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VOORWOORD - PREFACE 

 

Op het voorblad van dit doctoraat staat vreemd genoeg maar één naam. Eigenlijk zouden 
dat er veel meer moeten zijn. Want een doctoraat maak je niet alleen. Er zijn een hele reeks 
mensen die me goede raad hebben gegeven bij het opzetten van de proeven, die mee aan 
de experimenten hebben gewerkt en/of die mijn schrijfsels verbeterd hebben. Er zijn er 
daarnaast ook die me voorzagen in de (hoog-)nodige ontspanning buiten het werk. Hoog tijd 
om al die mensen eens welgemeend te bedanken! 

Eerst en vooral mijn promotoren: Pieter, Maurice en David: 

Pieter, bedankt om me de kans te geven om aan dit doctoraat te starten, om me aan mijn 
eerste artikel te helpen, en om je snelle revisiewerk van de hoofdstukken wanneer het 
doctoraat uiteindelijk vorm begon te krijgen! Bij deze kan ik eindelijk (of ‘bijna’, afhankelijk 
van wanneer je dit leest) zeggen dat ik de belofte die ik op mijn sollicitatie deed, heb 
waargemaakt. Veel succes bij het uitbouwen van je carrière als kersverse prof. 

Maurice, ook al ben je pas dik anderhalf jaar geleden mede-promotor van dit werk 
geworden, toch mag jouw bijdrage aan dit boek niet onderschat worden! Jij kan als geen 
ander inschatten wat een artikel nodig heeft om het voorbij op de loer liggende reviewers te 
loodsen. Je brengt je suggesties overigens ook uitstekend aan: altijd rustig, met welgemikte 
woorden en een flinke dosis humor. Dit werk is ongetwijfeld een stuk sterker geworden door 
je grondige verbeterwerk op vlak van inhoud, vorm én taal! Waarvoor dank! Hoewel ik 
ontdekt heb dat het woord “pensioen” niet in jouw woordenboek staat, zou ik toch willen 
zeggen: geniet ervan! 

David, jouw aanbod om op het ILVO verder te werken aan het nematodenproject was een 
godsgeschenk. Zonder jouw aanbod was dit boekje er nooit gekomen. Je hebt me de kans 
gegeven om me zuiver en alleen te focussen op onderzoek, en je hebt er met je 
pragmatische en immer kalme aanpak en je duidelijke raad bij het schrijven voor gezorgd dat 
het werk vooruit is gevlogen. Je zorgde waar nodig voor helpers (bv. bij het langdurige en 
immens saaie telwerk), en stak in geval van nood zélf de handen mee uit de mouwen. 
Daarnaast was (en ben) je ook altijd bereikbaar voor een babbel over werkgerelateerde 
zaken, maar even goed over alles daarbuiten. Een dikke merci voor alles! 

Aan alle leden van de jury: Prof. dr. ir. Frank Devlieghere, ir. Lieven Delanote, Prof. dr. ir. 
Patrick De Clercq, Prof. dr. ir. Ralf-Udo Ehlers, Dr. Lieve Herman, Prof. dr. ir. Jan Pieters, Prof. 
dr. ir. Bart Sonck en Prof. em. dr. ir. Walter Steurbaut: bedankt voor alle tijd die jullie 
gestoken hebben in het grondige nazicht van dit werk! Jullie suggesties hebben dit doctoraat 
ongetwijfeld enkele treden hoger op de kwaliteitsladder gezet. 
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Eén lid van de jury zou ik nog eens extra willen bedanken. Professor Steurbaut, bedankt om 
mij aan boord te nemen aan de UGent, en om mij een stukje van de wetenschappelijke en 
van de gewone wereld te laten zien en proeven. Ik besef dat je wordt verwend als je China 
mag bezoeken voor je werk, en als je wijn te drinken krijgt van bijna 30 jaar oud. Daarom, 
voor u, maar zeker en vast ook voor uw vrouw Rita, een welgemeende dankjewel voor de 
kansen en de leuke tijd! Geniet van jullie welverdiende pensioen! 

Over naar de collega’s! Ik deel in het ILVO een bureau met enkele toppers: 

Donald: bedankt voor je uren telwerk in het labo, en voor je vele dagen werk op het veld! Ik 
denk dat we daar in de West-Vlaanders zowat het volledige gamma aan Belgisch weer over 
ons hebben gekregen: soms stonden we met bevroren handen prei te dissecteren, soms 
wisten we niet waar kruipen van de warmte, en bij wijlen kon je ons na een dag ploeteren 
door de modder volledig uitwringen als we in de auto stapten. 

Ingrid: ook jij heel erg bedankt voor je werk op het veld, maar even goed voor de toffe 
babbels over koetjes en kalfjes. In jouw geval zijn die “koetjes en kalfjes” overigens niet altijd 
figuurlijk. 

Dieter: waar moet ik beginnen? Misschien eerst met iets serieus: bedankt omdat je me 
geregeld luidop liet redeneren over een goeie statistische analyse van pakweg dooie 
bloemkolen of geïnfecteerde maden. En uiteraard ook bedankt om er dan zelf je statistisch 
vernuft op los te laten. Maar misschien nog meer bedankt voor de minder serieuze dingen, 
zoals onze fiets-dauwtrip tot in Merelbeke, je kennis over pirate metal en je vlekkeloze 
Spaans. 

Sofija, bedankt om ons wegwijs te maken in de Macedonische en Servische way of life! Veel 
geluk met je twee kleine spruiten! Ik ga je ook heel veel succes wensen met je doctoraat, 
want jij bent als volgende aan de beurt binnen onze groep, denk ik. Tenzij Donald ne keer zot 
doet. 

Overigens, Donald, Ingrid, Dieter, Sofija, ook bedankt voor de vele, vele, vele (Did I mention 
“vele?”) idiote vrijdagmomenten, die eigenlijk niet altijd op vrijdag vallen. 

Eva: toegegeven, technisch gezien hebben we nooit een bureau gedeeld; eigenlijk ben ik met 
jouw stekje gaan lopen. Maar goed, ik vernoem je hier toch al, omdat jij me enorm veel 
geleerd hebt over het onderzoek naar entomopathogene nematoden. Dikke merci daarvoor! 

Er loopt buiten onze bureau op het ILVO nóg heel wat volk rond:  

Cindy, Bart en Davy, merci voor jullie hulp bij het tellen van nematoden!  

Stéphanie, merci voor je vele tips rond statistiek en het gebruik van SAS! 

Verder ga ik een opsomming van ILVO-collega’s achterwege laten, want jullie zijn 
gewoonweg met te veel, en daarmee zou ik het risico lopen om mensen te vergeten… Aan 
iedereen van jullie merci voor de steun die ik kreeg tijdens mijn doctoraat. (Om een 
voorbeeld te geven: de “KOMAAAAN” die Philippe en Merlijn brulden toen ik mijn doctoraat 
neer ging leggen op de faculteit, deed me met een brede smile vertrekken.) Ook merci aan 
iedereen voor de hilarische middagpauzes waar geen enkel onderwerp wordt geschuwd. En 
als laatste merci voor de gezellige uitstapjes na de uren. Toegegeven, blauwe plekken 
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oplopen door collega’s met paintballgeweren is nu niet meteen “gezellig” te noemen, maar 
de nabespreking in een Gentse kroeg is dat des te meer! 

Uiteraard mogen ook de oud-bureaucollega’s van UGent niet ontbreken! Ilse en Kim, ons 
overleg over enquêtes, schrijfsels en statistiek was ongetwijfeld nuttig, maar nu, bijna twee 
jaar verder, blijven vooral de lichtere zaken mij bij. Om er een paar te noemen: de 
uitraasmomentjes die we alle drie wel eens nodig hadden, de kroon die ik kreeg als ik een 
jaartje ouder werd, de versierde bureau als ik terugkwam van op reis, de maffe mailtjes die 
zo af en toe nog worden verstuurd, …. Als jullie dit lezen, is het bijna tijd voor poppin’ bottles 
in the ice. Like a blizzard! (Sing it!)  

Mieke, long time no see! Hoog tijd dat we eens bijpraten over metal, Duvel en 
plantenvoeding. Overigens, sinds kort kan ik ook meepraten over katten, want er loopt sinds 
enkele maanden zo een pluizig beestje rond in ons huis. Ze heet Dame Thea. Thea Beckman. 

Aan alle overige UGent-collega’s Claudine, Lilian, Jean-Pierre, Bjorn, Michael, Myriam, 
Tineke, Eline, Shirley, Seblework, merci voor de leuke, met koffie overgoten tijd in Gent! 

Femke, Sabien, Philippe, Johan en Brecht: bedankt voor onze uitstekende samenwerking in 
het project! Het is aan de dikte van het eindverslag te zien dat er heel wat werk verzet is. 

Babs: bedankt voor de prachtige cover! Als ik even reclame mag maken: op één van de 
vorige pagina’s staat een link naar je website. Een aanrader! 

Naast het werk zijn er natuurlijk nog enkele mensen die minstens even belangrijk waren, om 
uiteenlopende zaken. Eén ding hebben ze allemaal gemeen: ze zorgden ervoor dat ik het 
werk van mij af kon zetten wanneer ik thuis kwam. 

Pieter, aka Neefman, jarenlang huisgenoot en eigenaar van alle lengte-genen in de familie 
Beck. Merci voor de diepzinnige babbels, voor de vechtpartijen zonder aanleiding, voor al 
het eten dat ik uit uw bord mocht/kon stelen en voor de pret bij de ondertussen erg talrijke 
improvisatie-optredens! 

Erik, Ken, Yves, Marnix, Ben en Filip, ofte de mannen van Sint-Niklaas, en daarbij uiteraard 
ook Shari, Vicky, Marlies, Marijke, Annelies en Veronique (de vrouwen die dit zootje 
ongeregeld in het gareel houden): we hebben mekaar de laatste paar jaar misschien iets 
minder gezien omdat iedereen aan het nesten is, maar we zijn het ondertussen weer aan het 
goedmaken met housewarmings en binnenkort misschien met een 30-jaar-feestje! Merci 
voor de voorbije en toekomstige toffe tijden! 

(Oud-)KLJ-ers, ook jullie zijn met wat veel om allemaal op te lijsten. Onze weekends zorgden 
telkens weer voor welkome ontspanning! Net als de planningsvergaderingen vooraf en de 
evaluatievergaderingen achteraf trouwens, waarop we naar goede gewoonte eerst een paar 
uur zeveren en dan 5 minuten effectief plannen of evalueren. 

 

Caquers, bedankt voor de ontspanning en voor de soms geniale improvisatie-scènes waar ik 
in mee mocht spelen. De laatste tijd hebben jullie me niet veel gezien, maar zoals beloofd 
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stapt er binnenkort weer een lichtjess lisspelend Sspanjaard op het podium door een 
denkbeeldige piepende (squeaky!) deur. 

Olivier, Bjorn, Ben (nogmaals), Jason, Jonas, Brecht, Bert, Stef en Raf, ofte de mannen van de 
bio-ingenieurs. Het is niet meer dan logisch dat onze gesprekken op café, bij iemands 
housewarming of bij iemands trouw meer dan gemiddeld over plantjes en beestjes gaan. 
“Lijkt mij een saai onderwerp,” zie ik een paar mensen denken. Niets van! Als deze kerels 
over plantjes en beestjes vertellen, dan is dat met passie, en vooral met een karrevracht 
humor! Als we ergens samen zitten, gaan er geen 5 minuten voorbij of er schiet iemand 
luidkeels in de lach. (Ik kijk naar niemand, Raf.) Ik hoop dat dat nog lang zo mag blijven! 

Zowat iedereen in mijn familie en schoonfamilie heeft wel eens gevraagd naar de 
vorderingen in het onderzoek, en mij aangemoedigd om het af te werken. Waarvoor dank! 
Een paar mensen zou ik nog eens extra willen vernoemen: 

Hubert & Alfonsine, merci voor jullie steun en betrokkenheid bij het doctoraat en voor jullie 
hulp op de receptie, maar ook voor alles daarbuiten! Ze zeggen wel eens: “Je schoonouders 
kies je niet, je moet er chance mee hebben.” En die chance heb ik! 

Ilse en Philip, bedankt voor het nalezen van dit werk, voor het kokerellen en de hulp op de 
receptie, maar ook voor heel wat andere zaken: de verhuishulp, de familiale update-
telefoontjes, de toffe zomeravonden op jullie terras, het peterschap en nog zoveel meer! 
Over peterschap gesproken: Nore, alle schrijfzorgen waren direct vergeten toen jij voor de 
eerste keer “peter Bert” zei. (Eigenlijk was het eerder “pétebejt”, maar goed, we verstonden 
mekaar. ) Bas: ik zal nog even moeten wachten op jouw eerste “nonkel Bert”, maar ik ben 
al supercontent met je brede glimlach en met “Ga é beh peh brrr.” (Tja, hoe schrijf je jouw 
taal eigenlijk?) Goed nieuws voor jullie allebei: nu dit boekje af is, is er meer tijd voor 
uitstapjes! 

Pap en mam, ik ben méér dan blij dat jullie dit allebei gezond en wel kunnen lezen! Jullie 
weten waarschijnlijk nog dat ik vroeger als kleine spruit wel eens zei dat ik dokter wou 
worden. Awel, het is (bijna) zover. Goed, het is doctor geworden in plaats van dokter, maar 
dat is muggenzifterij, niet?  Jullie gaven me de vrijheid om te studeren wat ik wou. Het is 
wel eens nipt geweest op de unief (en dat is nog een understatement), maar jullie bleven me 
steunen. Van jullie heb ik de volharding meegekregen om mijn studies en nu ook dit boekje 
af te werken. Daarnaast kreeg ik ook de vlotte pen mee van jou, mam, en de praktische 
ingesteldheid van jou, pap. Beide eigenschappen zijn héél erg van pas gekomen! Voor jullie 
allebei nog een dikke merci om altijd enthousiast mee te gaan in alles waar Ilse en ik door 
gepassioneerd waren (KLJ, huizen verbouwen, …). En ook nu waren jullie weer enthousiast 
om bij te springen bij het maken van hapjes, en bij het opstellen van de receptie! Pap en 
mam, merci voor veel te veel! 

 

 

 

Last but helemaal not least: Inge! Chou! Onbewust is mijn koosnaam voor jou “chou”, ofte 
“kool” in ‘t Frans geworden. Ongetwijfeld een soort beroepsmisvorming. Merci om structuur 
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en overzicht te brengen in zowat alles buiten het werk, voor het teveel aan hooi dat je van 
mijn vork nam in de laatste maanden, voor het nalezen, om mij te laten leuteren over wat er 
niet lukte bij de experimenten, enzovoorts. Maar ook merci om mee te gaan in mijn dikwijls 
iets te ambitieuze plannen buiten het werk. De Mont Ventoux op? Geen probleem, Inge 
springt in de auto met krachtvoer, en speelt professioneel ploegleider. Een marathon lopen 
in the middle of nowhere? Inge wacht geduldig op één van de laatste deelnemers. En nu 
weer… een receptie met hapjes in het thema van het doctoraat? Geen probleem, Inge speelt 
maître d’hôtel en chef-kok in één persoon! Hoe dan ook, niks doet zo deugd als thuiskomen 
bij jou, in ons huizeken. Of misschien is er toch nog iets beter: op reis gaan met jou. Hoog tijd 
dus om er nog eens op uit te trekken! Het maakt niet uit of de bewoners in het land van 
bestemming enorm opdringerig zijn, of het verkeer er een heksenketel is en of de turista er 
om elke hoek gluurt. Zolang jij maar mee bent. 

 

Bert 

 

Hier eindigt het meest leesbare deel van dit doctoraat. Onderstaande strip van Casper en 
Hobbes is de ideale voorbereiding op wat nu volgt. Geniet ervan! 

 

 

 

  

http://www.google.be/url?sa=i&source=images&cd=&cad=rja&docid=dX3H8XrxuJNx7M&tbnid=4jpKMbBQ4Lr54M:&ved=0CAgQjRwwAA&url=http://www.knittedthoughts.com/2010/11/happy-25th-calvin-hobbes.html&ei=oxfxUbi8KunW0QXHpIHgBw&psig=AFQjCNG8ZFnEVgtIngy6IUP8_qGbAZMxRQ&ust=1374841123745110
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SAMENVATTING 

 

 

 

Conventionele chemische gewasbeschermingsmiddelen hebben mogelijk een impact op de 

menselijke gezondheid en op het milieu. Daarom ontwikkelen overheden wereldwijd een 

beleid om het verbruik van deze middelen te verminderen. Beleidsinstrumenten zoals EU 

richtlijn 91/414/EEC zorgden voor het verdwijnen van vele werkzame stoffen van de markt. 

Daarnaast stelt de nieuwe EU richtlijn 2009/128/EC over het duurzaam gebruik van 

gewasbeschermingsmiddelen dat niet-chemische methoden van gewasbescherming 

prioriteit moeten krijgen ten opzichte van chemische middelen. Om de duurzaamheid van de 

landbouw te verbeteren, en om de ontwikkeling van resistentie tegen het afnemende aantal 

beschikbare werkzame stoffen tegen te gaan, is er dringende nood aan biologische 

alternatieven voor de conventionele chemische middelen. 

Entomopathogene nematoden (EPN) zijn één van deze alternatieven. Ze worden gebruik 

voor de biologische bestrijding van een toenemend aantal insectenplagen. Deze bio-

insecticiden zijn bijzonder veilig voor landbouwers, consumenten en voor het milieu. Hoewel 

EPN minder effectief kunnen zijn dan conventionele chemische middelen, toch zijn ze 

evenwaardig aan of zelfs beter dan conventionele middelen in het bestrijden van een reeks 

commercieel belangrijke plagen (bv. tegen de gegroefde lapsnuitkever, maïswortelboorder). 

Problemen met effectiviteit kunnen het gevolg zijn van foute toepassingsmethoden, van 

slechte kwaliteit van de gebruikte producten of van suboptimale toepassings-

omstandigheden. 

Dit werk concentreert zich op het optimaliseren van de toepassing van EPN in 

volleveldsgroenten. Het algemene doel van dit werk was het testen, en waar mogelijk, het 

verbeteren van het bestrijdingspotentieel van EPN tegen drie moeilijk bereikbare plagen die 

in detail worden besproken in hoofdstuk 1. Het gaat om de bladgebonden kooluil 

(Mamestra brassicae) in bloemkool, de bodemgebonden koolvlieg (Delia radicum) in 
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bloemkool en de cryptisch levende tabaksthrips (Thrips tabaci) in prei. Afhankelijk van de 

doelplaag onderzochten de experimenten beschreven in hoofdstukken 2 tot en met 5, het 

effect van (1) de toevoeging van adjuvants aan de spuitsuspensie, (2) het wijzigen van de 

toepassingshoeveelheid van de EPN, (3) een aangepaste toepassingstechniek en/of (4) de 

timing van de toepassingen. 

In hoofdstuk 2 werd gezocht naar verbeteringen van de formulering en de toepassing van 

EPN op bladeren, aan de hand van labotests met bijzondere aandacht voor één specifieke 

plaag: de kooluil. Geschikte hulpstoffen voor bespuitingen met EPN werden geselecteerd op 

basis van de afwezigheid van toxische effecten op twee soorten EPN: Steinernema feltiae en 

S. carpocapsae. De geselecteerde humectants en dispersants werden verder gescreend op 

hun effect op de bezinking van deze EPN soorten in een suspensie. Vervolgens werd het 

effect van drie geschikte surfactants (oppervlakte-actieve stoffen) en één humectant, en het 

effect van dopgrootte op de depositie van S. carpocapsae op hydrofobe bloemkoolbladeren 

onderzocht. Daarna verifieerde een labo-experiment of brouwersgistextract gebruikt kan 

worden als een lokmiddel voor kooluillarven. Er werd ook onderzocht of de toevoeging van 

dit attractant ook invloed had op de door EPN veroorzaakte mortaliteit van de kooluillarven. 

Ten slotte werd het effect van het meest geschikte surfactant en humectant, op de 

overleving en de infectiviteit van S. carpocapsae nagegaan. 

Deze experimenten toonden aan dat alle geselecteerde alcoholethoxylaten (Synperonic 

91/5, Synperonic 91/6, Synperonic 10/6 and Atplus 245) en het geselecteerde 

alkylpolysaccharide (AL-2575) zowel S. carpocapsae als S. feltiae onbeweeglijk maakten, 

wanneer ze in de spuitsuspensie werden gemengd. Xanthaangom blijft het beste middel om 

bezinking van de EPN in de tank tegen te gaan. Een ISO 02 standaard spleetdop kan 

verstoppen wanneer er S. carpocapsae nematoden mee verspoten worden. Een ISO 04 

standaard spleetdop zorgt voor een betere relatieve depositie van verschillende S. 

carpocapsae-adjuvant-suspensies op bloemkoolbladeren, dan de grotere ISO 08 standaard 

spleetdop. Drie spreidingsmiddelen (Silwet L-77, SB Plant Invigorator en Addit) verdubbelden 

ruwweg de relatieve depositie van EPN wanneer ze aan de spuitsuspensie werden 

toegevoegd, en dit zowel wanneer de suspensie met de ISO 04 dop als wanneer ze met de 

ISO 08 dop werd verspoten. De toevoeging van xanthaangom verhoogde de depositie niet 

verder. De toevoeging van gistextract aan de spuitsuspensie met S. carpocapsae deed de 
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mortaliteit van de kooluillarven beduidend toenemen, en verminderde de hoeveelheid 

bladschade die werd veroorzaakt door deze rupsen. Ten slotte werd aangetoond dat de 

toevoeging van Addit en xanthaangom aan een spuitsuspensie met S. carpocapsae, de 

overleving van EPN op bladeren verlengt en dat deze adjuvants de larven van de grote 

wasmot (Galleria mellonella) ook kunnen doden. Het werd echter onwaarschijnlijk geacht, 

en bewezen in een veldproef (hoofdstuk 3), dat Addit en xanthaangom in de gebruikte 

concentraties, een effect zouden hebben op insectenplagen in het veld. 

De veldexperimenten beschreven in hoofdstuk 3 bouwden verder op de resultaten uit 

hoofdstuk 2 om de bestrijding van de kooluil met S. carpocapsae te verbeteren. Een 

experiment met aangepaste spuitbomen werd uitgevoerd om een geschikte spuitboom voor 

de bespuitingen met EPN te selecteren. Deze spuitboom moest voor een zo hoog mogelijke 

bedekking van specifieke zones van de plant zorgen. De beoogde zones waren: (1) het 

centrale deel van de plant, waar kooluillarven directe economische schade kunnen 

aanrichten door de bloemkool zelf aan te vreten, en (2) de onderkant van de bladeren, waar 

de jonge larven zich bevinden. 

