) and a water film, or at least high
humidity, is required for conidial germination (Hall, 1981a). Thus, water is an
important environmental factor in the biocontrol of powdery mildew on cucumber
androseby V lecanii (Belanger etat., 1994,Verhaar etai, 1996).Development of
V. lecanii in pustules of Puccinia sthiformis was best at 95 to 100% relative
humidity (RH), whereas at 80% RH no development was observed (Mendgen,
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1981). The effectiveness of V. lecanii as an entomopathogen is influenced by
humidity (Drummond etah, 1987).Highhumiditieswereneededfor high infection
levelsofaphids(Milner&Lutton, 1986)andgreenhousewhiteflies (Ekbom, 1981),
but Hsiao et al.(1992) found 100%mortality of aphids treated with V.lecaniiat
76%RH.
InDutch glasshouses,therelativehumidity oftheambientairvariesbetween
65 and 95%.A RH > 80%occurs daily for 8to 12h atnight. Lessthan optimum
humidity, even at night, could limit the development of V. lecanii. Selection for
isolates of V. lecaniithat can tolerate limiting humidity conditions would improve
biological control ofpowderymildewbyV. lecanii inaglasshouse environment.
Theobjective ofthis studywastodeterminetheeffect ofwaterlimitationon
development of isolates of V. lecanii. The development of V. lecanii was
subdivided into the components: germination, growth, sporulation and
mycoparasitism as in components analysis (Zadoks & Schein, 1979).
Mycoparasitism was studied onpowdery mildew growing on cucumber leaves, and
on Cladosporium cladosporioides (Fresen.) de Vries on agar in Petri dishes.
Correlation between mycoparasitic potential on mildew and sensitivity to water
deficit ofvarious components inthelife cycleofV. lecanii aswell asparasitism on
C.cladosporioideswereexamined.

Materials andmethods
Themycoparasite
Strains ofV. lecaniiwere isolated from foliar pathogens, mostly powdery mildews
intheNetherlands andGermany(Table 1).Isolateswerestoredbyfreezing conidial
suspensions in 10%glucose solution in 1ml plastic ampoules at -80°C. Isolates
were cultured on oatmeal agar (60 grmilled oatmeal (HO, Quaker) and 20gr agar
(Technical No.3, Oxoid) in 11 water) plates and maintained at 20°C in the dark.
Conidia were harvested by flooding 8-10 day-old cultures with 10ml of distilled
water. Suspensions were filtered through cotton wool and adjusted to 5 x 106
conidia/ml using a haemacytometer for use in experiments. Development of V.
lecanii on mildewed cucumber (Cucumis sativus L.) leaves and on C.
cladosporioideswas observed using a stereomicroscope with continuous variable
magnification (8to50x).
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Table 1.IsolatesofV. lecaniiusedinthisstudy
Isolate

Yearof
isolation

Origin

I

1988

2

-

exSphaerothecafuliginea onCucumis,Wageningen,NL
(Fyto88.1)
Mycotal isolate(Koppert BV,BerkelenRodenrijs,NL)

3

1973

IMI179173 exBrachycaudushelichrysi

4

1973

CBS470.73 exHemileiavastatrixonCoffea,India

5

1993

ex UncinulaonSalix,Walporzheim,Germany

6

1993

ex Uncinulaon Vitis,Ahrtal,Germany

7

1993

ex Uncinulaon Vitis,Ahrtal,Germany

8

1993

exBotrytisonGladiolus,Bennekom,NL

9

1993

exBotrytis onGladiolus,Wageningen,NL

10

1993

exBremiaonLactuca,Wageningen,NL

11

1993

ex UncinulaonAcer,Ahrweiler,Germany

12

1993

exPeronosporaonBrassica,Wageningen,NL

13

1993

exErysipheonHordeum,Wageningen,NL

14

1993

exMicrosphaera onMahonia,Marienthal,Germany

Experiments onmildewed leaves
Cucumber. Cucumber plants (cv. Corona, De Ruiter Seeds, Bleiswijk, The
Netherlands) were grown in a growth chamber (20°C; 16 h light, Pope FTL
D32W/84HF; 70%RH).Rooted leaveswereprepared by excising second andthird
leaves of 3-week-old plants and placing them through a hole between two, glued
together 9-cmplastic Petri dishes,withthepetiole inthelowerdishcontaining50%
Hoagland's solution as described by Verhaar et al. (1997). The petioles produced
rootsinthelowerdishinabout7days.
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Colony growth,mycoparasitism andgermination ofV. lecanii were observed
on leaf disks orrooted cucumber leaves incubated in plastic boxes (30 x45 cm, 30
cm high) with controlledhumidities. Anear-saturated to saturated atmosphere(95100% RH) was maintained by 1 1of water at the bottom of individual boxes;
reduced humiditiesweremaintained by asaturated salt (NaCl) solution (Winston&
Bates, 1960).The relative humidities were setusing athermohygrometer (Rotronic
Ltd, Germany), with anominal accuracy of±0.1°Cand±0.5%RH.Inboxeswith
respiring leaves, a saturated solution of NaCl, which usually gives approximately
75% RH, resulted in approximately 85% RH. The boxes were incubated in a
growth chamber (20°C; 16hlight, 23Wm"2at leaf level, Pope FTLD32W/84HF;
70% RH). During the experiments, humidities in the boxes were controlled by
small LCD digital thermohygrometers (Omnilabo Ltd, Breda, The Netherlands)
placed intheboxes(accuracy ± 1°Cand±7%RH).
Experiment1.Colonygrowth o/V. lecanii. Detached androoted leaves(Verhaaret
al., 1997) were inoculated with cucumber powdeiy mildew in a vacuum-operated
settling tower (Reifschneider & Boiteux, 1988). By interrupting a vacuum of-15
kPa, conidia were detached from a rooted cucumber leaf with mildew and evenly
distributed over24Petri dishes.After asettling time of2min,the Petri disheswere
closedandincubated inthegrowth chamber.
Five days after inoculation with S. fuliginea, the mildewed leaves were
inoculated withV. lecanii. Droplets of0.02 ml(5 x 106conidia/ml)wereplaced on
the mildewed leaves. On each mildewed leaf, three different isolates of V. lecanii
were tested with a distance of 3.5 cm between the droplets. Open Petri dish units
containing mildewed leaves inoculated with V. lecanii were placed on grids in
boxes containing water or salt solution. The boxes were closed to maintain the
desired humidities. Colony diameters ofV. lecaniideveloping on the mildew were
measured four times at intervals of 2 or 3 days. Each isolate was tested on four
mildewed leaves andthemean diameter/isolate wascalculated for each observation
day.Radial colony growthrates ofV. lecanii weredetermined from thegradientsof
thefitted regression linesfor colonydiameter againsttime.
Experiment2.Mycoparasitism onS.fuliginea andsecondary mildew colonies. This
experiment was designed to test the survival of mildew after mycoparasitism byV.
lecanii. Survival was assessed asthenumber of second generation mildew colonies
initiated on fresh leaves by mildew conidia taken from mycoparasitized colonies.
The first part of the experiment resembled experiment 1, except that conidial
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suspensions of V. lecanii and water as a control, were sprayed over mildewed
leaves by means of a De Vilbiss sprayer. One isolate/leaf and three
replicates/isolate-humidity combination were used. This part ofthe experimenthad
a randomized complete block design with three replicates. The percentage of
mildewed area/leaf colonized by V.lecaniiwas assessed 7 days after biocontrol
treatment.
To assess the infectivity of parasitized mildew one week after biocontrol
treatments, aleaf disk (20mm diameter)wascutfrom thecentre ofeachleaf. Three
leaf disks/isolate-humidity combination were bulked, and used to inoculate three
freshcucumber plants asdescribed before. Inoculated plants wereplaced randomly
in a glasshouse compartment (about 20°C and 70%RH). One week later, leaf
lengths and numbers of mildew colonies/leaf were assessed on three leaves/plant
(cv. Corona).Theleaf areawasestimatedusinganequation: A=46.20- 10.14L+
1.26L2(R2=0.95), whereA=leafareaandL=measured leaflength (derivedfroma
preliminary experiment (Verhaar, unpublished)). Colony counts/leaf were
converted tonumbers ofcolonies/dm2.
Experiment 3. Conidial germination of V. lecanii. Conidial suspensions (5xl06
conidia/ml) ofnine isolates ofV. lecaniiwere sprayed oncucumber leaf disks(20
mm diameter) laid onwater agar in Petri dishes. Dishes were incubated in plastic
boxes with either a near-saturated to saturated atmosphere of about 85%RHas
described above, orinopenboxesinthegrowthchamber(about 65%RH).After24
h of incubation in the growth chamber, conidia were killed by placing the Petri
dishes in a desiccator with 40% formaldehyde for 5 min. The phylloplane
microflora was stripped from the leaf surfaces with collodion. Germination of at
least 100conidia/leaf disk wasobserved using amicroscope (xlOO magnification).
A conidium was considered to have germinated when the length of the germ-tube
wasatleastequaltothesmallest diameter oftheconidium.
Experiments onagar plates
Growth, sporulation, germination and mycoparasitism were assessed on agar in9
cm diameter Petri dishes with water potentials adjusted over therange of -9.8 to0.5 MPa by addition of NaCl (Lang, 1967). To compare RHs in the tritrophic
experiments with waterpotentials intheditrophic experiments,waterpotentials of0.5, -5.6,-7,-8.4and-9.8MPa,equivalent to approximately 99.5, 96,95,94and
93% RHat20°C (Papendick &Campbell, 1981),were chosen. Thewater potential
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of all media was checked by a thermocouple psychrometer before use (Decagon
DevicesInc,Pullman,WA,USA).
Experiment 4.Growth ofisolatesof\. lecanii onagar.Plates ofmalt extract agar
(Oxoid CM59) adjusted to -0.5 and -7MPa were inoculated centrally with a5mm
diameter mycelium disk, and radial growth rate at 20°C was determined. Colony
diameterswereassessedonfour replicates/isolate xhumiditycombination, 6, 9and
13daysafter inoculation.
Experiment 5. Conidial germination of V. lecanii on agar. Five isolates of V.
lecanii were chosen by selecting two isolates with germination ^ 65%(isolates 1
and 12), and three isolateswithgermination ofabout40%(isolates 4, 5and 14)at
85% RH from experiment 3. Droplets (lOuL, 104conidia) were placed on water
agar (WA) plates with water potentials of -0.5, -5.6, -7, -8.4 and -9.8 MPa, with
one droplet/isolate/plate, and sixplates/water potential. Droplets were air-dried for
2 h in a laminar flow cabinet. The Petri dishes were closed and incubated for 22h
at 20°C in the dark. Percentage germination was determined by assessing 100
conidia/dropletasdescribed before.
Experiment 6.Mycoparasitismon and lysis of C. cladosporioides. Plates of WA
were adjusted to -0.5 and -7 MPa. Using an inoculation needle, each plate was
point-inoculated withC. cladosporioides 3cmfrom the edge.Two dayslater, one
of 14 V.lecaniiisolateswaspoint-inoculated oneachplate ataposition 3cm from
the edge, and 2 cm from the inoculation point of C. cladosporioides. Petri dishes
were incubated at 20°Cunder diffuse daylight for 12h/day. Percentage parasitism
and lysis ofhyphae ofC. cladosporioides was assessed after 40daysusing ascale
of 0-5 where 0 = 0% 1= 1-20% 2 = 21-50, 3 = 51-80%, 4 = 81-99% and 5 =
100% parasitism. Each C. cladosporiodes x V. lecanii x water potential
combinationwasreplicated fourtimes.
Experiment7. SporulationofV. lecanii. Sporulation of V. lecaniiisolates after 40
days growth on WA adjusted to -0.5 and -7 MPa was assessed by using a
sporulation scoreof0-5,where0=nosporulation and5=abundant sporulation.
Experimental designandstatistical analyses
Experiments were performed twice (experiments 2, 3 and 6) or three times
(experiment 1,4, 5 and 7),with aminimum ofthree replicates/treatment. Data on
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growth, sporulation and germination were analyzed as a mixed model with water
potential or relative humidity as fixed vectors, and isolate as the stochastic vector
(Scheffe, 1959). Data were tested for normality and heterogeneity of variance.
Percentage parasitized mildew,number of secondary colonies in experiment 2,and
percentage germinated conidia in experiment 3 were arcsine transformed before
ANOVA to improve homogeneity of variance. Data from each experiment were
subjected to ANOVA. To study the consistency of the sequential experiments,
combined ANOVAs (Gomez & Gomez, 1984) were performed over the replicate
experiments (indicated as"blocks').Datafrom water controls ofgrowthexperiments
were included in the figures. Unless stated otherwise, they were excluded from
ANOVAs as the data were irrelevant to the comparison of isolates. Isolates were
compared with isolate 1,anisolate thatwasused inprevious experiments (Verhaar
etctL, 1996; 1997),usingtheleast significant difference (LSD).
Correlations between parasitized mildewed leaf area and number of second
generation powdery mildew colonies, conidial germination, colony growth and
sporulation ofV. lecaniiisolatesweredetermined bySpearmanRankcorrelations.
Germination data of experiment 5 were subjected to a probit analysis by
plotting the probits of germination percentages against water potentials. The midvalues (here the water potential at 50%germination) and slopes of the probit lines
weresubjected toANOVA.

Results
Experiment 1.Colonygrowtho/V. lecanii onmildew. Themeans ofthreereplicate
experiments (blocks) showed a significant (P<,0.05) effect of humidity on colony
growth rates. V.lecaniicolonies grew about two times faster at near-saturated to
saturated humidity than ataRHofabout 85%(Figure 1).Theisolateswereranked
according to decreasing colony radial growth rates at saturated humidity, clearly
showing the difference in the effect of saturated and reduced humidities on colony
growth rates. For comparison, the same ranking was used in the figures of all
experiments. AtveiyhighRH,differences between isolateswereconsiderable,with
isolates4and 14beingthefastest growers.Atreduced RH(about 85%), differences
between isolates were relatively small. The combined ANOVA pointed to
significant (Pz0.05) block, humidity and isolate effects (Table 2),andto significant
two-way interactionsbetween thesefactors. Theanalysiswassimplified by
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Figure 1.Mean growth rates of 14V. lecanii isolates onmildewed cucumber leaves at near-saturated
to saturated (S) RH and reduced RH of about 85% (R). Water (W) without conidia served as the
control.ErrorbarrepresentstheLSD005=0.14(n=12).

Table2.Experiment 1.CombinedANOVA forgrowthratesofisolatesV. lecaniion S.fuliginea.
Sourceof
variation"

Degreesof
freedom

Sumof
squares

Mean
square

F-ratiob

I

13

0.24

0.02

5.71**

H

1

0.26

0.26

78.72**

R

2

0.58

0.29

87.70**

IxH

13

0.12

0.01

2.70*

IxR

2

0.05

0.02

6.88**

HxR

26

0.27

0.01

3.06**

Residual

26

0.09

0.00

Total

83

1.62

"I=isolate,H=humidity,R=replicateexperiment (block)
6
**significant atPsO.Ol,* significant atPs0.05
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considering only the difference in colony growth rates at the two humidities. The
combined ANOVA for differences in growth showed significant (P^O.05) block
andisolate effects, butno significant interactionbetween thesefactors. Theoriginal
ranking of the isolates was roughly maintained, with isolates 4 and 14 showing a
significantly (PsO.05) larger difference in growth between the two humidities than
isolate 1.
Experiment 2. Mycoparasitism on S. fuliginea and secondary mildewcolonies.
Twelve daysafter mildew inoculation, variation inmildew severity waslow among
humidity treatments and isolates (Figure 2.IA and 2.IIA). Combined ANOVA for
mildew severity yielded significant (P<0.Q5) differences between blocks, but not
between humidities and isolates. In block I, isolates 4 and 14 produced abundant
mycoparasitism, whereas the uninoculated controls had no mycoparasitism (Figure
2.IB and 2.IIB). Combined ANOVA for percentage parasitized mildew showed
significant (P^O.05) block, humidity and isolate effects. The block x humidity
interaction was significant (P^O.05).Thesignificant block effect primarily reflected
differences in mildew severities, on average 87%in block I and 38%in block II.
Figures 2.1and 2.II suggest an inverse relationship between mildew severity and
mycoparasitism; mycoparasitism was high in block II with low mildew severities.
ANOVAs for percentage parasitized mildew performed/block yielded significant
humidity and isolate effects. Interaction between humidity and isolate was
significant (PsO.05)only inblock I,mainly caused byisolates4and 14.
The effect of humidity treatments on reduction in the number of second
generation colonies of powdeiy mildew was weak, but the effect of previous
mycoparasitism waspronounced (Figures 2.IC and 2.IIC). ANOVAs performed for
each block yielded significant (PaO.05) isolate and humidity effects, and a
significant isolatexhumidity interaction.
At near-saturated to saturated humidity, the Spearman rank correlations
between second generation powdeiy mildew colonies and percentage of mildewed
leaf area parasitized by V.lecaniiwere significant (PzO.05).At reduced humidity
(about 85%RH),therank correlation was significant in block IIbut not inblock I,
clearly because of the generally low levels of mycoparasitism. Isolates 4 and 14
performed well inbothblocks andatbothhumidities.
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Figure 2. Mean mildewed area (A), mean parasitized mildewed area (B) and mean reduction in
secondary infections of S.fuliginea (C) after treatment with nine isolates of V. lecanii at nearsaturated to saturated RH (S) and reduced RH of about 85%(R) (Replicate experiments I and II).
Watertreated (W)anduntreated (C)mildewedcucumber leavesservedascontrols.
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Experiment 3. Condial germination o/V. lecanii on cucumberleaves. Differences
between humidity treatments were considerable (Figure 3). Combined ANOVA
yielded significant (P<0.05)block, humidity and isolate effects. Alltwo-andthreeway interactions between these factors were also significant. ANOVA for each
block also showed significant humidity and isolate effects. In both blocks, the
isolate x humidity interaction was significant (P^O.002). This suggests that some
isolates tolerate low humidity better than others. Isolate 1 seemed tolerant to
reduced humidity (about 85%r.h.) inbothblocks,andgerminated atabout65%RH
in block I but not in block II. Isolates 2 and 9 seemed moderately tolerant to65%
RH in block IIbutnot inblock I. Thebehaviour ofisolates 4, 5and 14was similar
in the two blocks,but these isolates did not germinate well. Generally, differences
between humidity treatments were reproducible, but differences between isolates
were inconsistent.
Experiment 4. Radial growth of V. lecanii on agar. At -0.5 MPa, radial colony
growthrates (inmm/day)weretwo tothreetimeshigherthan at-7MPa(Figure4).
Differences between water potential treatments were marked and differences
between isolates were more pronounced at high than at low water potentials. The
combined ANOVA over three blocks showed significant (P<0.05) humidity and
isolate effects, butno isolate xhumidity interaction and noblock effect. Isolates 1,
9 and 14werefast growers.Athighwater potentials, isolates 4, 7, 8, 11and 12 had
significantly (P<0.05) lower radial growth rates than isolate 1, whereas at low
waterpotential,isolates2,4, 12and 13 hadlowergrowthratesthanisolate 1.
Experiment 5. Germination in Petri dishes. As no significant differences were
found between regression coefficients, they were considered to be homogeneous.
Differences of50%germinationpointsbetweenisolates werenot significant.
Experiment6. Mycoparasitism onandlysisofC. cladosporioides. Parasitism onC.
cladosporioidesby V. lecaniiexpressed in percentage parasitized colony area was
too variable to yield significant isolate effects. The combined ANOVA showed
only a significant humidity effect. At -0.5 MPa, most of the isolates parasitized
morethantwice asmuchareaoftheC. cladosporoides coloniesthanat-7MPa.
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Figure 3.Mean percentage germination ofnineisolates ofV. lecaniioncucumber leaves exposed for
24 h to different RHs, S = near-saturated to saturated, R = reduced (about 85%) and V = 'very'
reduced(about65%)(ReplicateexperimentI).
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Figure4.Meanradial growth ratesonmaltagarof 14isolatesofV. lecaniiisolates atwaterpotentials
of-0.5MPaand-7MPa.
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The combined ANOVA on percentage lysis of C.cladosporioides showed highly
significant humidity and isolate effects (P^O.Ol), without block effects or
interactions. Interestingly, lysis was often more pronounced at low humidity.
Isolates 1,4, 10, 12and 14produced relatively high lysis values at either humidity
(Figure 5).LysisofC. cladosporioides at-0.5MPawas significantly andpositively
correlated to parasitism of V. lecanii isolates on mildew at saturated humidity
(experiment 2),withaSpearmanrank correlation coefficient of0.90 (PsO.05,n=9).
At reduced humidity, the positive correlation of 0.50 was not significant (P=0.\5,
n=9).
Experiment7. Spondationofisolatesof\. lecanii. Therankingorderofisolates for
sporulation (Figure 6) was similar to that obtained for colony growth on mildew
(Figure 1), with the notable exception of isolate 13. The combined ANOVA
showed significant (P^0.05) isolate and water potential effects (Table 3), and the
isolate effect was obvious (Figure 6). The isolate x humidity interaction was
significant (P^O.05; Figure 6) and humidity had opposite effects on, for example,
isolates 1 and9.