Het experiment toonde aan dat twee spuitboomconfiguraties met verticale verlengstukken 

in het gewas de onderkant van de buitenste bladeren zeer goed bedekten terwijl ze een 

statistisch evenwaardige bedekking als de andere configuraties bewerkstelligden aan de 

onderkant van de centrale bladeren. Daarom werd één van beide configuraties gekozen om 

veldproeven met bespuitingen van S. carpocapsae uit te voeren. Het betrof de configuratie 

met TeeJet TP 80 04 EVS banddoppen op een horizontale spuitboom, en met TeeJet UB 85 

04 doppen gemonteerd op de 38 cm lange verticale verlengstukken tussen de gewasrijen. 

Een experiment met adjuvants betrachtte te bepalen of S. carpocapsae, toegepast met de 

geselecteerde spuitboomconfiguratie, effectief het aantal kooluillarven in een 

bloemkoolgewas kon verlagen, en de schade aan dit gewas kon verminderen. Dit experiment 

ging ook na of deze parameters verder beïnvloed werden door toevoeging van gistextract 

en/of Addit en xanthaangom aan de spuitsuspensie. 

Een veldproef rond toepassingshoeveelheid en een veldproef rond toepassingstechniek 

werden opgezet om het effect van verschillende toepassingshoeveelheden van S. 
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carpocapsae op de bestrijding van de kooluil na te gaan. Deze veldproeven dienden 

daarnaast om te bevestigen dat de geselecteerde spuitboomconfiguratie wel degelijk meer 

geschikt was dan een gewone spuitboom voor de bestrijding van de kooluil. 

In het adjuvant-experiment was het beschermende effect van bespuitingen met 

S. carpocapsae, gecombineerd met Addit en xanthaangom op het aantal door kooluil 

beschadigde bloemkolen duidelijk. Het was echter ook duidelijk dat toepassingen met de 

referentiebehandeling (Bacillus thuringiensis (Bt)) een beter resultaat gaven in vergelijking 

met alle andere behandelingen, hoewel het verschil in resultaat niet altijd significant was. 

Met deze gegevens in het achterhoofd kunnen we zeggen dat EPN mogelijk een extra 

bestrijdingsoptie zijn voor de kooluil, indien de effectiviteit van EPN-toepassingen verder 

verhoogd kan worden. 

Zowel in het adjuvant-experiment als in de experimenten rond toepassingshoeveelheid en 

toepassingstechniek waren de aantallen kooluillarven bijzonder variabel tussen individuele 

planten. Dit maakte het moeilijk om statistisch significante verschillen te onderscheiden 

tussen het gemiddelde aantal rupsen per plant. Metingen van bladschade en van het aantal 

door kooluil geïnfecteerde planten bleken daarentegen veel minder variabel, en dus veel 

betrouwbaarder te zijn dan rupsentellingen, voor het bepalen van de bestrijdingseffecten 

van S. carpocapsae en Bt. 

Enkel Bt-toepassingen met de aangepaste spuitboom stopten de verdere ontwikkeling van 

de schade veroorzaakt door de kooluil. Verder waren er in de perceeltjes die met Bt werden 

behandeld significant minder geïnfecteerde planten dan in de controleperceeltjes. De 

bescherming tegen zonlicht aan de onderkant van de bladeren en de betere plaatsing van Bt 

op de planten in de perceeltjes die Bt kregen toegediend met de aangepaste spuitboom, 

zorgden wellicht samen voor het verschil in de bestrijdingsresultaten tussen de Bt-

behandelingen met de gewone en met de aangepaste spuitboom.  

Het was verder duidelijk dat er nog veel ruimte is voor verbetering van bladbespuitingen met 

EPN tegen de kooluil. De bestrijdingsresultaten waren waarschijnlijk grotendeels afhankelijk 

van de temperatuur. Meer koudetolerante EPN-soorten/isolaten/kruisingen moeten worden 

getest, voor er conclusies kunnen worden getrokken over de optimale 

toepassingshoeveelheid van de EPN. 
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De depositiemetingen waren bijzonder variabel in alle experimenten. Dit werd waarschijnlijk 

veroorzaakt door de plantarchitectuur van bloemkool: door de overlappende bladeren is het 

bijzonder moeilijk om de volledige plant te bespuiten. Dit is een belangrijk probleem voor 

middelen zoals Bt en EPN, die in contact moeten komen met het plaaginsect, omdat niet 

bespoten delen van de plant niet beschermd zijn tegen de doelplaag. 

Vooreerst moeten er koudetolerante EPN-soorten/isolaten/kruisingen, die effectief zijn 

tegen de kooluil, beschikbaar worden. Pas dan kunnen EPN toepassingen in biologische 

bestrijdingsschema’s worden ingepast om de ontwikkeling van Bt-resistentie bij de kooluil 

tegen te gaan. Dit is van groot belang, aangezien de kooluil al een aangeboren resistentie 

tegen Bt heeft. 

Hoofdstuk 4 beschrijft drie veldproeven rond toepassingen van infectieve juvenielen (IJ) van 

S. feltiae tegen maden van de koolvlieg in bloemkool. Deze experimenten spitsten zich toe 

op het vinden van een optimale toepassingshoeveelheid (200.000 IJ/plant vs. 50.000 

IJ/plant), een geschikte toepassingstechniek (plantbakbespuitingen vs. 

aangietbehandelingen) en een geschikte timing van de toepassingen (toepassing bij planten 

vs. één week na planten, met of zonder één of twee opvolgbehandeling(en)). 

De resultaten toonden aan dat voor de bestrijding van de koolvlieg in bloemkool een 

plantbakbespuiting met S. feltiae betere resultaten geeft dan een aangietbehandeling met 

dezelfde nematode. Plantbakbehandelingen kunnen het percentage door koolvlieg 

uitgevallen planten verminderen. Aangezien er geen verband bestond tussen de 

toepassingshoeveelheid en het aantal dode planten, is het waarschijnlijk mogelijk om de 

toepassingshoeveelheid te verlagen zonder de goede bestrijdingsresultaten in gedrang te 

brengen. Het aantal koolvliegmaden rond de plantenwortels kan tijdelijk verminderd worden 

door plantbakbehandelingen met 200.000 IJ van S. feltiae toe te passen per bloemkoolplant. 

De resultaten van de mortaliteitstests met wasmotlarven op bodemstalen die werden 

genomen rond de bloemkoolplanten, toonden aan dat IJ van S. feltiae, die werden 

toegediend in een plantbakbespuiting, één tot twee weken nodig hebben om zich te 

verspreiden in de bodem rond bloemkolen. Deze testen toonden ook aan dat de meest 
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effectieve periode van IJ van S. feltiae in de bodem beperkt is tot maximaal vijf weken. Een 

opvolgbehandeling is dus zeker aan te raden. 

Verder onderzoek gaat best na of de toepassingshoeveelheid van IJ van S. feltiae in een 

plantbakbehandeling verlaagd kan worden zonder de bestrijding te verminderen, en of een 

opvolgbehandeling die drie tot vijf weken na planten, met een geschikte techniek (bv. 

injectie) wordt toegepast, de bestrijding van de koolvlieg verder kan verbeteren. 

Hoofdstuk 5 rapporteert over twee veldproeven in prei. Deze proeven werden opgezet om 

het bestrijdingseffect van bespuitingen met S. feltiae tegen tabakstrips te bepalen, en indien 

mogelijk te verbeteren. De eerste veldproef werd uitgevoerd op een biologisch proefbedrijf 

en richtte zich op de selectie van een geschikte toepassingstechniek en op het testen van het 

effect van een lokmiddel op de bestrijding van tabakstrips. De tweede veldproef was gericht 

op het inpassen van spuittoepassingen met EPN in een conventioneel bespuitingsschema 

met chemische middelen. Daarnaast werd in deze tweede proef nagegaan of de toevoeging 

van het surfactant Addit aan de spuitsuspensie de bestrijding van tabakstrips verbeterde. 

De resultaten tonen aan dat het geselecteerde (commerciële) isolaat van S. feltiae niet 

effectief was tegen de bladbewonende levensfases van de tabakstrips in prei. Zelfs de 

toevoeging van een lokmiddel, en het aanpassen van de toepassingstechniek 

(bandbespuiting en rijenbespuiting) verbeterden de effectiviteit niet. Het was ook duidelijk 

dat de rijenbespuiting voor een meer egale depositie aan onder- en bovenkant van zowel 

oude als nieuwe preibladeren zorgde. Deze techniek biedt dan ook perspectieven voor het 

verbeteren van bespuitingen met fungiciden en contactinsecticiden in prei. 

De discussie in hoofdstuk 6 legt een verband tussen de verkregen resultaten en suggereert 

toekomstige onderzoekslijnen. Het beschreven experimenteel werk tegen de koolmot, 

koolvlieg en thrips toonde aan dat een significante bestrijding van de eerste twee plagen 

zeker mogelijk is in de groententeelt in open lucht, maar evenzeer dat er nog een lange weg 

te gaan is voor EPN commercieel tegen deze plagen toegepast zullen worden. Een efficiënte 

bestrijding van insectenplagen met EPN in open lucht vraagt om een perfecte combinatie 

van verschillende factoren: EPN-soort/isolaat/kruising, plaag, gewas, toepassing (zowel in 

termen van techniek, formulering als van toepassingshoeveelheid) en omstandigheden in 

het veld. Om al deze factoren te laten overeenstemmen, moeten er meer EPN-
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soorten/isolaten/kruisingen worden getest op hun eigenschappen (bv. pathogeniteit, 

temperatuurtolerantie, beweeglijkheid, droogteresistentie). 

Op korte termijn lijkt onderzoek naar EPN toepassingen tegen plagen in de serreteelt het 

meest interessante onderzoeksveld in gematigde klimaten. Pas wanneer de prijzen van EPN-

producten dalen door verhoogd gebruik en er nieuwe EPN-soorten/isolaten/kruisingen en 

toepassingstechnieken beschikbaar worden, kunnen ook EPN-toepassingen in open lucht 

commercieel haalbaar worden. 

Een goede toepassing van EPN als bestrijdingsmiddel tegen verschillende soorten insecten in 

verschillende gewassen vergt heel wat kennis van een landbouwer. Ook de toekomstige 

verplichting vanuit de EU om klassieke bestrijdingsmethoden te vervangen door 

geïntegreerde gewasbeschermingsmethoden zal de nood aan kennis rond 

gewasbescherming verhogen. De adviesnetwerken van de overheid, van NGO’s en van 

bedrijven moeten versterkt worden om aan deze vraag te voldoen, om zo de Europese 

gewassen gezond te houden. 
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SUMMARY 

 

 

 

Due to the potential impact of conventional chemical pesticides on human health and on the 

environment, governments worldwide are developing policies to reduce the use of these 

pesticides. Instruments like the EU directive 91/414/EEC, have resulted in the withdrawal of 

many active ingredients from the market. Furthermore, the new EU directive 2009/128/EC 

on the sustainable use of pesticides states that non-chemical methods should be given 

priority wherever possible. To improve the sustainability of agriculture and to avoid 

resistance development against the receding number of active ingredients remaining on the 

market, biological alternatives for conventional chemical pesticides are much sought after 

and even urgently needed.  

Entomopathogenic nematodes (EPN) are one of those alternatives. They are used for the 

biological control of an increasing number of insect pests. These bio-insecticides are 

exceptionally safe for farmers, farm workers, for consumers and for the environment. 

However, they may have lower efficacy than conventional chemical pesticides. Nonetheless, 

EPN are equivalent to or even better than conventional chemical insecticides in controlling a 

number of commercially important pests (e.g., against black vine weevil, citrus root weevil, 

cranberry girdler, hunting billbug and western corn rootworm). Poor efficacy against other 

pests can be the result of inappropriate application methods, the use of poor quality 

products or suboptimal application conditions. 

This work focused on optimizing the application of EPN in field vegetables. The general aim 

of this work was to test and, where possible, to improve the control potential of EPN against 

three difficult to reach pests, described in detail in chapter 1, viz.: the leaf-bound cabbage 

moth (Mamestra brassicae) in cauliflower, the soil-bound cabbage root fly (Delia radicum) in 

cauliflower and the cryptic onion thrips (Thrips tabaci) in leek. Depending on the target pest, 

the experiments described in chapters 2 to 5 examined the effect of (1) adding adjuvants to 
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the spray suspension, (2) altering the application rate of the EPN and (3) adapting the 

application technique and/or (4) the timing of the application(s).  

Chapter 2 focused on improving the formulation and application of EPN on leaves using 

laboratory tests with special attention to one specific pest: the cabbage moth. Suitable 

adjuvants for EPN spray applications were selected based on the absence of toxic or 

immobilizing effects on two EPN species: Steinernema feltiae and S. carpocapsae. The 

selected humectants and dispersants were further screened for their effects on the 

sedimentation of these EPN species in a tank suspension. Next, the effect of three suitable 

surfactants and a humectant and the effect of nozzle size on the deposition of S. 

carpocapsae on hydrophobic cauliflower leaves was investigated. Subsequently, a laboratory 

experiment verified whether brewer’s yeast extract can be used as an attractant for the 

cabbage moth larvae, and whether it improves the mortality caused by EPN to cabbage 

moth larvae. Finally, the effect of the most suitable surfactant and humectant, selected from 

the deposition test, on the longevity and on the infectivity of S. carpocapsae, is presented. 

These experiments have shown that all selected alcohol ethoxylates (Synperonic 91/5, 

Synperonic 91/6, Synperonic 10/6 and Atplus 245) and the selected alkylpolysaccharide (AL-

2575) immobilized both S. carpocapsae and S. feltiae when mixed in the spray suspension. 

Xanthan gum remains the best sedimentation-retarding agent. An ISO 02 standard flat fan 

nozzle can clog when spraying S. carpocapsae. An ISO 04 standard flat fan nozzle provides a 

higher relative deposition of different S. carpocapsae-adjuvant suspensions on cauliflower 

leaves than the bigger ISO 08 standard flat fan nozzle. Three spreading agents (Silwet L-77, 

SB Plant Invigorator and Addit) roughly doubled the relative EPN deposition with both the 

ISO 04 and the ISO 08 nozzle when added to the EPN suspension. Addition of xanthan gum 

did not significantly increase deposition any further. Addition of yeast extract to a foliar 

spray containing S. carpocapsae significantly increased mortality of the cabbage moth and 

decreased the amount of leaf damage caused by these caterpillars. And finally, it was shown 

that adding Addit and xanthan gum to a spray suspension containing S. carpocapsae 

prolongs the survival of EPN on leaves, and that these adjuvants can cause mortality in 

larvae of Galleria mellonella. It was however deemed unlikely, and proven in a field test 

(chapter 3), that Addit and xanthan gum at the used concentrations, would have a significant 

effect on insect plagues in field conditions. 
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The field experiments described in chapter 3 implemented the results of chapter 2 and 

aimed to optimize the control of cabbage moth with S. carpocapsae. A spray application 

tools test, was performed to select a spray application technique that leads to a maximum of 

spray coverage on specific parts of the cauliflower plant. The targeted spraying areas were: 

(1) the central part of the plant, where the cabbage moth larvae can cause direct economic 

damage to the cauliflower head, and (2) the underside of the leaves, where the young larvae 

hide during the day and feed during the night. 

The test showed that two spray boom configurations with vertical extensions in the crop 

covered the lower side of the outer leaves very well, while also securing statistically equal 

coverage of the underside of the centre leaves, when compared to all other configurations. 

Therefore, one of these configurations, a spray boom configuration with TeeJet TP 80 04 EVS 

nozzles mounted on the horizontal spray boom and TeeJet UB 85 04 nozzles mounted 38 cm 

long vertical extensions, was selected for the field trial with S. carpocapsae. 

An adjuvant trial, determined whether S. carpocapsae, applied in the field with this 

technique, could effectively reduce the cabbage moth numbers in a cauliflower crop and/or 

the damage to this crop. It also tested if these parameters could be further reduced by 

adding yeast extract and/or Addit and xanthan gum to the tank suspension. 

An application rate trial and an application technique trial, were set up (1) to test the effect 

of different application rates of EPN on cabbage moth control and (2) to confirm if the 

application technique selected in the spray application tools test was indeed better suited 

than a standard broadcast spray application, for controlling the cabbage moth. 

In the adjuvant trial, the numbers of damaged cabbage heads clearly demonstrate a 

protective effect of spraying with a suspension of S. carpocapsae, when combined with Addit 

and xanthan gum. It was noticeable that Bt applications outperformed all other treatments, 

although the difference was not always significant. Based on these results, EPN might 

provide an extra control option against the cabbage moth, if the efficacy of EPN treatments 

can be further enhanced. 

Similar to the adjuvant trial, the numbers of cabbage moth larvae were highly variable 

between individual plants in both the application rate trial and the application technique 
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trial, making it difficult to distinguish statistical differences between the mean number of 

caterpillars per plant. However, leaf damage measurements and the number of infected 

plants proved to be much less variable and thus much more reliable than counting numbers 

of caterpillars for assessing control by S. carpocapsae and Bt treatments in both trials. 

Only the Bt applications with the adapted spray boom effectively stopped damage 

development caused by the cabbage moth. Furthermore, the plots that received Bt with the 

adapted spray boom were the only plots that contained significantly less infected plants 

than the control plots. The protection against sunlight on the underside of leaves, together 

with better placement of the Bt spray may explain the better control of the Bt applications 

with the adapted spray boom compared with the regular spray boom. This chapter shows 

that there is much room for improvement in the foliar application of EPN against cabbage 

moth. Control results were probably largely dependent on the temperature. More cold-

tolerant species, strains or breeding products of EPN should be searched for, so that they 

can be used against the cabbage moth, before any conclusions can be drawn on the optimal 

application rate of the EPN. 

The deposition measurements in all trials suffered from high variability. This was most 

probably caused by the plant architecture of cauliflower: due to the overlap of leaves, some 

areas of the plant are difficult to spray. This variability is a major concern for biocontrol 

agents like Bt and EPN, since areas that are not sprayed, are not protected against the 

targeted pest. 

When a low temperature active EPN species/strain/breeding product, efficacious against the 

cabbage moth, becomes available, then EPN applications might be fitted into biological 

control schemes to prevent development of resistance of cabbage moth against Bt. This is of 

major importance, since cabbage moth already seems to possess some innate resistance 

against Bt products. 

Chapter 4 presents three field tests with applications of IJ of S. feltiae against cabbage root 

fly in cauliflower. These tests focused on finding an optimal application rate (200,000 IJ/plant 

vs. 50,000 IJ/plant), a suitable application technique (plant tray spraying vs. drench 

application) and a good timing of the application (application at planting vs. application one 
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week after planting vs. application two weeks after planting, with or without one or two 

follow-up treatment(s)). 

The results demonstrated that a plant tray spray with S. feltiae is superior to a drench 

application in controlling cabbage root fly in cauliflower. Plant tray sprayings with S. feltiae 

can reduce the percentage of dead plants compared with the non-treated control. The lack 

of an application rate-effect relationship suggests that it might be possible to further reduce 

the applied rate of S. feltiae without causing a significant reduction in control. Numbers of 

cabbage maggots around the plant roots can be temporarily reduced by plant tray sprays 

with a rate of 200,000 IJ S. feltiae per cauliflower plant. 

Mortality results of bait tests with wax moth larvae on soil samples taken from around the 

cauliflower plants, showed that IJ of S. feltiae, applied as a plant tray spray, take one to two 

weeks to spread into the soil around the roots of cauliflower. These bait tests also showed 

that the most effective period of IJ of S. feltiae in the soil is limited up to five weeks, which 

warrants a follow-up treatment. 

Further research should examine whether the application rate of IJ of S. feltiae in a plant tray 

spray can be lowered, while maintaining a good control, and whether a follow-up application 

of S. feltiae, applied three to five weeks after planting with a better suited technique (e.g., 

injection), would further improve control of cabbage root fly. 

Chapter 5 presents two field trials in leek set up to determine and, if possible, to improve 

the effect of spray applications with S. feltiae against onion thrips in leek. The first trial was 

carried out on an organic farm and focused on selecting a suitable spray application 

technique and on testing the effect of an attractant on thrips control. The second trial 

focused on incorporating spray applications of EPN in a conventional insecticide scheme, and 

on the effect of mixing the surfactant Addit in the spray suspension on the control of onion 

thrips. 

The results show that the selected commercial strain of S. feltiae was not effective against 

the foliar inhabiting life stages of onion thrips in leek. Mixing a thrips attractant in the spray 

suspension and spraying with adapted spray equipment (band application and row 

application) did not improve the efficacy. Compared with the traditional spray boom 
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technique, the row application technique ensured a more even EPN deposition on both the 

upper side and underside of both old and new leek leaves. This technique offers good 

potential for improving the applications of fungicides and of contact insecticides in leek. 

The general discussion in chapter 6 links the obtained results, and suggests directions for 

future research. The described experimental work with EPN against the cabbage moth, 

cabbage root fly and onion thrips showed that significant control of the first two pests is 

certainly possible in outdoor vegetables, but it also showed that there’s still a long way to go 

before EPN will be applied commercially against these pests in outdoor vegetables. Efficient 

control of insect pests with EPN requires a perfect match between several factors: the EPN 

species/strain/breeding product, the pest, the crop, the application (in terms of technique, 

formulation and application rate) and the environmental conditions. Matching these factors 

requires the screening and breeding of much more EPN species/strains for different 

properties (e.g., pathogenicity, temperature tolerance, mobility, drought resistance). 

In the short term, research on EPN applications against greenhouse pests seems to be the 

most promising area of research in temperate climates. Only when the prices for EPN drop 

due to more widespread adoption and when new EPN species/strains/breeding products 

and application techniques become available, will outdoor applications of EPN become 

commercially viable. 

Because pest control with EPN is obviously not a one-size fits-all solution, farmers will need 

appropriate knowledge to obtain successful pest control with EPN. Moreover, the upcoming 

EU obligation for farmers to use Integrated Pest Management (IPM) methods to protect 

their crops will further increase the demand for knowledge on IPM methods. Governmental, 

NGO and corporate advisory networks will need to be strengthened in order to fulfil this 

demand and to keep European crops healthy. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

 

Symbol Description Unit 

a application rate mL/cm2 

c concentration of nematodes IJ/mL 

n number of nematodes - 
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Abbreviation Description 

AT application technique 

AR application rate 

Bt Bacillus thuringiensis Berliner 
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cv(s) cultivar(s) 

DD degree days 
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CHAPTER 1: GENERAL INTRODUCTION 

 

 

 

This chapter defines the concepts of sustainable insect control and biological control, and 

introduces entomopathogenic nematodes as a possible biological control option against 

insect pests. Furthermore, the three model pests that were selected for the research 

described in the following chapters, are presented, as well as the difficulties that can be 

encountered when applying EPN with conventional pesticide application equipment. Finally, 

the research objectives and thesis outline are presented. 

 

1.1 SUSTAINABLE INSECT CONTROL 

According to United Nations (UN) projections (2011), the global human population will reach 

9.2 million by 2050. To meet the food demands of this future population, agricultural 

production has to rise by 60% within 40 years. Since the total arable land is projected to 

increase by only 5% in the next decades, the additional production mainly needs to come 

from increased agricultural productivity (OECD-FAO, 2012). 

The productivity of crops can be significantly increased by protecting them against pestsi. 

Since the beginning of agriculture, humans have adopted a wide range of pest management 

strategies for safeguarding their crops. Before the Second World War, most control practices 

were cultural (e.g., crop rotation) or mechanical (e.g., weeding), although some chemical 

control measures (e.g., lead arsenate, Bordeaux mixture, sulphur) already existed. However, 

the true era of synthetic chemical pest control did not start until 1939, with the discovery of 

                                                      
i
 A pest is defined here as any organism that reduces the availability, quality or value of a human resource, 

including our crop plants (Bailey et al., 2010). 
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dichlorodiphenyltrichloroethane, more commonly known as DDT (Abrol & Shankar, 2012). 

Many more chemical pesticides were synthesized in the following decades. 

Unfortunately, these synthetic pesticides have caused numerous unforeseen problems: 

acute and chronic poisoning of applicators, farmworkers and consumers, death of fish, birds 

and wildlife, disruption of natural biological control and pollination, groundwater 

contamination and development of resistance of pests to pesticides (Isman, 2006). These 

issues have led governments to introduce more stringent pesticide regulation procedures, 

and to promote Integrated Pest Management (IPM) as a sustainable alternative to chemical 

crop protection.  

‘Integrated Pest Management’ (IPM) means careful consideration of all available plant 

protection methods and subsequent integration of appropriate measures that discourage 

the development of populations of harmful organisms and keep the use of plant protection 

products and other forms of intervention to levels that are economically and ecologically 

justified and reduce or minimise risks to human health and the environment. IPM 

emphasises the growth of a healthy crop with the least possible disruption to agro-

ecosystems and encourages natural pest control mechanisms (European Parliament and 

European Council, 2009). It is regarded as a pillar of both sustainable intensification of crop 

production and pesticide risk reduction (FAO, 2013). 

IPM uses a four-tiered approach to control pests (US Environmental Protection Agency, 

2013):  

 Action thresholds are set: the pest population density at which it makes economic 

sense to take a control measure, is determined. 

 Pest monitoring: pests are identified in the field and their population build-up is 

monitored to allow for sound control decisions. 

 Pest prevention: if significant pest damage is expected, preventive measures are 

taken to avoid this damage. 

 Pest control: when action thresholds are surpassed, despite the applied preventive 

measures, the pest control method posing the least risk to producers, consumers and 

the environment is chosen first. If this control method does not work, more risky 

methods can be applied. 
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Instead of using synthetic chemical pesticides as a blanket solution, integrated pest 

management uses a wide array of methods for pest prevention and control.  

Table 1.1 lists the commonly used categories of IPM prevention and control methods, with 

examples focusing on integrated control of insects. It should be noticed that this 

categorization shows some overlap (e.g., between natural compounds and biopesticides).  

 

Table 1.1. Categories of IPM prevention and control methods (Bailey et al., 2010). 

Method Example 

Modern selective pesticides Buprofezin against homopteran pests (whiteflies, mealybugs, 

planthoppers, etc.) 

Cultural practices Intercropping of carrots and onions against carrot fly (Psila rosae) 

Physical methods Row covers against various insects 

Natural compounds Mating disruption of codling moth (Cydia pomonella) by insect 

pheromones 

Plant breeding Genetically modified ‘Bt corn’ against European corn borer (Ostrinia 

nubilalis) 

Biological control agents Release of ladybirds against various aphids 

Biopesticides Spinosad against various caterpillars 

Genetic methods Sterile insect technique against the New World screw worm fly 

(Cochliomyia hominivorax) 

 

1.2 BIOLOGICAL CONTROL 

Biological control is an essential part of IPM and is defined as the use of an organism to 

reduce the population density of another organism and thus includes the control of animals, 

weeds and diseases. Biological control requires human intervention, while natural control 

does not (Bale et al., 2008). This work focuses on the biological control of insect pests. 

There are three forms of biological control: classical, augmentative, and conservation control 

(Bale et al., 2008). Classical control involves importing and releasing the natural enemy of an 

exotic pest that has become established in a new region. The natural enemy is expected to 

also establish itself in its new environment, so that no further releases are necessary. 

Augmentative control can be divided into two subcategories: inundative release, i.e. the 
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application of large numbers of the control organism against a pest, and seasonal inoculative 

release, in which the control organism is released once in a season and is expected to 

produce progeny that will continue to control the pest throughout the growing season. 

Conservation biocontrol refers to a whole set of measures that can be taken to favour the 

population build-up of indigenous natural enemies of (native) pests (e.g., creating refuges 

and providing alternative food for natural enemies). 

Biological control of insect pests can be accomplished using three types of organisms: 

predators, parasitoids and pathogens. Predators are organisms that feed on several 

specimens of one or more prey species to support their development and/or reproduction. 

Parasitoids are sometimes also called parasites, but the term parasitoids is more technically 

correct for those species whose immature stages develop in or on a single host (Shelton, 

2013), and who, unlike true parasites, eventually cause the hosts’ death. A pathogen is an 

organism that causes disease in a host. 

 

1.3 ENTOMOPATHOGENIC NEMATODES 

Nematodes are unsegmented roundworms that occupy a wide variety of ecological niches all 

across the globe. More than 30 nematode families contain species that are associated with 

insects and other invertebrates (Lacey et al., 2001). These associations range from ‘casual’ 

(i.e. phoretic, commensal) to obligate parasitism and pathogenesis (Stock & Hunt, 2005). The 

insect-associated nematodes showing most promise as biological control agents are the 

entomopathogenic nematodes (EPN) in the genera Steinernema and Heterorhabditis. These 

soil-dwelling nematode genera possess many attributes of parasitoids and pathogens. They 

are analogous to parasitoids because they have chemoreceptors and can actively search for 

their hosts. They are similar to pathogens because of their association with pathogenic 

bacteria (Lacey et al., 2001). 

1.3.1 TAXONOMY 

The taxonomic classification of the Steinernematidae and Heterorhabditidae is presented in 

Table 1.2. 
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Table 1.2. Taxonomy of the Steinernematidae and the Heterorhabditidae families (Stock & Hunt, 2005). 

___________________________________________________________________________ 

Fylum: Nematoda 

    Class: Chromadorea Inglis 

        Subclass: Chromadoria Pearse 

            Order: Rhabditida Chitwood 

                Suborder: Tylenchina Thorne 

                    Infraorder: Panagrolaimomorpha De Ley and Blaxter 

                        Superfamily: Strongyloidoidea Chitwood and McIntosh 

                            Family: Steinernematidae Chitwood and Chitwood 

 

                Suborder: Rhabditina Chitwood 

                    Infraorder: Rhabditomorpha De Ley and Blaxter 

                        Superfamily: Strongyloidea Baird 

                            Family: Heterorhabditidae Poinar 

 

1.3.2 LIFE CYCLE 

The life cycle of EPN is depicted in Figure 1.1. It starts with the infective juvenile (IJ) (upper 

right corner), also known as ‘dauer’ juvenile, a developmentally arrested third larval stage, 

that does not feed but may actively search through the soil for a suitable host (Glazer, 2002). 

The IJ enter a host via the mouth, anus, spiracles, or, for some species, even through the 

intersegmental membranes of the insect cuticle (Griffin et al., 2005). Once inside the 

haemocoel of the insect, the IJ release their symbiotic bacteria, that will cause septicaemia 

and eventually the death of the host, generally within 24 to 48 hours (Adams & Nguyen, 

2002). Meanwhile, the IJ develop to fourth and fifth (adult) stage nematodes, while feeding 

on bacteria and digested host tissue, and start reproducing. The first generation of 

heterorhabditid adults in a host are self-fertile hermaphrodites; subsequent generations are 
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males and females that reproduce by amphimixis. Steinernematid adults on the other hand, 

always reproduce by amphimixis, although at least one self-fertile exception, appropriately 

named Steinernema hermaphroditum, exists in this genus (Stock et al., 2004; Griffin et al., 

2005). This means that steinernematids generally need at least one male and one female of 

the same species inside a single host to reproduce, while heterorhabditids need only one 

individual invading a host, for successful propagation. 

The adults reproduce inside the host until food resources become scarce. Depending on the 

size of the host, this usually takes two to three generations (Adams & Nguyen, 2002). Food 

scarcity triggers the development and emergence of new IJ from the cadaver. Several 

hundred thousand IJ can emerge from a single host, depending on its size (Griffin et al., 

2005).  

 

 

Figure 1.1. Life cycle of entomopathogenic nematodes (Griffin et al., 2005). 
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1.3.3 NEMATODE-BACTERIUM SYMBIOSIS 

Xenorhabdus and Photorhabdus spp. are motile gram negative bacteria belonging to the 

Enterobacteriaceae (Forst et al., 1997). Species of these two genera live mutualistically 

associated with the species of the Steinernematidae and Heterorhabditidae, respectively.  

The mutualistic relationship of EPN and these bacteria has been compared to ‘guided 

missiles’ (the IJ) carrying bacterial ‘warheads’ (Lacey et al., 2001). The IJ carry the bacteria in 

their gut, hereby providing shelter against the soil environment, transport towards new 

hosts, and, in some associations, inhibition of the host’s immune response (Forst & Clarke, 

2002; Griffin et al., 2005). Upon entering, the bacteria are released in the haemolymph of 

the insect, and start to proliferate. They secrete extracellular enzymes (lipase(s), 

phospholipase(s) and protease(s)) that break down macromolecules in the host, hereby 

providing food for the nematodes. They also produce broad-spectrum antibiotics to avoid 

contamination of the haemocoel with other micro-organisms (Forst et al., 1997). 

There are a few small differences between the Heterorhabditis-Photorhabdus and the 

Steinernema-Xenorhabdus interactions. The Heterorhabditis-Photorhabdus relationship is 

highly specific: one nematode species retains one specific bacterial species. The 

Steinernema-Xenorhabdus relationship is less restrictive, i.e. several Steinernematidae can 

retain the same bacterial species (Forst & Clarke, 2002). Furthermore, Steinernema IJ carry 

the Xenorhabdus spp. in a specialized intestinal vesicle, while Heterorhabditis IJ carry 

Photorhabdus spp. around in the anterior part of their intestine (Boemare et al., 1996). 

1.3.4 BIOCONTROL POTENTIAL 

Besides being highly pathogenic to a multitude of insects in various habitats, both 

steinernematids and heterorhabditids possess many other interesting attributes for their use 

as an inundative biological control measure:  

 They pose no threat to plants, vertebrates and many invertebrates (Bathon, 1996; 

Lacey et al., 2001). Populations of bees in particular, are not at risk of being affected 

(Baur et al., 1995b). This high degree of safety means that unlike applications of 

chemicals, or even Bacillus thuringiensis Berliner (Bt) products, EPN applications do 

not require safety equipment and re-entry time and residues on food or feed are no 

issues (Shapiro-Ilan & Gaugler, 2013).  
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 They can be mass-produced, formulated and applied with regular spraying 

equipment (Lacey et al., 2001).  

 They can be combined with many chemical pesticides. Obviously, care should be 

taken with nematicides (Glazer, 2002; De Nardo & Grewal, 2003).  

 They are exempt from registration in many countries (Ehlers, 2005).  

 They can actively search for hosts. It should be noticed that searching behaviour is 

very dependent on the species. Some species (e.g., Steinernema glaseri (Steiner) 

Wouts, Mrácek, Gerdin & Bedding, Heterorhabditis bacteriophora Poinar) will 

actively ‘cruise’ through the soil, looking for potential hosts, while others (e.g., S. 

carpocapsae (Weiser) Wouts, Mrácek, Gerdin & Bedding, S. scapterisci Nguyen & 

Smart) remain passive, and exhibit ‘ambushing’ behaviour (Lacey et al., 2001). Still 

others (e.g., S. feltiae (Filipjev) Wouts, Mrácek, Gerdin & Bedding, Steinernema 

riobrave Cabanillas, Poinar & Raulston) display an intermediate behaviour.  

 They have been reported to reduce the abundance and diversity of plant-parasitic 

nematodes, which can be considered as a beneficial side-effect (Somasekhar et al., 

2002). 

 Although they are used primarily as biopesticides, some species of nematodes 

persist and recycle in the hosts habitat, causing continuous suppression of some 

insect pests (Lacey et al., 2001). 

When these EPN are compared to conventional chemical insecticides, some considerable 

drawbacks appear: 

 EPN are among the most expensive active ingredients used for insect control (Wright 

et al., 2005). 

 The shelf-life of EPN is much more limited than the shelf-life of synthetic chemical 

pesticides. Grewal and Peters (2005) report a maximum shelf-life of 12 months for a 

water-dispersible granule formulation of S. carpocapsae. This is an exception, 

however; all other reported EPN formulations have a shelf-life below or around six 

months. 

 EPN have low tolerance to drought and light. EPN applications have therefore 

principally been targeted against insects in the soil, their natural habitat. 



General introduction 

9 
 

Nonetheless, there is some potential of EPN applications against above-ground pests 

(Arthurs et al., 2004). 

 The relatively large size and high specific weight are concerns for application. This is 

more extensively discussed in chapter 2. 

 As with all biological products, the quality of the product may vary from one batch to 

another. 

 

1.4 MODEL PESTS 

Three model pests were chosen with the aim of determining the potential of EPN in different 

field habitats, viz. an exposed above-ground habitat, a cryptic above-ground habitat and a 

soil habitat. All model pests damage economically important crops in Flanders. 

The cabbage moth was chosen as the model pest for the exposed above-ground habitat. This 

noctuid moth has proven to be susceptible to EPN in the lab (Philipsen & Nielsen, 2003), but 

no further field research with EPN against this pest was reported. EPN would be a valuable 

control option in organic agriculture, to avoid resistance development of the cabbage moth 

against the widely used Bt sprays. 

The cabbage root fly was chosen as the model pest for the soil habitat. Lab and field tests on 

controlling the cabbage root fly with EPN already yielded promising results (see chapter 4), 

but knowledge on the effect of the placement of EPN in the soil, of the application rates and 

of the timing of the applications was lacking. 

Onion thrips were selected as the third model pest because it has developed resistance 

against a range of conventional pesticides, and because research on foliar applications of 

EPN against this thrips species is scarce (see chapter 5). 
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1.4.1 CABBAGE MOTH 

TAXONOMY 

The shortened taxonomic classification of the cabbage moth, Mamestra brassicae L. is 

presented in Table 1.3. 

 

Table 1.3. Short taxonomy of Mamestra brassicae (National Center for Biotechnology Information, 2013). 

___________________________________________________________________________ 

Fylum: Arthropoda 

    Class: Insecta 

        Order: Lepidoptera 

            Family: Noctuidae 

___________________________________________________________________________ 

MORPHOLOGY 

Eggs of the cabbage moth are subspherical/hemispherical, with a small round protruding 

micropyle on top. They measure around 0.60-0.65 mm in diameter. Eggs are white to pale 

yellow when laid. As the embryo develops, rust colored spots will appear. Just before 

emergence, eggs are ash colored with two dark grey spots, revealing the head and the 

prothoracic shield of the larva inside the egg (Sannino & Espinosa, 1999; INRA, 2013a). 

Larvae generally moult 5 times before pupating. They grow continuously from 1.7-1.8 mm 

(first stage (L1)) to about 37.3-40.5 mm (sixth stage (L6)), although their size also depends on 

their age after moulting and on food abundance. First instar larvae have a bright black head 

and a pale yellow body that turns opaque yellowish in two days’ time. Second instar larvae 

have a pale yellow head and a greenish yellow body, slightly greyish on the back. Third instar 

larvae have a pale translucent head, with a green-white body, with clearly visible dorsal line, 

subdorsal lines and lower spiracular line. Fourth instar larvae have a green-grey body that is 

paler on the ventral side, with a head that is difficult to distinguish from third instar larvae. 

The dorsal line is fragmented. Subdorsal lines and lower spiracular band are clearly visible. 

Fifth instar larvae have a yellowish-pale brown head with maculation and a body colouring 

similar to the fourth instar larvae. Sixth instar larvae greatly differ in body colouring: from 
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pale green to olive green-black and greyish with pink shades. Head colouring varies also: 

some larvae are greenish, other larvae are pale brown with darker reticulation concentrated 

mainly on the upper half of their head. All non-green sixth instar larvae have dark linear 

spots, arranged in pairs along their backs (Sannino & Espinosa, 1999). 

Pupae are about 19 mm long and 6 to 7 mm wide. Newly formed pupae are pale-brown and 

become reddish-brown over time (Sannino & Espinosa, 1999; Ovsyannikova & Grichanov, 

2013a). 

Adults have a wingspan of about 40-45 mm. Their forewings are mottled brown, black and 

grey, with a distinctive reniform stigma encircled with white spots, an orbicular spot and a 

short claviform spot, both with a black border. The wing is bordered by a white submarginal 

line with two dents forming a W, and a series of black spots. The hindwing is colored light 

brown-grey, darkening towards the latero-posterior edge (Sannino & Espinosa, 1999; 

Ovsyannikova & Grichanov, 2013a). 

 

Figure 1.2. Mamestra brassicae adult. Picture source: (Ovsyannikova & Grichanov, 2013a). 

 

LIFE CYCLE 

Depending on the climate, M. brassicae is mono-, bi- or tri-voltine (Devetak et al., 2012). The 

time to complete its life cycle depends on the ambient temperature. The thermal 

requirements - measured in degree days - to complete the different developmental stages of 

Mamestra brassicae are listed in Table 1.4. Under Belgian temperate circumstances, this 

species is bivoltine. The moths normally hibernate as diapausing pupae. The first generation 
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of moths appear in May-June, and lays eggs in clusters of 20-150 on the underside of leaves 

of the host plant. The average fertility of M. brassicae lies around 600 eggs per female. 

Emerging first instar larvae remain clustered. Larval instars 1 to 4 move around and feed 

mainly on the underside of the outermost leaves; instars 5 and 6 tend to move into the 

crown or head of the plant (Johansen, 1997a). Fully-grown larvae dig into the soil to pupate. 

The second flight of moths takes place from the end of July to the beginning of September. 

Second generation caterpillars develop from August to October and will enter diapause as 

pupae in the soil (INRA, 2013a). The life cycle is depicted in Figure 1.3. 

 

 

Figure 1.3. Mamestra brassicae life cycle. Picture sources: Calow (2013), Couckuyt (2010), INRA (2013a). 
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Table 1.4. Thermal requirements (±SD) of Mamestra brassicae as a function of the threshold of the different developmental 
stages. Adapted from Johansen (1997b). 

Developmental stage Developmental 

threshold (°C) 

Thermal requirement 

(degree days) 

Egg 8.6 75 ± 2 

Instar 1 7.7 66 ± 2 

Instar 2 6.9 49 ± 2 

Instar 3 6.3 53 ± 4 

Instar 4 4.3 67 ± 7 

Instar 5 6.0 62 ± 4 

Instar 6 5.0 94 ± 5 

Prepupae 1.3 102 ± 12 

Pupae 7.5 304 ± 7 

Pre-oviposition period 5.0 56 ± 9 

Total  928 ± 20 

 

DAMAGE 

The larvae of M. brassicae are a polyphagous leaf chewing pest found throughout Asia and 

Europe (Cartea et al., 2010). Opposing to what their name might suggest, their diet is not 

restricted to cruciferous plants. Known hosts include more than 70 species in 22 families, of 

which the Brassicaceae and Chenopodiaceae are the most preferred. Brassica species are 

particularly favoured (Rojas et al., 2000). 

In Belgium, the second generation of caterpillars is generally more numerous than the first 

generation and will cause most damage. Emerging first instar larvae gnaw on the underside 

of leaves, but will not penetrate leaves. Second and third instar larvae gnaw holes through 

the leaves. Older larvae can completely destroy leaves, leaving only the thick veins. 

Furthermore, the older larvae bite holes in the head of the cabbage, hereby polluting it with 

excrements. This renders the plant vulnerable to fungi and bacteria, which can further 

reduce marketability (Devetak et al., 2012; INRA, 2013a). 
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Figure 1.4. Mamestra brassicae damage to cauliflower. 

 

  



General introduction 

15 
 

1.4.2 CABBAGE ROOT FLY 

TAXONOMY 

The shortened taxonomic classification of Delia radicum L., commonly known as the cabbage 

root fly or cabbage maggot, is presented in Table 1.5. 

 

Table 1.5. Short taxonomy of Delia radicum (National Center for Biotechnology Information, 2013). 

___________________________________________________________________________ 

Fylum: Arthropoda 

    Class: Insecta 

        Order: Diptera 

            Family: Anthomyiidae 

___________________________________________________________________________ 

MORPHOLOGY 

Eggs of the cabbage maggot are white and elongate, and about 1 mm long. Larvae are white, 

legless, tapered maggots, up to 6 mm in length. There are three larval instars, recognizable 

from each other by the size of their mouthparts (Chen, 2003). The larval head is pointed, the 

rear is blunt and has 12 small, pointed protuberances, arranged in a circle around two 

spiracles. The pupa of D. radicum is 7 to 8 mm long, reddish-brown and barrel shaped. Adult 

flies resemble house flies, but are considerably smaller. They are around 6 mm long, dark 

grey, with black stripes along their body (Anonymous, 2013; INRA, 2013b). The male is 

smaller (5-6 mm), darker coloured and more bristly than the female (6-7 mm). Also, the tip 

of the male’s abdomen is more rounded. 

LIFE CYCLE 

Like the cabbage moth, the development of D. radicum depends on the temperature. Due to 

this dependency, the cabbage root fly is univoltine in northern regions, but can have up to 

five flights in warmer regions. Under the local Belgian climate, the cabbage root fly is 

trivoltine (Chen, 2003). 
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Depending on spring temperatures, the first flight appears between the end of March and 

early May (Anonymous, 2013). Adults have a short lifespan of about 15 to 20 days (at 20°C). 

During this period, a female adult of D. radicum lays around 150 eggs (INRA, 2013b) in the 

soil immediately surrounding cruciferous plants. Eggs will hatch after 4 to 6 days at 15-20°C. 

When maggots emerge, they move towards the roots and start tunneling. Young maggots 

start feeding on small rootlets, but move towards the main root with age. Maggots moult 

two times. After about three weeks, the maggots are in the final larval stage and will exit the 

roots, to pupate in the surrounding soil. The pupa stadium lasts around 20 days (INRA, 

2013b). 

Soil temperatures higher than 22°C induce aestivation, i.e. a resting phase. Cool 

temperatures on the other hand, combined with a shortening photoperiod in September-

October, induce diapause. Delia radicum normally overwinters as a pupa. The life cycle is 

depicted in Figure 1.5. 