Discussion
This paperreports exploratory research into differences inmycoparasiticbehaviour
among isolates of V. lecanii by applying components analysis. Systematic
comparison of the performances of individual isolates is essential in selecting the
best one for biological control and devising predictive laboratory tests.
Unfortunately, thecharacters tested sofar seemtohavealimited predictivevalue.
Colony growth rate of V. lecanii. Isolates were ranked according to their
colony growth rate on mildew, since it was suspected that this character was
correlated to mycoparasitic ability of the isolates. The slow growth rates when
droplets of water (control treatment) were placed on mildewed leaves can be
explained by some cross-contamination by V.lecanii. No correlation was found
between growth rates of V. lecaniiisolates on mildew and agar. Colonies of V.
lecanii isolates onagarof-0.5 MPagrewaboutthreetimesfaster than onmildewat
near-saturated tosaturatedhumidity.
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Figure 5.Mean lysis of C. cladosporioidesparasitized by 14 V. lecctnii isolates on water agar plates
withwaterpotentials of-0.5 and-7MPa.At -0.5 MPa,LSD005= 13.3(n=8) andat-7MPa,LSD005=
16.8(n=8).
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Figure 6. Mean sporulation of 14 V.lecanii isolates in relation to isolate 1,growing on water agar
plates withwaterpotentials of-0.5 and -7MPa. At -0.5 MPa, LSD005 =0.48 (n=12), and at -7MPa,
LSD005=0.39(n=12).
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Table3.Experiment 7.Combined ANOVA for sporulationofisolatesofV. lecaniion
wateragarwithwaterpotentialsof-0.5MPaor-7MPa.
Sourceof
variation"

Degreesof
freedom

Sumof
squares

Mean
square

F-ratio*

I

13

119.86

9.22

38.65**

H

1

1.43

1.43

6.00*

R

2

0.04

0.02

0.08ns

IxH

13

24.55

1.89

7.91**

IxR

26

7.13

0.27

1.15 ns

RxH

2

0.23

0.12

0.50ns

Residual

22

5.25

0.23

Total

79

176.57

"I=isolate,H=humidity,R=replicateexperiment (block)
* **significant atPsO.01, *significant atP<0.05,nsnot significant

Germinationo/V. lecanii.Chandleretal.(1994)observedthelargeeffect of
humidity on conidial germination of V. lecanii. They found significant isolate
effects and some isolate x humidity interactions, and suggested that quick
germination canbe ofgreat importanceforbiocontrolpotential. Ourdata confirmed
theirfindings tosomeextent.
No correlation was found between germination of isolates of V. lecaniion
leaves and on agar. Differences between growth and germination on Petri dishes
and cucumber leaves suggest that the performance of V. lecanii on agar with
amended water potentials has little predictive value as to its performance on
mildewed leaveswithcorrespondingRHintheambientair.
MycoparasitismonS.fuliginea. Thevariation inmycoparasitismonmildew
between the two blocks of experiment 2 could be attributed to the level of initial
mildew infection. In block I with a high level of mildew, only two isolates of V.
lecanii(4 and 14) showed adequate mycoparasitism, whereas in block II with less
mildew most isolates showed adequate mycoparasitism (Figures 2.IB and 2.2B).
The negative correlations between the percentage of mildew parasitized and the
number of daughter colonies/dm2 at saturated humidity suggested that reproduction
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of mildew is reduced after mycoparasitic attack. After spraying with water, a
reduction in number of secondaiy infections was observed (Figures 2C), possibly
because of some antagonism from such saprophytes as Cladosporium and
Penicillium spp(Hijwegen, 1992).
Mycoparasitism on C. cladosporioides. The positive correlation between
lysis of parasitized C. cladosporioides and parasitism on mildew at saturated
humidity possibly offers an easy way to screen V. leccmiiisolates in vitro for
mycoparasitic ability.
Isolates. Isolates 4 and 14 performed well according to most components
measured, while isolate 1 (=F88.1inprevious work (Verhaar etal, 1996,Verhaar
et al., 1997)) had an intermediate position in the various rankings. Unpublished
results indicated thatisolate 1 performed betterthanisolate4oncucumbermildew,
and that isolates 1 and 13performed better than isolates 4 and 14on rose powdery
mildew {Sphaerotheca pannosa (Wallr.:Fr.) Lev. var. rosae Wor.) (Verhaar,
unpublished). Isolate 1has a peculiar history. It was isolated from a strain of S.
fuliginea and subsequently maintained in the glasshouses of the Laboratory of
Phytopathology, Wageningen, for over20years.Thismildew strainwas transferred
to fresh cucumber plants every two weeks, about 500 times in 20years. Assuming
that isolate 1was present all the time, which we cannot possibly prove, and that it
coevolved with its mildew host, it could be fairly well adapted to its substrate
resulting in a set ofunknown specific characters that are necessary for its survival.
In our experiments, it never excelled in any of the single characters, yet its overall
performance was rather good. V.lecaniiisolate 2, obtained from the commercial
product Mycotal (Koppert BV,Berkel enRodenrijs, NL),developed intheU.K. for
biocontrol ofaphids,wasless effective againstS.fuliginea andC. cladosporioides.
Theseresults suggesthostspecificity ofisolatesofV. lecanii.
Putative host specificity and other characters notyet tested might have more
predictive value than the characters tested so far. For instance, the branching
pattern of the mycelium of V. lecaniimay affect the release of powdery mildew
conidia. Mycelium of isolate 1 formed a fine network around powdery mildew
hyphae and conidia, with ashort distance between the branches in marked contrast
to some of the other isolates. pH is another factor possibly causing variation in
tritrophic systems which we did not consider. Magan &Lacey (1984) reported that
reducing the pH of the substrate from 6.5 to 4 usually increased the relative
humidity to allow germination of a group of field and storage fungi, including V.
lecanii. At 20-25°C, aminimum RH of 90% was necessary for germination atpH
6.5and93%atpH4.0.
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Experimental conditions. Growth of mildew and V. lecaniilargely occur in
the boundary layer of the cucumber leaves, about 50um in depth. Little is known
about the temperature and humidity at the site of action relative to the temperature
and humidity at the site of measurement. Our humidity data must be regarded as
rough indications of the humidity in the ambient air, which is good enough for
introductory experimentswithaminiaturized tritrophicpathosystem.
Experiments with tritrophic systems are complex and vulnerable to
disturbances which cannot always be identified and eliminated (Verhaar et ah,
1997). The reported experiments with V. lecanii on mildewed cucumber leaves
showed significant interactions between humidities and blocks. The implications
are twofold. First, the technology for tritrophic experiments must be developed
further to obtain perfect replications without replicate experiment ('block') effects.
Second, the block effects, though undesirable in principle, may provide a valuable
insight. Experiment 2, for example, revealed the overwhelming effect of the initial
mildew severity onsubsequentmycoparasiticevents.
Conclusions and suggestions.The exploratory study reported here suggests
that miniaturized tritrophic experiments are suitable for components analysis of
mycoparasitism, when the utmost of care is taken to standardize materials,
conditions and actions. Performance of isolates of V. lecanii on agar has little
predictive value as to their performance on mildewed leaves. However, activity
against C. cladosporioideson agar plates was a reasonable predictor of activity
against powdery mildew on cucumber leaves. Isolates 1, 4, 13 and 14 might be
interestingfor biocontrol.
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Timing ofbiocontrol

Preventative and curative applications of Verticillium lecanii for biological
controlofcucumber powderymildew
Abstract
The effect of timing ofthe application ofthemycoparasite, Verticillium lecanii,on
cucumber powdery mildew, Sphaewtheca fuliginea, was studied in a rooted
cucumber leafbioassay. Themycoparasite was appliedatdifferent timesbefore and
after mildew inoculation. At near-to-maximum humidity (>95% RH), early
preventive (9 and 5 days before mildew inoculation) and early curative control
treatments (2 days after mildew inoculation) gave considerable reduction in
mildewed leaf areas, while late curative treatments resulted in greater mildewed
leaf area but ultimately a reduced amount of healthy mildewed leaf area (<20%).
Appropriate timing of biocontrol treatments of V. lecanii is important to achieve
goodcontrol.

Introduction
In previous experiments, Verticillium lecanii(Zimm.) Viegas was shown to be a
candidate for biocontrol of powdery mildew (Sphaewthecafuliginea (Schlecht.:
Fr.) Poll.) on cucumber (Verhaar et al, 1996). Most research on biocontrol of S.
fuliginea has concentrated on curative control by mycoparasites (Sundheim, 1982;
Philipp and Hellstern, 1986;Jarvis etal., 1989;Belanger et al, 1994;Urquhart et
al, 1994; Verhaar et al, 1996). Few researchers have studied preventative
applications (Hoch and Prowidenti, 1979;Knudsen and Skou, 1993). The present
work was undertaken to determine the optimum timing for application ofV. lecanii
asabiocontrol agent. Two questions were addressed: (1)What isthemost sensitive
developmental stage of S. fuliginea for biocontrol? (2) Can V. lecanii be used
preventatively?
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Materials andmethods
Cucumber
Cucumber plants of the susceptible cultivar Corona (De Ruiter Seeds, Bleiswijk,
Holland) weregrowninagrowth chamber (20°C; 16hlight, 23W/m2atleaflevel,
Pope FTL D32W/84HF; 70%relative humidity (RH)). Second and third leaves of
three-week-old plants were excised, and each petiole was placed immediately
through ahole between two 9 cmplastic Petri dishes, glued together as illustrated
by Quinn and Powell (1982). The upper and lower dishes contained the leaf, and
50% Hoagland's solution, respectively. Loss of water from leaves was reduced by
closing the double Petri dishes immediately and placing them under shade in the
growth chamber for 24 h. Thereafter, Petri dishes were exposed to the light
conditions mentioned above for ca. 7 days so that petioles could develop roots in
the lower Petri-dish. For each experiment, a homogeneous batch of healthy green
leaves was obtained by discarding the most advanced, retarded, and chlorotic
leaves.
Mildew
Rooted leaves mounted as described above were inoculated in a vacuum-operated
settling tower (Reifschneider and Boiteux, 1988)using three or four mildewed leaf
discs cut with a 1.5 cm cork borer, as the inoculum source. Conidiospores were
homogeneously distributed after an interruption of a vacuum of -15 kPa over 24
leaves per treatment. After a settling time of 2min, leaves were removed from the
tower andPetridisheswereclosed again. Sporedensity oninoculated leavesranged
from 130-260 spores cm-2. All leaves of each experiment were inoculated in the
afternoon ofthesameday.
Mycoparasite
Verticilhum lecanii strainF88.1was cultured onOxoid oatmeal agar inPetri dishes
at 20°C in the dark. Spores from 8-10-day-old cultures were harvested by washing
cultureswithdemineralised water andfilteringthe spore suspension through cottonwool. Sporedensity was determined with ahaemacytometer and adjusted to 5x106
spores ml"1. Spore suspensions were applied to the leaves by a de Vilbiss sprayer
(van der Kuip Ltd., Utrecht, The Netherlands) until drop formation on the leaf
surfaces became visible. Approximately 1.25 ml of spore suspension was applied
perleafresulting inca. 1.4 x 105cm'2.
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Biocontrol
Most experiments compared 8biocontrol treatments. Each treatment differed inthe
application daterelative to the day of inoculation with mildew (day 0). Preventive
treatments were applied ondays-9,-5 and -2. On day 0,mycoparasite application
preceded mildew inoculation by 4 h to avoid loss of mildew spores by run-off of
droplets.Curativetreatmentswereapplied ondays+2,+5and+9,whenthemildew
showed developmental stages ofhyphal elongation andhaustoriumformation (+2),
first conidiophores (+5) and abundant sporulation (+9).Alltreatments were applied
at the same time in the afternoon (15.00 h). The control did not receive any
treatment.
Experimental conditions
All experiments were carried out under optimum humidity conditions, near
saturation (>95% RH), for biological control by V. lecanii (Drummond et ai,
1987). High humidity was obtained by removing lids from upper Petri dishes and
placing the mounted leaves on a grid in closed plastic boxes (30 x 45 cm, 30 cm
high), with 0.5 1 water atthebottom ofthebox. Twelve mounted leavesfitted into
one box and boxeswereplaced in agrowth chamber (20°C, 16hlight, 23W/m2at
leaf level (Pope FTL D32W/84HF)). To verify humidity and temperature (20°C),
small LCDdigitalthermohygrometers wereplaced intheboxes (accuracy of± 1°C
and±7%RH).
Experimental design
Twenty four leavesinoculated simultaneously with mildew formed oneblock, with
eight treatments each of three leaves. One leaf formed one experimental unit.
Experiment 1had four blocks and experiments 2 and 3 each had three blocks. In
experiments 2 and 3, mycoparasite spore suspensions were freshly prepared for
eachblock. Arandomized completeblock designwasused. Treatmentswereplaced
separatelyinplasticboxestoavoidcross contamination.
Assessment
For each mounted leaf, percentage mildewed leaf area (S) and percentage of the
mildewed area affected by the mycoparasite (Sa) were assessed. Mildew was
considered to be parasitised when the mildew had shrivelled and V.lecanii was
observed. Visual observations were made using the following scale: 0, 0.1,0.5, 1,
5, 10, 20,.., 80, 90, 95, 99, 99.5, 99.9 and 100. Percentage leaf area with healthy
powderymildew (Sh)wascalculated as
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sh=s(i -syioo).
S.was assessed using a stereo microscope with continuous variable magnification
(x 8-50). Assessments weremade 5(experiment 3only), 7, 9, 12and 16days after
inoculationwithmildew.
DataAnalysis
Biocontrol effects on total leaf area with powdery mildew and healthy powdery
mildew were analyzed using an analysis of variance (ANOVA). The ANOVAs
were applied to arcsine square root transformed data to improve homogeneity of
errorvariances (Gomez and Gomez, 1984).TheTukeymultiplerangetestwasused
for comparison of means. These transversal analyses (Zadoks, 1972) were
exemplified bythecomparisonofmeansfor day16.
Longitudinal analyses (Zadoks, 1972)weremadeby comparison oftheareas
under theprogress curve (AUPC) (Campbell and Madden, 1990),mildew progress
curve(AUMPC)andhealthymildewprogress curve(AUHMPC) ofeachtreatment.
TheAUMPC andAUHMPCwerecalculated from day7today 16.TheAUMPCof
mildew onthecontrol leavesoftheexperimentswascompared byANOVA andthe
least significant difference (LSD), taking the control treatments of the three
experiments as independent replications. Correlations between experiments for the
AUMPC ranking of treatments were assessed by Spearman rank correlation
(Hollander andWolfe, 1973).
During experiments, leaf sizes and leaf conditions were rather uniform.
Consequently, nocovariatesfor leafqualitywereincluded intheanalysis.
Additional experimentwithhalfdayintervals between curative treatments
In an additional experiment, sixcurativetreatments ondays+2,+4,+4.5,+5, +5.5,
and +6 were compared. One preventive treatment was applied on day -9. Controls
didnotreceive anytreatment. Theexperimenthadfour blockswitheighttreatments
of three leaves each. Every block was treated with freshly prepared mycoparasite
spore suspensions. The experimental conditions were as described above.
Observations were made on days 7, 9, 12, 14 and 19.Longitudinal analyses were
made by comparison of the areas under the mildew progress curve (AUMPC) and
healthy mildew progress curve (AUHMPC) of the treatment, using the Tukey
multiplerangetest.
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Days after mildew inoculation of leaves

Figure 1.Meanmildewedleaf area after preventive andcurative applications of Verticillium lecaniiin
experiments 1,2 and 3.V. lecaniiwasapplied onday-9, -5, -2,0,+2,+5 and+9relativetothedayof
mildew inoculation (day 0). The control did not receive any treatment. Means followed by different
letters on the last sampling day (day 16) differ significantly (P<0.05) according to Tukey's multiple
range test. (P<0.05, experiment 1 standard crror(SE)=2.3, n=12; experiment 2 SE=3.5, n=9;
experiment 3SE=4.2,n=9).
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Days after mildew inoculation of leaves

Figure 2. Mean leaf area with healthy mildew (not affected by mycoparasites) after preventive and
curative applications of VeriiciIlium lecaniiduring experiment 1,2 and 3.V. lecanii was applied on
day -9,-5,-2,0,+2,+5 and +9 relative to the day of mildew inoculation (day 0). Thecontrol did not
receive anybiocontrol treatment. Means followed bydifferent lettersonthelast sampling day(day 16)
differ significantly (P<0.05) according toTukey's multiple range test. {P<Q.Q5, experiment 1 SE=1.7,
n=12;experiment 2SE=3.0,n=9;experiment 3SE=2.7,n=9).
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Results
MildewedLeafArea
The development ofmildew inexperiments 1,2and 3is shown in Figure 1.Mean
percentages of mildewed leaf area were compared for day 16 using the Tukey
multiple range test. Results could be classified into one of three groups, somewhat
arbitrarily delimited: effective, non-effective and intermediate treatments in
comparisonwiththecontrol.
Effective treatments (code a) were treatment -9 in experiments 1and 3(not
tested in experiment 2), -5 in all experiments, 0 in experiment 1, and +2 in
experiment 3. Non-effective treatments (codes d and e) were the control (C),
treatments +9 and +5 in all three experiments, and treatment +2 in experiment 1.
All other treatments were intermediate (codes b and c). The results showed some
anomalies, such as treatment 0 in experiment 1and treatment +2 in experiment 3
being comparatively effective. Nevertheless, the trend from relatively high to
relatively low control effects corresponded with the trend from early preventive
(treatment -9) to late curative (treatment +9) treatments. Mildew development on
the control in experiment 2 and 3 was approximately equal. In experiment 1,
mildew development was slow, for reasons unknown, but values on day 16
corresponded withthoseofexperiments 2and3.

Leaf Area with Healthy Mildew
Percentages of leaf area with healthy mildew are shown in Figure 2. Mean values
for day 16 were compared according to the Tukey multiple range test. Again,
treatments could be classified into three groups: effective (leading to low levels of
healthy mildew, codes a and b), non-effective (code e in experiments 1and 2 and
code d in experiment 3), and intermediate (code c, and in experiment 1 and 2code
d). Treatments -9 and -5 were effective in all experiments (-9 was not tested in
experiment 2). The anomalies were again present; treatment 0 was effective in
experiment 1 andtreatment+2 inexperiment3.
The most interesting result was shownby treatment +9inexperiments 2and
3. Mildew developed normally (ascontrol)upto day 9and thenbecame parasitised
so rapidly that on day 16 little healthy mildew was left. In experiment 1, this
pattern could not be seen probably because of the retarded mildew development,
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but treatment +9 was moderately effective. Treatments +5 and +2 followed the
pattern of treatment +9 in all three experiments, but with less extreme peaks and
decreasesinleafareawithhealthymildew.
In experiments 2 and 3, the trend from relatively high to low effectiveness
mentioned above couldbeseenagainwithprogressively laterbiocontroltreatments,
but an inversion of the trend became visible. This trend inversion was not seen in
experiment 1.
Longitudinal Analysis
Significant treatment effects werefound inallexperiments (Table 1).Inthecontrol,
the mildew development in experiment 1 was significantly different from
experiment 2 and 3. Spearman Rank correlation coefficients for the area under the
mildew progress curve (AUMPC) per treatment (from day 7 to day 16) were
calculated for pairs ofexperiments. Experiments 1 and 3werepositively correlated
(r,=0.88,n=8,P=0.02),whilethe other two combinationswerepositively correlated
(bothr=0.71, n=7,P=0.08),thoughnotsignificantly atthe5%level.
Table 1. Areas under the mildew progress curve (AUMPC) and under the healthy mildew curve
(AUHMPC) ofdifferent biocontrol treatments.V. leccmii was applied on day -9, -5,-2,0,+2,+5and
+9relativetothedayofmildewinoculation (day0).
AUHMPC

AUMPC
Treatments

Exp-1

-9

29.1 a"

-5

72.1 a

-2

Exp-2

Exp-3

Exp-1

128.8 a

2.7a

268.9a

227.5 ab

24.8 a

334.5 be

538.3b

537.5c

Exp-2

Exp-3
26.2a

42.4a

159.3ab

293.7 c

106.7 ab

274.0cd

0

47.4 a

664.1 be

337.2 b

5.2 a

214.0be

243.8cd

+2

276.2b

739.2c

131.9a

156.2 b

295.8c

89.2 ab

+5

384.6c

751.6c

547.2 c

288.3 c

533.0d

268.8cd

+9

347.5 be

792.7 c

761.7 d

160.0b

454.6d

318.3 d

Control

395.9 c(A)*

800.6 c(B)

827.0 d(B)

395.9d(A)

800.6 e(B)

821.7 e(B)

LSD/^0.05

78.8

151.9

148.1

64.8

122.8

124.1

" Values with different letters are significantly different at P<Q.Q5 level according to the Tukey
multiplerangetest.
h
Values withdifferent capital letters inbrackets aresignificantly different at7><0.05level according
totheleastsignificant difference (LSD)test(LSD=64).
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Table 2. Additional experiment. Areas under the mildew progress curve (AUMPC) and under the
healthy mildewcurve(AUHMPC)for eight biocontrol treatments. V. lecaniiwas applied onday-9,2,
4, 4.5, 5, 5.5, and 6 relative to the day of mildew inoculation (day 0). The control received no
treatment.
Treatment

AUMPC

AUHMPC

-9

180.3abc<

90.7a

2

92.6a

37.9 a

4

154.5 ab

76.4a

4.5

110.8 a

49.3 a

5

275.6 be

109.3 a

5.5

302.7 c

92.9 a

6

472.7d

129.2 a

Control

993.3e

908.3 b

LSD»P< 0.05

147.1

92.3

° Values withdifferent letters aresignificantly different atP<0.05 level according theTukey Multiple
Rangetest.
4
Valuesfor leastsignificant difference aregiven.