 

Figure 1.5. Delia radicum life cycle. Picture source: Chen (2003). 
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DAMAGE 

The maggot of D. radicum is a cosmopolitan pest of cruciferous crops (Georgis et al., 2006). 

These larvae are most destructive on cabbages, but Brussels sprouts, radishes, turnips, 

swedes, garden stocks and many cruciferous weeds are also attacked (Chen et al., 2003b). 

The cabbage maggot tunnels on and through the root system, hereby disrupting water and 

nutrient flow to and from the above ground parts of plants. This physical damage facilitates 

the infection of pathogens (e.g., Rhizoctonia solani). 

Control of the larvae is necessary, even at low pest densities, especially when plants are 

young or when the roots are used for human consumption (Chen et al., 2003b). Seedlings 

can be damaged severely and are often killed, while the growth of older plants can be 

slowed down. Yield can also be affected, although most (older) plants can take some 

damage before an effect on yield becomes significant. Root crops suffer direct damage: even 

a low percentage of lightly damaged roots can make root crops like swede unmarketable 

(Finch, 1993). Leaves of affected plants develop a purplish tinge on warm days, and turn 

yellow and wither completely if damage is severe (INRA, 2013b). 
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1.4.3 ONION THRIPS 

TAXONOMY 

The shortened taxonomic classification of the onion thrips, Thrips tabaci Lindeman is 

presented in Table 1.6. 

Table 1.6. Short taxonomy of Thrips spp. (National Center for Biotechnology Information, 2013). 

___________________________________________________________________________ 

Fylum: Arthropoda 

    Class: Insecta 

        Order: Thysanoptera 

            Family: Thripidae 

___________________________________________________________________________ 

MORPHOLOGY 

Eggs are microscopic, whitish and have an elliptical to bean-like shape. The first and second 

stage nymphs of T. tabaci are white to pale yellow, while the prepupa and pupa are darker 

coloured, varying between yellow and brown. All immature stages measure between 0.5 and 

1.2 mm (Rueda & Shelton, 1995; Alston D.G., 2008). They resemble adults but their wings 

are absent or primordial, depending on the life stage. Female adults (Figure 1.6) vary 

considerably in size: between 0.8 and 1.5 mm (Rueda & Shelton, 1995; INRA, 2013c). They 

have four fully-developed fringed wings and are coloured yellowish to dark brown (Mound, 

2007). The extremely rare wingless male is somewhat smaller than the female (Drees & 

Jackman, 1999; INRA, 2013c). 

The difference between T. tabaci and Frankliniella occidentalis Pergande, another common 

thrips species in Belgium, can only be seen through a microscope. The most conspicuous 

morphological differences between both species are the number of antennal segments 

(eight for F. occidentalis vs. seven for T. tabaci), the colour of the ocelli (red for F. 

occidentalis vs. pale for T. tabaci), the number and location of setae (hairs) on the prothorax 

(four pairs of strong setae, one on each corner for F. occidentalis vs. two pairs, on the rear 

corners only for T. tabaci), and abdomen colour (coloured markings and a black abdominal 
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tip for F. occidentalis vs. a fairly uniformly coloured abdomen for T. tabaci) (Steiner et al., 

2013). 

 

 

 

Figure 1.6. Thrips tabaci female adult. Source: Mound (2007) 

LIFE CYCLE 

Males of T. tabaci are extremely rare. Therefore, reproduction is almost entirely 

parthenogenetic. Females live 12 to 17 days. After these females have fed for a few days, 

they will lay an average of 30 eggs (can be up to 80 eggs). Eggs are thrust one by one in soft 

plant tissue like leaves and flowers. After hatching, nymph instars I and II start feeding. 

These instars are active feeding stages that resemble the adults, besides having no wings. 

Within 10 to 14 days after emergence from the egg, the fully grown second instars drop 

from the plant and dig a few cm in the soil to moult into the non-feeding third (prepupal) 

and fourth (pupal) stage. These stages are recognizable by their primordial wings. The 

prepupal and pupal stage take respectively two and four to seven days to complete. Under 

hot, dry circumstances, thrips populations can rapidly build up due to the short generation 

cycle and the parthenogenetic reproduction. Onion thrips generally overwinter as females 

sheltering in the soil (Drees & Jackman, 1999; INRA, 2013b). 
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Figure 1.7. Thripidae life cycle. Source: Tirry (2013) 

 

DAMAGE 

Onion thrips are highly polyphagous: their host range includes various grasses and 

broadleaved plants. Nymphs and adults use their mouthparts for rasping or piercing through 

epidermis cells of young plant tissue and for sucking out the contents. This removes the 

chlorophyll from the cells and causes silvery patches and streaks on leaves. When damage is 

severe, these patches can cover a major part of the leaves, hereby inhibiting adequate 

photosynthesis. 

In leek, thrips cause most damage in the stalk, where the new leaves develop. When these 

new leaves grow, the damage will enlarge and will become apparent (Figure 1.8). Onion 

thrips may also vector viruses and other plant diseases, most notably, purple blotch, a fungal 

disease caused by Alternaria porri (Rueda & Shelton, 1995; Drees & Jackman, 1999). 

During the past two decades, the economic importance of onion thrips has risen, because 

the species has developed resistance against various insecticides (e.g., pyrethroids, 

organophosphates and carbamates) (Gao et al., 2012), because it is spreading plant 
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pathogens (e.g., Iris Yellow Spot Virus), and, bearing global warming in mind, since it 

produces more generations at higher temperatures (Diaz-Montano et al., 2011). 

 

Figure 1.8. Silvery patches on leek, caused by feeding thrips. 
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1.5 APPLICATION TECHNOLOGY 

EPN can be applied with conventional pesticide application equipment. However, these 

nematodes are particulate and have different optimal application requirements than 

chemicals. Furthermore, EPN are among the most expensive active ingredients used for 

insect control (Wright et al., 2005). Therefore, the selection and development of suitable, 

efficient application techniques is of utmost importance for EPN applications. This section 

briefly reviews scientific literature on the difficulties of correctly applying EPN with 

conventional pesticide application equipment. 

1.5.1 TECHNICAL DIFFICULTIES 

The density of EPN is slightly higher than the density of water (1.05 g/cm³) (Wright et al., 

2005). This causes their sedimentation in the spray tank. Sedimentation is a serious problem 

when EPN are applied through a slow moving (trickle) irrigation system (Conner et al., 1998), 

but it also occurs in spray tanks, especially with larger EPN (see chapter 2). An adequate 

agitation system can counter this settling. However, some pumping systems are better 

suited than others for keeping EPN suspended in the tank. Different studies point out that 

high throughput pumps such as centrifugal pumps are less suited for EPN applications, 

because they cause significant heating of the spray mixture, which can be detrimental for 

the survival of the nematodes (Wright et al., 2005; Brusselman et al., 2010a). Low 

throughput pumps like diaphragm pumps and roller pumps generate less heat and should 

therefore be preferred for EPN applications (Fife, 2003; Wright et al., 2005). An important 

parameter influencing the heating of the spray mixture in the tank is its amount. When 

agitated with the same pump, a larger volume is a bigger heat sink, and will not heat as fast 

as a smaller volume. It should be noted that temperature sensitivity of EPN differs among 

species and strains (Brusselman, 2010), but a general advice is to keep the spray liquid 

temperature below 30°C (Grewal, 2002). 

Filters in the spray application equipment (e.g., the filter before the pump) should have an 

aperture size of at least 300 µm (=50 mesh) to allow passage of EPN. Filters with smaller 

apertures should be removed before EPN application (Wright et al., 2005).  

EPN can cope with very high static pressure. However, higher spray pressure will cause 

higher shear and tensile stress to EPN passing through an application system. Furthermore it 
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will cause a high pressure differential at the nozzle exit (Brusselman, 2010). Since shear 

forces highly differ between individual systems, it is difficult to set a maximum spray 

pressure for applying EPN. This is made clear by the difference between the pressure that 

European and American EPN distributors recommend (5.0 and 20.7 bar, respectively) 

(Wright et al., 2005).ii 

Research by Fife et al. (2005) on proper nozzle types for spraying EPN, concluded that flat 

fan, hollow cone and full cone nozzles do not cause damage at flow rates recommended by 

the manufacturers. 

1.5.2 SOIL APPLICATIONS 

Since the soil is the natural habitat of EPN, most EPN applications are targeted against soil-

dwelling insects. An important factor for soil application of EPN is the water content of the 

soil. Both very dry soils and water-saturated soils will impede movement and have 

detrimental effects on control with EPN (Koppenhöfer et al., 1995; Grewal, 2002; Hazir et al., 

2003). Irrigation is recommended for maintaining adequate moisture (Shapiro-Ilan et al., 

2012). Pre-application irrigation can be used either to prepare dry soil for optimum 

movement of EPN, or to cool down soil that is too hot (>28°C) for EPN application (Grewal, 

2002). Post-application irrigation on the other hand, can be used to rinse EPN spray droplets 

from the leaves onto the soil, where they are needed (Brusselman, 2010). 

The choice of the application method depends on both the crop and the target pest. 

Applications against root pests in lawns, turfgrass and pastures, for example, require a 

uniform EPN distribution, which is most easily obtained by applying EPN with a standard 

spray boom. Following the application, irrigation is required for rinsing the EPN from the 

grass into the soil (Grewal et al., 2005a). EPN applications in row-grown vegetables, 

however, will benefit from a more targeted approach (e.g., band spray applications, root 

dipping at planting, microjet irrigation, application of infected insect cadavers around 

plantlets, etc.) (Brusselman, 2010; Shapiro-Ilan et al., 2012). 

                                                      
ii
 To be on the safe side, 4.0 bar was set as the maximum spray pressure in all EPN applications in this thesis. 
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More detailed information about the critical factors of EPN applications targeting the soil 

inhabiting larvae of the cabbage root fly is given in the introduction of chapter 4. 

1.5.3 FOLIAR APPLICATIONS 

Experiments with foliar application of EPN in glasshouse ornamentals and vegetables have 

generated promising results and even commercial success against different pests (black vine 

weevil, fungus gnats, thrips, and certain borers) (Georgis et al., 2006). Under field conditions, 

the results have been more variable (Wright et al., 2005). Three abiotic factors were defined 

as the most important obstacles for outdoor foliar application of EPN: low relative humidity, 

unsuitable temperature and UV-light (Grewal, 2002; Brusselman, 2010; Shapiro-Ilan et al., 

2012). All three factors can restrict the survival and infectivity of EPN on leaves severely. 

Suitable application techniques and the addition of adjuvants to the spray suspension can, 

however, be used to improve deposition, thereby possibly also enhancing the control results 

with EPN. 

More details on the difficulties of foliar application of EPN are provided in chapter 2. 
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1.6 RESEARCH OBJECTIVES AND THESIS OUTLINE 

In view of the economic importance of the three pests discussed above, and because of the 

need for Integrated Pest Management, the general research objective of this thesis is testing 

and, where possible, improving the control potential of EPN against these three difficult to 

reach pests, viz.: the leaf-bound M. brassicae in cauliflower, the soil-bound D. radicum in 

cauliflower and the cryptic T. tabaci in leek. 

This general objective falls apart into several more specific aims per pest species. 

MAMESTRA BRASSICAE 

 Testing and selecting adjuvants and nozzle sizes that are compatible with EPN, and 

that can improve the efficacy of spray applications with EPN against M. brassicae in 

cauliflower in the field; 

 testing and selecting an application technique suitable for foliar applications of S. 

carpocapsae against M. brassicae in cauliflower in the field; 

 determining the efficacy improvement of foliar applications of S. carpocapsae against 

M. brassicae in cauliflower in the field, by addition of suitable adjuvants and by using 

a suitable application technique. 

DELIA RADICUM 

 Determining the effect of: 

 the placement of an S. feltiae suspension, 

 the application rate of S. feltiae, 

 repeated applications of S. feltiae, 

 the timing of applications of S. feltiae  

on the control of D. radicum in cauliflower in the field. 

THRIPS TABACI 

 Selecting an application technique suitable for foliar application of S. feltiae against T. 

tabaci in leek in the field; 

 testing the effect of a suitable spreader adjuvant and of an attractant on the control 

of T. tabaci in leek in the field. 
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Research started with a series of laboratory tests that determined the suitability of a series 

of adjuvants and of three nozzle sizes for use with EPN against leaf-bound pests, more 

specifically against M. brassicae (chapter 2). The most suitable adjuvants and the most 

suitable spray nozzle size were then taken into field tests against M. brassicae (chapter 3). 

Chapter 4 reports on the field tests carried out against D. radicum. Chapter 5 is dedicated to 

the field tests against Thrips tabaci. All of the abovementioned chapters start with a 

literature review on their specific subject. The last chapter of this thesis (chapter 6) discusses 

the results of all experimental work, it draws the general conclusions, and outlines future 

research directions. 
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CHAPTER 2: IMPROVING THE CONTROL OF CABBAGE MOTH 

THROUGH ADAPTED FORMULATION AND SPRAY APPLICATION: 

LABORATORY TESTS
c 

 

 

 

This chapter reviews scientific literature about the potential of EPN against leaf-bound pests, 

with special attention to one specific pest, the cabbage moth (M. brassicae). Subsequently, it 

presents experimental work on the selection of adjuvants, on nozzle size and on the 

performance of an attractant, suitable for foliar applications of S. carpocapsae against the 

cabbage moth. 

 

2.1 INTRODUCTION 

2.1.1 EPN AGAINST LEAF-BOUND PESTS 

Entomopathogenic nematodes (EPN) are commercially produced for inundative release of 

their infective juveniles (IJ), mostly as a soil drench against soil-dwelling insects. However, 

                                                      
c
 Part of this chapter was adapted from: 

 Beck, B., Brusselman, E., Nuyttens, D., Moens, M., Pollet, S., Temmerman, F. & Spanoghe, P. 

(2013). Improving foliar applications of entomopathogenic nematodes by selecting adjuvants and 

spray nozzles. Biocontrol Science and Technology, 23(5), 507-520. 

 Beck, B., Brusselman, E., Nuyttens, D., Moens, M., Temmerman, F., Pollet, S., Van Weyenberg, S. 

& Spanoghe, P. (2013). Improving the biocontrol potential of entomopathogenic nematodes 

against Mamestra brassicae: effect of spray application technique, adjuvants and an attractant. 

Pest Management Science, DOI: 10.1002/ps.3533. 
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several studies have also examined the potential of these soil-dwelling EPN in foliar 

applications (Lacey et al., 2001; Wright et al., 2005). Any technique that can minimize losses 

during the transfer of EPN from the tank to the target foliage is much sought after, since one 

of the factors determining the (lack of) success of EPN is the price: EPN are some of the most 

expensive active ingredients used for insect control. Furthermore, cover and placement of 

EPN are critical, because EPN survive no longer than a few hours on the leaves (Wright et al., 

2005). 

Foliar applications generally rely on conventional spraying equipment, normally used for 

chemical control. However, the use of such equipment has some drawbacks. First, EPN have 

a density of about 1.05 g/cm³ (Wright et al., 2005), which is higher than the density of the 

water in which they are suspended. This causes EPN to sediment fast on the bottom of a 

spray tank without agitation (Brusselman et al., 2010a). However, adding a dispersant or a 

humectant to the spray liquid can delay the sedimentation (Schroer et al., 2005a). Secondly, 

spray droplets containing EPN can bounce or roll from leaves. Bouncing and rolling of spray 

droplets from leaves occurs more frequently with bigger spray droplets (Crease et al., 1991). 

Nonetheless, coarse droplets seem to be needed, because EPN are relatively large 

organisms. Lello et al. (1996) calculated that the minimum droplet diameter needed to 

accommodate an IJ of S. carpocapsae (average IJ body length: 558 µm) is 178 µm. It should 

be noticed that other, larger nematode species (e.g., S. glaseri, average IJ body length: 1130 

µm) probably require larger droplet diameters. Considering both the need for a minimum 

droplet diameter, and the increase of losses due to bouncing and rolling of bigger droplets 

from leaves, it is obvious that an appropriate nozzle choice is essential to deliver the 

requested high number of EPN onto the leaves.  

Besides a well-considered choice of the nozzle, adding surfactants to the tank may also help 

to prevent spray droplets from bouncing or rolling from leaves, by altering the surface 

tension of droplets. This in turn decreases the Volumetric Median Diameter (VMD) of the 

spray, and reduces the percentage of rebounded droplets, potentially increasing the 

deposition of EPN on leaves (Reichard et al., 1998; Massinon & Lebeau, 2012). Adding 

humectants to the tank mix may increase deposition even further, as these adjuvants reduce 

run-off from the leaves (Schroer et al., 2005a). Furthermore, surfactants and humectants can 

improve the biological control capacity of EPN, e.g., the use of a surfactant and a humectant 
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with S. feltiae against the codling moth, Cydia pomonella (L.) (Lacey et al., 2006). However, 

Mason et al. (1998a) found that adjuvants can have a temporary immobilizing effect on EPN, 

whereas Arthurs et al. (2004) stated that adjuvants can be nematicidal on occasions, so 

adjuvants should always be tested for toxic effects on EPN at agriculturally relevant 

concentrations. 

2.1.2 EPN AGAINST LEAF-BOUND PESTS OF BRASSICACEAE 

Crops of Brassica oleracea (e.g., cauliflower, savoy cabbage) are vulnerable to attacks by 

various leaf-bound lepidopteran insects. The economically most important species are the 

diamondback moth, Plutella xylostella L. , the small white butterfly, Pieris rapae L., the 

cabbage looper, Trichoplusia ni Hübner and the cabbage moth M. brassicae (Reddy & 

Guerrero, 2000; Maxwell et al., 2006; Cartea et al., 2009; Cartea et al., 2010; Akhtar et al., 

2012). These pests are commonly controlled with chemical pesticides (pyrethroids, e.g., 

deltamethrin, lambda-cyhalotrin, cypermethrin; organophosphates, e.g., chlorpyrifos). Due 

to toxicological and environmental concerns about these chemicals, alternative (biological) 

control methods, like spraying Bt products or EPN formulations, have gained interest. In 

organic farming, Bt already is the method of choice for controlling lepidopteran pests. 

Resistance development to Bt has not yet been reported for M. brassicae, but it is already 

documented for several other Lepidoptera, i.e. the Indian meal moth, the diamondback 

moth and the cabbage looper (Richards & Dani, 2010). On the other hand, M. brassicae 

seems to possess some innate resistance against Bt products (Lightwood et al., 2000); the 

susceptibility of M. brassicae to one of the toxins of Bt (Cry1Ac) is low (2000 times lower 

than the susceptibility of P. brassicae), cultured cell lines of M. brassicae are relatively 

insensitive to the Cry1C toxin and the dose of B. thuringiensis kurstaki required to kill 30–

40% of M. brassicae larvae is approximately 20 times greater than that required to kill a 

similar percentage of Lacanobia oleracea L. larvae (Kwa et al., 1998; Lightwood et al., 2000; 

Richards & Dani, 2010). Bearing this innate resistance, and the possibility for further 

resistance development in mind, research into alternative control options for the cabbage 

moth in organic agriculture is necessary. 

EPN could be a good alternative to reduce damage by M. brassicae. Especially S. 

carpocapsae has a high potential for use on foliage, because it shows a superior desiccation 
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survival under the fast drying conditions occurring on foliage, when compared to other EPN 

species (Patel et al., 1997). A lot of work has been done, both in the lab and in the field, on 

assessing the usability of S. carpocapsae sprays against P. xylostella on leaves (Baur et al., 

1995a, 1997a, 1997b, 1998; Lello et al., 1996; Ratnasinghe & Hague, 1998; Mason et al., 

1998a, 1998b; Schroer & Ehlers, 2005; Schroer et al., 2005a, 2005b, 2005c). In contrast, 

almost no information is available about using this nematode against M. brassicae, although 

it is known that the larvae of the cabbage moth are relatively susceptible to EPN (Philipsen & 

Nielsen, 2003). 

This experimental work starts out with the selection of suitable adjuvants for EPN spray 

applications on the basis of the absence of toxic or immobilizing effects on two EPN species. 

The selected humectants and dispersants are further screened for their effects on the 

sedimentation of these EPN species in a tank suspension. Next, the effect of three suitable 

surfactants, a humectant and nozzle size on the deposition of S. carpocapsae on 

hydrophobic cauliflower leaves is investigated. Subsequently, a laboratory experiment 

verifies whether brewer’s yeast extract (powdered, Carl Roth, produced through aqueous 

extraction of autolysed brewer’s yeast) influences the behaviour of M. brassicae larvae, and 

whether this attractant improves the mortality caused by EPN to M. brassicae. Yeast extract 

is known to stimulate the feeding of larvae of Spodoptera littoralis Boisduval (Navon et al., 

1998). If the feeding rate of M. brassicae would be stimulated likewise, the contacts 

between the larvae and the EPN would increase, possibly improving infectivity. Finally, the 

effect of the most suitable surfactant and humectant, selected from the deposition test, on 

the longevity and on the infectivity of S. carpocapsae, is presented. 
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2.2 MATERIALS AND METHODS 

2.2.1 NEMATODES 

Two species of EPN were selected for the tests: (1) S. carpocapsae (trade name: 

Carpocapsae-System, Biobest, Westerlo, Belgium), which is marketed worldwide for the 

control of moths, crane flies, mole crickets, and several beetle larvae (Biobest N.V., 2013), 

and (2) S. feltiae (trade name: Entonem, Koppert, Berkel en Rodenrijs, The Netherlands), 

which is marketed worldwide for the control of larvae of Sciaridae and black vine weevil and 

for the control of larvae and pupae of thrips (Koppert B.V., 2013). 

2.2.2 VIABILITY TEST 

Five litres of stock spray suspension were prepared. This suspension consisted of tap water 

mixed with 2.5 million IJ/L of one of both EPN species. The spray suspension was kept 

turbulent by pumping air through it with a diaphragm vacuum pump (KNF Neuberger 

Laboport® N816.3K_.18, flow rate: 16 L/min). After 30 minutes, the concentration of the EPN 

in the suspension was homogenized by repeatedly pouring the suspension from one 

container to another. Two 200-mL samples were taken and transferred to 250-mL round-

bottom flasks. An amount of 0.2 g of the adjuvant under investigation (Table 2.1 lists all 

selected adjuvants) was added to one of the flasks. Both flasks were put on a shaker at 120 

rpm. In a first series of experiments, a subsample of 100 µL was taken from each flask and 

transferred to a separate counting plate after three hours. In a second series of experiments, 

the same was done but after 15 hours. Tap water was added to the two plates until the 

bottoms of the plates were completely covered. The nematodes were left to settle. Viability 

was assessed by counting the total number and the number of dead nematodes on the 

plates. Nematodes were considered dead if they did not move after being prodded with a 

pig’s hair (Brusselman et al., 2010b). Therefore, viability is rather an indicator for the 

nematode activity. Three replicates were performed for each adjuvant in Table 2.1. Each 

replicate started from a different stock suspension. 
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Table 2.1. Preselected surfactants and humectants. Terminology: surfactants or surface active agents lower the surface 
tension of liquids (e.g., soap); humectants are water adsorbing chemicals, used to keep surfaces moist; dispersants are 
chemicals that prevent sedimentation or clumping of particles in a liquid. 

Commercial name Chemical structure Function Company 

Synperonic 91/5 C9-11 alcohol-(5)-ethoxylate Surfactant Croda 

Synperonic 91/6 C9-11 alcohol-(6)-ethoxylate Surfactant Croda 

Synperonic 10/6 Primary branched C10 alcohol-(6)-ethoxylate Surfactant Croda 

Atplus 245 C9-C11 alcohol ethoxylate/propoxylate Surfactant Croda 

Crodasinic LS-30 Sodium lauroyl sarcosinate Surfactant Croda 

Adinol OT-72 Sodium N-methyl oleoyl taurate Surfactant Croda 

Trend 90 Isodecyl alcohol-(n)-ethoxylate Surfactant 
Du Pont de 
Nemours 

Silwet L-77 
Polyalkyleneoxide modified 
heptamethyltrisiloxane 

Surfactant Momentive 

SB Plant 
Invigorator 

Undisclosed composition, active ingredient: 
urea 

Surfactant/fertilizer 
Stan Brouard 
Group 

Addit Undisclosed surfactant + vegetable oil Surfactant Koppert 

AL-2575 C8/C10 alkylpolysaccharide Surfactant/humectant Croda 

Tween 20 Polyoxyethylene (20) sorbitan monolaurate Surfactant/humectant Croda 

Pricerine 9081 Glycerin Humectant Croda 

Polyvinylalcohol 
(PVA) 

Polyvinylalcohol Humectant Fluka 

Xanthan gum Xanthan gum Humectant Roth 

Synperonic 
PE/F108 

Ethylene oxide/propylene oxide block 
copolymer (poloxamer 338) 

Dispersant Croda 

Synperonic 
PE/F127 

Ethylene oxide/propylene oxide block 
copolymer (poloxamer 407) 

Dispersant Croda 
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The viability of a subsample was calculated by dividing the number of viable nematodes (i.e. 

the total number minus the number of dead nematodes) by the total number of nematodes 

on a counting plate. To correct for the variation in the viability of the different stock 

suspensions, the percentage of living nematodes on the plates containing the nematode-

adjuvant suspension, was normalized by calculating the relative viability percentage (RV) 

(Equation 2.1). This equation is based on Schneider-Orelli’s formula for corrected mortality 

(Püntener, 1981).  

  ( )  

     
     
     
     

     

Equation 2.1 

Wherein vEPNa is the number of viable EPN in the adjuvant suspension, tEPNa is the total 

number of EPN in the adjuvant suspension, vEPNc is the number of viable EPN in the control 

suspension, tEPNc is the total number of EPN in the control suspension. 

2.2.3 SEDIMENTATION TEST 

To determine the effect of five humectants and two dispersants (Table 2.1) on the 

sedimentation of EPN, two packages of 50 million IJ of either S. carpocapsae or S. feltiae 

were suspended in 10 litres tap water at room temperature. After 30 minutes, the 

suspension was mixed and poured into a commercial spray tank (Delvano, Harelbeke, 

Belgium) with an extra 30 L tap water. Hence, the nematode concentration in the tank 

suspension was 2.5 million EPN/L. This suspension was stirred with a hydraulic pump during 

five minutes, to ensure a homogenous distribution of the EPN. A five litre subsample of the 

suspension taken from the tank was supplemented with one of the adjuvants at a 

concentration of 0.3 g/L. Upon complete dissolution of the adjuvant, six 250-mL glass 

cylinders (Duran) were filled with 250 mL of the thoroughly mixed suspension. The cylinders 

were closed and turned upside down 10 times to ensure a uniform distribution of the EPN. 

The contents of the cylinders were left to settle for 0, 1, 2, 5, 10 and 20 min. At the end of 

this period of time, the upper 200 mL of the suspension was pumped using the above 

mentioned diaphragm pump. Nematode densities in these 200 mL were estimated by 

counting the nematode content in three subsamples. To reduce errors, nematodes were 
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counted in aliquots (100 µL or more) containing at least 200 individuals. The relative 

concentration of the EPN suspension drained from a cylinder was calculated by dividing the 

concentration of this suspension by the mean concentration observed in the cylinder that 

was drained immediately after turning it (i.e. 0 minutes settling time). Tests were repeated 

three times for each combination of EPN species and adjuvant. 

2.2.4 DEPOSITION TEST 

The influence of adjuvants on the deposition of an EPN spray on leaves was assessed for 

three spreading agents and one humectant, which were selected for their good performance 

in both the viability test and the sedimentation test: (1) Silwet L-77 (0.5 g/L), which seemed 

the best option for a rapid spread of the suspension over the leaf discs (Tominack, 2000); (2) 

Addit (2.5 mL/L), which is allowed for use in organic production; (3) SB Plant Invigorator 

(SBPI, 2 mL/L), which controls various insect pests, and which might have synergistic effects 

when combined with EPN; (4) the humectant xanthan gum (0.3 g/L), which yielded the best 

result in the sedimentation experiment. Each of the three spreading agents were tested with 

and without xanthan gum, resulting in six spray solutions. 

The automated spray boom described by Foqué and Nuyttens (2011) was used in an adapted 

form (Figure 2.1). A greenhouse sprayer (Delvano NV, Hulste, Belgium), with a tank capacity 

of 200 L, equipped with a membrane pump (AR 813, Annovi Reverberi , Modena, Italy) with 

a maximum flow rate of 79.9 L/min, was connected to the boom. The boom was mounted on 

a track and pulled at a pre-set speed over the track by an electric motor. The following 

parameters were set for this automated spray boom; i.e. speed: 1.1 m/s (=4 km/h), pressure: 

4.0 x 105 Pa (4.0 bar), boom height: 0.50 m above target leaves, and nozzle spacing: 0.50 m.  
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Figure 2.1. Automated spray boom. a: spray boom, b: spray unit, c: rolling bench, d: spray track with fixed engine (not 
visible). 

 

Three extended-range flat fan spray nozzles were tested: (1) the TeeJet XR 110 08 nozzle, (2) 

the TeeJet XR 110 04 nozzle and (3) the TeeJet XR 110 02 nozzle (TeeJet Technologies, 

Wheaton, US). Standard flat fan nozzles were chosen because of their good spray 

distribution. As mentioned in chapter 1, the differences between the distribution of EPN and 

the distribution of a chemical tracer underneath a nozzle are negligible for the standard flat 

fan nozzle (Brusselman et al., 2011). This means that flat fans are equally good at spraying 

EPN than at spraying chemicals, for which they were designed. Moreover, flat fan nozzles 

give a much more uniform spray distribution compared with other common nozzle types 

(e.g., hollow cone nozzles) (Sayinci & Bastaban, 2011). Furthermore, standard flat fan 

nozzles are, by far, the most used nozzles in agriculture. Most farmers have them at their 

disposal. If all the required materials to start spraying EPN are already at a farmer’s disposal, 

then the step to start using EPN is very small. With the selected nozzle sizes, we aimed to 
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cover a broad range of nozzle sizes, droplet characteristics and flow rates: the ISO 04 nozzle 

was selected because it is the most used nozzle size in Belgian agriculture. Furthermore, the 

ISO 02, a nozzle delivering half the flow rate of the ISO 04 nozzle and a much finer droplet 

spectrum than the ISO 04 nozzle, and the ISO 08 nozzle, a nozzle delivering double the flow 

rate of the ISO 04 nozzle and a much coarser droplet spectrum than the ISO 04 nozzle, were 

chosen. The TeeJet XR 110 02 nozzle tended to get clogged by the EPN formulation, so no 

relevant deposition results could be produced with this nozzle. 

At the given parameters, sprayings with the XR 110 08 nozzle and the XR 110 04 nozzle 

resulted in an application rate of 1095 L/ha and 546 L/ha, respectively. Droplet 

characteristics of tap water were measured using the Phase Doppler Particle Analyzer laser 

(Aerometrics Inc.) based measuring set-up and protocol described by Nuyttens et al. (2007). 

The XR 110 08 at 4.0 bar produces a flow rate of 1.82 L/min and a droplet spectrum with a 

Volume Median Diameter (VMD, i.e. the droplet size where half of the volume of a spray is 

in droplets smaller, and half of the volume is in droplets larger than this size) of 353 µm; 91% 

of the total spray volume consists of droplets bigger than the required 178 μm (Lello et al., 

1996). The XR 110 04 produces a flow rate of 0.91 L/min and a droplet spectrum with a VMD 

of 251 µm at the same pressure; 74% of the spray volume consists of droplets bigger than 

the required 178 μm (Nuyttens, personal communication). 

Thirty minutes before spraying, IJ of S. carpocapsae were suspended in 10 L tap water. The 

number of nematodes added depended on the nozzle type used. For the XR 110 08 nozzle, 

100 million IJ were added. Because the XR 110 04 nozzle delivers only half of the flow rate of 

the XR 110 08 nozzle, the amount of IJ was doubled to 200 million for applications with this 

nozzle.  

After 30 minutes, the nematode suspension was stirred and transferred to the spray tank. 

Tap water was added to obtain 40 L of spray suspension. This theoretically resulted in a tank 

concentration of 2.5 million EPN/L for applications made with the XR 110 08 nozzle and a 

concentration of 5 million EPN/L for applications made with the XR 110 04 nozzle. This 

ensured an equal theoretical amount of nematodes per surface unit for each nozzle type: i.e. 

2.7 billion IJ/ha (27 IJ/cm²). Subsequently, the agitation system of the tank was activated. 

Adjuvant(s) were added at the concentration indicated above, and the agitation system was 
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kept pumping for five minutes to ensure an even distribution of the nematodes in the spray 

suspension. Before spraying, a sample was taken from the tank suspension to check the 

concentration and the viability of the nematodes in the suspension. Five cauliflower leaf 

discs were sprayed at the same time. These discs (Ø: 3.0 cm), were covered with filter paper 

on the lower side and fixed into clamps at an angle of 45° to vertical to mimic the natural 

leaf angle as done by Brusselman et al. (2012a). With this setup, it was possible to restrict 

the spray to the upper side of the leaf discs. Three replicate runs, each spraying five discs, 

were performed per treatment. A new tank suspension was prepared for each run. 

During each run, the speed of the spray boom was recorded. The concentration and the 

viability of the nematodes in the tank were determined by counting the total and the viable 

number of nematodes in three 100 µL (in case of the XR 110 08 nozzle) or 50 µL (in case of 

the XR 110 04 nozzle) subsamples of the tank sample. Within one minute after spraying, all 

sprayed leaf discs were collected from the clamps, and the deposited nematodes were 

washed from the discs into Petri dishes and counted microscopically. The relative 

deposition (RD) was calculated as shown in Equation 2.2. 

                                                               ( )  
 

 

   
     

Equation 2.2 

Wherein n is the observed number of nematodes on the collector surface, s is the surface 

area (cm²) of the collector, a is the applied volume of tank suspension per unit of ground 

surface area (mL/cm²) and c is the observed concentration of nematodes in the tank 

suspension (IJ/mL) (Brusselman, 2010). 

 

2.2.5 ATTRACTANT TEST 

The attractant test determined the influence of brewer’s yeast extract on the survival, leaf 

preference and feeding rate (measured as the decrease in leaf surface over time) of second 

instar larvae (L2) of M. brassicae. 

This test was carried out in 120 Petri dishes, divided over 3 replicates. One replicate 

consisted of 4 sets of 10 square (120 mm x 120 mm x 17 mm) Petri dishes (Figure 2.2) each 
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filled with two cauliflower leaf discs (A and B, Ø: 3 cm). Within one set of 10 Petri dishes, 10 

discs ‘A’ were sprayed with water and one disc was put into a corner of each of the 10 Petri 

dishes. A set of 10 discs ‘B’ received one of the spray treatments summarized in Table 2.2. 

One ‘B’ disc was put in opposite corners of the Petri dishes containing an ‘A’ disc. One L2 of 

M. brassicae was put in an empty corner of each dish. Subsequently, the dishes were sealed 

with Parafilm to prevent moisture loss, and put in an incubator at 24°C. 

 

Table 2.2. Different spray treatments for leaf discs A and B within all sets of 4x10 Petri dishes. Leaf discs (Ø: 3 cm) were 
sprayed with a spray boom fitted with TeeJet XR 110 04 nozzles spaced 50 cm apart, 50 cm above the leaf discs, at a speed 
of 4 km/h and at a pressure of 4.0 bar. Brewer’s yeast extract was applied at 1 g/L. S. carpocapsae were applied at 27 IJ/cm² 
on the sprayed surface. 

 

 

 

 

 

 

Figure 2.2. Petri dish with one Mamestra brassicae second instar larva (under corner) and two cauliflower leaf discs. 

 

Set Disc A (control) Disc B 

1 Sprayed with water Not sprayed 

2 Sprayed with water Sprayed with S. carpocapsae suspension 

3 Sprayed with water Sprayed with S. carpocapsae suspension + yeast extract 

4 Sprayed with water Sprayed with yeast extract 
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All spray applications were carried out with the automated spray boom with the same 

configuration and settings as described in the deposition test setup, and fitted with TeeJet 

XR 110 04 nozzles. Yeast extract was applied at 1 g/L. IJ of S. carpocapsae were mixed in the 

tank at an intended concentration of 5x106 IJ/L. This corresponds with a theoretical 

deposition of 27 IJ/cm² on the sprayed surface. The actual concentration and survival 

percentage of EPN in the tank suspensions with and without yeast extract were recorded 

after every application. The actual number of EPN deposited on the leaf discs, and their 

survival (expressed as percentage of applied number) was recorded as described by 

Brusselman et al. (2012a) and compared between treatments. 

Larval survival was recorded 24, 48, 72, 96 and 120 hours after application. At the same 

time, feeding rate was estimated by measuring the unconsumed surface of each leaf disc. 

This was quantified by image analysis of the photos taken before and after the feeding, using 

ImageJ digital software (Rasband, 2011). Leaf preference was recorded 24 hours after the 

start of the experiment by observing which leaf discs showed feeding damage, and which 

were unscathed.  

2.2.6 LONGEVITY/INFECTIVITY TEST 

The longevity/infectivity test was designed to determine the effect of adding a spreader 

(Addit) and a humectant (xanthan gum) to the EPN spray suspension on the time that EPN 

can survive and infect a host after spraying. This test was carried out in 3496 Petri dishes, 

divided over 4 replicates. One replicate consisted of four sets of 200 Petri dishes (Ø: 35 mm). 

All sets of 200 Petri dishes received one of the four following spray treatments, all at an 

application rate of 546 L/ha: (1) a control treatment, applying water, (2) a treatment with a 

suspension of IJ of S. carpocapsae at an intended concentration of 5x106 IJ/L, (3) a treatment 

with the same concentration of S. carpocapsae IJ in combination with Addit (2.5 mL/L) and 

xanthan gum (0.3 g/L) and (4) a treatment with Addit (2.5 mL/L) and xanthan gum (0.3 g/L). 

All spray applications were carried out with the automated spray boom with the same 

configuration as described in the deposition test setup. The spray boom was equipped with 

TeeJet XR 110 04 nozzles. With the selected spray boom setup and tank concentration of 

5x106 IJ/L, theoretically, 27 EPN were deposited per square centimeter on the sprayed 

surface. 
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Before spraying, a homogenised tank sample (volume: 200 mL) was taken from all tank 

suspensions containing EPN, to measure the concentration and the survival of the EPN in 

suspension. Immediately after spraying, one Galleria mellonella L. larva was added to 50 

random Petri dishes in each set of 200 dishes. The other 150 dishes of each set were left to 

dry without lid in an incubator at 24°C and 60% relative humidity. After 2, 4 and 6 hours, 50 

random Petri dishes of each set were taken out of the incubator. Each of these dishes also 

received one G. mellonella larva, was closed and put back in the incubator. After seven days, 

the survival of the insect larva was examined. The larval survival was compared between 

treatments. 

Twelve extra Petri dishes were sprayed together with each set of 200 Petri dishes that 

received spray applications with EPN (i.e. spray treatment 2 and 3). Immediately after 

spraying, three of these 12 dishes were collected. These three dishes each received 3 mL of 

water. The actual number of EPN deposited in these Petri dishes, and their survival 

(expressed as percentage of applied number) was recorded as described by Brusselman et 

al. (2012a) and compared between treatments. The remaining 9 dishes were placed in the 

incubator, and were collected in groups of three, after 2, 4 or 6 hours of drying in the 

incubator. Immediately after their collection, they received 3 mL of water and survival of the 

EPN in these dishes was determined as described above. The survival data gathered at 

different time points (0, 2, 4 and 6 hours after application), made it possible to compare the 

change in survival of the EPN over time, between treatments. 

2.2.7 STATISTICAL ANALYSIS 

In the viability test, a paired-samples T-test was used to compare the absolute viability 

percentage of the adjuvant treatments with the absolute viability percentage of their 

respective controls. 

In the sedimentation test, the data for S. feltiae and S. carpocapsae were analysed 

separately. Relative concentration was studied using a Linear Mixed Model (LMM), corrected 

for repeated measurements over time. Adjuvant, time and the interaction between both 

were considered as fixed factors in this model. Bonferroni correction for multiple 

comparisons was applied. 
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In the deposition test, an ANOVA test, followed by a Dunnett T3 test for multiple 

comparisons was performed to detect significant differences between relative deposition 

results of different treatments. 

In the attractant test, tank concentrations, deposition of EPN on leaf discs and survival rates 

of EPN were compared between spray treatments with a one-way ANOVA. Data on larval 

survival were analysed with a Kaplan-Meier log rank survival test with pair-wise 

comparisons. First, for each set of 40 Petri dishes that received the same treatment, leaf 

area measurements (independent variable) of the leaf discs A (water) were compared with 

the leaf discs B (treated) during 5 consecutive days (0, 24, 48, 72, 96 and 120 hours) using 

linear mixed model (LMM). Leaf disc was considered as random factor to correct for 

repeated measurements over time within one leaf disc. Bonferroni correction for multiple 

comparisons was applied. Further, the effect of the treatment of leaf disc B on the total leaf 

disc area within a Petri dish (independent variable) was studied through a linear mixed 

model with leaf disc as random factor and treatment of leaf disc B (1, 2, 3 and 4), time (0, 24, 

48, 72, 96 and 120 hours) and the interaction between treatment and time as fixed factors. 

In addition, the influence of treatment on the leaf preference within dishes (presence of 

damaged vs. undamaged leaf discs) was analysed with binary logistic regression. 

In the longevity/infectivity test, the number of EPN deposited per cm² was compared 

between treatments with a one-way ANOVA. The survival of the nematodes in the Petri 

dishes and the mortality of the G. mellonella larvae were compared between treatments 

with a linear mixed model (LMM) with treatment and sampling time as fixed factors. Spray 

run was considered as random factor to correct for repeated measurements over time 

within spray runs. Bonferroni correction for multiple comparisons was applied. 

SAS version 9.3 (SAS Institute Inc.) was used for the LMM calculations. SPSS Statistics 

versions 20 and 21 (IBM Corp.) were used for all other calculations. Statistical significance 

was considered at P<0.05 for all tests. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 VIABILITY TEST 

Several adjuvants showed a strong effect on the viability of S. carpocapsae and S. feltiae 

(Figure 2.3a and b). Especially the alcohol ethoxylate (AE) surfactants (Synperonic 91/5, 

Synperonic 91/6, Synperonic 10/6, Atplus 245) and the alkylpolysaccharide 

surfactant/humectant (AL-2575) showed strong negative effects on the viability. 

Remarkably, the effects of these adjuvants were reversible in case of S. carpocapsae. This 

species showed declined viability after three hours in all AE solutions, except for the solution 

with Trend 90, and in the alkylpolysaccharide solution, but the effect waned away after 15 

hours. Nonetheless, this temporary immobilizing effect should be taken into account, since 

steinernematids cannot survive on exposed foliage for longer than a few hours, due to rapid 

desiccation (Glazer, 2002; Arthurs et al., 2004). 

In contrast, the effect of the AEs and the alkylpolysaccharide on the viability of S. feltiae was 

not temporary. Two AEs, Synperonic 91/5 and Synperonic 91/6, and the alkylpolysaccharide 

caused a complete loss of viability of S. feltiae after three hours, and this remained so after 

15 hours. Synperonic 10/6 and Trend 90 partially reduced the viability which worsened over 

time. Atplus 245 remarkably increased the viability after three hours, probably due to a 

stimulating effect on S. feltiae, but caused a complete loss of viability after 15 hours. 

Although immobile EPN are not interesting for application purposes, a temporary 

immobilizing effect of adjuvants might be interesting for improving storage duration of EPN, 

especially for S. feltiae. This nematode species shows no increased longevity under 

anhydrobiotic circumstances, and stays active, thus expending energy, when dispersed in 

water (Grewal, 2000). 

Some difficulties arose with adding some of the humectants: polyvinylalcohol (PVA) 

dissolved poorly in the suspension whereas xanthan gum powder tended to clump if it was 

not poured slowly, and under heavy stirring, into the suspension. 
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Figure 2.3. Relative viability percentages (±SD) of Steinernema carpocapsae (a) and S. feltiae (b) after three and 15 hours in 
a spray suspension supplemented with different adjuvants. Significant differences between treatments and their respective 
controls are shown as asterisks above the data columns (P<0.05). 
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2.3.2 SEDIMENTATION TEST 

Fluctuations of the relative concentration and increased variation were observed after one 

and two minutes. These were probably caused by the continuous agitation of the cylinders 

homogenizing the suspensions before the start of the experiment. This activity added air 

bubbles to the suspensions, which moved through the suspensions taking EPN to the top, 

thereby temporarily raising the relative concentration in the upper 200 mL of the 

suspensions in some cases. After five minutes, no more air bubbles were observed in the 

cylinders, and the fluctuations of the relative concentration and the variation between 

measurements decreased. The concentration results after one and two minutes were 

therefore not considered further. 

Infective juveniles of S. feltiae settled faster than the IJ of the smaller S. carpocapsae (length 

IJ: 849 µm vs 558 µm, respectively; source: Stock & Hunt (2005)) (Figure 2.4). The multiple 

comparison tests showed that the relative concentration of IJ in the upper 200 mL of the S. 

carpocapsae control suspension dropped significantly after 20 minutes. In the S. feltiae 

control suspension, this effect already showed up after 10 minutes. This corroborates the 

suggestion by Wright et al. (2005) that larger EPN settle faster. Further proof of the 

difference in sedimentation speed between the two EPN species is found in all other 

suspensions: after 20 minutes of sedimentation, the relative concentration of the S. 

carpocapsae suspensions containing a given adjuvant, is consistently higher than the relative 

concentration of S. feltiae suspensions containing the same adjuvant. There is one notable 

exception: the suspensions containing xanthan gum. The results clearly demonstrate that 

xanthan gum significantly retards the sedimentation of both S. feltiae and S. carpocapsae. 