Additional Experiment
AUMPCs between day 7 and 19were compared according to the Tukey multiple
range test (Table 2). Again, the visible trend from relatively low to relatively high
mildew values corresponded with the trend from early preventive to late curative
treatments. AUMPCs showed significant treatment effects. No significant
differences werefound between AUHMPCs ofthevariousbiocontrol treatments.
Discussion
The experimental conditions, with high humidity, were chosen to optimize the
development of the mycoparasite. V.lecaniiwas observed on all treated mildew,
whereas the presence of other mycoparasites and of saprophytic fungi was
negligible in comparison with the amount of V. lecanii.Microscopic observation
revealed that V.lecanii could even develop on cucumber leaves without mildew
infections, presumably feeding on leaf exudates. In principle, free leaf surface
water may partially control powdery mildew (Yarwood, 1939), but this was never
observed for cucumber powderymildew (Verhaar, unpublished).Intheexperiments
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presented here,treatmentwithwateronly asacontrol was omitted because itwould
have favoured interfering saprophytic fungi (Verhaar, unpublished), thereby
blurringthefindings oftheexperiments.
Experiments with a tritrophic ecosystem, as reported here, appear to be
sensitive toyet unidentified disturbances. In experiment 1,mildew developed late;
in experiment 2themycoparasite wasratherineffective; inexperiment 3the results
were as expected (Figures 1,2). Nevertheless, the constant element in these three
experiments was the trend from high to low effectiveness in ranking of the
treatments,fromearlypreventative tolatecurative.
Hoch and Prowidenti (1979) obtained complete prevention of powdery
mildew with treatments of TiUetiopsis sp. up to 8 days before inoculation with S.
fuliginea. They did not observe any growth of TiUetiopsis sp. in the absence of
powdery mildew on cucumber leaves, whereas Knudsen and Skou (1993) found
about 90% coverage of cucumber leaves by T. albescensat high humidity in the
absence of mildew. They tested different application times of T. albescens on
cucumber mildew at 80-100%RH andfound littleeffect ofapreventative treatment
with 71 albescenson day -3. Curative application on the day of inoculation had
some effect; treatment on day +3 gave good control whereas treatment on day +7
had moderate effect only. The good control by TiUetiopsis sp. applied at day -8
(Hoch and Prowidenti, 1979)and thepoor effect ofT. albescens treatment atday3 (Knudsen and Skou, 1993) were comparable to our results with V.lecanii
treatments -9 and -2. We hypothesize that two processes are involved in the
biocontrol ofpowdery mildew byV. lecanii and possibly alsoby Talbescens: (a)a
saprophytic and (b) a mycoparasitic development. For saprophytic fungi, water
offers the 'life space' and is the medium of exchange with the leaf and the other
members of the phyllosphere community (Ruinen, 1961). Fokkema (1981) stated
that most nutrients probably arrive at the plant surface by leaching from within.
Guttation willbeimportant for the growth ofphyllosphere fungi, especially athigh
humidity (Frossard, 1981). Water will be drained along the veins, while capillary
watercanbeheldbysurface structures suchastrichomes (Ruinen, 1961).
In our experiments, spores of V. lecanii that arrived near leaf veins and
trichome bases, probably places with high humidity and good nutrient supply,
began to grow rapidly and within one week the fungus developed mycelial
networks with good local sporulation. The good control results of the early
treatments (-9 and -5) suggest that V.lecanii,growing saprophytically, needs at
least 5 days to grow to a developmental stage from which it can successfully
parasitizeyoungpowderymildewhyphae.
78

Timing ofbiocontrol

With curative treatments, V. lecanii was able to grow in the vicinity of
powdery mildew. Only the early treatment (+2) considerably reduced the mildew
development onthe leaves (experiments 1 and 3).Obviously, the mycoparasite had
enough time to germinate and parasitize the young mildew before the mildew
sporulated abundantly and covered the leaves. The early (+2) and the late (+9)
curative treatments resulted inlow levels ofhealthy mildew, though developmental
patterns differed significantly, whereas theintermediate curativetreatment (+5)was
less effective. Slow mildew development in experiment 1 may have caused the
absence ofatypical trend inversion ofthecurative treatments.Wehypothesize that
V.lecaniideveloped faster onwell advanced 9-day-oldmildew colonies than on5day-oldmildew coloniesjust beginningtosporulate.
In conclusion, timing of biocontrol treatments with V.lecaniiseems to be
very important in achieving successful control. At optimum conditions, early
preventive and early curative V.lecaniitreatments gave the highest reduction in
mildew development.
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Semi-commercial-scaleglasshouse trials

Comparison of three biological control agents against cucumber powdery
mildew (Sphaerothecafuliginea) insemi-commercial-scale glasshouse trials
Abstract
The effect of three reported biological control agents, Ampelomycesquisqualis,
VerticiUiumlecanii and Sporolhrix jlocculosa, was tested against cucumber
powdery mildew (Sphaerothecafiiliginea).Twoglasshouse experiments, one inthe
summer and one in winter/spring were conducted on a semi-commercial scale. In
both experiments, a susceptible and a partially resistant cultivar were used. In the
second experiment, the additional effect of integration of biological control and
silicon amendments to the nutrient solution was also assessed. In bothexperiments,
A. quisqualisdid not control the disease. V.lecaniihad a small effect on powdery
mildew in the first experiment but not in the second. S.jloccidosa gave the best
control of powdery mildew in both experiments. In the first experiment, weekly
application ofS.flocculosa reduced disease in the partially resistant cultivar to the
samelevel asatreatment in which the fungicides bupirimate andimazalilwereeach
applied once. Addition of silicon in the nutrient solution in a concentration 0.75
mM reduced disease by 10-16%, averaged over all treatments. There was no
interaction between silicon and the biocontrol agents. Yield was recorded in the
second experiment and was significantly increased by the fungicide treatment
compared tothecontrol inthepartially resistant cultivar. Yield inthetreatmentwith
S. flocculosa was not significantly different from the fungicide treatment in this
cultivar. Siliconhadnoeffect onyield ineither cultivar.

Introduction
Powdery mildew, caused by Sphaerothecafiiliginea(Schlechtend.:Fr.) Polacci, is
the most important disease in glasshouse-grown cucumbers in the Netherlands,
requiring high inputs of fungicides for control. The intensive use of pesticides is
regarded undesirable both for environmental reasons and for the risk of the
development of resistance by the pathogen. Furthermore, biological control of
insects,which hasbecome common practice, maybeadversely affected bypowdery
mildew fungicides. Therefore, alternative control measures for powdery mildew
need tobedeveloped inordertodecrease thefungicide input andthedependance on
these fungicides.
83

Chapter7

Biological control of various powdery mildew fungi has been studied quite
extensively in thepast andwasrecently reviewed for greenhouse crops (Elad etal.,
1996; Menzies and Belanger, 1996). A few microorganisms have been shown to
give moderate to good control under experimental conditions. For instance,
Ampelomyces quisqualisCes., a hyperparasite of several powdeiy mildew fungi,
was shown to control S. fuliginea in cucumber by a number of researchers (Jarvis
and Slingsby, 1977; Philipp and Criiger, 1979; Sundheim, 1982; Sztejnberg et al,
1989). A. quisqualispenetrates and feeds on the hyphae of the powdery mildew
fungus (Hashioka and Nakai, 1980). A strain of A. quisqualis, isolated in the
Hebrew University of Jerusalem, Israel (Sztejnberg et al, 1989), has been
formulated andcommercialized by Ecogen Inc.under thehadenameAQ10.
The fungus Verlicillium lecanii (Zimm.) Viegas is another hyperparasite
reported to reduce powdeiy mildew in cucumber both on leaf disks and in
glasshouse experiments (Askary etal., 1997;Spencer and Ebben, 1983;Verhaaret
al., 1993; Verhaar et al., 1996). In a comparative study in glasshouse-grown
cucumber, V. lecanii showed better control of powdeiy mildew than Sporothrix
rugulosa (Verhaar etal, 1996).
The yeast-like fungus SporothrixJlocculosa Traquair, Shaw and Jarvis (syn.
Pseudozymajlocculosa) (Boekhout, 1995) was effective against both rose and
cucumber powdeiy mildew (Belanger et al., 1994; Hajlaoui and Belanger, 1991;
Jarvis et al, 1989). In comparative experiments under controlled conditions, S.
jlocculosa showed more rapid colonization of powdeiy mildew colonies than S.
rugulosa or Tilletiopsiswashingtoniensis and was less affected by unfavourable
climatic conditions (Hajlaoui and Belanger, 1991).The effect ofS.Jlocculosaisnot
based on hyperparasitism, but on antibiosis (Benyagoub etal., 1996;Choudhury et
al., 1994;Hajlaoui etal, 1992).
Other fungi, such as Tilletiopsis spp.have been reported to control powdeiy
mildews in small scale experiments (Urquhart et al., 1994). However, the
performance in glasshouse trials has been disappointing, probably due to low
humidity conditions (Hijwegen, 1992).
The efficacy of biocontrol agents depends on the climatic conditions in the
crop. Powdeiy mildew fungi can thrive under diy conditions, whereas most
biocontrol agents require relative humidities above at least 70% (Hajlaoui and
Belanger, 1991;Phillip and Helstem, 1986). Furthermore, the rate of development
of the powdeiy mildew may influence the reduction achieved by biocontrol agents,
especially in the case of hyperparasites. This means that the efficacy of biocontrol
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agents may differ from season to season, from cultivar to cultivar and may be
influenced by other controlmeasures.
The objective of this work was to compare the efficacy ofA quisqualis, V.
lecanii andS.flocculosaonS.fuliginea onglasshouse-grown cucumberundersemicommercial conditions. In order to test the robustness of the biocontrol agents,
experiments wereranin asummer crop and awinter/spring crop ofcucumber, both
with a susceptible and a partially resistant cultivar. In the second experiment, the
additional effect of integration of biological control and silicon amendments to the
nutrient solution was also assessed. The objective was to determine if silicon
amendments,reported toreduce therateofdevelopment ofpowdery mildew (Adatia
and Besford, 1986; Menzies et at., 1991; Dik and Voogt, unpublished results)
influenced theperformance ofthebiocontrol agents.

Materials and Methods
Plant material. LongEnglish cucumberplants (Cucitmis sativusL.) of asusceptible
cultivar (Jessica in exp. 1, Ventura in exp. 2) and a partially resistant cultivar
(Flamingo) weregrown in acommercial nursery andtransplanted atthefour tofive
leaf stage. Theplants were grown in rockwool slabs and trained using the umbrella
system (Jams, 1992). Fruits were harvested three times per week. Insects were
controlled biologically.
Climate regime. Heating temperature in the glasshouse was set at 21-22 °C.
Ventilation temperature was set at0.5 °Cabovethe heating point. Screensinthetop
oftheglasshouse were closed from sunset until sunrise, inordertopreventheatloss
and to increase relative humidity during the night. Extra C0 2 was added to each
compartment. Data on temperature, relative humidity and vapour pressure deficit
(VPD) were collected in each compartment at one-minute intervals. Averages of60
minutes were stored in a VAX mainframe computer (Digital, Utrecht, The
Netherlands).
Supply of water,nutrientsand silicon. The plants were grown in rockwool with
reuse of drainage water. The nutrient solution was supplied by means of trickle
irrigation. The amount was automatically adjusted to the irradiation level.
Approximately 30% of the nutrient solution supplied was drained off and reused.
Thebasiccomposition ofthenutrient solution was 1.0NH4, 6.5 K,2.75 Ca, 1.0Mg,
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Table 1.Datesofapplications oftreatments for thetwocultivars inboth experiments.
Experiment 1 (1994)

Experiment 2 (1995)

treatments

Susceptiblecv.

Resistantcv.

Susceptiblecv.

Resistantcv.

Control*

June 14,20,27,
July5

June 14,20,27,
July5,13,19

March 3,14,21,28

March 3,14,21,28,
April 5,11,19,26,
May3

A.quisqualis

June 14,20,27,
July5

June 14,20,27,
July5,13,19

March 3,14,21,28

March 3,14,21,28,
April 5,11,19,26,
May3

V.lecanii

June 14,20,27,
JulyS

June 14,20,27,
July5,13,19

March 3,14,21,28

March 3,14,21,28,
April 5,11,19,26,
May3

Sflocculosa

June 14,20,27,
July5

June 14,20,27,
July5,13,19

March 3,14,21,28

March 3,14,21,28,
April 5,11,19,26,
May3

Fungicide*

June20
(bupirimate),
July 13(imazalil)

June20 (bupirimate),
July 13(imazalil)

March 17
(bupirimate),
March30
(bitertanol)

March30
(bitertanol),
April 18(bitertanol)

*in exp. 1:Tween 80andparaffin oil,inexp.2:paraffin oil;bconcentrations offungicides were 200
ml per 100 1for bupirimate (Nimrod), 100ml per 1001 for bitertanol (Baycor) and 25 ml per 100 1
formazalil (Fungaflor).

11.75 N0 3i 1.0S0 4 and 1.25 H2P04inmMand 15Fe, 10Mn,5 Zn, 25B,0.75 Cu
and 0.75 Moin//M. The ECintheroot environment waskeptbetween 3.0and3.5
dS.m'1andthepHbetween5and6.Inexperiment 2,additional Siinaconcentration
of 0.75 mM wasadded to half of the plots as potassium metasilicate (9.1% Si,
25.4% K,Sikal, Hydro Agri, Vlaardingen, The Netherlands), forwhich nitric acid
wasaddedinamolarratioof2molH+to 1 mol Sitoadjust thepH.Thisresultedin
plots with no additional silicon (Si) andplots with silicon (Si+). The increase inK
and Nsupplybythe Siand nitric acid application was equally settled byreduction
of the K andN supply bythefertilisers. Drainage water was analysed everytwo
weeks formacro-andmicro-elements, Si,ECandpH.Ifnecessary, adjustmentsto
thebasiccomposition ofthenutrient solutionwerecarried out.
Biocontrol agentsandpreparation ofsuspensions.The biocontrol agents testedin
both experiments wereprepared asfollows. V. lecaniistrain F88.1was suppliedby
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Verhaar as afresh liquid suspension and was diluted to 5 * 106sporesml"1in0.3%
light white oil (Sigma). A. quisqualiswas used as the formulated product AQ10,
provided byEcogenInc.(Langhome, PA,U.S.A.).Itwas suspended atarate of6g
l'1 in 0.05% Tween 80 in exp. 1and in 0.3%light white oil (Sigma) in exp. 2.S.
flocculosa was provided by Belanger as a formulation of dry spores. It was
suspended in water with 0.02% Aqua Aid (Ken Crowe Ltd., Montreal, Canada),
stirred in a blender and diluted in 0.3% light white oil (Sigma) to a final
concentration ofca. 1* 106colonyforming units(CFU)ml"1.Theoil,AquaAidand
Tween 80 amendments were used to enhance survival of the biocontrol agents and
toimprovehomogeneous distribution ofthespray solution ontheleaves.
Inoculation withpowdery mildew.Cucumber plants cv. Jessica were grown in a
separate small glasshouse compartment and infected with Sphaerothecafuliginea.
Spores were blown off the leaves 36 hours before the leaves were used for
inoculation of the large glasshouse experiments, in order to ensure that all the
spores in the suspension were fresh and of the same age. The source leaves were
picked and washed in water. The spore concentration was assessed with a
haemocytometer and adjusted to 100 spores ml"1. Within two hours of suspending
the spores in water, leaf 5of all the plants inthe glasshouse was inoculated with510ml per leaf.Floors inthe glasshouse were wetted and inoculation took placelate
in the day in order to ensure sufficiently high relative humidity. Inoculation took
place 6days after plantingin exp. 1 and 38daysafter planting inexp.2.Inoculation
dates were chosen according to the expected first natural infection by powdery
mildew ineach season.
Experimental design and treatments. Both experiments were carried out in a
glasshouse with ten compartments of 156m2 each, five compartments on each side
of a corridor. The first experiment was planted on June 2, 1994, and the second
experiment on January 17, 1995. One half of each compartment was planted with
the susceptible cultivar, the other half with the partially resistant cultivar. Plant
density was 192plants per compartment in exp. 1 and 240 plants per compartment
inexp.2.
In both experiments, five treatments were applied, each replicated in two
compartments: 1. control treatment; 2. fungicide according to commercial practice
(Table 1); 3. V.lecanii;4. A. quisqualis;5. S.flocculosa. In exp. 1, the control
consisted of two treatments, each applied to half the plants of each cultivar, i.e.
Tween 80(0.05%) as control for/I quisqualis and light white oil (Sigma, 0.3%) as
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control for the other biocontrol agents. In exp. 2, the control consisted only of the
oil (0.3%), since in this experiment A. quisqualis was mixed with paraffin oil
instead of Tween 80. All treatments except the fungicide treatment were applied
weekly. Spraying dates are shown in Table 1. The treatments were applied with a
10-1 knapsack sprayer (Gloria 172RT, Gloria - Werke, Wadersich, Germany) at 3
atm. and a rate of 1500 1 ha"1 for full-grown plants. A different sprayer was used for
each treatment to prevent cross contamination. Applications were done during the
last 4 hours before sunset (evening in exp. 1,afternoon in exp. 2) in order to prevent
excessive drying of plants after application and subsequent desiccation of biocontrol
agents.
Each compartment contained two blocks of six different nutrient solutions,
one complete block per cultivar. In exp. 1, all nutrient solutions were the same and
the experiment was designed as a randomized complete block with two
compartments per treatment as replicates. In exp. 2, silicon in the form of potassium
metasilicate was added to three of the six nutrient tanks as described above. The
experiment was set-up as a split-plot experiment with two randomized blocks with
five treatments and three replicates of two nutrient solutions per compartment per
cultivar.
Disease assessment. Powdery mildew infection was assessed on 12 plants per
compartment per cultivar. Each nutrient tank supplied one plot of four rows of five
plants per cultivar. In both experiments, the two middle plants of the six plots per
cultivar were used for disease assessments. In exp. 2, six of the 12plants were from
plots with extra silicon and six plants from plots with standard nutrient solution.
Infection was assessed as percentage leaf area covered with powdery mildew on all
the leaves by position, with leaf 1as the first full leaf. A set of drawn examples of
which the exact percentage infected area was calculated with a semi-automatic
image analyser (Videoplan, Carl Zeiss B.V., Weesp, The Netherlands) was used to
calibrate assessments. Dead leaves and other diseases were also recorded.
The average percentage dead and diseased leaf area was calculated per plant
and added to give the percentage not-green leaf area. Since severe powdery mildew
infection can result in death of entire leaves, percentage not-green leaf area gives a
better estimate of powdery mildew severity than percentage diseased leaf area. The
percentage not-green leaf area was also calculated for three different leaf layers
separately, i.e. a base leaf (leaf 6 in both experiments), a leaf in the middle of the
canopy (leaf 13 in exp. 1, leaf 10in exp. 2) and a leaf at the top of the canopy (leaf
20 in exp. 1, leaf 14 in exp. 2), in order to establish the effect of the biocontrol
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agents on different parts of the canopy. Data for whole plants and per leaf layer
were averaged for the sampled plants per plot.
The first disease assessment was done before the first application of the
treatments in order to assess possible differences between compartments. Disease
was assessed twice per week in the susceptible cultivar and once per week in the
partially resistant cultivar.
Assessment of silicon in the nutrient solution and in the leaves. On days 52, 83 and
113 after planting in the fungicide treatment in exp. 2, 10-15 leaves were sampled at
different levels in the canopy (base, top and side shoots). The leaves were dried and
ground and dry weight was assessed. Silicon was extracted according to Walinga et
al. (1989) and measured by atomic absorption at 251.6 nm in a nitrous oxideacetylene flame.
Populations of biocontrol agents. In both experiments, populations of the biocontrol
agents were assessed at different times after spraying, on different leaf layers and
cultivars to determine survival on the leaves. For V. lecanii, 12 leaf disks per
cultivar per replicate were sampled at two heights in the canopy and incubated at
high humidity. Subsequent growth of the fungus was observed using a stereo
microscope. In exp. 2, germination of V. lecanii spores both before and after
incubation at high humidity, was assessed microscopically for 100 spores per leaf
disk.
On several sampling dates in exp. 1, leaf disks were examined
microscopically for the presence of A. quisqualis and parasitization of the powdery
mildew. Colonization of powdery mildew by A. quisqualis was assessed on whole
plants on one sampling date in exp. 2 as percentage leaves on which powdery
mildew was visibly colonized by the hyperparasites in three classes: no
parasitization, < 50%of powdery mildew parasitized, and > 50% parasitized.
Population densities for all three biocontrol agents were assessed by
sampling leaf disks at different heights in the canopy, washing the samples in sterile
Tween 80 (0.01%) and dilution plating on PDA plates. Plates were counted after
incubation at 21 °C for 2-8 days and the population density, expressed as CFU cm'2,
was calculated. Samples were taken both in the compartments where the biocontrol
agents were sprayed and in the control compartments to assess possible crosscontamination.
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Yield. Thenumber, weight and quality oftheharvested fruits wererecorded. Quality
was recorded as first or second class, depending on size, colour and shape of the
fruits using the same criteria as the auction. Total weight and number of fruits per
plant and thepercentage fruits offirst class quality were calculated atthe end ofthe
experiments. Inexp. 1,yield was assessed for onerow of 12plants per cultivar per
compartment. In exp. 2, yield was assessed for 5plants for each of the six nutrient
plotsfor each cultivarineach compartment.
Statistical analysis. The Area Under the Disease Progress Curve (AUDPC) for
percentage not-green leaf area was calculated, both for whole plants and for the
three different leaf layers. Exp. 1was analysed as a complete block, exp. 2 as a
split-plot experiment with the treatments as main factor and Si level in the nutrient
solution as factor within the treatments. AUDPC values and yield data were
subjected to analysis of variance followed by Fisher's protected LSD test, at
P=0.05.
Percentage inhibition in AUDPC compared to the control treatment was
calculated both for whole plants and for the three separate leaf layers. Linear
regression analysis was performed on the percentage inhibition in AUDPC against
leaf layer for each biocontrol agent and cultivar combination. Differences in
elevations and slopes of the regression lines were analysed according to Snedecor
and Cochran (1980) at P=0.05. All statistical analyses were done with Genstat
(Genstat 5Committee, 1992).