Significant differences between the relative concentration of the S. feltiae control 

suspension and the S. feltiae xanthan gum suspension were observed after 10 and 20 

minutes. There was no statistically significant difference between the relative concentration 

of S. carpocapsae in the control suspension and the suspension supplemented with xanthan 

gum at equal time points. However, when the concentrations of S. carpocapsae within 

suspensions were considered over time, the S. carpocapsae + xanthan gum suspension did 

not show a significant drop in the relative concentration over the whole time course of the 

experiment, while this could be observed in the control suspension. It can thus be argued 

that xanthan gum also slows down the settling of S. carpocapsae, confirming earlier results 
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by Schroer et al. (2005a). Increased viscosity is the most probable cause of the slowed 

sedimentation (Schroer et al., 2005a). 

In both the viability test and the sedimentation test, it was noticed that xanthan gum tends 

to clump upon mixing with water, an effect that can only be prevented by careful pouring 

the powdered gum in water, and intense stirring of the solution at the same time. This was 

deemed impractical for use in the field. However, xanthan gum did not show clumping 

behaviour when it was premixed with the three selected spreading agents. Hence, 

deposition tests with xanthan gum were only done in combination with one of these 

spreading agents. 
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Figure 2.4. Evolution over time of the relative concentration of Steinernema carpocapsae (a) and S. feltiae (b) observed in 
the upper 200 mL of 250-mL cylinders filled with EPN suspensions supplemented with different adjuvants. EPN 
concentration is shown as a percentage of the initial concentration. Adjuvants were added at a concentration of 0.3 g/l. 
Different letters indicate statistical differences (P<0.05) between concentrations observed at different moments within a 
given suspension. Asterisks mark significant differences (P<0.05) between the concentration observed in an adjuvant 
suspension at a specific moment, and the concentration observed in the control suspension at the same moment. 
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2.3.3 DEPOSITION TEST 

The XR 110 02 nozzle orifice size proved to be too small to spray a solution of S. 

carpocapsae. When using the XR 110 08 nozzle, all treatments with spreading agents 

showed a significantly higher relative deposition of S. carpocapsae than the control 

treatment without spreading agents (Figure 2.5). This means that a higher percentage of the 

nematodes was retained on the leaves when spreading agents were added to the tank mix. 

There were no significant differences between specific spreading agents in combination with 

the XR 110 08 nozzle. Treatments applied with the XR 110 04 nozzle yielded similar results: 

all selected spreading agents significantly improved the deposition to roughly the same 

degree. Again, no significant differences in deposition between specific spreading agents 

suspensions were found. The addition of xanthan gum to the three EPN-spreading agents 

suspensions did not enhance deposition any further. This is remarkable, since it was proven 

by Schroer et al. (2005a) that xanthan gum can have deposition enhancing effects when 

mixed with EPN and a spreading agent in a tank suspension. 

The XR 110 04 nozzle was more efficient at depositing nematodes on leaves. All treatments 

with this nozzle outperform the treatments with the same adjuvants, but applied with the 

XR 110 08 nozzle, although this could only be proved statistically in the treatments with 

Silwet L-77 as adjuvant. Two possible causes for the increased deposition observed with the 

XR 110 04 nozzle can be put forward: (1) this nozzle produces relatively small droplets when 

compared to the XR 110 08 nozzle, which may be more prone to be retained by the leaf 

and/or (2) the lower application volume might cause less run-off from the leaves, especially 

on difficult-to-wet plant surfaces like cabbage leaves (Crease et al., 1991; Knoche, 1994). 

Visual examination of the leaf discs after spraying revealed that the first cause (formation of 

smaller droplets) was of major importance when spraying with the control suspensions: only 

a few large droplets were retained on the leaf discs sprayed with the ISO 08 nozzle, while a 

lot of small droplets were retained on the leaf discs sprayed with the ISO 04 nozzle. The 

second cause (lower application volume) seemed more important when spraying with the 

adjuvant suspensions. Due to their lower surface tension, droplets spread out on the leaf 

discs. Adjuvants sprayed with the ISO 04 nozzles managed to cover a large part of the leaf 

discs with a watery film. Sprays with adjuvants applied with the ISO 08 nozzles managed to 
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cover the whole leaf disc, but the coalescence of spreading droplets on these leaf discs 

potentially caused runoff.  

The deposition results make the ISO 04 (flat fan) nozzle a good candidate for field tests with 

S. carpocapsae: this nozzle does not clog when spraying EPN and it provides a higher relative 

nematode deposition and consumes a lower volume of water per ha than the ISO 08 nozzle, 

allowing to save water, fuel and time. There is the concern of rapid nematode desiccation 

due to the low application volume. However, with an application volume of 546 L/ha (the 

applied volume of the ISO 04 nozzles in the deposition test), infectivity is assured for more 

than two hours at 60% relative humidity (Brusselman et al., 2012a). When spraying under 

higher relative humidity (e.g., at dusk), this infective period can be prolonged (Lello et al., 

1996). Pre- or post-application irrigation will also raise the relative humidity. 

Finally, it should be noticed that larger EPN species may require larger nozzle apertures and 

a coarser droplet size spectrum than the ones produced by the XR 110 04 nozzle to be 

sprayed successfully. 

 

Figure 2.5. Relative deposition (±SD) of Steinernema carpocapsae suspensions supplemented with adjuvants on cauliflower 
leaf discs. Suspensions were sprayed with a spray boom fitted with two different nozzles: XR 110 08 and XR 110 04 at 4.0 
bar. Nematode concentrations were adapted to the flow rate of the nozzles to spray the same theoretical number of 27 
IJ/cm². Different letters indicate statistical differences (P<0.05) between the relative deposition obtained with different 
combinations of adjuvants and nozzles. 
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2.3.4 ATTRACTANT TEST 

No significant differences were found between nematode concentrations in the tank, the 

number of nematodes deposited on the leaf discs, or between the percentages survival in 

the tank and those on the leaves (Table 2.3). 

Table 2.3. Tank concentrations, deposition of Steinernema carpocapsae on cauliflower leaf discs and survival rates of EPN. 

  EPN suspension EPN + yeast extract 

Tank concentration (IJ/mL) 5333 ± 1135 a 5740 ± 1162 A 

Survival in tank (%) 99,2 ± 0,5 a 98,9 ± 0,2 A 

Deposition (IJ/cm
2
) 10,4 ± 2,1 a 9,2 ± 3,8 A 

Survival on leaf disc (%) 98,3 ± 1,7 a 99,0 ± 1,6 A 

 

The dynamics of the larval survival of M. brassicae is depicted in Figure 2.6. Larval survival 

remained near 100% on average in the Petri dishes without S. carpocapsae treatment 

(water/water and water/yeast) on disc B. In the dishes in which disc B was sprayed with a 

suspension of S. carpocapsae without yeast, the larval survival dropped after three days and 

reached 70% on average after five days. When disc B was sprayed with a suspension of S. 

carpocapsae with yeast extract, the larval survival already dropped after two days and was 

only 40% on average after five days. 

No significant differences between the leaf area of discs A and B were observed for the sets 

without S. carpocapsae treated discs, i.e. set 1 (Figure 2.7a) and 4 (Figure 2.7d). Figure 2.7b 

reveals that the M. brassicae larvae consumed significantly more from the control discs than 

from those treated with the S. carpocapsae suspension in set 2. In set 3 (Figure 2.7c), this 

behaviour is reversed: discs treated with the S. carpocapsae + yeast extract suspension were 

significantly more damaged than the control ones. From the measurements of the summed 

leaf areas of the discs A and B within the same Petri dishes (Figure 2.8), it can be concluded 

that the leaf discs in set 3 (i.e. the set in which the B discs were treated with the S. 

carpocapsae + yeast extract suspension) were least damaged, followed by the leaf discs in 

set 2 (B discs treated with S. carpocapsae suspension). Almost all of the leaf area was 

consumed in set 4 (B discs treated with yeast extract suspension) and set 1 (B discs 

untreated). 
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Figure 2.6. Kaplan-Meier plot of the survival dynamics of second instar larvae of Mamestra brassicae (%) in the four sets of 
Petri dishes. Each dish contained 2 leaf discs (A and B). Disc A was sprayed with water in every set. Disc B was untreated in 
set 1, treated with a suspension of Steinernema carpocapsae (27 IJ/cm²) in set 2, with a suspension of S. carpocapsae (27 
IJ/cm²) and brewer’s yeast extract (1 g/L) in set 3 and with a suspension of brewer’s yeast extract (1g/L) in set 4. Different 
letters indicate statistical differences between the survival percentages (P<0.05). 
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Figure 2.7. Decrease over time of the leaf area (±SD) of cauliflower discs (Ø: 3 cm) exposed to two treatments. a: Control discs (A) treated with water vs. untreated B discs. b: Control discs (A) 
treated with water vs. B discs treated with an Steinernema carpocapsae (27 IJ/cm²) suspension. c: Control discs (A) treated with water vs. B discs treated with an S. carpocapsae (27 IJ/cm²) + 
yeast extract (1 g/L) suspension. d: Control discs (A) treated with water vs. B discs treated with a yeast extract (1 g/L) suspension. Different letters indicate statistical differences between data 
points within the same graph (P<0.05). 
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Figure 2.8. Comparison between sets of the evolution of the total remaining leaf area summed per Petri dish. Different 
letters indicate statistical differences between the evolution of the remaining leaf area of different treatments over the 0-
120h period (P<0.05). 

 

Leaf preference, measured as the percentage of damaged leaf discs after 24 h, was not 

influenced by the treatment of disc B in the different sets (Table 2.4). The digital images 

taken of the leaf discs at later sampling times showed that the M. brassicae larvae generally 

stayed (notwithstanding some exceptions) at the leaf disc chosen after 24 h until the disc of 

their choice was completely consumed (not shown). Infected larvae often died before the 

disc of their choice was completely consumed. 

The addition of yeast extract to the suspension of S. carpocapsae clearly increased the 

mortality of L2 of M. brassicae. After 72 h, the consumption by the insect of leaf discs 

sprayed with a suspension of nematodes without additional yeast was statistically lower 

than the consumption of the discs treated with water (Figure 2.7b). This suggests that insect 

larvae are aware of the presence of S. carpocapsae by the cues emitted by the nematodes 

and consume less of the leaves, thereby preventing contact with their antagonist. When 

yeast was added to the nematode suspension, leaf consumption by the insect larvae was 

noticeably higher on the EPN-yeast sprayed discs than on the control ones. However, when 

yeast extract was sprayed without S. carpocapsae, leaf consumption did not differ from the 

control. These are desirable traits from a crop protection point of view, but require more 
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research to elucidate the mechanism behind these effects. Yeast extract is an important 

ingredient in the artificial feed of EPN (Chavarria-Hernandez & de la Torre, 2001; Ehlers & 

Shapiro-Ilan, 2005) and of M. brassicae, (Hattori & Atsusawa, 1980) so the source of the 

effects of yeast extract on the mortality of M. brassicae could derive from an interaction 

with the EPN as well as with the larvae. It is, however, clear that yeast extract has positive 

effects on the control of the cabbage moth: adding yeast to an EPN spray suspension 

effectively increases insect mortality (Figure 2.6), and thereby also decreases total leaf 

consumption (Figure 2.8). 

 

Table 2.4. Percentage of leaf discs (±SD) showing feeding damage, after 24 h in each set of 4x10 Petri dishes. Leaf discs (Ø: 3 
cm) were sprayed with a spray boom fitted with TeeJet XR 110 04 nozzles spaced 50 cm apart, 50 cm above the leaf discs, 
at a speed of 4 km/h and at a pressure of 4.0 bar. Brewer’s yeast extract was applied at 1 g/L. Steinernema carpocapsae 
were applied at 27 IJ/cm² on the sprayed surface. No statistically significant differences were noted (P<0.05). 

Set Discs Damaged leaf discs (%) 

1 
water 46.7 ± 5.8 

untreated 50.0 ± 0.0 

2 
water 50.0 ± 0.0 

S. carpocapsae 50.0 ± 0.0 

3 
water 56.7 ± 25.2 

S.carpocapsae + yeast extract 53.3 ± 28.9 

4 
water 46.7 ± 11.5 

yeast extract 56.7 ± 5.8 

 

2.3.5 LONGEVITY/INFECTIVITY TEST 

The average survival of the nematodes in the tank samples surpassed 97% in both the pure 

EPN applications and in the EPN + adjuvants applications. Deposition results in both 

treatments were statistically equal: 35.71 ± 3.12 IJ/cm² were recorded in the Petri dishes 

sprayed with EPN but without adjuvants, while 38.11 ± 4.15 IJ/cm² were deposited in the 

Petri dishes sprayed with EPN and adjuvants. Therefore, any observed differences in the 

mortality percentage of the G. mellonella larvae cannot be attributed to a difference in the 

EPN quality or in the number of EPN per Petri dish. 
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The tank concentration of the EPN was 7813 ± 137 IJ/mL and 7765 ± 312 IJ/mL in the pure 

EPN applications and the EPN + adjuvants applications, respectively. Based on the 

application rate (546 L/ha) and on the above mentioned EPN concentration in the 

suspension, it was calculated that an average of 83.7 ± 7.5% and 89.9 ± 10.4% of all applied 

nematodes reached the target surface in the pure EPN application and in the EPN + 

adjuvants application, respectively. 

The survival of the EPN in both treatments remained very high until two hours after spraying 

(Figure 2.9). Afterwards, the survival of the larvae started dropping in both treatments, but 

this process was slower for the EPN applications with adjuvants. This points towards a 

protective effect of the adjuvants on the EPN. Most likely, the evaporation of water around 

the nematodes is slowed due to the presence of the hygroscopic xanthan gum.  

 

Figure 2.9. Survival of Steinernema carpocapsae, 0, 2, 4 and 6 hours after spraying. Different letters indicate statistical 
differences between data columns. (P<0.05). 
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Figure 2.10. Mortality of Galleria mellonella larvae, 0, 2, 4 and 6 hours after spraying, expressed as a percentage of the total 
number of tested larvae. Different letters indicate statistical differences between data columns. (P<0.05). 

 

Almost all G. mellonella larvae put in Petri dishes immediately after spraying these dishes 

with nematodes, died (Figure 2.10). The initial mortality observed after the applications with 

Addit and xanthan gum, but without EPN, was remarkably high (52.0 ± 16.6%). After two 

hours, the mortality in the treatment with EPN + Addit + xanthan gum was greatest of all 

treatments (42.5 ± 13.2%), followed by the treatment with adjuvants but without EPN (25.0 

± 4.2%). In the treatment in which EPN were applied in water, mortality did not differ from 

the mortality observed in the control treatment. After four and six hours, mortality 

percentages in all treatments were statistically equal. 

Despite having a prolonging effect on the lifespan of the EPN, the adjuvants do not seem to 

prolong the infective period of the EPN. These results are backed up by laboratory tests 

against the diamondback moth (P. xylostella), performed by Schroer et al. (2005), who 

argued that a similar mixture of a castor oil based surfactant (Rimulgan, Themmen GmbH, 

Hattersheim, Germany) and xanthan gum prolongs the survival of S. carpocapsae on leaves, 

but does not prolong infectivity. These researchers also argued that the advantages of 
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adding these adjuvants had to be found in the functional support of the IJ on the leaves: 

with adjuvants, IJ can better penetrate a host. 

The higher larval mortality observed in the EPN + adjuvants treatment can probably be 

attributed to an additive effect of the EPN and of the adjuvants on the mortality of the 

larvae. Possible sources of such an effect are chemical toxicity of one or both of the 

adjuvants and a physical blocking of the spiracles by the formulation.  

Visual observations of the Petri dishes after 0, 2, 4 and 6 hours made clear that water was 

present in all Petri dishes until two hours after spraying. After four hours, however, all visible 

water in the dishes had dried up. These observations combined with the evolution of the 

mortality of the G. mellonella larvae in the treatment with Addit and xanthan gum, make a 

direct effect of the adjuvants on the larval mortality due to chemical toxicity of the adjuvants 

less likely. If the adjuvants were toxic by themselves, then higher mortality would have been 

observed for the larvae put in the Petri dishes after four and six hours. If, however, the 

adjuvants need water to penetrate the insect and exert toxic effects, then it is likely that the 

mortality of the larvae put in the Petri dishes after two hours would be as high as 

immediately after spraying. Because a part of the water had evaporated after two hours, the 

adjuvants were more concentrated in the remaining liquid, and hence, would cause high 

mortality. 

More likely, the mortality in the treatment with Addit and xanthan gum is caused by their 

physical effect: the surfactant Addit probably facilitates the penetration of water into the 

spiracles (Vincent et al., 2003), while xanthan gum prevents the evaporation of this water, 

thereby blocking the spiracles and suffocating the larvae. The partial evaporation of water 

after two hours explains the intermediate mortality percentage observed in the larvae that 

were put in the Petri dishes after two hours. Since less water is available, fewer larvae will be 

affected.  

Whether or not the effect of the adjuvants is physical, it should not be overrated when these 

adjuvants are used in the field, since the deposition results obtained in this lab test were 

exceptionally high and not representative for field tests. Deposition in the field will be much 

lower due to the suboptimal orientation and hydrophobicity of leaves. Furthermore, the 

applied spray volume has to be divided over a much larger leaf area: cauliflower can reach a 
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leaf area index of 4 (Röhrig & Stützel, 2001), which means that cauliflower plants have a leaf 

area (upper and lower sides) that is 8 times the area of the soil surface they occupy. All these 

factors will result in a much lower contact between leaf-bound plagues and the suspension, 

making significant control of pests with these adjuvants unlikely. 

 

2.4 CONCLUSIONS 

Despite a demand for effective microbial sprays against foliar pests, EPN are rarely used 

against above-ground pests (Arthurs et al., 2004). The experiments in this chapter sought for 

adjuvants and nozzle sizes that can be used to improve the foliar application of EPN to better 

target above-ground pests. Furthermore it looked into the potential of adding yeast extract 

as an attractant in foliar EPN sprays against the cabbage moth. The experiments have shown 

that all selected alcohol ethoxylates (Synperonic 91/5, Synperonic 91/6, Synperonic 10/6 and 

Atplus 245) and the selected alkylpolysaccharide (AL-2575) immobilized both S. carpocapsae 

and S. feltiae when mixed in the spray suspension. Xanthan gum remains the best 

sedimentation-retarding agent. Other potential sedimentation-retarding agents (AL-2575, 

Tween 20, Pricerine 9081, polyvinylalcohol, Synperonic PE/F108 and Synperonic PE/F127) 

tested in this paper did not significantly affect sedimentation speed of S. feltiae, and of the 

slower settling S. carpocapsae. An ISO 02 flat fan nozzle can clog when spraying S. 

carpocapsae. An ISO 04 standard flat fan nozzle provides a higher relative deposition of 

different S. carpocapsae-adjuvant suspensions on cauliflower leaves than the bigger ISO 08 

standard flat fan nozzle. Three spreading agents (Silwet L-77, SB Plant Invigorator and Addit) 

all increased the EPN deposition on leaves. With both the ISO 04 and the ISO 08 nozzle, 

relative EPN deposition roughly doubled when one of these spreading agents was added to 

the EPN suspension. Addition of xanthan gum to a suspension containing both EPN and one 

of the selected spreaders did not significantly increase deposition any further. Addition of 

yeast extract to a foliar spray containing S. carpocapsae significantly increased mortality of 

the cabbage moth and decreased the amount of leaf damage caused by these caterpillars. 

And finally, it was shown that adding Addit and xanthan gum to a spray suspension 

containing S. carpocapsae prolongs the survival of EPN on leaves, and that these adjuvants 

can cause mortality in larvae of G. mellonella. It is however deemed unlikely that Addit and 

xanthan gum at the used concentrations, will have a significant effect on insect pests in the 
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field due to the much lower deposition that can be expected in the field, when compared to 

the deposition obtained in the presented lab test. 

The results of this chapter were implemented in field tests using S. carpocapsae against the 

cabbage moth (Mamestra brassicae L.). These field tests are presented in chapter 3 of this 

work.  
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CHAPTER 3: IMPROVING THE CONTROL OF CABBAGE MOTH, 

MAMESTRA BRASSICAE, THROUGH ADAPTED FORMULATION, 

APPLICATION TECHNIQUE AND APPLICATION RATE: FIELD TESTS
iv 

 

 

 

This chapter presents four field experiments with the aim of improving the control of the 

cabbage moth with foliar applications of S. carpocapsae, a very drought resistant EPN 

species (Arthurs et al., 2004). The first field experiment determined an appropriate 

application technique for reaching the cabbage moth larvae with a spray application. The 

other three experiments tested different formulations, compared a regular and an adapted 

spray application technique, and searched for an appropriate application rate for the EPN. 

 

3.1 INTRODUCTION 

The behaviour of the different larval stages of the cabbage moth causes major obstacles for 

a successful application of EPN against this pest: young larvae live predominantly on the 

underside of the cabbage leaves (INRA, 2013a), whereas older and larger caterpillars enter 

inside the crown of the plant and hide between the leaves (Johansen, 1997a). This makes the 

larvae hard-to-reach targets for spray applications (Foqué & Nuyttens, 2011). Brusselman et 

al. (2012b) concluded that the use of modified spray application techniques, which direct the 

                                                      
iv
 Part of this chapter was adapted from: 

Beck, B., Brusselman, E., Nuyttens, D., Moens, M., Temmerman, F., Pollet, S., Van Weyenberg, S. & 

Spanoghe, P. (2013). Improving the biocontrol potential of entomopathogenic nematodes against 

Mamestra brassicae: effect of spray application technique, adjuvants and an attractant. Pest 

Management Science, DOI: 10.1002/ps.3533. 
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spray to the target site, are necessary to increase the chances of contact of EPN with their 

target. Even with adapted spraying equipment, it is difficult to get a good coverage with EPN 

on the lower side of cauliflower leaves. This is caused by the hydrophobicity of the leaf 

surface, which leads to bouncing and run-off of droplets (Crease et al., 1991). Leaf 

deposition of spray liquids can be significantly improved by adding a spreading agent to the 

spray suspension (Ellis et al., 2004; Massinon & Lebeau, 2012). Improved coverage with EPN 

can be obtained by adding a surfactant and a polymer to the spray suspension (Schroer et 

al., 2005a). The research described in Chapter 2 confirmed that a spreading agent (Addit, 2.5 

mL/L, Koppert, Berkel en Rodenrijs, The Netherlands), improved deposition of EPN on 

cauliflower leaves, but did not find an additional positive effect of the polymer xanthan gum, 

(0.3 g/L, Carl Roth, Karlsruhe, Germany) on deposition. 