Results
Climatic conditionsintheglasshouse.In the summer of 1994 (exp. 1), conditions
in the glasshouse were warm and diy. The 12 h average temperatures ranged
between 19 and 32 °C and 12h average relative humidity (R.H.) was between 30
and80%,resulting inVPD'sbetween 0.4 and3.0kPa.
Inexp. 2(spring 1995) 12haveragetemperatures ranged between 19and26
°C. The 12h average R.H. was between 55 and 90%, resulting in VPD's between
0.2 and 1.5 kPa.
In both experiments, differences between compartments were within 0.3°C
and0.1kPa.
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Fig. 1.Diseaseprogress of powdery mildewoncucumber inexp.2for alltreatmentswithout siliconin
the nutrient solution for the susceptible cullivar Ventura (A) and the partially resistant cultivar
Flamingo(B)
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Powderymildew epidemics. Inoculation of leaf 5resulted in afew powdery mildew
colonies onthis leaf within one week in both cultivars in exp. 1 and the susceptible
cultivar in exp. 2 and within two weeks in the partially resistant cultivar in exp.2.
Before the first application of the biocontrol agents, no differences were observed
among treatments in both experiments. In both seasons, the experiments were
terminated earlier for the susceptible cultivar than for the partially resistant oneby
spraying the susceptibleplants in all treatments with afungicide (imazalil in exp. 1,
bupirimate in exp. 2) when disease became very severe. Since the plants of both
cultivars were grown in the same compartments, the susceptible plants were
providing an unnaturally high inoculum level for the partially resistant plants. This
application of chemical fungicide to all susceptible plants was done on July 13in
exp. 1and on April 4 in exp. 2, 35 and 39 days after inoculation with powdery
mildew, respectively.
The effect of the biocontrol agents and silicon on powdery mildew and other
diseases.Ingeneral, the development oftheepidemic was delayed byS.flocculosa
in both experiments and by V.lecaniiin exp. 1. This was especially noticeable in
the partially resistant cultivar. Eventually however, disease reached a very high
level in all treatments except the fungicide treatment. Disease progress in all
treatments without silicon inexp.2isshown inFig. 1.Inexp. 1,therewas adistinct
inhibitory effect of Tween 80 on powdeiy mildew development in both cultivars
compared to paraffin oil. Compared to Tween 80, A. quisqualis did not reduce
powdery mildew severity. In exp. 2, A. quisqualis mixed with paraffin oil instead
ofTween 80,hadnoeffect onpowdeiymildew ineither cultivar.
The Area Under the Disease Progress Curve (AUDPC) for not-green leaf
area is given for both experiments in Tables 2 and 3. V.lecaniiand A.quisqualis
did not cause asignificant reductionin theAUDPC in either experiments compared
tothe appropriate control. OnlyS.jloccitlosasignificantly reduced theAUDPC.For
the partially resistant cultivar, the AUDPC in the S.flocculosatreatment was not
significantly different from thefungicide treatment inexp. 1.
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Table 2. AUDPC for powdery mildew, expressed as percentage not-green leaf area in the susceptible
cultivar.
AUDPC
Treatment

Exp. l b

'(%

days)
Exp. 2 b
-Si

+ Si

*

Control Tween

289

*

Control paraffin oil

425

582

468

A. quisqualis

300

582

521

V. lecanii

348

545

496

S. flocculosa

306

477

383

Fungicide

141

241

184

LSDC

114

64

64

*AUDPC = Area Under theDisease Progress Curve.b Thetotal number ofdaysinthedisease assessment period
was27 inexp. 1 and 21 inexp.2. c LSD=Least Significant Difference atP=0.05.

Table 3. AUDPC for powdery mildew expressed as percentage not-green leaf area in the partially
resistant cultivar.
AUDPC a (% -days)
treatment

Exp. l b

Exp. 2 b

-Si

+ Si

*

Control Tween

1206

*

Control paraffin oil

1517

1688

1572

A. quisqualis

1071

1753

1638

V. lecanii

1072

1618

1481

S. flocculosa

787

1226

1204

Fungicide

522

742

685

LSDC

503

221

221

* AUDPC = Area Under the Disease Progress Curve. b The total number of days in the disease
assessment period was 45 in exp. 1and 56 in exp. 2 . c LSD = Least Significant Difference at P=0.05.
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Fig. 2. Percentage inhibition intheArea Under theDisease Progress Curve (AUDPC) ofcucumber
powdery mildew compared tothe control treatments inthe susceptible cultivars (A) and the partially
resistantcultivar(B)intwoexperiments.
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The effect of silicon in exp. 2 was significant but not very strong (Fig. 2).
On average for all treatments, addition of silicon gave 16 and 11% reduction of
powdery mildew for the susceptible and the partially resistant cultivars,
respectively. There was no interaction with the biocontrol agents, indicating that
reduction of powdery mildew by biocontrol and silicon act independently and the
biocontrol agentsarenot influenced bythesilicon intheleaves.
Thepercentage inhibition obtained bythetreatments comparedtothecontrol
isshown for both cultivars for 1994and 1995without silicon and 1995with silicon
in Fig. 2. The effect of all three biocontrol agents was stronger on the partially
resistant cultivar than on the susceptible cultivar, especially in exp. 1. For most
cultivar/treatmentcombinations, theeffect without siliconwasstrongerin 1994than
in 1995.In 1995,silicon increased inhibition for alltreatments.
In exp. 1, the inhibition of powdery mildew was clearly correlated to the
position ofthe leaves. For V. lecaniiandS.flocculosa,the percentage inhibition in
exp. 1compared to the control is plotted against leaf layer in Fig. 3.A. quisqualis
showed no control inany oftheleaf layers analysed. Better control wasachievedby
V. lecaniiand S. flocculosa on the lower leaves than on the top leaves. For both
these biocontrol agents, the slopes of the regression lines were significantly
different from horizontal. No significant differences between slopes of regression
lines occurred among the cultivar- treatment combinations. In exp. 2, only S.
flocculosa showed an effect on powdery mildew. The inhibition achieved in this
experiment was not significantly influenced by leaf layer, indicating that the
climatic conditions in exp. 2were not negatively influencing the performance ofS.
flocculosa ontheupperleaves.
In exp. 1, infection by Pythium aphanidermatumoccurred early in the
experiment. No effect of any of the treatments was observed. In exp. 2,Botrytis
cinerea stem infection began to appear in April. At the end of the experiment, the
number ofdeadplantswasnotinfluenced byanyofthetreatments.
Siliconlevelsinnutrient solution andleaves. In exp. 2,the amount of silicon inthe
recirculating drain solution in the tanks with additional silicon decreased steadily
from 0.80 mM in January to 0.44 mM in April. In the control tanks, silicon levels
ranged throughout the experiment between 0.09 and 0.12 mM. Differences between
tankswiththe samesilicon treatment werenegligible.
The amount of silicon in the leaves of both cultivars is shown for different
leafpositions and several sampling dates in Table 4. Silicon levels clearly increased
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Fig. 3. Percentage inhibition in the Area Under the Disease Progress Curve (AUDPC) of cucumber
powdery mildew by S. flocculosa and V.lecanii compared to the control treatments plotted against
leaf layer in exp. 1.V.l. = Verticilliumlecanii, S.f. =Sporothrix flocculosa. Leaf layer 1is thefirst
full leaf. Equations for regression lines were(Y=percentage inhibition):Y=46.4 - 1.97 *leaf layer
(R2 = 0.84) for V.lecanii inthe susceptible cultivar; Y= 72.5 -2.53 *leaf layer (R2 = 0.84) for V.
lecaniiinthepartially resistant cultivar; Y=61.1- 1.1 *leaflayer(R2= 1.00) forS.flocculosa inthe
susceptible cultivar; Y=79.6 - 1.1 *leaf layer (R2 =0.97) for 5. flocculosa inthe partially resistant
cultivar.

with time, resulting in substantial differences in silicon content of the leaves
between Si+and Si" plants.Therewereno differences in silicon uptake between the
twocultivars.
Population dynamics ofthebiocontrolagents. Allthreebiocontrol agentswereonlyfound in the compartments in which they had been applied. V.lecaniiwas present
on more than 90% of the samples up to one week after spraying in both
experiments. At the end of exp. 1, population densities ofV. lecaniiwere up to 4
times higher on leaf disks in the middle of the canopy than on the top leaves. The
germination rate of V. lecanii on sampled leaf disks as assessed in exp. 2 was
around 7%onfresh samplesandaround 38%after incubationunderhumid
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Table 4. Silicon levels in leaves (mmol/kg dry matter) of cucumber plants fed with or without
potassium silicateinthefungicide treatmentinexp.2.
cultivar

base

top

side-

April10

March 10

positionof
leaf

May5

+Si

-Si

+Si

-Si

+Si

-Si

Flamingo

658

148

ad.

n.d.

n.d.

n.d.

Ventura

671

133

n.d.

n.d.

n.d.

n.d.

Flamingo

425

104

714

170

864

173

Ventura

424

108

705

175

859

199

Flamingo

n.d.'

n.d.

620

151

738

146

shoot

602
164
n.d.
n.d.
730
166
Ventura
*n.d.=notdetermined.
Samplesof 10-15leavesweretakenperleaflayerinplotswithandwithoutsilicon amendmentstothe
nutrient solution.

conditions and 20 °C for 24 hours. Germination was not influenced by leaf layer,
cultivarorsilicontreatment.
A. quisqualis was present on most of the samples in exp. 1and mostly on
samples in the middle of the canopy in exp. 2. Dilution plating showed, that
population densities inexp. 1 werequite stableuptooneweek after spraying.
However, in most of the samples observed microscopically, spores of A.
quisqualiswere found but no parasitism was observed on the leaf disks. In exp. 2,
assessment of the parasitism of powdery mildew byA. quisqualison all the leaves
of selected plants showed that on 69% of the leaves, powdery mildew was not
parasitized, on 23% of the leaves, less than 50%ofthe powdery mildew colonies
and on 8 % of the leaves, more than 50% of the powdery mildew colonies were
parasitized.No differences betweenthetwocompartmentswereobserved.
S.flocculosawasrecovered from all samples.Therewasno consistent effect
of cultivar, leaf layer or silicon treatment (in exp. 2) on population density.
However, the population density ofS.flocculosawas alwayshigher on leaves with
powderymildewinfection thanondisease-free leaves.
Yield. In exp. 2, total yields in the susceptible cultivar were not significantly
influenced by any of the biocontrol agents or the silicon amendment and ranged
from 4.8 to 5.5 kg plant'1. In the partially resistant cultivar, only the fungicide
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treatment significantly increased total yields compared to the control. However, in
the treatment with S.Jlocculosa,yields were not significantly different from the
fungicide treatment. Siliconhadnoeffect onyield.
For both cultivars, the percentage of first class quality fruit was not
influenced significantly bythebiocontrol agents,thefungicide orsiliconandranged
between 74and 81%.

Discussion
To our knowledge, our experiments are the first to compare several biocontrol
agents of cucumber powdery mildew in semi-commercial scaleexperiments. Based
on the experimental design which prevented cross contamination and the similar
conditions inallcompartments oftheexperiments interms ofnutrition, climate and
initial disease pressure,wewere ableto obtain anunbiased andreliable assessment
oftherelativeefficacy ofthebiocontrolagentstested.
In both experiments, A. quisqualis did not control powdery mildew
comparedtothecontrols.V. lecaniigavesomecontrolinexp. 1 butnotinexp.2.In
both experiments,S.jlocculosa gave the best control of the biocontrol agents, even
to the point where the effect was not significantly different from the fungicide
treatment. Someofourresults contrastwithpreviousreports ofefficacy obtained in
small-scale experiments.Forexample,withA quisqualis Jarvisand Slingsby (1977)
and Sztejnberg et al. (1989) obtained approximately 50%reduction in severity of
powdery mildew and an increase inyield in glasshouse-grown cucumber compared
to the control. Verhaar etal. (1996) found that V. lecaniicould maintain powdery
mildew on an artificially inoculated cucumber crop below 15 % infected leaf area
for 9 weeks on the partially resistant cultivar Flamingo. The AUDPC was not
significantly different from the fungicide treatment in their first experiment.
However, in the replication of the experiment, V. lecanii showed no effect on
powdery mildew compared to a control treatment with water. The discrepancy
between resultsreported intheliterature andourresultsmaybeattributed inpartto
the drier conditions thatprevailed in our experiments. Inthis context, S.Jlocculosa
seemed to be the least affected by dry conditions, which is in accordance with
findings ofHajlaoui andBelanger (1991).Theclimatic conditions duringdaytimein
exp. 1 were quite severe for the biocontrol agents. Irradiation, temperature and
vapourpressure deficit wereveryhighandthisprobably causedtheleaf layer effect
on performance of both V. lecanii and S.Jlocculosa. During the more moderate
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conditions inexp.2thiseffect ofleaflayerwasnotasclear.Nonetheless, controlin
the first experiment was atleastasgood asinthe second experiment. Thisindicates
that thebiocontrol agents can survive periods ofunfavourable conditions, provided
that these periods are alternated with periods of more moderate temperatures and
higher humidities, as generally occur during the night. The population studies
confirm that all three biocontrol agents survived onthe leavesinboth experiments.
However, activityofA. quisqualis andV. lecaniiwasverylimited.
Apart from a better tolerance to dry conditions, the more consistent
performance of S. flocculosa compared to the two other agents may also be
attributed to the mode of action ofthebiocontrol agents.BothA. quisqualisandV.
lecanii are hyperparasites (Askary et ah, 1997; Sundheim and Tronsmo, 1988;
Yarwood, 1932)and theirgrowthneedstobeasfast asthatofthepathogeninorder
to give sufficient control. It was our distinct impression that the powdery mildew
colonies inourexperiments developedfaster thanthehyperparasites.Parasitismwas
observed in the centre of the colonies, but at the edges the pathogen was growing
away from the hyperparasites. On the other hand, S. flocculosa is not a
hyperparasite, but a fungus which excretes antibiotics (Benyagoub et al., 1996;
Choudhury etal, 1994;Hajlaoui etal, 1992).The advantage isthatthe biocontrol
agent doesnothavetobeindirect contactwiththepathogen,becausethemolecules
willdiffuse overtheleaf surface.
Additives arecommonlyusedwithbiocontrol agentstopromote survivaland
to ensure a homogeneous coverage on the plant surface. Glycerol, Tween and
different kinds of oil have been shown to improve the performance of biocontrol
agents (Hijwegen, 1992;Philipp and Hellstern, 1986;Philipp et al., 1990;Spencer
and Ebben, 1983; Verhaar et al., 1996). However, these additives may directly
affect powdery mildew (Hijwegen, 1992; Verhaar et al., 1996). In our first
experiment, the treatment with only Tween 80 gave significant control of powdery
mildew compared to paraffin oil. Since A. quisqualiswas applied together with
Tween 80andgave similarcontrolasTween 80byitself, therelative controlofthis
treatment inthis experiment was attributable to the additive only. Thisis confirmed
by the lack of control byA. quisqualisin the second experiment, in which it was
applied in an oil mixture. Wehave tested the oil that weused for its effect against
powdery mildew in several smaller scaleexperiments.Theresults showed, thatthis
oil in all concentrations tested (up to 5%) did not control powdery mildew in
cucumber (Dik andBelanger, unpublishedresults).Belanger etal.(1994)found that
S. flocculosa mixed with 1%paraffin oil controlled rose powdery mildew slightly
betterthanthebiocontrol agent alone.Theyascribedthisresulttoincreased survival
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of the biocontrol agent rather than to a direct effect ofthe oil onpowdery mildew.
Theuseofadditives ascontrols inourexperimentshasensuredthatwecanseparate
theeffect ofthebiocontrol agentsthemselvesfrom thatoftheadditives.
In both experiments, control was generally better in the partially resistant
cultivar than in the susceptible cultivar. This integration of cultivar and biocontrol
should therefore be considered in a general management scheme of powdery
mildew.Also,silicon amendmentstothenutrient solutionprovided some additional
reduction in powdery mildew severity. Biocontrol may also be integrated with
chemical control. The performance ofA. quisqualis was much better when used in
combination with low level fungicide applications (Sundheim, 1982). For A.
quisqualis, the compatibility with fungicides has been assessed by Philipp et al.
(1982, 1984) and Sztejnberg et al. (1989). For S. flocculosa and V.lecanii,more
information on compatibility with fungicides is needed. In a very susceptible
cultivar, integrationwithchemicalfungicides mayprovetobenecessary.
In spite of their inefficacy in the experiments reported here, both A.
quisqualis and V. lecanii were present on the leaves and started to grow
immediately after placing sampled leafdisksunderhumid conditions. This confirms
that the humidity conditions prevailing in the glasshouses limited their growth. No
differences occurred in the presence of the biocontrol agents in treatments with
different silicon levels, confirming that the silicon and biocontrol agents acted
independently. The applied biocontrol agents were only found in the compartments
where they were sprayed, so no cross-contamination occurred between
compartments. It has been suggested that biocontrol agents may spread with the
powderymildew sporesandtherefore resultsmaybedifficult tointerpret (Philippet
al., 1984); in our experiments the separate compartments apparently formed a
sufficient barrier.
In general, it can be concluded that of the three biocontrol agents tested, S.
flocculosa shows the best potential for efficient biocontrol of cucumber powdery
mildewundertheconditions prevailinginDutchglasshouses.Theexperimentswere
run in the two seasons in which powdery mildew is most severe and under
conditionsthatwere similarinallaspectsto commercial glasshouse conditions.The
control in our experiments was not sufficient for commercial growers, with the
exception of the partially resistant cultivar in exp. 1,but in this respect it must be
notedthat ourexperiments aimed attestingtheperformance ofthebiocontrol agents
under severe infection pressure. Artificial inoculation of all plants provided a
homogeneous, but at the same time unnaturally high disease pressure quite early in
the growing season. The fact that even in this situation significant control occurred
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allows optimism with respecttothepossibilities ofbiocontrol undermoremoderate
infection pressures.Further experiments willbeneededtoprovidemore information
on this aspect. Furthermore, integration with yet other methods, for example
induced resistance bymeans ofplant extracts andwith chemical control willbethe
topicoffuture research.
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Detailed observations on the sustainability and development ofVerticillium
lecaniiinaglasshouse
Introduction
In the foregoing chapter three biocontrol agents of cucumber powdery mildew,
Verticillium lecanii, Sporothrix flocculosa and Ampelomyces quisqualis were
compared in glasshouse experiments, at the Research Station for Glasshouse
Vegetables in Naaldwijk. In contrast to preliminary experiments (Verhaar et al,
1997) V. lecanii showed unexpectedly poor control results. Some detailed
observations onthefate ofV. lecaniiweremadewhichmightexplainthefailure of
V.lecaniito control cucumber powdery mildew. The development ofV. lecaniiin
the glasshouse was studied by visual observation using ahand lense (x 25) andby
sampling. The effect of glasshouse compartment, leaf level and cucumber cultivar
on the presence of vital V. lecanii propagules, the number of cfu's and the
percentage of germinated V. lecanii spores on leaf disks was determined.
Observations onpercentagegermination weremade onleaf diskssampled 12hours
or one week after biocontrol treatments, before and after incubation at high
humidity. Some of these observations were already briefly described in the
foregoing chapter.
Materials andMethods
Observations duringglasshouse experiment 1,summer 1994.
The presence of vital V. lecanii. To study the presence of vital V. lecanii the
partially resistant cultivar Flamingo was sampled one week after the second (day
181), fourth (day 195) and sixth (day 208) biocontrol treatment. The susceptible
cultivar Jessica was sampled oneweek after the second (day 181), 5 days after the
fourth biocontrol treatment (day 193),two days(day 195)andtwoweeks(day208)
after thefungicide treatment. Plants inthetreatment compartments 5and 10andin
the control compartments 2and7were sampledbytaking 12leaf disksof3.14cm2
from the top and middle leaf layers (leaves 13 and 20 approximately). The leaf
disks were incubated inplastic Petri dishes (5 cmdiameter), onwet filter paper, in
agrowth chamber(20°C; 16hlight,23W/m2,PopeFTLD32W/84HF).After three
days the leaf disks were examined for the presence of V. lecanii under a
stereomicroscopewith continuouslyvariablemagnification (8to50x).
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Numberofcfu's. The number ofV. lecaniicfu's removed from leaf disksby
washing was determined per leaf level of plants with and without V.lecanii
treatments.Foursamplesofthreeleaf disksweretakenpercombination ofcultivar,
leaf level and treatment (V. lecanii and control). The three leaf disks per sample
were taken together and were washed in 100 ml distilled water. After one min
shaking onthevibrofix, 0.2 ml(day 193)ortwice 0.1ml (day 208)per samplewas
plated onwater agar (Oxoid)towhich chloramphenicol (50ppm)and streptomycin
(50 ppm) had been added. Three days later the V.lecaniicolonies per Petri dish
werecounted andthenumbers ofcfu's percm2ofleaf diskwere calculated.
Observations duringglasshouse experiment2,spring 1995.
Thepresence ofvitalV. lecanii. One week after the second treatment (day 80), 12
hr after the third (day 81) and one week after the fourth and last biocontrol
treatment oncv.Ventura (day 101)and 12hr after thefifth biocontrol treatment on
cv. Flamingo (day 102) cucumber plants in the treatment compartments (4 and 7)
and in the control compartments (3 and 10) were sampled for V. lecanii as
described for experiment 1.
GerminationpercentageofV. lecanii. In addition, on each assessment day,
12leaf disks were sampled per combination of cultivar and leaf level to determine
the germination percentage of V. lecanii. The samples were transported to
Wageningen in a cool box. Six leaf disks per combination were placed in a
refrigerator whilst the other six were incubated at high humidity conditions (near
saturated atmosphere) for 24 hours at 20°C, d/n 16/8, and 32.2 W/m2 light
intensity. V. lecanii spores on the leaf disks were coloured by 0.1% fluorescent
brightener 28 (Sigma) and viewed under a Zeiss Axioskop equipped with an
incident-light fluorescence illumination, a 395-440 nm excitation filter, a 460ran
dichroic mirror and a 470 nm barrier filter. Per leaf disk about 100 spores were
examined. A spore was counted as germinated when the length of the germ tube
waslongerthanthelength ofthespore.