To optimize the control of M. brassicae with EPN, a first experiment, hereafter called the 

spray application tools test, was performed to select a spray application technique that leads 

to a maximum of spray coverage on specific parts of the cauliflower plant. The targeted 

spraying areas were: (1) the central part of the plant, where the cabbage moth larvae can 

cause direct economic damage to the cauliflower head, and (2) the underside of the leaves, 

where the young larvae hide during the day and feed during the night (INRA, 2013a). 

The second experiment, hereafter called the adjuvant trial, determined whether S. 

carpocapsae, applied in the field with the selected technique, could effectively reduce the 

cabbage moth numbers in a cauliflower crop and/or the damage to this crop. It also tested if 

these parameters could be further reduced by adding yeast extract and/or the two above-

mentioned spray retention adjuvants to the tank suspension. 

The third and fourth experiment, hereafter respectively called the application rate trial (trial 

AR) and the application technique trial (trial AT), ran simultaneously and are described 

together. The respective goals of these tests were (1) to test the effect of different 

application rates of EPN on cabbage moth control and (2) to confirm if the application 

technique selected in the spray application tools test was indeed better suited than a 

standard broadcast spray application, for controlling the cabbage moth. 
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3.2 MATERIALS AND METHODS 

3.2.1 SPRAY APPLICATION TOOLS TEST 

EXPERIMENTAL SETUP 

Cauliflower plants were planted on July 6th, 2011 (Rumbeke-Beitem, Belgium). The plots 

consisted of four crop rows, each consisting of 14 plants. Crop rows were spaced 70 cm 

apart. Neighbouring plants on the same row were spaced 51 cm apart. 

SPRAY BOOM CONFIGURATIONS 

Spray applications were performed with a mounted sprayer (Delvano NV, Hulste, Belgium), 

with a tank capacity of 200 L. This spraying machine was equipped with a diaphragm pump 

with a maximum flow rate of 72 L/min (AR 70 BP/C, Annovi Reverberi, Modena, Italy). 

Two standard broadcast spray boom configurations (C1 and C2: Figure 3.1) and three 

configurations with spray booms adapted for band spray applications (C3 and C4: Figure 3.2; 

C5: Figure 3.3) were selected for spray deposition tests with water under field conditions. C1 

was a standard spray boom, equipped with TeeJet XR 110 08 extended range flat fan nozzles 

(TeeJet Technologies, Wheaton, U.S.), whereas C2 was equipped with TeeJet XR 110 04 

extended range flat fan nozzles. Nozzle spacing and spray boom height were 50 cm in both 

configurations. 

In configurations C3 and C4, nozzles fixed to the spray boom were alternated by vertical 

extensions of 38 cm (TeeJet Hose drop). These extensions ended in two sideward spraying 

nozzles, each one spraying to an opposite side. Nozzles and extensions were spaced 35 cm 

apart. C3 used ISO 04 band spraying nozzles (TeeJet TP 80 04 EVS) directly mounted on the 

boom, and two ISO 04 underleaf band spraying nozzles (TeeJet UB 85 04) on the extensions. 

C4 used the same nozzles as C3 on the extensions, but the nozzles mounted on the boom 

were replaced by ISO 04 twinjet band spraying nozzles (TeeJet TJ 60 40 04 EVS) that provided 

two even flat spray fans. One spray fan was angled 30° forward; the other one sprayed at 30° 

backwards. Both spray fans had a top angle of 40°, instead of the 80° top angle of the band 

spraying nozzles in C3. 

In configurations C5, the spray boom was equipped with TeeJet row application kits at 

distance intervals of 0.70 m with three TeeJet XR 110 04 flat fan nozzles (4) per kit: one 
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central nozzle sprayed directly downwards, while the other two sprayed downwards at an 

angle of 45° towards the central nozzle. 

All spray boom configurations functioned at a spray pressure of 4.0 bar, and at a speed of 4.0 

km/h. These parameters resulted in a theoretical application rate of 1095 L/ha for C1, 546 

L/ha for C2, and 1170 L/ha for the three other configurations. 

 

 

 

Figure 3.1. Scheme of spray boom configuration 1 (C1) and configuration 2 (C2): TeeJet XR 110 08 (in case of C1) or 
XR 110 04 (in case of C2) nozzles mounted on a standard spray boom with 50 cm nozzle spacing. 

 

 

Figure 3.2. Scheme of spray boom configuration 3 (C3) and configuration 4 (C4). Details of C3: TeeJet TP 80 04 EVS mounted 
on a spray boom and TeeJet UB 85 04 nozzles mounted 38 cm long vertical extensions. Nozzles and extensions were spaced 
35 cm apart. Details of C4: TeeJet TJ 60 40 04 mounted on a spray boom and TeeJet UB 85 04 nozzles mounted on 38 cm 
long vertical extensions. Nozzles and extensions were spaced 35 cm apart. 



EPN vs. cabbage moth: field tests 

63 
 

 

Figure 3.3. Scheme of spray boom configuration 5 (C5): TeeJet XR 110 04 nozzles mounted on a row application kit. The row 
application kits were spaced 70 cm apart. 

 

Each configuration was tested on six different plots of 7.0 m × 2.8 m (= replicates). For 

configurations C3-C5, the central nozzle was positioned directly above a crop row.  

EVALUATION METHODOLOGY 

Water sensitive papers were fitted on three randomly chosen cauliflower plants per plot, 

which gave a total of 18 water sensitive papers per spray boom configuration. The water 

sensitive papers (7.6 x 2.6 cm², TeeJet) were folded around the leaf margins, so that one half 

of the paper covered a part of the upper side of a leaf, and the other half covered the lower 

side. On every sampled cauliflower plant, a paper was folded around a leaf near the 

cauliflower head, another one was folded around a leaf at the edge of the plant. 

Immediately after spraying, the water sensitive papers were collected and dried. They were 

scanned afterwards at a resolution of 600 dpi. The percentages of initially wetted, and thus 

blue surface on the water sensitive papers were measured using image analysis software 

written in Halcon 8.0 (MVTec Software GmbH, Munich, Germany) (Foqué & Nuyttens, 2011). 

The wetted surface was measured separately for the parts covering the upper side and the 

underside of a leaf. 

STATISTICAL ANALYSIS 

Coverage results of the upper side and underside were analysed separately. These results 

were analysed statistically with an ANOVA test. Since there was no equality of variances 
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between groups of data, comparisons of specific treatments were made with a Dunnett T3 

test. All tests were performed with SPSS Statistics 20. Statistical significance was considered 

at P<0.05. 

3.2.2 ADJUVANT TRIAL 

EXPERIMENTAL SETUP 

This trial was conducted on the same site as the spray application tools test. Cauliflower 

plants, cv. Korlanu, were planted on July 6th, 2011. The experiment was arranged as a 

randomized complete block design of seven treatments (Table 3.1), each replicated four 

times. Plots were 7.0 m long by 2.8 m wide and contained 56 plants per plot. Plants were 

spaced 51 cm apart on the row and 70 cm between rows. During the first three weeks after 

planting, the plants were covered with a net (Howitec Netting, pigeon net Columba plus, 

rectangular mesh, 5 mm x 7 mm) to prevent damage caused by birds and small game. All 

plots were harvested between September 26th and October 3rd.  

The nets were removed on July 28th to allow natural deposition of eggs by the cabbage 

moth. To supplement natural infestation, twenty laboratory bred cabbage moth larvae (L1-

L2) were set out on 10 plants in the middle of every plot (2 larvae per plant) on August 26th. 

Spray treatments with S. carpocapsae and B. thuringiensis (Bt) subsp. aizawai (Xentari® WG, 

Valent Biosciences, Libertyville, IL, USA, 15.000 spores/mg) started on August 30th. These 

treatments were applied with the same sprayer as in the spray application tools trial. EPN 

were applied on six different occasions, roughly twice a week. Bt on the other hand, was 

applied on three occasions, once a week. The exact treatment days are listed in Table 3.1. 

EPN were sprayed at a rate of 1170 L/ha, and at a concentration of 5*106 IJ/L, corresponding 

with a theoretical EPN deposition of 58 IJ/cm2 of ground surface (treatments 2-5). Bt was 

sprayed at a rate of 1170 L/ha, at a concentration of 0.85 g/L, which totalled to an 

application rate of 1 kg Bt/ha (treattments 6 & 7). All EPN applications were performed with 

the band application technique C3; Bt was applied with the same technique (C3) as well as 

with the broadcast (C2) application. Based on the results in chapter 2, treatments 3, 4 and 5 

also included adjuvants (Addit at 2.5 mL/L and xanthan gum at 0.3 g/L) and/or an attractant 

(brewer’s yeast extract at 1 g/L) in the EPN spray liquid. Xanthan gum was included in the 

spray suspensions, to delay sedimentation; Addit was included to improve deposition, and 
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yeast extract was included to test its value as an attractant for cabbage moth in the field. An 

extra reason for choosing Addit over other well-performing spreader adjuvants, is because it 

can be considered to be a ‘green adjuvant’, at least according to the production based 

approach put forward by Beck et al. (2012)v, because it is largely based on rapeseed oil, a 

renewable resource. Cauliflowers were harvested between September 26th and October 3rd. 

Table 3.1. Overview of all treatments and treatment days in the adjuvant trial. All applications were carried out at 4.0 bar 
and 1170 L/ha. Treatments started on August 30

th
, 2011 (= day 1). 

Nr Treatment Application rate Application technique Treatment days 

1 Water (control) -
 

C3, speed: 4.0 km/h
 

1, 4, 8, 10, 15, 18 

2 S. carpocapsae 58 IJ/cm
2
 C3, speed: 4.0 km/h 1, 4, 8, 10, 15, 18 

3 S. carpocapsae + yeast extract* 58 IJ/cm
2
 C3, speed: 4.0 km/h 1, 4, 8, 10, 15, 18 

4 
S. carpocapsae + Addit** 

+ xanthan gum*** + yeast extract* 
58 IJ/cm

2
 C3, speed: 4.0 km/h 1, 4, 8, 10, 15, 18 

5 
S. carpocapsae + Addit** 

+ xanthan gum*** 
58 IJ/cm

2
 C3, speed: 4.0 km/h 1, 4, 8, 10, 15, 18 

6 Bt 1 kg/ha C3, speed: 4.0 km/h 1, 8, 15 

7 Bt 1 kg/ha C2, speed: 1.9 km/h 1, 8, 15 

 

* Brewer’s yeast extract: 1 g/L of spray suspension 

**Addit: 2.5 mL/L of spray suspension 

***xanthan gum: 0.3 g/L of spray suspension 

  

 

EVALUATION METHODOLOGY 

The average daily air temperature was recorded during the period of the applications 

(August 30th – September 16th). 

The tank temperature was measured at the start and at the end of each spray round. Before 

the first spray, cauliflower leaf discs (Ø: 3 cm) were attached to both the upper side and 

underside of a fully-grown leaf on three plants per plot. After spraying, the number of EPN 

deposited on the exposed side of these leaf discs was counted in all treatments with EPN 
                                                      

v
 The mentioned paper is added to this work as Appendix A. 
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(i.e. treatments 2-5), and the relative deposition (Equation 2.2) was calculated and 

compared between treatments (Brusselman et al., 2012b). 

At the beginning and at the end of each treatment on the first treatment day, a sample was 

taken of all suspensions in the tank, allowing the concentration of EPN to be calculated and 

to check whether their survival was affected or not by passing several times through the 

pumping system.  

The number of living M. brassicae L3-L6 was counted on all plants that were supplemented 

with larvae. These counts were performed the day before the first treatment (August 29th), 

and again one and two weeks later (on September 5th and September 12th, respectively). To 

reduce possible observational error, stages L1 and L2, which are easily overlooked due to 

their small size, were not counted and other larval stages were grouped in two classes: L3-L4 

and L5-L6 (see chapter 1). The numbers of living larvae of other damaging insect species 

were also counted on these three dates, to check if these might have influenced the 

observed parameters. 

On September 21st, five days before harvesting, leaf damage was scored per plot, using a 

scale from 1 (no damage) to 9 (severe damage)vi (Cartea et al., 2010). The number of 

marketable cauliflower heads and the number of cauliflower heads damaged by M. 

brassicae were counted per plot. 

STATISTICAL ANALYSIS 

For the deposition measurements, the effect of the treatment on the absolute number of IJ 

per cm² of collector surface and on the relative deposition was analysed with a one-way 

ANOVA, followed by a Dunnett T3 test. 

The effect of treatment (treated groups vs. control group) on the presence of marketable 

cabbage heads (compared to damaged cabbage heads) was analysed with a binary logistic 

                                                      
vi
 Detailed damage scale: 1: no damage; 2: maximum 10 small holes (Ø < 5 mm); 3: 10 to 100 small holes 

and/or 1-10 large holes; 4: 100-200 small holes and/or 5-10 large holes ; 5: more than 200 small holes and/or 

more than 10 large holes; 6: large holes start overlapping; 7: less than half of the leaves have only veins 

remaining; 8: more than half of the leaves have only veins remaining; 9: only veins remaining. 



EPN vs. cabbage moth: field tests 

67 
 

regression. The influence of treatment on damage scores was analysed using a one-way 

ANOVA. Finally, the effect of treatment on the numbers of L3 and L4 larvae (dependent 

variable) for the three different time points (August 29th, September 5th and September 12th) 

was compared with a linear mixed model (LMM) with treatment and sampling time as fixed 

factors. Plant was considered as random factor to correct for repeated measurements within 

plants. Bonferroni correction for multiple comparisons was applied. The same analyses 

(LMM with treatment and sampling time as fixed effects and plant as random factor) were 

performed on the number of L5 and L6 larvae as dependent variable. SAS 9.3 was used for 

the LMM calculations. SPSS Statistics 20 was used for all other calculations. Statistical 

significance was considered at P<0.05. 

3.2.3 APPLICATION RATE AND APPLICATION TECHNIQUE TRIALS 

EXPERIMENTAL SETUP 

The application rate trial (trial AR) and the application technique trial (trial AT) were 

conducted in Rumbeke-Beitem (Belgium), on trial sites with a sandy loam soil type. 

Cauliflower plants, cv. Korlanu and Amerigo for trial AR and trial AT respectively, were 

planted on August 8th, 2012 on trial site D and on July 25th, 2012 on trial site AT. Both 

experiments were arranged as a randomized complete block design with five treatments 

(listed in Table 3.2 and Table 3.3 for trial AR and trial AT respectively), each replicated four 

times. Plots were 10 m long by 4.2 m wide and each contained 120 plants. The cauliflower 

plants (2-3 leaf stage) were planted with a mechanical 4-row transplanter. Plants were 

spaced 50 cm apart on the row and 70 cm between rows. Immediately after planting, the 

plants were covered with a net (Howitec Netting, pigeon net Columba plus, rectangular 

mesh, 5 mm x 7 mm). These nets were removed on August 29th in both trials, to allow 

natural deposition of eggs by the cabbage moth. 

Spray treatments with S. carpocapsae and B. thuringiensis (Bt) subsp. aizawai (Xentari®, 

Valent Biosciences, Libertyville, IL, USA) started on September 21st. These treatments were 

applied with the same sprayer as in the spray application tools trial. EPN were applied on six 

different occasions, roughly twice a week. Bt on the other hand, was applied on three 

occasions, once a week. The exact treatment days are listed in Table 3.2 and Table 3.3. EPN 

were sprayed with 1170 L water/ha. In trial AR, EPN concentrations of 5*106, 2.5*106 and 
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7.5*106 EPN/L were used for treatments 3, 4 and 5 respectively, corresponding with 

theoretical EPN depositions per unit of ground surface of 58, 29 and 87 IJ/cm² (Table 3.2). In 

trial AT, all EPN applications were done at a rate of 58 IJ/cm² (Table 3.3). 

The theoretical EPN deposition per unit of ground surface of the different treatments is 

listed in Table 3.2 and Table 3.3 for trial AR and trial AT respectively. Bt was sprayed at a rate 

of 1 kg/ha, and with 1170 L water/ha. Treatments were applied with spray boom C2 (Figure 

3.1) or with spray boom C3 (Figure 3.2). 

Harvest of both trials started on October 26th and ended on November 16th. 

 

Table 3.2. Overview of all treatments and treatment days in the application rate trial. All applications were performed with 
spray boom C3, at a pressure of 4.0 bar and at a speed of 4 km/h. Treatments started on September 21

st
, 2012 (= day 1). 

Nr Treatment Application rate Treatment days 

1 Untreated (control) 
 

 

2 Bt 1 kg/ha 1, 8, 19 

3 S. carpocapsae + Addit* + xanthan gum** 58 IJ/cm
2
 1, 5, 8, 13, 19, 22 

4 S. carpocapsae + Addit* + xanthan gum** 29 IJ/cm
2
 1, 5, 8, 13, 19, 22 

5 S. carpocapsae + Addit* + xanthan gum** 87 IJ/cm
2
 1, 5, 8, 13, 19, 22 

 
*Addit: 2.5 mL/L 

**xanthan gum: 0.3 g/L 
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Table 3.3. Overview of all treatments and treatment days in the application technique trial. All treatments were performed 
at a pressure of 4.0 bar. Treatments started on September 21

st
, 2012 (= day 1). 

Nr Treatment 
Application 

rate 
Application technique Treatment days 

1 Untreated (control) 
  

 

2 Bt 1 kg/ha  Spray boom C2, speed: 1.9 km/h 1, 8, 19 

3 Bt 1 kg/ha  Spray boom C3, speed: 4.0 km/h 1, 8, 19 

4 
S. carpocapsae + Addit* 

+ xanthan gum** 
58 IJ/cm

2
 Spray boom C2, speed: 1.9 km/h 1, 5, 8, 13, 19, 22 

5 
S. carpocapsae + Addit*  

+ xanthan gum** 
58 IJ/cm

2
 Spray boom C3, speed: 4.0 km/h 1, 5, 8, 13, 19, 22 

 
*Addit: 2.5 mL/L of spray suspension 

**xanthan gum: 0.3 g/L of spray suspension 
  

 

EVALUATION METHODOLOGY 

The average daily temperature was recorded during the period of the applications 

(September 21st – October 12th). 

On September 25th, the deposition of EPN was measured in all plots receiving spray 

applications with S. carpocapsae. Before spraying, cauliflower leaf discs (Ø: 3 cm) were 

attached to three plants per plot. The discs were attached both to the upper side and 

underside of two leaves per plant, one leaf in the centre and one leaf on the edge of each 

plant (Figure 3.5). After spraying, the number of EPN deposited on the exposed side of these 

leaf discs was counted in all treatments with EPN (i.e. treatments 3-4-5 in trial AR and 

treatments 4-5 in trial AT). Both the absolute number of IJ per cm² of collector surface and 

the relative deposition (Equation 2.2) was calculated and compared between treatments. 

This allowed for comparison of the nematode deposition between treatments with different 

applied rates and between treatments with different application techniques, respectively. 

On September 20th, one day before the spray applications started, and on October 18th, nine 

days after the last applications, the number of living M. brassicae caterpillars present on the 

plants, were counted on 25 marked plants per plot. To reduce possible observational error, 
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stages L1 and L2, which are easily overlooked due to their small size, were not counted. 

Other larval stages were grouped in two classes: L3-L4 and L5-L6 (see chapter 1). The 

numbers of living larvae of other damaging insect species were also counted on these three 

dates, to check if these might have influenced the observed parameters. 

Leaf damage (Figure 3.4) was scored on the same weekly basis on all plants in the net plots 

(i.e. the four middle rows of plots, minus one meter on both edges of each row). Leaf 

damage was measured on two scales: a scale of 1 (no damage) to 9 (severe damage), and a 

percentage scale (Cartea et al., 2010), that estimates the percentage of leaf surface lost to 

caterpillars. 

Furthermore, the percentage of plants in the net plots that showed signs of caterpillar 

feeding damage, was calculated per row on a weekly basis, in the period of September 20th 

till October 25th.  

At harvest, the number of marketable cauliflower heads and the number of cauliflower 

heads damaged by M. brassicae was assessed on 25 plants per plot. 

 

 

Figure 3.4. Caterpillar leaf damage. (Damage scale score: 5; percentage of leaf surface lost to caterpillars: 8%) 
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Figure 3.5. Location of leaf discs collectors for the deposition test on a cauliflower plant. Each clamp holds two leaf discs: 
one on the upper side and one on the underside (not visible) of each leaf. 

 

STATISTICAL ANALYSIS 

For the deposition measurements, the effect of treatment on the absolute number of IJ per 

cm² of collector surface and on the relative deposition were analysed with a one-way 

ANOVA, followed by a Tukey HSD test or a Dunnett T3 test, depending on the equality of 

variances between groups of data. 

The effect of treatment on the numbers of caterpillars was assessed per week with a 

Kruskal-Wallis test followed by a Dunn’s test for multiple comparisons. 

The evolution of the damage scale and of the percentage of plants with feeding damage was 

analysed per row, with a linear mixed model with treatment, sampling time and the 

interaction between treatment and sampling time as fixed factors and block as a random 

factor. The interaction between treatment and sampling time was not significant for the 

percentage of infected plants in trial AT, and was therefore removed as a fixed factor from 

the LMM in trial AT. 

The LMMs were corrected for repeated measures over time within one row. Bonferroni 

correction for multiple comparisons was applied. Analysis per row was chosen because the 
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row was the smallest experimental unit to which the repeated measures design could be 

applied. 

The leaf damage percentages were log-transformed before statistical analysis. This log-

transformation enabled LMM analysis of the leaf damage percentage in the same way as 

described for the evolution of the damage scale and of the percentage of plants with feeding 

damage. The interaction effect between treatment and sampling time was not significant in 

trial AT and therefore removed from this LMM in trial AT. 

The effect of treatment (treated groups vs. control group) on the presence of marketable 

cabbage heads (compared to damaged cabbage heads) at harvest was analysed with a 

binary logistic regression. 

SAS 9.3 was used for the LMM calculations. SPSS Statistics 21 was used for all other 

calculations. Statistical significance was considered at P<0.05. 

 

3.3 RESULTS 

3.3.1 SPRAY APPLICATION TOOLS TEST 

The coverage of the upper side of leaves was highest for the standard spray boom 

configuration with XR 110 08 nozzles (C1), and lowest for the row application system (C5) 

(Figure 3.6). With the standard spray boom configuration, no significant difference was 

found between the 1095 L/ha (C1) and the 546 L/ha (C2) applications. Except for the row 

application system C5, all configurations covered more than 50% on average of the water 

sensitive papers on the upper side of the leaves, both in the centre and at the edge of the 

plants (Figure 3.6). No significant differences between centre and edge of the plant were 

observed within the different techniques. 