Statistics
The presence of vital V. lecanii. The chi-square test for a fixed-ratio (1:1)
hypothesis was used to examine whether treatment, cultivar or leaf level had an
effect onthepresence ofviableV. lecanii.
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Number of cfu's. The effects of leaf level and glasshouse compartment on
numbers of cfu's were analyzed by ANOVA followed by a least significant
difference (LSD)test.
Germination percentage of V. lecanii. The effects of leaf level and
glasshouse compartment on percentage of V. lecanii spores before and after
incubation at high humidity were analyzed by ANOVA followed by a least
significant difference (LSD) test. To improve homogeneity the data were arcsine
squareroot transformed.
Results
Glasshouse experiment 1,summer1994
Presence of vital V. lecanii. In the control compartments (2 and 7) no V. lecanii
was found. Inthetreatment compartments (5and 10),V. lecanii wasfound onover
90% of all leaf disks, with one exception. Two days after the fungicide (imazalil)
treatment (day 195), the cv. Jessica had 36% of the leaf disks with V.lecanii
against98%oncv.Flamingo,asignificant difference (P^0.0001).
Number of cfu's.Five days after the fourth biocontrol treatment the number
of cfu's from cv.Jessica(day 193)differed significantly (Table 1,P^O.05)between
compartments 5 (average 14xl03per cm2) and 10(average 3xl03per cm2).On day
208, the difference was not significant but indicative (P^O.l), one week after the
lastbiocontroltreatmentoncv.Flamingo (Table 1).
Taking compartments 5and 10togetherfor day208,themiddleleaflayerof
cv. Flamingo yielded significantly more cfu's (about 4x, P=s0.05)than the top leaf
layer. Twoweeksafter thefungicide treatmentsoncv.Jessica(day208),cv.Jessica
yielded significantly more (P=s0.05) cfu's than cv. Flamingo plants which were
treatedwithV. lecanii oneweekbefore (Table 1).

Glasshouse experiment 2,spring 1995
Presenceof vitalV. lecanii. In the control compartments (3 and 10)no V. lecanii
was found. Inthetreatment compartments (4 and 7)V. lecanii was observed onall
sampled leaf disks. Even one week after a fungicide (bupirimate) treatment on cv.
Ventura allleafdisksshowedvitalV. lecanii.
Germination of V. lecanii spores. A significant (P^O.05) difference in
germination datawasfound betweencompartments 7(11%)and4(5%).The
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Table 1.Glasshouseexperiment 1,numberofcfu's percm2leafdisk
Julian
day

Compartment

Middle
leaflayer
Jessica

193

208

5

12.4b"

10

3.1a

5
10

-

Topleaf
layer
Flamingo
c

Jessica

Flamingo

15.7b

-

2.9a
4.8 A*

9.7B

1.5 A

2.9A

4.4B

0.5 A

" Number of cfu's in thousands per cm2leaf disk, values in the same column with different letters
(lowercase)aresignificantly different atPsO.05levelaccordingtotheLSDmultiplerangetest.
*Values inthe samerowwith different letters (upper case) are significantly different at PsO.05 level
accordingtotheLSDmultiplerangetest.
' Numbersnotdetermined.

period between thelastbiocontrol treatment, 12hours or7days seemedtohaveno
influence on the percentage germinated spores. However, when part of these
samples were incubated at high humidity for 24hours significantly (P^0.05)more
spores had germinated on cv. Ventura leaf disks sampled 12hours after the third
biocontrol treatment (day 81, 56%) than on those taken 7 days after the second
treatment (day 80, 29%) (Figure 1). On cv. Flamingo no difference in percentage
germination was observed on leaves taken 12 hours after the third biocontrol
treatment (day 81, 33%) or 7 days after the second biocontrol treatment (day 80,
33%).
Onday 101, cv.Venturahad somuchpowderymildewthatV. lecaniispores
couldno longerbedistinguished ontheleafdisks. Oncv.Flamingo,the percentage
germinated spores after treatments 5 and 6 (day 101, 102) was significantly
(Ps0.05) higher than after treatments 3 and 4.No significant differences (PsO.05)
were found for percentage germinated spores between compartment, leaf level and
timeafter thelasttreatment, before andafter incubation (Figure 1).
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Figure 1. Sporegermination ofV. lecanii(inpercent)observedonleafdisksfrom cv.Ventura andcv.
Flamingo taken from glasshouse experiment 2 before (n)and after (i) 24 hours of incubation athigh
humidity. Entries aremeansofcompartment andleaf level samples with4 replications each. Different
lettersindicatesignificant differences (PsO.05,ANOVA,LSDmultiplerangetest).

In summary, before incubation at high humidity mean germination
percentages of 7-12% ofV. lecaniispores were found in the glasshouse according
to counts on leaf disks stored intherefrigerator. After 24hours incubation atnearsaturation, mean germination percentages of about 33-56% were found, a highly
significant (P^O.OOOOl)increase (Figure 1).
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Discussion and conclusions
Since controls were free of V. lecanii, the isolation between glasshouse
compartments and the procedures used to prevent cross contamination between
compartments were effective with respect to V. lecanii. Incidental significant
differences in cfu's between compartments point in the same direction, but require
further explanation.
Differences were found between compartments. In experiment 1,more cfu's
were isolated from compartment 5 than from 10, while in experiment 2 after
treatments 2 and 3more spores had germinated in compartment 7than in 4. Since
compartments 5 and 7 were situated at the northern side of the glasshouse and
numbers 10 and 4 at the southern side, differences in insolation and energy
household may have occurred which led to better survival of V. lecanii at the
northernthanatthesouthernside.
In experiment 2, significantly more spores had germinated after the third
biocontrol treatment oncv.Ventura than oncv.Flamingo.After treatments 4and5
the percentage germinated spores on incubated leaf disks from cv. Flamingo
reached the same level as on cv. Ventura after treatment 3.Possibly the amount of
mildew, far more on cv. Ventura than on cv. Flamingo after treatment 3,hashada
stimulatingeffect onthegermination ofV. lecanii spores.
V. lecanii failed to controlpowdery mildew ineitherofthetwoexperiments.
The density ofV. lecaniispores seemed to be adequate but their germination inthe
glasshouse was low and in most places mycelium growth was negligible. The
failure to germinate is attributed to lack of moisture. Two arguments support this
view. First, high germination percentages and exuberant growth could be induced
by incubation under near-saturated (>95%RH) conditions. Second, V.lecaniiwas
growing luxuriantly on powdery mildew in the glasshouse where humid niches
were available, as between two leaves touching each other or within the space
formed by a curled leaf. In the experimental glasshouse used, designed at a semicommercial scale, the atmosphere was too dry for V. lecaniito be effective. New
formulations of V. lecanii,in combination with some humidity management in the
glasshouse,mightimprovebiocontrol ofcucumberpowderymildewbyV. lecanii.
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Effects ofoilformulations on humidity requirements of
Verticilliumlecaniispores used in biocontrol of
Sphaerothecafuliginea
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Oilformulationso/V.lecanii

Effects of oil formulations on humidity requirements of Verticillium lecanii
sporesused inbiocontrol ofSphaerothecafuliginea
Abstract
Biocontrol of cucumber powdery mildew, Sphaerothecafuliginea (Schlecht.:Fr.)
Poll., by Verticillium lecanii is seriously hampered atlowhumidities. The effect is
especially marked at lowhumidity (60%RH)duringthethree hours following the
application of V. lecanii spores suspended in water. Formulations of V.lecanii
spores in oil might improve the situation. Arachid oil and two invert emulsions
using either Sunspray 6N or paraffin oil were tested in formulations of V. lecanii
spores. Arachid oilgavethebest development ofV. lecaniionmildewed cucumber
leaves. V.lecaniiformulated witharachid oil showed significantly better controlof
mildew than without. A concentration of 0.5%arachid oil was somewhat toxic to
mildew but 0.05%was not. Arachid oil did not show toxicity to V.lecanii. The
humidity requirements ofV. lecanii formulated with andwithout 0.05%arachid oil
were compared at 95, 90 and 85% RH. Arachid oil significantly reduced the
humidity dependence ofV. lecanii. Sincearachid oilissafe forhuman consumption
and not phytotoxic to cucumber leaves, low concentrations of arachid oil are
recommended as an additive to increase the effectiveness of V. lecanii as a
biocontrol agentofS.fuliginea.

Introduction
Verticillium lecanii has shown to be a potential biocontrol agent of cucumber
powderymildew (Sphaerothecafuliginea(Schlecht.:Fr.)Poll.)(Askaryetal.,1997;
Hijwegen, 1988; Verhaar et al. 1996; Verhaar et al, 1997). High humidity
conditions seemed to be of great importance to obtain good control. The humidity
conditions at the plant surface are probably the most important factor influencing
the germination, growth and survival of V. lecaniiin this habitat (Verhaar et al,
accepted). Possibly, some of the variability of biocontrol results achieved withV.
lecaniican be ascribed to thisfactor. WhenV. lecaniispores are sprayed onto the
leavesinawatersuspension,theevaporation ofthewatercarriermaybesofast that
insufficient timefor germinationinfreewaterisavailablesothatV. lecaniibecomes
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dependent on the humidity of the air. Because the humidity conditions in Dutch
glasshouses are not optimal for biocontrol by mycoparasites, the humidity
requirementof V. lecaniiisstillabottleneck for commercialbiocontrol.
Oil emulsions reduce dew dependence of mycoherbicides (Auld, 1993;
Connick et al, 1991). Formulations with oils could reduce the humidity
requirements ofV. lecaniitoo.Hora Oleo 1IE andparaffin oilwerealreadyusedas
formulations in biocontrol experiments with mycoparasites on cucumber powdery
mildew(Hijwegen, 1992;PhilippandHellstern, 1986;Philipp etal, 1990; Verhaar
et al, 1996) but did not give satisfactory results. For biocontrol of S.fuliginea
formulations are needed that are not phytotoxic to cucumber leaves and provide
moisture, possibly alsonutrients, for themycoparasites to germinate and infect the
mildew.
Formulations of biocontrol agents can be liquid, powdery or granular. For
biocontrol of powdery mildew liquid oil formulations are the most interesting.
Because pure oils aretoxictotemperate-zone plantsbyinterfering with respiration
and transpiration, oils must be applied at controlled dosage levels. This can be
achieved by emulsification. Two methods are feasible. In one the water is the
externalphase and oilistheinternalphase(oilinwater). Arange ofvegetable oils
was used as formulations of hyperparasites against insects (Bateman etal, 1993).
The use of low concentrations of vegetable oils with an emulsifying adjuvant was
found to enhance efficacy of bioherbicides in the absence of dew in controlled
environments (Auld, 1993;Klein, 1995).
In the other method the phases are reversed (invert emulsions). Recent
research has shown the potential for invert emulsions for mycoherbicides by
providingmoistureforgermination, enhancing theintensityofinfections (Boyetteet
al, 1991;Daigle et al, 1990; Yang et al. 1993) and reducing the need to apply
highdosagesofinoculum(Amsellemetal, 1990).
The aim of this study was to select a formulation which can improve the
biocontrol potential of V. lecanii.In addition, we investigated the importance of
highhumidity duringthefirst dayafter biocontrol treatmentwithV. lecanii.
Materials andmethods
Mildewedcucumberleaves
Second and third leaves of three weeks old cucumber plants (Cucumis sativus cv
Corona; De Ruiter Seeds, Bleiswijk, Holland), grown in a growth chamber (20°C;
16 hours light, 23 W/m2 at leaf level, Pope FTL D32W/84HF; 70% RH), were
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excised and immediately transferred to Petri dish units, each consisting of two
superimposed Petri dishes, the lower one containing 50%Hoagland solution, the
petioles reaching from theupper intothelower dishthrough ahole (Verhaar et ah,
1997). ThePetri dishunitswere closed andplaced inagrowth chamber (20°C; 16
hourslight,PopeFTLD32W/84HF;70%RH)inlowlightintensity.After 24hours
the leaves were exposed to light and produced roots. About 10 days after the
transfer oftheleavestothePetri dishunits,therooted leaveswere inoculated with
S.fuliginea in avacuum-operated settlingtower (Reifschneider andBoiteux, 1988)
by interrupting a vacuum of -0.15 bar above four mildewed leaf disks (0 1.5 cm),
that were used as mildew inoculum. Per treatment, 24 rooted leaves could be
inoculated simultaneously (Verhaar etah, 1997).When necessary nutrient solution
inthePetridishunitswasreplenishedwith50%Hoagland solution.
Five days after the inoculation with mildew the lids of the Petri dish units
wereremoved andleavesweresprayedwithvariousfluids (treatments)bymeansof
a De Vilbiss sprayer (Van der Kuip Ltd, Utrecht, The Netherlands), driven by
compressed air, until drop formation (about 1.25 ml per leaf). After spraying, the
mounted leaves were placed in climate cabinets (126x80x130cm, VEPHL 5/1350,
Heraeus-Votsch Ltd., Frommern, Germany; 20 °C; 12 h light, TL 65/84 and
4x100W Ltd. Philips, Eindhoven, The Netherlands; temperature and humidity
regulation by SRM-96 Jumbo Ltd., Weesp, The Netherlands; ultrasonic mist
equipment EMS 2400 Ltd. Stulz, Amstelveen, The Netherlands; 2 m3/hr fresh air
flow; windspeed 0.2m/sec).Aglasswindow-pane wasplaced 0.lmunderthelamps
toavoiddamagetoV. lecaniibyultravioletlight.
Mycoparasite
Verticillium lecanii (Zimm.) Viegas, strain Fyto 88.1, isolated from S. fuliginea
(Hijwegen, 1988), was cultured for experiments I, II, IV and V on oatmeal agar
(60gr oatmeal (HO, Quaker) and 20gr Agar Technical No.3 (Oxoid) in 11 water),
incubated at20°C inthedark. Forexperiment IIIV. lecanii was cultured inaliquid
medium of 3% milled, autoclaved oat meal (Verhaar and Hijwegen, 1993). Spores
were harvested from two weeks old cultures by flooding the plates with 10 ml
demineralized water or after one week of incubation from the liquid medium.
Suspensions werefilteredthrough cotton wool and adjusted to the desired density
using a haemacytometer. To prepare the invert emulsions the spore suspensions
wereconcentrated inaMSEMistralrefrigerated centrifuge at3000rpm.
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Experiments
ExperimentI.Rootedcucumber leavesweresprayedwithasuspensionofV. leccmii
spores(106spores/ml)andexposedto7different humidityregimes,indicatedbythe
letters Ato G.Highhumidity (H:near-saturated atmosphere) andlowhumidity(L:
60% RH) were alternated during 4 days as follows: H,L,H,L (A), H,H,L,L (B),
L,L,H,H(C),L,H,L,H(D);L-H.L,H,L(E),L-H,H,L,L (F),L,L,L,L (G).InregimesE
and F the leaves were exposed to low humidity during the first three hours. High
humiditywasobtainedbyplacingthemounted leavesongridsinclosedboxes (30x
45 cm,30-cmhigh),with0.5 1 ofwater atthebottom ofthebox. Thelowhumidity
was obtained by placing the mounted leaves in plastic boxes with some space
between box and lid sothatrelative humidity inthebox could adjust tothat ofthe
growth chamber (60%RH). Boxes wereplaced in a growth chamber (20°C, 16h
light,23Wm 2 atleaflevel,PopeFTLD32W/84HF).After four days,twoleafdisks
(e> 1.5 cm) per leaf were taken and about 100 spores per disk were examined for
germination.
Experiment II. Several vegetable oils as formulations of V. lecaniiwere tested for
their effects on germination of V. lecaniispores and on biocontrol ofS. fuliginea
(Table 1). To test the effect on germination, athin layer (1.5 ml) of formulated V.
lecanii spores(5x 106sporesperml)wasincubated inasmallPetridish(0 5cm)at
20°C in the dark. After 24 hours the percentage of germinated spores was
determined. Each treatment was conducted 4 times and the experiment was
replicated once. The effect onbiocontrol was tested onmounted mildewed leaves.
Five days after mildew inoculation the mildewed leaves were sprayed with oilformulated V. lecaniispores. Controls were sprayed with suspensions ofV. lecanii
without oil orwith oil-containing formulations without spores. Treated leaveswere
placed ongridsinclosedplasticboxes(30x45, 30cmhigh)inwhich 85%RHwas
obtained bymeans ofasaturated solution of0.51 ofNaClatthebottom ofthebox
(Verhaar etah, accepted). Leavestreated with orwithoutV. lecaniiwereplaced in
separate boxes to avoid cross-contamination. The boxes were placed in a growth
chamber (20°C, 16hlight,23Wm"2atleaflevel(PopeFTLD32W/84 HF).After 9
daystheeffect onmildewwas assessed.
ExperimentIII. Twoinvert emulsion carriers (IEC,water inoiltype),containing an
oilphase and awaterphase (1:1, v/v),wereprepared. Inthe first IECthe oilphase
contained 98 ml of Sunspray 6N oil (kindly provided by Dr. S.-M. Yang, USDAARS, Frederick, USA) and 2 ml of Myverol 18-99 (a distilled monoglyceride
emulsifier (Eastman ChemicalProducts,Inc.Kingsport, TN,USA, obtained viathe
courtesy ofBarentz Grondstoffen B.V.,Hoofddorp) after Yangetal.(1993).The
114

Oilformulationso/V. lecanii

oil phase inthe second IECemulsion wasprepared with 92mlParaffin oil (highly
liquid, Merck Ltd,Darmstadt,Germany),6gramsvaseline and 2mlMyverol 18-99.
The waterphase contained 0.02 mlTween 80(Merck-Schuchardt, Hohenbrunnbei
Munchen, Germany)per 100mltapwater. The 50:50water-in-oil emulsions were
prepared byadding 10mlofthewaterphase dropby dropto 10mloftheoilphase
ina 100mlflask, whichwascontinuously stirredfor onehourbyamagnetic stirrer.
After that hour one ml of a spore suspension containing 1010 V.lecaniispores was
added and the stirring continued for another 15 minutes. Because the 50:50 IEC
emulsionbased onSunspray 6Nwasphytotoxictocucumber leaves,theoil content
in the IEC emulsions had tobereduced to 0.5%.Reduction from 50%oil contents
to 5%wasreached by gradually adding more ofthe water phase under continuous
stirring. Finally the IEC emulsions were diluted to a concentration of 0.5%oil by
pouringthe 5%emulsion intowaterinacommerciallaboratoryWaringblenderand
blendingfor 2minutes.Thefinal sporeconcentrationwas5xl06 sporesperml.
Arachid oil (Levo Ltd., Franeker, The Netherlands) formulations were
prepared by stirring 10ml or 1 ml arachid oilwith 0.5 ml and 0.05 ml Tween 80,
respectively, in 1 liter water on a magnetic stirrer. After two hours a spore
suspension containing 107 V.lecaniispores per ml was added (l:l/v:v), bringing
the sporedensityto 5x10*inthe 0.5%arachidoilplus0.025%Tween 80(Exp.IIIA)andthe0.05%arachidoilplus0.0025%Tween80(Exp.III-B) formulations.
Experiment IIIwas performed twice. Experiment III-Ahad 6blocks with 3
leaves pertreatment and experiment III-Bhad4blockswith3leavesper treatment.
Arandomized, completeblock designwasused.Assessmentsweremade 10, 14,17
and 19 (Exp III-A) and 9, 13, 16 and 19 (Exp III-B) days after the mildew
inoculation. Leaves of one block were simultaneously inoculated with mildew and
for each block spore suspensions and formulations of fresh V. lecanii were
prepared. Therelativehumidityintheclimatecabinetswasadjusted to90%RH.
ExperimentIV. Experiment IVwasperformed asexperiment IIItocomparethetwo
arachid oil concentrations of 0.5% and 0.05%. This experiment was performed
twice,following thedesignofExperimentIII-B.
Experiment V. Theeffect ofrelativehumidity onV. lecanii withorwithout arachid
oil and with or without emulgator (0.001% Tween 80)was evaluated by adjusting
the RH in the climate cabinets to 85%, 90% or 95% RH. The experiment was
conducted in three blocks per humidity with 6 leaves per treatment. The humidity
treatments were replicated three times. Assessments were made 7, 10, 12 and 14
daysafter mildewinoculations.
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Table 1. Experiment II. Effect of oil formulations with or without emulgator on germination of V.
lecaniiandbiocontroleffect ofV. lecaniionS.fuliginea.
Formulationsof
V. lecanii
5x 106spores/ml

StimulationofV.
lecaniigermination

Water

-

Tween80•

-

Lutensol A05"

-

b

Improvementof
biocontrolofS.
fuligineae

References

Paraffin

-

+

4f

Maizeoil

+

+

3

Sunflower oil

+

3

Soyoil

+

3,4

Oliveoil

+

3

+++

1,3

Arachidoil
b

Paraffin +Tween*
Maize+Tween

+++
i ii i

Sunflower +Tween

+

Soy+Tween

++

Olive+Tween

+

Olive+Lutensol*

+++

Arachid +Tween

+++

HoraOleollE

i i ii

11 I I

+/-

2,4,5

* Emulgator 0.05% (Tween 80, Merck-Schuchardt, Hohenbrunn bei Miinchen, Germany; Lutensol
A05, BASF,Ludwigshafen, Germany).
b
Oilformulations0.5%.
°Improvement compared tothewatercontrolrecordedon ascalefrom -(noeffect) to IIIi (excellent
effect).
d
FormulatedV. lecaniisporeswereincubated for 24hourat20CCinthedark.
' Formulated V.lecanii sprayed on mildewed cucumber leaves incubated at 20°C and 85%relative
humidity.
{
1) Auld (1993); 2) Hijwegen (1992); 3)Northover and Schneider (1993): 4) Philipp et al. (1990)
and5)Verhaaretal, 1996.
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Assessments
ExperimentI. Leaf disks were colored by 0.1% fluorescent brightener 28 (Sigma)
and examined atamagnification of250xunder aZeissAxioskop equippedwithan
incident-light fluorescence illumination, a 395-440 nm excitation filter, a 460 nm
dichroic mirror and a470nmbarrier filter. Asporewasnoted asgerminated when
the length ofthegermtube exceededthelength ofthe spore.Per leaf diskthemean
germtube length was estimated and loosely expressed as aproportion ofthe spore
length.
ExperimentII. Spores were assessed for germination by the use of an inverted
microscope. The percentage mildew attacked by V. lecanii was estimated. The
effects ofthe formulations ongermination andpercentage of attackedmildew were
compared to the water control and recorded on a scale from no effect (-), some
effect (+),toexcellent effect (++++).
ExperimentsIII. IVandV. Per leafthepercentagemildewed leaf areawas assessed
using a stereo microscope with continuously variable magnification (8-50x) using
the scale: 0, 0.1, 0.5, 1, 5, 10, 20, ..., 80, 90, 95, 99, 99.5, 99.9, 100. Additional
visual observations weremade ofthemildew and ofthemycoparasiteunder alight
microscope(250x).
Experiment V. The amount of mildew inoculum was assessed by counting the
number ofmildew spores per cm2on avaseline smeared object-glass placed onthe
bottomofthevacuum-operated settlingtowerbefore inoculation.
Thehumidityconditionsontheleaf surface werecalculated accordingtoleaf
energy balance and leaf transpiration equations after Goudriaan and van Laar
(1994). Thereto, the temperatures on and above healthy cucumber leaves in the
climate rooms with regulated RHs of 95, 90 and 85% were measured. Two
thermocouples of 0.1 mm copperconstantane were pressed to the surfaces of two
healthy cucumber leaveswhile theotherswereplaced 5cmabovetheseleaves.For
each humidity condition the temperatures wererecorded by a datalogger during 24
hours.
Dataanalysis
The effect of RH regimes on germination percentages in Exp-I were analysed by
ANOVA andmeanpercentages germination were compared bythe Tukey multiple
rangetest. Results ofExperiment IIwereclassified only,withoutstatisticalanalysis.
The control effects on total mildewed leaf area of Experiments III, IV and Vwere
analyzed by ANOVA. The ANOVAs were applied to arcsine square root
transformed datatoimprovehomogeneity oferrorvariances(GomezandGomez,
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1984).TheTukeymultiplerangetestwasusedfor comparison ofmeanson 19days
after mildew inoculation. Data presented in tables have been backtransformed.
Longitudinal analyses (Zadoks, 1972)weremade by comparison of the areaunder
the mildew progress curves (AUMPCs) (Campbell and Madden, 1990). The
AUMPCs werecalculated from day 10today 19(ExpIII-A), day9today 19(Exp
III-BandExpIV)orday7today 14(ExpV),andanalyzedbyANOVA.

Humidity regimes
i

Germination Germtubelength

i

52 a

4

B

53 a

5

C

10 b

2

14 b

2

15 b

3

FT~

18 b

3

G

20 b

2

A

1

D

1

i

Er~

1

l l

0

i

24 48 72

(hours)

96

17
LSD(P<0.05)

Figure 1.Experiment I. Germination ofV. leccmii spores after different humidity regimes. Humidity
regimes Ato G are indicated by high and low lines (high = 99%RH; low = 60%RH). Germination
percentages followed by different letters are significantly different (Tukey multiple range test,
PsO.05).Germtubelengthsareestimatedrelativetosporelengths.
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Results
Experiment I. The percentage germination of V. lecanii spores was significantly
higher (P^O.05) after regimes A and B than after the other regimes (Fig. 1). The
average germ tube lengths were about 5 times the spore length after regime B, 4
timesafter regimeA,3timesthesporelengthafter regimesEandF,and2timesthe
sporelengthafter regimesC,DandG.
Experiment II. Results indicated that vegetable oils (0.5%) can stimulate the
development of V. lecaniiat relative low humidity (85%) (Table 1).Arachid and
maize oils with Tween stimulated the germination of V. lecanii and considerably
improvedthebiocontrol potential ofV. lecanii atreducedhumidity. Oilsfromolive,
soybean andsunflower, andparaffin andHoraOleo 1IE (aformulated paraffin oil)
didnotproduce interestingresults.None oftheoilswastoxictocucumberleavesat
thedosagesused.
ExperimentIII.The water treated leaves showed the significantly highest (P^O.05)
AUMPCs in both experiments and highest mildew value in Exp III-A (Tables 2.1
and 2.2). The diluted IEC-oil formulations S(based on Sunspray 6N)and P (based
on paraffin oil) showed a significant but modest reduction of mildew. A 0.5%
arachid oil showed a significant and considerable control effect, but 0.05%arachid
oil did not. V.lecaniialone gave variable control effects, modest in Exp III-Band
considerable inExpIII-A.The differences between SandPontheonehand andV.
lecanii on the otherhand wasmarked inExpIII-A only.V. lecaniiformulated with
P gave significantly more control than P alone, but more control than V.lecanii
aloneonlyinExpIII-B.Theeffects ofV. lecanii formulated with SandSalonedid
not differ significantly.
Microscopic observations after treatment with V. lecanii alone showed
germinated spores all over the leaves but the hyphal networks of V. lecaniiwere
mostly limited to places around leaf veins and hairs. After treatments with
formulated V. lecanii, its hyphal networks were observed all over the mildewed
leaves,especially ifV. lecaniiwasformulated witharachidoil.
ExperimentIV. Two concentrations of arachid oil (0.5 and 0.05%) toformulate V.
lecanii spores were compared. Arachid oil in a concentration of 0.5% with V.
lecanii gavebetter control thanwithout, the difference being significant inExpIVB but not inExpIV-A(Table2.1and2.2).The0.05%arachid formulation showed
a different pattern. Arachid oil (0.05%) alone had no significant (P>0.05) control
effect, whereasV. lecanii formulated with0.05%oilshoweda significantly
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Table 2.1 Experiments III and IV. Mildewed leaf area inpercent, 9 days after biocontrol treatments.
Treatments

Experiments
ExpIII-A

ExpIII-B

ExpIV-A

ExpIV-B

Water

96.7 P

94.4e

98.5b

96.7 d

S"

56.3de

45.0be

P

72.1 e

64.3 cd

0.5A

19.8be

19.2 a

22.3be

0.05 A

82.0de

91.3b

91.6d

V

11.4b

75.1 d

78.0 b

49.1 c

V+S

38.3 cd

37.9ab

V+P

31.6bed

34.7 ab

V+0.5A

0.5 a

3.4 a

2.4a

20.8 a

16.3 a

7.3 ab

4.2

7.1

4.8

V+0.05A
s.e.2

4.8

*S = diluted E C of 0.5% Sunspray, P = diluted ICE of 0.5%Paraffin oil, A = Arachid oil, V =Verticillium
lecanii 5x 106sporesper ml.yBaclctransformed arcsinetransformed percentages ofmildewed leafarea.Ineach
column values followed by different letters are significantly different according to Tukey multiple range test
(PsO.05). 'Pooled standard errors ofthe arcsinetransformed valuesbased on6 (Exp III-A),4 (Exp III-B)and3
(ExpIV)replications.
Table 3. Experiment V. Effect of biocontrol treatments and RH on the percentages mildewed leaf area,
9 days after the control treatments.
Treatments

RHs
85V.

V+AT'

61.9 a

90%
y

22.9 a

95%
5.9 a

V

75.1 ab

38.6 b

29.9 b

AT

82.5 be

64.0 c

44.1 c

W

92.5 c

71.0 c

90.7 d

s.e.

4.7'

4.4

x

3.6

V = Verticillium lecanii 5 x 1 0 ' spores per ml,AT = Arachid oilformulation of0.05% with 0.002% Tween
80, W =water.' Baclctransformed arcsin transformed percentage ofmildewed leaf area 9 daysafter thecontrol
treatments. In each column values followed by different letters are significantly different according the LSD
multiplerangetest(Ps0.05).'Pooled standard errorsofthearcsinetransformed valuesbasedon6replications.
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Table2.2 ExperimentsIIIandIV.AreasUndertheMildewleafareaProgressCurves(AUMPC) from
5to 14daysafter biocontroltreatments.
Treatments

Experiments
ExpII1-A

ExpIII-B

ExpIV-A

Exp IV-B

854P

647e

772b

705d

S

592de

235 abc

P

451e

332bed

0.5 A

194abc

Water
x

0.05 A

102 a

154be

438 d

604b

589 d

466 b

199c

14 a

15 a

89a

69a

38ab

45

89

35

V

101 ab

385 cd

V+S

312cd

187 ab

V+P

247be

196ab

V+0.5A

8a

V+0.05A
s.e.z

63

" S = diluted IEC of 0.5% Sunspray, P = diluted ICE of 0.5% Paraffin oil, A = Arachid oil, V =
Verticillium lecanii 5x 106sporesperml. yAreaundertheMildewedLeafProgress Curvesfrom 5to
14daysafter treatments.Ineachcolumn,valuesfollowed bydifferent letters aresignificantly different
accordingtoTukeymultiplerangetest(PsO.05).zPooledstandard errors;6(ExpIII-A),4(ExpIII-B)
and 3(ExpIV)replications.

(Ps;0.05)better control thanV. lecanii aloneandkeptthemildewed leafareaunder
17%.
For the preparation ofIEC-emulsionsaveryhighinitial spore concentration
wasrequired.Therefore wegrewV. lecaniiinliquidculture(Verhaar and Hijwegen,
1993) and concentrated the spores by centrifugation. We did not observe any
difference due to the spore production method, either in the experiments reported
here (compare V.lecaniiplus arachid oil in Experiments III and IV) or in earlier
unpublished experiments.
ExperimentV. Themildew inoculumdensityvariedfrom130to690sporespercm2.
No correlation was found between the density of mildew inoculum and the
percentage of mildew or the mildew development expressed in AUMPCs. The
overallANOVAshowed significant (PsO.05)treatmentandRHeffects onthe
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A

WATER

AT

V

//90%
95%

V + AT

Treatments

Figure 2. Experiment V. Effects of biocontrol treatments and RH on the Areas Under the Mildewed
leaf Area Progress Curves (AUMPC). AUMPCs from day 2 to day 10 after biocontrol treatments,
relative tothewatercontrols(= 100%).Thetreatments wereV= Verticillium lecanii 5 x 106spores
per ml,AT=Arachid oil formulation of0.05%with 0.002%Tween 80andthecombination V+AT
with 5 x 106 spores per ml. In each row parallel to the treatment axis different lower case letters
indicate significantly different AUMPCs between the biocontrol treatments. Different upper case
letters in each rowparallel to the RH axis indicate significantly different AUMPCs between the RH
treatments. (LSDmultiple rangetest Ps0.05). Pooled standard errors wereAT, 7;V, 10;V+AT,6,
and 85%,7;90%,7;95,9,basedon6replicates.
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percentages of mildewed leaf area 9 days after treatment and a significant
interaction betweenthese factors. Thetreatmenteffects andthedifferences between
thecontroltreatmentsweremostpronounced at95%RH(Table3).Athumiditiesof
85% and 90%the results of the arachid treatment (AT) didnot differ significantly
from those ofthewatertreatment (W).V. lecaniiwith andwithout arachid oilgave
significant (Ps0.05) control effects at all humidities. Addition of arachid oil toV.
lecanii(V+AT)produced considerablybettercontrolthanV. lecaniialone(V),the
differences being significant (Ps0.05)at90and 95%butnotat 85%RH.Humidity
hadasignificant effect (P^O.05)onalltreatments(Fig.2).
Themean differences intemperature between the leaves and air temperature
at 95%,90%and 85% RHwere 1.2, 1.4 and 1.6°C,respectively. According to the
leaf energy balance and leaf transpiration calculations the humidities on the leaf
surface were 93%,89%and 85%(Appendix). These figures have indicative value
only.

Discussion
The rooted leaf system (Verhaar et ah, 1997, accepted) is a useful method for
laboratorytestsofbiocontrol treatments.AUMPCsfrom day5to 14after biocontrol
treatmentoncucumbershowedthesamepatternasthemildewedleafareasatday9.
So, for rough screenings ofbiocontrol treatments onlyone assessment ofmildewed
leafareasatday9willgiveenough information.
Humidityregimesofalternatinghighandrelative lowRHhaveanenormous
influence onthe development ofV. lecanii. ARHof60%for threehours following
the application ofV. lecaniisporesresulted ina substantial reduction ofpercentage
germinated spores and ofgermtube growth (Experiment I). Highhumidity seemsto
be especially important during the first hours after biocontrol treatment with
unformulated V. lecanii.Appropriate timing ofthe application inthe late afternoon
and the use of formulations can possibly address the problem posed by lack of
humidity.
In preliminary experiments two invert emulsions with 50% oil phase gave
good mildew control buttheywerehighlyphytotoxictocucumber leaves (Verhaar,
unpublished). Inthepresent studywedilutedtheIEC-emulsionsto 0.5%oilhoping
to create a water-oil-water emulsion. Though invert-emulsions were reported to
have excellent qualities for the formulation ofmycoherbicides (Yang etal, 1993),
theirapplicationinthebiocontrol offungi suchaspowderymildews isquestionable.
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First, phytotoxicitycanbeaccepted for mycoherbicides butnot for afungicide ona
valuable crop such ascucumber. Second, complete coverage ofthetarget organism
is necessary for good control of powdery mildew on cucumber, but not for good
control ofaweed. Thusalargeamount offormulation isrequired, resultinginhigh
costs and environmental pollution. Because an invert emulsion containing 5% oil
phase is still a sticky semi-solid, special equipment may be needed for
experimentationwithinvertemulsions.
For biocontrol of powdery mildew invert-emulsions offer little promise.
Formulations with arachid oil give interesting control results, and arachid oil is
biodegradable andnon-polluting.
The 0.5% arachid oil without V. lecanii gave significant control, whereas
0.05% did not (Experiments III and IV). Several oils have antifungal properties.
Calpouzos(1966)reviewed efficacy ofoilsforthecontroloffungal diseases suchas
powderymildews.Theantifungal properties againstpowderymildewswererecently
demonstrated by several researchers (Haberle and Schlosser, 1993, Horst et al,
1992;NorthoverandSchneider, 1993;Northover andSchneider, 1996;Ohtsukaand
Nakazawa, 1991;Pasini et al, 1997; Schneider and Northover, 1991). Oils can
cause deformation of conidia, inhibition of germination (Ohtsuka and Nakazawa,
1991) and inactivation of mildew lesions by attack of mycelium. Northover and
Schneider (1996) suggested that vegetable oils may have significant action against
vine powdery mildew only in pre-lesion treatments and as antisporulantia in
treatments appliedtoestablishedlesions.
In biocontrol there is no demand for formulation chemicals which are
fungitoxic by themselves. Low concentrations of vegetable oils as formulation
agents may improve control results. Arachid oil (0.05%) favours the germination,
growth and sporulation of V. lecanii.Supposedly, a slight damage to S.fuliginea
makesnutrients availabletoV. lecanii andthusgivesV. lecaniiabetter opportunity
toattackthemildew.
Several investigators (Frampton and Longree, 1941; Jhooty and McKeen,
1964;Weinhold, 1961)favour thehypothesis that thehumidity at the leaf surface,
which is supposed to be higher than in the ambient air, accounts for the
development offungi onleaves.Asthemeasurement ofhumidity attheleaf surface
istechnically difficult weestimateditbycalculation.Thecalculated humidityatthe
leaf surface during experiment V was about the same as or even lower than the
humidity in the air. Because these RHs are not favourable for V. lecanii
development, other factors such asthe powdery mildew itself, leaf exudates orthe
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phyllosphere microflora could have stimulated V. lecanii development in
ExperimentV.
In conclusion, a0.05%arachid oilhaspotential asformulation ofV. lecanii
for biocontrol oncucumberpowderymildew. Itis safe for human consumptionand
biodegradable, showsnophytotoxicitytocucumberleaves,haslittlefungitoxicity to
S.fuliginea, reduces RHdependence ofV. lecanii andincreasestheeffectiveness of
V. lecaniitocontrolcucumberpowderymildew.
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Appendix
According totheleaf energybalance andleaftranspiration equationselaborated by
GoudriaanandvanLaar(1994,chapter7)thefollowing equationisderived:
Rvir + (YsrbIUPcp)/((s + Y*)e»)+ Y(l-Rv.u)/(s + Y*)
Rv leafsurface =
1 + (SrbRnY*/PcP)/((s +Y*)es) - s/(s+7*Xl-R»«r)

where
PcP Volumetricheatcapacity ofair, 1200J/m3 °C
Y
isthePsychrometerconstant=0.67mbar/°C
s
slopeofthesaturatedvaporpressurecurve(hPa°C1)at20°C about 1.5
mbar/°C
n>
Leafboundarylayerresistancetoheats/m, atopenstomataabout 100s/m
Y*

rs
Rn

Y * = Y(i"b + r s )/ r b

Leaf stomatalresistance s/m, atopen stomataabout 100s/m
Netradiation absorbed perleafareaW/m"2
Rn=XE+ H
where
Hissensibleheatlossperleafarea
H=AtPcp/n,
XE=(sH+8)/Y*
5 =D.Pcp/n,
Da=Vaporpressuredeficit ofair
e.=6.107exp(17.4 T»ir/(239+T»))
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Sensitivity ofthe mycoparasite Verticillium lecaniito
fungicides used against Sphaerothecafuliginea on
cucumber

M.A. Verhaar
T. Hijwegen

SensitivityofV. lecanii tofungicides

Sensitivity of the mycoparasite Verticillium lecanii to fungicides used against
Sphaerotheca fuliginea on cucumber
Abstract
The effect of fungicides, registered in the Netherlands for control of Sphaerotheca
fuliginea on cucumber, onthemycoparasite Verticillium lecanii was tested. Tolerance
of V. lecanii for triforine and pyrazophos allows an integration of biological and
chemical control.
In glasshouse experiments the potential of the mycoparasite Verticillium lecanii
(Zimm.) Viegas strain Fyto 88.1 for the control of cucumber powdery mildew
(Sphaerothecafuliginea (Schlecht.:Fr.) Poll.) was tested (Verhaar et al, 1996;Dik et
ah, 1998).V. lecanii didnot satisfactorily control mildew on the susceptible cucumber
cultivars Corona and Ventura. Therefore the biocontrol treatments had to be replaced
by fungicide treatments (fenarimol, bupirimate or imazalil) when disease became
severe. After treatments with bupirimate we observed V.lecanii growing abundantly
on the affected mildew (Verhaar, unpublished). Supposedly, V. lecanii parasitizes
mildew suffering from fungicide damage more easily than healthy mildew. If so,
integrated control, here a combination of biological and chemical control, may
decreasethe amount offungicides applied in cucumber production. To investigate the
tolerance of V. lecanii for fungicides registered in theNetherlands for the control of
cucumber powdeiymildew, their effect onmycelial growth ofV. lecanii was tested on
agar plates.
Growth ofV. lecanii was determined invitro on malt agar with three different
concentrations of fungicides (1, 10 and 100 ppm active ingredients) and on agar
without fungicides (controls). The fungicides used were bitertanol (pure, Bayer BV,
Mijdrecht, the Netherlands), bupirimate (Nimrod®(25%bupirimate), Zeneca Agro,
Ridderkerk, the Netherlands), fenarimol (pure, Imex-Hulst BV, Hulst, the
Netherlands), imazalil (pure, Janssen Pharmaceutica NV, Beerse, Belgium),
pyrazophos (pure, Hoechst Holland NV, Amsterdam, the Netherlands), tolylfluanide
(Euparen® (50% tolylfluanide), Bayer BV, Mijdrecht, the Netherlands) and triforine
(pure, Imex-Hulst BV, Hulst, the Netherlands). The pure fungicides were suspended
in 1ml ethanol (70%) and the formulated products in sterilised water before mixing
with40mlofmolten malt agar (Oxoid). Per fungicide concentration two dishes were
filled with 20 ml medium. The mycoparasite V.lecanii was cultured on oatmeal agar
(60g oatmeal and 20 gAgar Technical (Oxoid) in 11 water) in Petri dishes at 20 °C
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in darkness.Threeplugs of2mmdiameteroftwoweek oldV. lecaniicultureswere
placed upside down on the agar surface in an triangle with sides of 4.5 cm. The
inoculatedplateswereincubatedat20°C indarkness.Radialgrowthwasmeasured5,
7,9,12and 14daysafter inoculationbymeasuringthediameters ofthecultures.The
experimentwasperformed intworeplicatedblocks.APetridishwashandled asthe
experimentalunit.ThemeanradialgrowthrateofthethreecoloniesperPetridishwas
calculatedbylinearregressionofcolonydiameterontime(mm/d).Radialgrowthrates
perfungicide wereanalyzedbyANOVAandcomparedbyLSD-test.
Growth of V. lecaniion the seven fungicides is presented in figure 1. Per
fungicide there were no significant (PsO.05)block - concentration interactions. V.
lecanii showed significantly (PsO.05) different growth rates on the various
concentrations ofbitematol, fenarimol, imazalil andtolylfluanide. No growth ofV.
lecaniiwasrecordedon 100ppmimazalil.On 100ppmbupirimatethegrowthrateof
V.lecaniiwas significantly reduced. Pyrazophos and triforine had no effect onthe
growth rates ofV. lecanii,conform Saito and Yabuta (1996). Intheir experiments,
pyrazophos andtriforine caused only 8and2%reduction, respectively, ofmycelial
growth of V. lecanii at a concentration of 100 ppm. With 1000 ppm they found
reductions of 28% and 72%,respectively. The concentrations of active ingredients
used in practice are well below 1000 ppm, about 135 ppm and 200 ppm, for
pyrazophosandtriforine,respectively.Contrarytoourfindings, Hall(1981b)observed
ahighpercentageinhibitionbypyrazophosofV. lecaniiconidiospore germinationand
mycelial growth. Such differences point to differences in sensitivity to fungicides
betweenstrainsofV. lecanii.
Studies on compatibility of fungicides and biocontrol agents in tritrophic
systems were made by Ravensberg et al.(1994) with V.lecaniion whiteflies and
aphidsandbySundheim (1982)withAmplomyces quisqualis oncucumberpowdery
mildew. Their results also pointed to differential effects among fungicides on
interferencewithbiocontrol.Forexample,triforine, safeinourexperiments, interfered
withV. lecanii for insect controlbutnotwithA. quisqualisfor mildewcontrol.
WeobservedourmostpromisingbiocontrolstrainFyto 88.1ofV. lecaniitobe
compatible with 10ppm triforine applied to mildewed leaves (compare Sundheim,
1982). Together they showed abetter control effect than each separately (Table 1,
Chapter 10).ThetoleranceofV. lecaniitotriforine andpyrazophos invitroshouldbe
exploredtoarriveatanintegratedcontrolofpowderymildewongreenhouse cucumber
byacombination ofbiological andchemicalmeans.
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The aim oftheresearch presented in this thesis was to investigate the potential of
biocontrol by mycoparasites on cucumber and rose powdery mildews. Thereto
bioassays for twotritrophic systemshadtobedeveloped. Methodswere developed
based on rooted cucumber leaves and detached young rose leaves. The tritrophic
cucumber system seemed much easier to study than the tritrophic rose system,
because of differences in behaviour of the two systems. As rose leaves become
rapidly resistant to powderymildew, onlyyoungleaveswithjustunfolded leaflets
are susceptible (Wheeler, 1978; Frinking and Verwey, 1989). Furthermore, in
glasshouses amaximum of about 5coloniesperrose leaflet was observed, and the
colonies reached a maximum size of 5 to 10mm (Chapter 2). In contrast, mildew
colonies on rooted cucumber cv. Corona leaves kept growing until the whole leaf
was covered by powdery mildew. Treated with 2,6-dichloroisonicotinic acid the
susceptible rose cv. Madelon behaved like the partially resistant cucumber cv.
Flamingo (Hijwegen and Verhaar, 1994;Hijwegen etal., 1996).These differences
in development between the rose and cucumber powdery mildews on susceptible
rose and cucumber cultivars, respectively, make the tritrophic cucumber system
preferable. Therootedleaftechnique(Chapters 5,6and8)for thetritrophic system
cucumber, powdery mildew and mycoparasite offered agood method to study this
systemfor aboutthreeweeks.
In the first exploratory glasshouse experiments (Chapter 4) V. lecanii
controlled cucumberpowderymildewbetterthanS.rugulosa, withorwithoutHora
Oleo HE formulation. Askary et al. (1998) suggested that Hora Oleo HE had
worked against S. rugulosa.However, we observed stimulation ofS.rugulosaon
agarplateswiththe addition ofHoraOleo 1IEincomparisontoagarplateswithout
(unpublished data). In combination with the use of a partially resistant cucumber
cultivar the biocontrol ofS. fuliginea by V. lecaniishowed to have prospects. We
assumethatmycoparasites canmoreeasilydestroyslowlygrowingmildewcolonies
onpartiallyresistantplantsthanfast growingmildewonsusceptiblecultivars.
Following preliminary experiments on biocontrol of cucumber powdery
mildew by different mycoparasites (unpublished data), the results of V. lecaniion
rosepowderymildew(Chapter2),andthepromisingresultsofV. lecaniiinour first
glasshouse experiments (Chapter 4) and considering that this fungus was already
used against whitefly intheNetherlands,most researchwas focused onV. lecanii.
Under favourable circumstances (> 95% r.h. and 20°C), V. lecanii showed
considerablereductioninmildewed leafareaafter earlypreventative(9and5days
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before mildew inoculation) and early control treatments (2 days after mildew
inoculation) (Chapter 6). This result suggested that an early start of biocontrol
treatmentsmightbeimportanttoachievegoodcontrol.
As high humidity was reported to be necessary for the infectivity of V.
lecaniiagainst insects (Hsiao etal, 1992)and for themycoparasitic capacity on5.
pannosa (Chapter 2), the behaviour of a group of V. lecanii isolates at different
humidities was studied in an attempt to select V. lecanii isolates with a high
biocontrol capacity (Chapter 5). Non of the tested developmental stages,
germination, growth rate and sporulation, provided a good clue for selection of
isolates with high biocontrol potential. The V.lecaniiisolate (Fyto 88.1), taken in
1988 from Sphaerotheca fuliginea in the glasshouse of the Laboratory of
Phytopathology at Wageningen showed good mycoparasitic behaviour but
intermediate scores for the developmental stages tested (Chapter 5). Putative host
specificity and other characters such as mycelium growth type and production of
enzymesto attack thepowderymildewhyphaemighthavemorepredictivevalue.A
correlation was found between parasitism of powdery mildew and lysis of
Cladosporium cladosporioidesgrowing in dual culture on agar with V.lecanii
isolates. So, C. cladosporioides might offer a suitable alternative substrate to test
isolates of V. lecaniiisolates for mycoparasitic potential (Chapter 5). The results
withaV. lecaniiisolate ofMycotal®,chapter5,indicatedthatV. lecaniiisolatesare
host specific, but Askary et al. (1998) described a V. lecanii isolate which was
virulent to aphids and antagonistic to cucumber powdery mildew. Selection of V.
lecanii isolates with wide host ranges might be interesting for biocontrol in
glasshouses.

Figure 1. External observations of interactions between V. lecanii and S.fuliginea by Scanning
Electron Microscopy (SEM). For cryofixation pieces of cucumber leaves with parasitized cucumber
powderymildewweremounted onbrass stubs,subsequently frozen inliquidnitrogen,transferred toa
cryochamber (Hexland CT 1000/CP 2000, Oxford Instruments, Oxford, UK), sublimated at 90 °C
and0.1Pa for 30minandsputtercoatedwithgoldfor 2min.Sampleswereexaminedwith ascanning
electronmicroscope (Philips SEM535,Eindhoven,TheNetherlands) at 15kVacceleratingvoltage.
Bars are lO^m. After 3 days V.lecanii hyphae grew in close contact with powdery mildew hyphae
whichcollapsed andshrivelled (A).V. lecaniiformed appressoria likestructures (B,arrows).Sixdays
after biocontroltreatment mostpowderymildewhyphaeweredestroyed (C&D).
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At optimal conditionsweobservedV. lecaniito develop abundant mycelium
growing around and in close contact with mycelium, hyphae and conidia of S.
pannosa or S.fuliginea (Chapters 2, 5, 6 and 8). Scanning electron microscopy
(SEM)wasused for externalobservation oftheinteractionbetweenS.fuliginea and
V.lecanii. V.lecaniigrows in close contact withS.fuliginea and after awhile the
powdery mildew mycelium collapsed and shrivelled (Figure 1A).Appressoria-like
structures ofV. lecanii were observed (Figure IB). Six days after control treatment
V. lecanii grew on and through the moribund hyphal cells (Figure 1C), which
resulted in a total destruction of the powdery mildew (Figure ID). Askary etal.
(1997) observed attachment of V. lecanii to S. fuliginea, mechanical pressure,
degrading cellwalls,penetration andactivegrowth ofV. lecaniiinsideS.fuliginea
by transmission electronmicroscopy. Bycytochemical labelling ofchitinAskaryet
al. (1997) observed production of chitinases and they hypothesized that a complex
strategy involving production of cell-wall degrading enzymes and diffusion of
antifungal metabolites, causing disintegration ofthecytoplasm,precedes parasitism
andinternal colonization.
In glasshouse experiments at a semi-commercial scale in the Research
StationofGlasshouseVegetables atNaaldwijk V. lecanii showedunexpectedlypoor
control results, in contrast to our preliminary glasshouse experiments (Chapter 4).
While considerable amountsofvitalV. lecanii sporeswerepresentonthe cucumber
leaves during the whole experiment just a small percentage germinated in the
glasshouse (Chapter 7 and Appendix). Differences in environmental conditions,
plant conditions and used formulations could have caused the differences between
glasshouse experiments atthetwolocations.Temperatureswerecomparable atboth
locations. The highest level of r.h. in Wageningen was higher (99%) than in
Naaldwijk (80%or 90%) (Chapters 4 and 7). InWageningen the cucumber plants
weregrowinginthesoilandtheplantswerewateredonceadaybywettingthesoil.
This treatment might have caused a higher r.h. in Wageningen than in Naaldwijk
where plants were growing on rockwool. In addition, the nutrient supplies were
probably different between the two cultivation systems (soil and rockwool). Van
Andel (1952) described the influence of salt concentrations in the nutrition on the
ratesofexudates formation for tomatoplants.Theformulations usedinWageningen
were Hora Oleo 1IE andpurewater, while Tween and white oilwereused in first
and second glasshouse experiments in Naaldwijk, respectively. During the
glasshouse experiments in Naaldwijk differences in amounts of V. lecanii cfu's
isolated from leaf disks and in percentages of germinated V.lecanii spores were
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found between glasshouse compartments at the north and south side (Appendix
Chapter 7). Insolation and energy household might have influenced the biocontrol
agentV. lecanii.
The biocontrol activity of Sporothrix flocculosa, which showed the best
control results against S. fuliginea of the three tested biocontrol agents
(Ampelomycesquisqualis,S. flocculosa and V.lecanii),appeared to be based on
antibiotics (Hajlaoui et ah, 1992; Hajlaoui and Belanger, 1993). Death of the
pathogen occurredrapidlywithout cellwallerosion orpenetration. Inviewofthese
observationswequestionthedesignationofS.flocculosaasmycoparasite.
During the glasshouse experiments our method to produce phialoconidia of
V.lecaniion liquid oat meal suspension (Chapter 3) showed to be very efficient,
while no differences were observed between spores of V. lecanii that originated
fromPetri dishesorfromliquidmedium(Chapter5).
It must be concluded that current conditions in 'commercial' glasshouses are
not optimal for biocontrol by V.lecanii.Especially the r.h. during the first hours
after biocontroltreatment seemedtobeveryimportant(Chapter 8).Manipulationof
the fungus orthe environmental conditions possibly offer V. lecaniimore chances.
Possibly physiological approaches, such as modifications of waterstress and C:N
ratios in growth media (Magan, 1998) may support V. lecanii. Environmental
conditions can be improved by misting water over the crop. High humidity in
cucumber and rose glasshouses, however, may stimulate other fungal pathogens
suchasBotrytis cinerea.

Table 1.Mean percentage mildewed leaf area on rooted cucumber leaves,after integrated control by
0.01N triforine andV. lecanii,eithertreatment aloneandawatercontrol (n=6)5,7and 10days after
controltreatments at20°Cand90%r.h.
Days after
treatments

watercontrol

Verticillium
lecanii

Triforine
(0.0IN)

Triforine +
V. lecanii

5

28 b'

3a

7a

la"

7

67b

7a

8a

4a

10

78b

22a

25a

11a

*Valuesinrowsfollowed bythesameletterdonotdiffer significantly atPs 0.05 inANOVA.
Excluding the water control from ANOVA the combined treatment differed significantly (Ps 0.05)
from thesingletreatment atday5.
b
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The microclimatic conditions on the leaves can be influenced by formulations.
Arachid oil reduced the r.h. dependence of V. lecanii and increased the
effectiveness ofV. lecaniioncucumberpowderymildew(Chapter8).
During the glasshouse experiments in Naaldwijk we observed V.lecanii
growing abundantly on fungicide treated mildew. Possibly a combination of
fungicide andbiocontrol agent oralternating applications ofthesetwooffer another
alternative totheuseoffungicide alone.Thereto theeffect offungicides, registered
intheNetherlands for thecontrol ofS.fuliginea, onthegrowth ofthemycoparasite
V. lecaniiwastested. Thetolerance ofV. lecanii, isolateFyto 88.1,for triforine and
pyrazophos allows an integration of biological and chemical control. Preliminary
experiments were done to find suitable concentrations of fungicide to study the
potential ofintegrated control ofthe fungicide triforine andthebiocontrol agentV.
lecanii. Anindication ofthe cumulative effect of0.0INtriforine andV. lecanii (106
spores/ml) is given in Table 1. V. lecanii should colonize mildew weakened by
fungicide moreeasilythanhealthymildew.
Results generated in this thesishave shownthatV. lecanii haspotential asa
biocontrol agent ofpowderymildew onroses and cucumber. However, the process
of mycoparasitism takes a few days and biocontrol by V. lecanii is seriously
hampered at low humidity. Possible improvements such asusing partially resistant
cucumber cultivars, preventive biocontrol, formulations of V. lecaniispores in oil
andintegration ofbiocontrol andfungicidal controlneed further exploration.
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Chapter 1. Roseandcucumber arevaluableDutchexportproducts.Intensification of
thesecropshasfacilitated theoccurrenceofpowderymildewonrose(Sphaerotheca
pannosa)andcucumber{Sphaerothecafuliginea). Intensive controlbyfungicides is
needed,sinceresistantcucumbercultivarsaresensitivetochlorosisandpoorly adapted
touseinDutchglasshousesandresistantrosesarerarelyused.Anewtendencyisto
grow greenhousevegetables andflowersinanenvironmentally friendly way.Good
results have been obtained with biocontrol of insects. In almost all cucumber
glasshouses one ormore insect species arebiologically controlled. The demand for
non-chemical control of fungal diseases is growing. Thereto a great diversity of
alternativecontroltreatments,suchaswater,plantextracts,oils,antitranspirants,salts,
composts and biological agentswere tested onpowdery mildews of cucumber and
rose.Nonetheless, intensive controlbyfungicides isstillneeded.Inthescopeofthe
Multi-Year CropProtectionPlan,publishedbytheDutchgovernment andaimingat
adrasticreductionoftheuseoffungicides, anadditionalresearchprogramwas setup.
The project investigated biocontrol of powdery mildew on cucumber and rose by
meansofmycoparasites.

Chapter 2.Abioassaywasdeveloped to studytheeffectiveness ofmycoparasitesto
controlpowderymildewonrosesunderselectedenvironmentalconditions.Oneisolate
of Ampelomycesquisqualis,Sporothrixrugulosaand Tilletiopsis minor,and four
isolates of Verticillium lecaniiweretestedatfourrelativehumidities (r.h.), 100,90,
80and70%at20°C.Eachofthesefungi seemedtohaveahumidity dependentpattern
ofmycoparasitism.Mostmycoparasites losttheir effectiveness rapidlybelow 100%
r.h.,buttwoV. lecanii isolates showedmycoparasitic activity at90%r.h.Oneisolate
achievedover 80%mildew controlat90%r.h., 6daysafter biocontroltreatment.

Chapter 3.Asefficient inoculumproduction of Verticillium lecaniiwasneeded for
biocontrolexperiments attheglasshouse scale,amethodwasdeveloped for efficient
productionofphialoconidiaofV. lecanii.WhenV. lecaniiwasculturedina3%milled
oat meal suspension at 135 rpm in the dark at 25°C for 7 days, over 3 x 109
phialoconidia/mlwereproduced.
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Chapter 4. Two potential biological control agents of cucumber powdeiy mildew
{Sphaerotheca fuliginea), Verticillium lecanii and Sporothhx rugulosa were tested
under glasshouse conditions. Two experiments were earned out. In both experiments
the control treatments began by spraying whole plants one week after the first
observation of mildew on inoculated leaves. In the first experiment, two cucumber
cultivarswith different levels ofresistance, cv. Corona (susceptible) and cv. Flamingo
(partially resistant), were used. V. lecanii controlled the mildew better than S.
rugulosa. On cv. Flamingo, V. lecanii could keep the mildew severity below 15%
infected leaf area for 9weeks after inoculation with 5.fuliginea. Treatment by Hora
Oleo HE, aformulated paraffin oil, alone or as an additive to V.lecanii were as good
as the fungicide treatments. In the second experiment, weekly treatments with V.
lecanii on cv. Flamingo kept the mildew severity at a level below 20% infected leaf
area during 10 weeks. Weekly and biweekly treatments with Hora Oleo 1 IE again
gave good control. These glasshouse experiments demonstrated that biocontrol of S.
fuliginea in combination with the use of a partially resistant cucumber cultivar has
someprospect. Selection for V. lecanii isolates with ahigh biocontrol potential and a
search for appropriate formulations might improve the efficiency ofV. lecanii.

Chapter 5.To identify characteristics for the selection of Verticillium lecanii with high
potential for biocontrol of Sphaerotheca fuliginea under glasshouse conditions, the
effect ofwaterlimitation on the development of 14isolates of V. lecanii was explored.
Conidial germination, growth and sporulation of isolates of V. lecanii were studied in
atritrophic system on cucumber leaves and in vitro in Petri dishes. The mycoparasitic
ability of these isolates was studied in a tritrophic system on S.fuliginea and in vitro
on Cladosporium cladosporioides. All characters were clearly affected by humidity.
Four isolates showed good biocontrol potential. The performance of isolates in vitro
had less predictive value than in the tritrophic system. Germination of isolates of V.
lecaniiwas lower and mycelial growth faster on agar than on mildewed leaves under
corresponding humidity conditions. This result suggests that conditions in the
phyllosphere differed from the sethumidity inthe ambient air. Acorrelation was found
between lysis of C. cladosporioides growing on agar with parasitism of powdeiy
mildew on detached, rooted leaves.C. cladosporioides might offer a suitable substrate
for testing isolates of V. lecanii for mycoparasitic potential. Conidial germination,
growth and sporulation had limited predictive value for mycoparasitic potential. Two
isolatesperformed well accordingtomost components measured, while isolate 1(used
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in ourprevious work)had anintermediate position although itsoverall performance
was rather good. Putative host specificity and other characters, such as branching
pattern of the mycelium, might have more predictive value. Experiments with
tritrophicsystemsshowedtobecomplexandvulnerabletodisturbanceswhichcould
not always be identified. Growth ofS.fiiligineaand V. lecaniilargely occur in the
boundarylayerofthecucumberleaves,about50umindepth.Littleisknownaboutthe
temperature andhumidityintheboundaiylayerrelativetotheir setvalues.

Chapter 6. The effect of timing the application of the mycoparasite,Verticillhim
lecanii, oncucumberpowdeiymildewwasstudiedinarootedcucumber leafbioassay.
Themycoparasitewasappliedatdifferent times(day -9,-5,-2,-0,+2, +5,+9relative
to the day of mildew inoculation (day 0)). At high humidity (> 95%r.h.), early
preventative (day -9 and -5) and early curative control treatments (day +2) gave
considerable reductioninmildewed leafarea,whilelatecurativetreatmentsresulted
inmoremildewed leaf areabut ultimately inareduced amount ofhealthy mildewed
leaf area(<20%). Spores ofV. lecanii deposited nearleafveinsandtrichomebases,
probablyplaceswithhighhumidity andgoodnutrient supply,begantogrowrapidly,
and within one week the fungus developed mycelial networks with good local
sporulation. Thegood control results oftheearly treatments suggest thatV. lecanii,
growing saprophytically, needs at least 5 days to develop to the stage where it can
successfully parasitize young powdeiy mildew hyphae. Good timing of biocontrol
treatmentbyV. lecaniiseemstobeimportant toachievegood control.

Chapter 7.Incooperation with theResearch Station for Floriculture and Glasshouse
Vegetables in the Netherlands the effect of three biocontrol agents, Ampelomyces
quisqualis,Sporothrixflocculosaand Verticillhim lecaniiwas tested on cucumber
powdery mildew {Sphaerolhecafiiliginea).Twoglasshouse experiments, oneinthe
summerandoneinwinter/springwereconducted onasemi-commercial scale.Inboth
experiments, asusceptible and apartially resistant cultivarwereused.Inthe second
experiment, the additional effect of integration of biological control and silicon
amendmentstothenutrient solution wasassessed. Inbothexperiments,A. quisqualis
didnotcontrolthedisease.V. lecaniihadasmalleffect onpowdeiy mildew inthefirst
experiment but not in the second. S.flocculosagave the best control of powdery
mildew in both experiments. In the first experiment, weekly application of S.
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flocculosa reduced disease in the partially resistant cultivar to the same level as a
treatment in which the fungicides bupirimate and imazalil were each applied once.
Addition of silicon to the nutrient solution in a concentration of 0.75nM reduced
diseaseby 10-16%,averaged overall treatments. Therewasno interaction between
silicon and the biocontrol agents. Yield, recorded in the second experiment, was
significantly increased bythefungicide andtheS.flocculosatreatments compared to
the control inthepartially resistant cultivar. Silicon hasno effect onyield in either
cultivar.
Appendix chapter 7. Some detailed observations on the fate of Verlicillium lecanii
weremadewhichmightexplainthefailure ofV. lecanii. Thedevelopment ofV. lecanii
in theglasshouse was studied. Theinfluence ofglasshouse compartment, cucumber
cultivar and leaf level was determined on the number of cfu's and the percentage
germinated V. lecanii spores on leaf disks sampled 12 hours or one week after
biocontrol.Inbothexperiments more cfu's were isolated from thecompartment atthe
northern side than from the southern side. Possibly, differences in insolation and
energyhousehold ledtobettersurvivalofV. lecanii atthenorthern side.In experiment
2,significantly moresporeshadgerminated after thethird biocontrol treatment oncv.
Ventura (susceptible cultivar)than on cv.Flamingo (partial resistent cultivar). After
biocontrol treatments 4 and 5in experiment 2the percentage germinated sporeson
incubatedleafdisksfrom cv.Flamingoreached thesamelevel (around 50%)asoncv.
Venturaaftertreatment3.Possibly,theamount ofmildewhadastimulating effect on
the germination. The density of V. lecanii spores on the cucumber plants in the
glasshouse seemed tobeadequate but their germination waslow andinmostplaces
themycelialgrowthwasnegligible.Ashighgermination and exuberant growth ofV.
lecaniicouldbeinduced byincubation athigh humidity andV. lecanii was observed
togrowonthemildew onlyat somehumid niches intheglasshouse, thefailure ofV.
lecaniitocontrolpowderymildewwasattributed to lowhumidity.

Chapter8.Thestudyintendedtofindaformulation which can improvethe biocontrol
potential of Verlicillium lecanii. Inaddition, theimportance ofhigh humidity during
thefirst dayafter biocontrol wasinvestigated. Theeffect ofalternating high andlow
relativehumidityon development ofV. lecanii wastested onrooted cucumber leaves
sprayed with V. lecanii spores. High humidity seems to be important for the
development ofV. lecanii duringthe first hours after application. Ar.h. of 60% for
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threehoursfollowing the application ofV. lecctnii resulted inasubstantial reduction
of spore germination and germtube growth. Several vegetable oils to formulate V.
lecanii were tested for their effects on germination of V. lecctnii spores and on
biocontrol of 5. fuliginea. Arachid and maize oils (0.5%) with Tween (0.05%)
stimulatedthegerminationofV. lecaniiandimproved itsbiocontrolpotential.Arachid
oilandtwoinvert emulsionsusingeither Sunspray 6Norparaffine oilweretestedin
formulations of V. lecanii spores. Because of phytotoxicity, high costs and
environmentalpollution, invert emulsions offer littlepromise for biocontrol of fungi.
Arachide oil (0.5%) gave better results than invert emulsions diluted to 0.5%.V.
lecaniiformulated witharachidoilshowed significantly better control ofmildewthan
without.Aconcentration of0.5%arachidoilwassomewhattoxictocucmber powdery
mildew but 0.05% was not. Arachid oil did not show toxicity to V.lecanii.The
humidity requirements ofV. lecanii formulated with andwithout 0.05%arachidoil
werecompared at95, 90and 85%r.h. Arachid oilsignificantly reduced thehumidity
dependence ofV. lecanii.Since arachid oil is safe for human consumption and not
phytotoxictocucumberleaves,lowconcentrations ofarachid oil arerecommended as
an additive to increase the effectiveness of V. lecanii as a biocontrol agent of S.
fuliginea.

Chapter9.Observationsof Verlicillhimlecaniigrowingoncucumberpowderymildew
inglasshouses,wherefungicides wereapplied against cucumberpowdeiymildew, led
totheideaofintegratedcontrol ofbiocontrol andfungicides. Thereto thetoleranceof
V.lecaniito fungicides registered in the Netherlands for the control of cucumber
powdeiy mildew was investigated. Pyrazophos and triforine had no effect on the
growthratesofV. lecanii.V. lecanii wascompatible with 10ppmtriforine appliedto
mildewedleaves.Togethertheyshowedabettercontroleffect thanseparately (Chapter
10).ThetoleranceofV. lecaniitotriforine andpyrazophos invitroshould beexplored
to arrive at an integrated control of powdeiy mildew on greenhouse cucumber bya
combination ofbiological and chemical means.

Chapter 10. Results generated in this thesis showed that Verlicillhim lecaniihas
potential as a biocontrol agent of powdeiy mildew on roses and cucumber.
Mycoparasitism, however, takes time and biocontrol by V. lecanii is seriously
hamperedatlowhumidity.Possibleimprovementssuchastheuse ofpartially resistant
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cucumber cultivars, preventative biocontrol and formulations ofV. lecaniisporesin
vegetable oilwere discussed.
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Hoofdstuk 1.Roos enkomkommer zijn succesvolleNederlandse export producten.
Doorhetintensiverenvandezeteeltenwordtechtemeeldauwoproos (Sphaerotheca
pannosd)enkomkommer(SphaerothecaJuliginea)eensteedsgroterprobleem.Omdat
resistentekomkommer-gewassen gevoeligzijnvoorchlorose enresistenterozenniet
vaak gebruikt worden, is in de teelt van rozen en komkommers een intensieve
bestrijdingvanechtemeeldauwmetfungiciden noodzakelijk. Hettelenvangroenten
enbloemen inkassen opeenmilieuvriendelijke manierwordtdelaatstejaren steeds
populairder. Goede resultaten worden behaald met biologische bestrijding van
insekten. Nu wordt in bijna alle komkommerteelten een of meer soorten insekten
biologisch bestreden. De vraag om niet-chemische bestrijdingsmethoden voor
schimmelziekten neemt toe. Hoewel een verscheidenheid aan alternatieve
bestrijdingsmiddelen zoals water, plant-extracten, olies, antitranspiranten, zouten,
compost en biologische bestrijding werden getest tegen echte meeldauw op
komkommer en roos is intensieve chemische bestrijding nog steeds nodig. In het
kadervanhetMeerjarenplan Gewasbescherming, waarin deNederlandse regeringeen
drastische reductie van het gebruik van fungiciden nastreeft, werd het in dit
proefschrift beschreven project uitgevoerd. Een onderzoek werd verricht naar de
bestrijding vanroze-enkomkommer-meeldauw metbehulpvanmycoparasieten.
Hoofdstuk 2. Een toets werd ontwikkeld om het effect van verschillende
mycoparasieten op echte meeldauw van roos te testen onder verschillende
klimatologischeomstandigheden.EenisolaatvzsvAmpelomycesquisqualis, Sporothrix
rugulosa and Tilletiopsisminor en vier isolaten van Verticillium lecanii werden
getoetstbijvierrelatieve luchtvochtigheden(r.v.), 100,90,80en70%,bij 20°C.De
schimmels vertoonden r.v.-afhankelijke patronen van mycoparasitisme. De meeste
mycoparasietenverlorenhun effectiviteit snelbeneden eenr.v.van 100%,maartwee
V. lecaniiisolatenvertoondenookmycoparasitismebijeenr.v.van 90%.Eenvandeze
isolatenkwamtoteenbestrijding vanmeerdan80%bij eenr.v.van90%.
Hoofdstuk 3. Omdat voor kasproeven een efficiente productiemethode van
Verticilliumlecaniinodigwaswerd eenmethodeontwikkeldvoorefficiente productie
vanphialoconidienvanV. lecanii. Eenproductievanmeer dan3x 109phialoconidien
werd bereikt nadat V.lecanii1 dagen gekweekt werd in een roterende (135 rpm)
vloeibare oplossingvan 3%gemalenhavermoutbij 25°Cinhet donker.
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Hoofdstuk 4. Twee candidaten voor biologische bestrijding van echtekomkommer
meeldauw (Sphaerothecafuliginea), Verticillium lecaniien Sporothrix rugulosa,
werdengetoetstonderkascondities. Tweeexperimentenwerdenuitgevoerd. Inbeide
experimentenwerd met debiologische bestrijding gestart eenweeknadat de eerste
ziekteverschijnselen zichtbaar waren op de ge'inoculeerde bladeren. In het eerste
experimentwerdeneen vatbaarkomkommerras(cv.Corona)eneenpartieelresistent
ras(cv.Flamingo)gebruikt.V. lecaniibestreeddemeeldauwbeterdanS.rugulosa. Op
cv. Flamingo hield V. lecanii de meeldauw aantasting gedurende 9 weken na
meeldauwinoculatie onderde 15%aangetastbladoppervlak. BehandelingmetHora
Oleo 1IE(geformuleerde paraffine-olie) alleenofalstoevoegingaanV. lecaniigafeen
vergelijkbare bestrijding als de fungicide-behandeling. In het tweede experiment
werdenwekelijkse entweewekelijkse behandelingenmetV. lecanii opcv.Flamingo
uitgevoerd. Bij een wekelijkse behandeling met V. lecanii bleef het aangetaste
bladoppervlak 10 weken lang beneden de 20%. Wekelijkse en twee-wekelijkse
behandelingen met Hora Oleo HE gaven opnieuw goede bestrijding. Deze
kasexperimenten lieten zien dat de combinatie van biologische bestrijding en het
gebruikvaneenpartieelresistentekomkommer-cultivarmogelijkheden biedt. Selectie
van V. lecaniiisolatenmeteengrootvermogenomechtemeeldauwtebestrijden en
hetgebruikvaneenjuisteformuleringzalmogelijk deefficientie vanV. lecaniikunnen
verbeteren.
Hoofdstuk 5. Om eigenschappen te selecteren van belang voor goede biologische
bestrijding vanSphaerothecafuliginea indekaswerdheteffect vanvochtgebrekop
deontwikkelingvan 14V. lecaniiisolatenbestudeerd. Kiemingvanconidien engroei
en sporulatievanV. lecaniiwerden bestudeerd ineentritroof systeem eninvitroin
Petri-schalen.Mycoparasitismewerdgetoetstineentritroof systeem opmeeldauwen
invitroopCladosporiumcladosporioides. Allegetoetste eigenschappenwerden door
vochtgebrek beinvloed. Vier isolaten van V.lecaniivertoonden goede biologische
bestrijding.Hetgedragvandeisolaten invitrohadminder voorspellende waardedan
het gedrag van de isolaten in het tritrofe systeem. In vitro waren de
kiemingspercentages lager en de groeisnelheden hoger dan onder vergelijkbare
vochtconditiesopbemeeldauwdekomkommerblaadjes. Ditresultaat suggereert datde
condities in de fyllosfeer verschilden van de ingestelde waarde van de r.v. Een
correlatiewerdgevondentussendelysisvanC. cladosporioides groeiend opagaren
deparasiteringvanechtemeeldauwgroeiend opbeworteldekomkommerblaadjes. C.
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cladosporioidesbiedtmogelijk eengoedalternatiefomV. lecanii isolatentetoetsten
op hun parasiterend vermogen op schimmels. Kieming van conidien, groei en
sporulatie hadden een beperkte voorspellende waarde voor het vermogen tot
mycoparasitisme. Twee isolaten van V. lecanii scoorden goed bij de diverse
eigenschappen, terwijl isolaat 1(gebruikt in onze voorgaande experimenten) een
gemiddelde positie innammaar over het algemeengenomen niet slecht naar voren
kwam.Gastheer-specificiteit eneigenschappenzoalshetvertakkingspatroon vanhet
mycelium zullen misschien meer voorspellende waarde hebben. Experimenten met
tritrofe systemenzijn complexengevoeligvoorverstoringen dienietaltijd makkelijk
gei'dentificeerdkunnenworden.DegroeivanS.fuliginea enV. lecanii speeltzichin
de fyllosfeer af in een laagje van 50um. Weinig isbekend over de temperatuur en
relatieve luchtvochtigheid op het blad ten opzichte van de ingestelde waarde in de
omringendelucht.
Hoofdsruk 6.Het effect vanhettijdstip vanbiologische bestijding met Verticillium
lecanii werd bestudeerd op met meeldauw gei'nfecteerde bewortelde komkommer
blaadjes. Demycoparasietwerdtoegediend opverschillendetijdstippen (dag-9,-5,
-2,-0,+2,+5,+9tenopzichtevandedagvanmeeldauw-inoculatie (dag0)).Bijhoge
luchtvochtigheid (>95%) veroorzaakte vroeg preventieve (dag -9 en -5) en vroeg
curatieve(dag+2)behandelingen eenaanzienlijke reductievanmeeldauw,terwijlna
latere curatieve behandelingen de blaadjes meer meeldauw aantasting lieten zien,
waarvan uiteindelijk het grootste gedeelte door V.lecaniiaangestast bleekte zijn
(>80%). V.lecaniisporen die bij bladnerven enbladharen terecht waren gekomen
groeiden relatief snel uit en ontwikkelden binnen een week mycelium met goede
sporulatie. De goede resultaten behaald met vroege behandeling suggereren dat V.
lecanii,wanneerdezesaprofytisch groeit,tenminste5dagennodigheeft voordathet
met succes jonge hyfen van echte meeldauw kan aantasten. Goede timing van
biologischebestrijdingmetV. lecaniilijktbelangrijkvoorhetverkrijgen vaneen goed
bestrijdingsresultaat.

Hoofdsruk 7. In samenwerking met het Proefstation voor de Bloemisterij en
Glastuinbouw in Naaldwijk werd het effect van drie biologische
bestrijdingsorganismen,Ampelomycesquisqualis, Sporothrix rugulosa en Verticillium
lecaniiopkomkommermeeldauw{Sphaerothecafuliginea)getoetst. Tweekasproeven,
een in dezomer eneen inwinter/voorjaar werdenuitgevoerd opsemi-commerciele
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schaal.Inbeideproeven werden eenvatbaareneenpartieelresistentkomkommerras
gebruikt. In de tweede proef werd het effect van een combinatie van biologische
bestrijding met silicium-toevoegingen aan het voedingsmedium getoetst. In beide
proeven had A. quisqualis geen effect. V.lecaniivertoonde eenklein effect inhet
eerste experiment. S.flocculosagafinbeide experimenten hetbesteresultaat. Inde
eerste proef werd met een wekelijkse S. flocculosa behandeling op de partieel
resistentekomkommer-cultivareenbestrijdingseffect verkregenvergelijkbaar methet
effect van twee fungicide behandelingen. De toevoeging van 0.75nM silicium
veroorzaakte een gemiddelde ziekte-reductie van 10-16%. Er was geen interactie
tussen silicium en mycoparasiet. In de tweede proef was de opbrengst bij de met
fungicide enS.flocculosabehandelde planten hoger dan die van de onbehandelde
partieelresistente cultivar. Siliciumhadgeeneffect opdeopbrengst.
Appendixbijhoofdstuk 7.Enkelegedetailleerdewaarnemingenwerdengedaan omhet
lotvanVerticilliumlecaniiindekassentebestuderenenzomogelijk hetfalen vande
biologischbestrijding met V. lecaniiteverklaren.Deinvloedvankascompartiment,
komkommer-cultivarenbladlaagopdeaanwezigheidvanvitaleV. lecanii, hetaantal
cfu's enhetpercentagegekiemdesporeneenweeken 12uurnadelaatstebiologische
bestrijding werd getoetst. In beide proeven werden meer cfu's gei'soleerd van
compartimentenaandenoordzijde danaandezuidzijde. Verschillen ininstralingen
energiehuishoudinghebbenmogelijkgeleidtoteenbetereoverlevingvanV. lecaniiaan
denoordzijde.Inproef2werdennadederdebiologischebestrijdingsbehandelingmeer
gekiemdesporenopdevatbarecultivarVenturadanopdepartieelresistentecultivar
Flamingo gevonden. Na de vierde en vijfde behandeling bereikte het percentage
gekiemdesporenopcv.Flamingohetzelfdeniveau(ongeveer50%)alsopcv.Ventura
na de derde behandeling. Mogelijk heeft de hoeveelheid echte meeldauw een
stimulerendeffect gehadopdekiemingvanV. lecanii.Indekassenbleekdedichtheid
van V. lecanii sporen op de komkommerplanten voldoende maar de kieming en
myceliumgroeiwasopdemeesteplaatsenteverwaarlozen. Aangezienhogekieming
enuitbundigegroeivanV. lecaniige'induceerdkonden wordendoorincubatiebijhoge
luchtvochtigheid en in de kas op enkele vochtige plaatsen op de meeldauw goed
groeiende V. lecaniiwerd aangetroffen kanhet falen vanV. lecanii toegeschreven
wordenaaneentelagerelatieve luchtvochtigheid.
Hoofdstuk 8. Dezestudiehadtotdoel omeenformuleringtezoeken diehetvermogen
van V. lecaniialsbiologischbestrijdingsmiddel zoukunnenverhogen.Daarnaastwerd
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hetbelangvanhogerelatieveluchtvochtigheid (r.v.)bestudeerd gedurende deeerste
dag na toediening van V. lecanii. Het effect van wisselend hoge en lage
luchtvochtigheid werd getoetst op bewortelde komkommerblaadjes die met een
sporensuspensievanV. lecaniiwerdenbespoten.Deeersteurennatoedieningleekde
luchtvochtigheid grote invloed te hebben op de ontwikkeling van V.lecanii.Een
luchtvochtigheid van 60% gedurende drie uren na toediening veroorzaakte een
aanzienlijketerugganginsporenkiemingenkiembuisgroei.Verscheidende plantaardige
olies werden alsformulering van V.lecanii getoetst ophuninvloed opkiemingen
biologischebestrijdingvanSphaerothecafuliginea. Aardnoot- enmai'solie(0.5%)met
Tween(0.05%)stimuleerdendekiemingenverhoogdenhetbestrijdend vermogenvan
V. lecanii. Aardnoot-olie en twee invert-emulsies gebaseerd op Sunspray 6N of
paraffine-olie werden getoetst in formuleringen met V. lecanii sporen. Door
fytotoxiciteit, hogekosten envervuilingvandeomgevinglijken invert-emulsiesniet
goedbruikbaarindebiologischebestrijding vanschimmels.Aardnoot-olie (0.5%)gaf
betereresultatendantot0.5%verdundeinvert-emulsies.V. lecaniigeformuleerd met
aardnoot-oliegafsignificantbeteremeeldauwbestrijding danzonderformulering. Een
concentratievan0.5%aardnoot-oliewaseenbeetjetoxischvoorechtemeeldauwmaar
0.05% was dit niet. Aardnoot-olie was niet toxisch voor V. lecanii. De
vochtafhankelijkheid van geformuleerde en niet geformuleerde V. lecanii werd
vergelekenbij 95,90en 85%r.v.Aardnoot-olie reduceerde de vochtafhankelijkheid
significant. Omdat aardnoot-olie veilig is voor mensen en niet fytotoxisch is voor
komkommerbladeren worden lage concentraties aardnoot-olie aanbevolen als
toevoegingaanV. lecaniiomdeeffectiviteit vandit biologische-bestrijdingsorganisme
tegenS.fuligineateverhogen.
Hoofdstuk 9. Waarnemingen van Verticillium lecanii groeiend op komkommermeeldauwnafungicide-behandelingen inkasproevenleiddentothetideevanintegratie
vanbiologischeenchemischebestrijding. DaarvoorwerddetolerantievanV. lecanii
getestvoorfungiciden dieinNederlandtegenkomkommermeeldauwgebruiktworden.
Pyrazofos entriforine haddengeenremmend effect opdegroeisnelheid vanV. lecanii
invitro.V. lecaniiWeekcompatibelmet 10ppmtriforine opbemeeldauwde blaadjes.
Beidemiddelensamen vertoonden eenbeterebestrijding daniederapart (Hoofdstuk
10). De tolerantie van V. lecaniivoor triforine en pyrazofos in vitro zou verder
onderzocht moetenwordenomtekomentoteengei'ntegreerdebestrijding vanechte
meeldauw op komkommer met een combinatie van chemische en biologische
middelen.
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Hoofdstuk 10.Deresultatenvanhetonderzoekbesproken inditproefschrift latenzien
dat Verticillium lecaniimogelijkheden heeft als biologisch bestrijdingsmiddel van
echtemeeldauwenopkomkommerenroos.Mycoparasitismevanechtemeeldauwdoor
V. lecaniikostechtertijd endebiologischebestrijding wordt sterkgehinderd bijlage
luchtvochtigheid. Verbetering vanhet resultaat door gebruik vanpartieel resistente
komkommer-rassen, preventieve biologische bestrijding en formuleringen met
plantaardige olienwerdbesproken.
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