The coverage at the underside of the outer leaves, the normal habitat of the young larvae of 

the cabbage moth, was markedly lower for the standard spray booms (C1 and C2) and for 

the row application system (C5) than for the spray boom configurations with extensions in 

the crop (C3 and C4) (Figure 3.7). These spray boom configurations managed to cover the 

underside of the outer leaves for more than 65% on average (73.5% for C3 and 65.7% for 
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C4). The other configurations obtained only less than half of this coverage (30.5%, 31.2% and 

14.4% on average for C1, C2 and C5, respectively). Coverage on the underside of centrally 

situated leaves was less variable over the different techniques than the coverage on the 

underside of the outer leaves. Coverage here ranged from 19.7% (C3) to 34.4% (C1). 

 

Figure 3.6. Percentage of water coverage (±SD) on the upper side of leaves in the centre and at the edge of the cauliflower 
plants as obtained with the five selected spray boom configurations (1: reference spray boom with XR110 08 nozzles, 2: 
reference spray boom with XR110 04 nozzles, 3: spray boom with TP 80 04 EVS nozzles above rows and UB 85 04 nozzles on 
extensions between rows, 4: spray boom with TJ 60 40 04 nozzles above rows and UB 85 04 nozzles on extensions between 
rows, 5: row application kits with XR 110 04 nozzles). Different letters indicate statistical differences between data columns 
(P<0.05).  

 

Figure 3.7. Percentage of coverage (±SD) on the underside of cauliflower leaves in the centre and on the edge of the plants, 
obtained with the five selected spray boom configurations (1: reference spray boom with XR110 08 nozzles, 2: reference 
spray boom with XR110 04 nozzles, 3: spray boom with TP 80 04 EVS nozzles above rows and UB 85 04 nozzles on 
extensions between rows, 4: spray boom with TJ 60 40 04 nozzles above rows and UB 85 04 nozzles on extensions between 
rows, 5: row application kits with XR 110 04 nozzles). Different letters indicate statistical differences between data columns 
(P<0.05). 
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3.3.2 ADJUVANT TRIAL 

The average daily air temperature recorded throughout the spray application period is 

depicted in Figure 3.8. The average temperature during this period was 15.7 ± 2.3 °C. 

 

 

Figure 3.8. Average daily temperature recorded during the period with the spray applications (August 30
th

 – September 
16

th
). 

 

The temperature of the spray liquid containing S. carpocapsae ranged between 16°C and 

23°C. Spray liquid temperatures did not differ more than 2°C between measurements made 

before and after a single treatment. 

Survival of S. carpocapsae in the tank ranged between 94.1% and 96.9% on average and did 

not significantly differ between treatments (DF: 23, F-value: 2.390, P: 0.099) (detailed results 

not shown). Survival of S. carpocapsae was not significantly affected by the passage through 

the pump during treatments (DF: 5, 0.265 ≤ F-value ≤ 4.508, 0.101 ≤ P ≤ 0.634). Relative 

deposition on the upper side of the leaves ranged between 13.9 and 18.4% on average over 

the treatments. Relative deposition on the underside was much more variable within and 

between treatments and varied between 3.0 and 21.3% on average (detailed results not 

shown). Due to the large variation between the repeated observations, no significant 
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differences were recorded between depositions on the same side of the leaves between 

different treatments (upper side: DF: 47, F-value: 0.375, P: 0.772; underside: DF: 47, F-value: 

7.717, P: 0.000, no significant differences in subsequent Dunnett T3 multiple comparisons 

test). 

The average percentage of marketable cauliflower heads and the average leaf damage 

scores per treatment are shown in Table 3.4. Both treatments with S. carpocapsae, Addit 

and xanthan gum and both treatments with Bt resulted in a statistically higher proportion of 

marketable cabbage heads, in comparison to the control. The leaf damage was not 

significantly affected by any of the treatments. The treatments with S. carpocapsae without 

adjuvants and with S. carpocapsae combined with yeast extract also resulted in a higher 

proportion of marketable cabbage heads, although not significantly different from the 

control. 

Due to the large variation of the measurements, the average numbers of L3-L4 and L5-L6 at 

specific sample dates were statistically similar for all treatments (Figure 3.9a and Figure 

3.9b). The total number of L3-L4 peaked at the second sampling date. One week later, the 

total number of L5-L6 was at its highest level. 
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Table 3.4. Numbers and odds ratios (+ confidence intervals) of marketable and damaged cabbage heads and damage scores 
(±SD) per treatment. Damage was scored per plot, on a scale from 1 (no damage) to 9 (severe damage). Different letters 
indicate statistical differences between rows (P<0.05). 

Nr Treatment  Marketable 

/damaged 

cabbage heads 

Odds 

ratio 

 95% confidence 

interval 

Leaf damage 

score 

 

1 Water (control) C3 43 29 1.00 a    4.0 ± 1.2 a 

2 S. carpocapsae C3 47 25 1.27 a [0.65 ; 2.49] 3.5 ± 0.6 a 

3 S. carpocapsae 

+ yeast extract 

C3 53 19 1.88 a [0.93 ; 3.81] 3.7 ± 0.5 a 

4 S. carpocapsae  

+ Addit + xanthan gum  

+ yeast extract 

C3 55 16 2.32 b [1.12 ; 4.81] 3.7 ± 0.5 a 

5 S. carpocapsae 

+ Addit + xanthan gum 

C3 54 17 2.14 b [1.04 ; 4.40] 3.7 ± 0.5 a 

6 Bt C3 60 10 4.05 b [1.79 ; 9.17] 2.7 ± 0.5 a 

7 Bt C2 57 14 2.75 b [1.30 ; 5.82] 4.0 ± 0.8 a 
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Figure 3.9. Number of L3 and L4 larvae (Figure 3.9a) and L5 and L6 larvae (Figure 3.9b) of Mamestra brassicae (±SE) per cauliflower plant as influenced by different treatments and time. All 
treatments used 1170 L water/ha and were sprayed at 4.0 bar. All treatments except for both treatments including Bt were applied twice a week and six times in total. Both treatments with Bt 
were applied once a week and three times in total. All treatments, except for one treatment with Bt, were applied with a spray boom fitted with TeeJet TP 80 04 EVS nozzles above the crop 
rows, and with vertical extensions, ending in two sideward spraying TeeJet UB 85 04 nozzles between rows. One Bt treatment was applied with a standard spray boom fitted with TeeJet 
XR 110 04 nozzles. Active ingredients and additives were sprayed at the following concentrations: Steinernema carpocapsae at 58 IJ/cm

2
 of ground surface, brewer’s yeast extract at 1 g/L, 

Addit at 2.5 mL/L, xanthan gum at 0.3 g/L, Bt at 1 kg/ha. Different letters indicate statistical differences between the total number of L3-L4 or L5-L6 larvae over all treatments at different 
sampling times (P<0.05) 
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APPLICATION RATE AND APPLICATION TECHNIQUE TRIALS 

The average daily temperature recorded throughout the spray application period is depicted 

in Figure 3.10. The average temperature during this period was 11.5 ± 1.7 °C (mean ± SD). 

 

Figure 3.10. Average daily temperature recorded during the period with the spray applications (August 30
th

 – September 
12

th
). 

 

The deposition test in the application rate trial revealed that the concentration of 

nematodes in the tank did not have a significant influence on the relative deposition of the 

nematodes on the leaves (Table 3.5). The absolute deposition results (in EPN per cm² of 

collector surface) generally were highest in the treatment receiving the highest application 

rate of nematodes, and lowest in the treatment receiving the lowest application rate of 

nematodes, although this could not be backed up statistically due to high variation and a 

limited number of replicates. In the application technique trial, the collector position on the 

upper side, located on the edge of the plant, received significantly more nematodes when it 

was sprayed with a regular spray boom (C2) than when it was sprayed with the adapted 

spray boom (C3) (Table 3.6). The adapted spray boom outperformed the regular spray boom 

on the collector position “underside edge”, while the opposite was true for the collector 

position “underside centre”, although both observations could not be proven statistically 

due to high variability between measurements. 
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Table 3.5. Deposition of Steinernema carpocapsae measured on leaf disc collectors in the application rate trial, expressed in 
absolute terms and relative to the theoretical deposition per unit of ground surface (±SD). Different letters indicate 
significant differences between the absolute or relative deposition on collector positions located on the same side of the 
plant (P<0.05). 

Nr Treatment Application 
rate 

Collector  
position 

IJ/cm² 
(±SD) 

 Relative deposition 
(%) (±SD) 

 

3 S. carpocapsae  
+ Addit  
+ xanthan gum 

58 IJ/cm
2
 upper side centre 14.0 ± 6.9 a 18.0 ± 8.9 A 

  upper side edge 19.4 ± 10.0 a 24.9 ± 12.8 A 

4 S. carpocapsae  
+ Addit  
+ xanthan gum 

29 IJ/cm
2
 upper side centre 11.1 ± 5.7 a 26.9 ± 13.8 A 

  upper side edge 8.7 ± 4.1 a 21.1 ± 9.9 A 

5 S. carpocapsae  
+ Addit  
+ xanthan gum 

87 IJ/cm
2
 upper side centre 16.0 ± 13.5 a 13.2 ± 11.1 A 

  upper side edge 23.9 ± 15.4 a 19.7 ± 12.7 A 

3 S. carpocapsae  
+ Addit  
+ xanthan gum 

58 IJ/cm
2
 underside centre 2.7 ± 4.5 a 3.5 ± 5.8 A 

  underside edge 7.7 ± 9.3 a 9.9 ± 12.0 A 

4 S. carpocapsae  
+ Addit  
+ xanthan gum 

29 IJ/cm
2
 underside centre 4.6 ± 7.2 a 11.2 ± 17.5 A 

  underside edge 1.7 ± 2.8 a  4.1 ± 6.9 A 

5 S. carpocapsae  
+ Addit  
+ xanthan gum 

87 IJ/cm
2
 underside centre 8.8 ± 11.9 a 7.2 ± 9.8 A 

  underside edge 10.5 ± 17.4 a  8.7 ± 14.3 A 

 

Table 3.6. Deposition of Steinernema carpocapsae measured on leaf disc collectors in the application technique trial, 
expressed in absolute terms and relative to the theoretical deposition per unit of ground surface (±SD). Different letters 
indicate significant differences between the absolute or relative deposition on collector positions located on the same side 
of the plant (P<0.05). 

Nr Treatment Application  
technique 

Collector  
position 

IJ/cm² 
(±SD) 

 Relative deposition 
(%) (±SD) 

 

4 S. carpocapsae  
+ Addit  
+ xanthan gum 

C2 upper side centre 20.1 ± 15.7 ab 25.8 ± 20.2 AB 

 upper side edge 30.4 ± 7.9 b 39.0 ± 10.1 B 

5 S. carpocapsae  
+ Addit  
+ xanthan gum 

C3 upper side centre 11.8 ± 6.1 a 15.1 ± 7.8 A 

 upper side edge 17.9 ± 8.9 a 22.9 ± 11.4 A 

4 S. carpocapsae  
+ Addit  
+ xanthan gum 

C2 underside centre 10.4 ± 11.7 a 13.3 ± 14.3 A 

  underside edge 1.0 ± 1.8 a 1.3 ± 2.4 A 

5 S. carpocapsae  
+ Addit  
+ xanthan gum 

C3 underside centre 4.9 ± 9.3 a 6.3 ± 11.9 A 

  underside edge 4.9 ± 5.9 a 6.3 ± 7.6 A 
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In both trials, M. brassicae was by far the most abundant species. In the application 

technique trial, larvae of M. brassicae were 7.9 (on September 20th) and 18.5 times (on 

October 18th) more numerous than the second most prevalent species, viz. the small 

cabbage white, Pieris rapae. In the application rate trial, M. brassicae larvae were 36.5 and 

4.7 times more numerous than P. rapae on these respective dates. 

In the application rate trial, the number of both L3-L4 and L5-L6 caterpillars did not differ 

significantly between the different plots on September 20th, i.e. before the start of all 

insecticidal applications (Figure 3.11). On October 18th, after all applications, the number of 

L5-L6 larvae was still statistically equal in all treatments (Figure 3.11b). The number of L3-L4 

larvae, however, did show some differences after the applications (Figure 3.11a). In the Bt 

treated plots, the caterpillar numbers were lowest. The numbers were greatest in the 

control plots. In all plots treated with S. carpocapsae, intermediate numbers of caterpillars 

were counted, but no significant effect of the application rate was found. Overall, caterpillar 

numbers differed widely between individual plants.  

 

Figure 3.11. Number of L3 and L4 larvae (Figure 3.11a) and L5 and L6 larvae (Figure 3.11b) of Mamestra brassicae (±SE) per 
cauliflower plant as influenced by different treatments and time in the application rate trial. All treatments used 1170 L/ha 
and were sprayed at 4.0 bar. All treatments except for the treatment including Bt were applied twice a week and six times 
in total. Both treatments with Bt were applied once a week and three times in total. All treatments were applied with a 
spray boom fitted with TeeJet TP 80 04 EVS nozzles above the crop rows, and with vertical extensions, ending in two 
sideward spraying TeeJet UB 85 04 nozzles between rows. Additives were sprayed at the following concentrations: Addit at 
2.5 mL/L, xanthan gum at 0.3 g/L. Bt was sprayed at 1 kg/ha. Different letters indicate statistical differences between the 
number of L3-L4 or L5-L6 larvae in different treatments at a specific sampling time (P<0.05). 
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In the application technique trial, the number of L3-L4 larvae only differed between plots on 

September 20th (Figure 3.12). The number of L5-L6 larvae was statistically equal between the 

plots before as well as after all insecticidal treatments. Here again, caterpillar numbers 

differed widely. 

 

Figure 3.12. Number of L3 and L4 larvae (Figure 3.12a) and L5 and L6 larvae (Figure 3.12b) of Mamestra brassicae (±SE) per 
cauliflower plant as influenced by different treatments and time in the application technique trial. All treatments used 1170 
L/ha and were sprayed at 4.0 bar. Both treatments with S. carpocapsae were applied twice a week and six times in total. 
Both treatments with Bt were applied once a week and three times in total. One treatment with Bt and one treatment with 
S. carpocapsae were applied with a spray boom fitted with TeeJet TP 80 04 EVS nozzles above the crop rows, and with 
vertical extensions, ending in two sideward spraying TeeJet UB 85 04 nozzles between rows. One treatment with Bt and one 
treatment with S. carpocapsae were applied with a standard spray boom fitted with TeeJet XR 110 04 nozzles. Active 
ingredients and additives were sprayed at the following concentrations: Steinernema carpocapsae at 58 IJ/cm

2
 of ground 

surface, Addit at 2.5 mL/L, xanthan gum at 0.3 g/L, Bt at 1 kg/ha. Different letters indicate statistical differences between 
the number of L3-L4 or L5-L6 larvae in different treatments at a specific sampling time (P<0.05). 
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The leaf damage (scale: Figure 3.13 and Figure 3.14; damaged leaf area: Figure 3.15 and 

Figure 3.16) showed a similar evolution in both trials. At the start of the experiment, on 

September 20th, there was no difference between the experimental plots both in trial AR and 

trial AT. 

In the application rate trial, damage scale (Figure 3.13) and damage percentage (Figure 3.15) 

results increased at an equal rate over time in all treatments, except in the plots treated 

with Bt, sprayed with the adapted spray boom (C3). In this treatment, damage did not rise 

significantly over time. In the application technique trial the damage scale results also rose 

at a similar rate over time in all treatments, except in the treatment with Bt, applied with the 

adapted spray boom (C3) (Figure 3.14). The effect of applying Bt with a normal spray boom 

on the other hand, was negligible. The statistical analysis of the damage percentage in trial 

AT, did not show a significant interaction “treatment*sampling time” (P=0.082). Hence it 

was removed from the LMM, which resulted in statistically equal damage percentages over 

all treatments per week (Figure 3.16). When damage percentage data were compared 

between treatments over the complete course of the observations, it was clear that the 

adapted spray boom applications with Bt caused significantly lower damage, while plants 

receiving the adapted spray boom applications with S. carpocapsae showed highest damage. 

All other treatments, including the control, caused intermediate damage percentage results. 
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Figure 3.13. Evolution over time of the leaf damage scale (±SD) in different treatments in the application rate trial. Different 
letters indicate statistical differences between the average leaf damage in different treatments at different sampling times 
(P<0.05). Plant date: August 8

th
 2012. 

 

Figure 3.14. Evolution over time of the leaf damage scale (±SD) in different treatments in the application technique trial. 
Different letters indicate statistical differences between the average leaf damage in different treatments at different 
sampling times (P<0.05). Plant date: August 8

th
 2012. 
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Figure 3.15. Evolution over time of the damaged leaf area, expressed as a percentage of the total leaf area (±SD) in different 
treatments in the application rate trial. Different letters indicate statistical differences between the percentage of damaged 
leaf area in different treatments and different weeks (P<0.05). Plant date: August 8

th
 2012. 

 

Figure 3.16. Evolution over time of the damaged leaf area, expressed as a percentage of the total leaf area (±SD) ) in 
different treatments in the application technique trial. Due to a lack of interaction between sampling time and treatment, 
significant differences between damaged leaf area are shown separately for sampling time and treatment: significant 
differences between damaged leaf area at different sampling times are shown in small letters above the data columns; 
significant differences between damaged leaf area in different treatments are shown in capital letters in the legend on the 
right (P<0.05). Plant date: August 8

th
 2012. 
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In both trials, an increasing trend (although not statistically significant) was observed for the 

percentage of plants with feeding damage (Figure 3.17 and Figure 3.18) in all treatments 

except in plots that received Bt applied with an adapted spray boom. 

Both in trial AR and trial AT, few harvested cabbage heads showed feeding damage (Table 

3.7 and Table 3.8). There were no statistically significant differences between the numbers 

of marketable and damaged cabbage heads in both trials. 

 

Figure 3.17. Evolution over time of the percentage of plants with feeding damage (±SD) in different treatments in the 
application rate trial. Different letters indicate statistical differences between the percentage of plants exhibiting feeding 
damage in different treatments and different weeks (P<0.05). Plant date: August 8

th
 2012. 
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Figure 3.18. Evolution over time of the percentage of plants with feeding damage (±SD) in different treatments in the 
application technique trial. Due to a lack of interaction between sampling time and treatment, significant differences 
between damaged leaf area are shown separately for sampling time and treatment: significant differences between the 
percentage of plants with feeding damage at different sampling times are shown in small letters above the data columns; 
significant differences between the percentage of plants with feeding damage in different treatments are shown in capital 
letters in the legend on the right (P<0.05). Plant date: August 8

th
 2012. 

 

Table 3.7. Numbers and odds ratios (+confidence intervals) of marketable and damaged cabbage heads per treatment in 
the application rate trial. 

Nr Treatment  Marketable /damaged 

cabbage heads 

Odds ratio  95% confidence interval 

1 
Untreated (control) 

 99 1 1.00 a    

2 Bt 

 

C3 100 0 ∞ a [0.00 ;   ∞   ] 

3 S. carpocapsae + Addit 

+ xanthan gum 

C3 98 2 0.50 a [0.04 ; 5.55] 

4 S. carpocapsae + Addit 

+ xanthan gum 

C3 98 2 0.50 a [0.04 ; 5.55] 

5 S. carpocapsae + Addit 

+ xanthan gum 

C3 93 7 0.134 a [0.02 ; 1.11] 
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Table 3.8. Numbers and odds ratios (+confidence intervals) of marketable and damaged cabbage heads per treatment in 
the application technique trial. 

Nr Treatment  Marketable /damaged 

cabbage heads 

Odds ratio 95% confidence interval 

1 
Untreated (control) 

 99 1 1.00a    

2 
Bt 

C2 98 2 0.50a [0.04 ; 5.55] 

3 
Bt 

C3 99 1 1.00a [0.06 ; 16.21] 

4 S. carpocapsae + Addit 

+ xanthan gum 

C2 95 5 0.19a [0.02 ; 1.67] 

5 S. carpocapsae + Addit  

+ xanthan gum 

C3 98 2 0.50a [0.04 ; 5.55] 

 

3.4 DISCUSSION 

This research shows an alternative approach to the conventional control of M. brassicae in 

cauliflower. Such an alternative is needed, due to the potential for insecticide resistance and 

unwanted side effects encountered with synthetic pesticides, and due to the relatively low 

susceptibility of M. brassicae to Bt (vide supra).  

3.4.1 SPRAY APPLICATION TOOLS TEST 

The choice of a spray application technique suitable to control M. brassicae in cauliflower 

depends on the life stages of the insect targeted. It is known that most (>95%) of the feeding 

by M. brassicae larvae is done by L5 and L6. (Theunissen, 1985) These stages bore towards 

and into the cabbage head, causing economic damage. All earlier larval stages (L1-L4) cause 

less economic damage in cauliflower, since they mostly reside on the outer leaves, especially 

on the underside of these leaves (Johansen, 1997b; INRA, 2013a). Based on this information, 

we decided to select an application technique suitable for the control of the L1-L4 of M. 

brassicae in order to prevent economic damage caused by L5 and L6. 

Our results show that the row application system (C5) and the standard spray booms (C1 and 

C2) have little potential for providing a good coverage of the lower side of cauliflower leaves. 

However, both spray boom configurations with extensions (C3 and C4) covered the lower 

side of the outer leaves very well (C3: 73.5%; C4: 65.7%). These configurations also secured 
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statistically equal coverage of the underside of the centre leaves, when compared to all 

other configurations. They are therefore equivalent options for the control of M. brassicae at 

this target zone. For the above reasons, C3 was selected for the field trial with S. 

carpocapsae. 

3.4.2 ADJUVANT TRIAL 

The spray application equipment was well suited for applying S. carpocapsae on foliage for 

several reasons. (1) The temperature in the tank remained well below 37°C, the temperature 

above which detrimental effects on the survival of S. carpocapsae can occur. (Brusselman et 

al., 2010a) (2) The high survival percentage of S. carpocapsae in the tank samples proved 

that the mixing system is suitable for S. carpocapsae applications. (3) The spray pressure (4.0 

bar) was well below 20 bar, the advised upper pressure limit for spraying S. carpocapsae 

(Shapiro-Ilan et al., 2006). (4) The S. carpocapsae suspension did not clog the nozzles, (5) nor 

did the nozzles cause mortality to S. carpocapsae.  

Due to the high variability between the numbers of caterpillars counted per plant, no 

significant differences could be noted between these numbers per treatment. However, the 

data on the numbers of damaged cabbage heads clearly demonstrate a protective effect of 

spraying with a suspension of S. carpocapsae, when the nematodes are combined with the 

retention adjuvants Addit and xanthan gum. Brewer’s yeast extract seems to add a small 

additional protection, although this effect could not be proven statistically. It is noticeable 

that Bt applications outperform all other treatments. However, the difference in 

marketable/damaged cabbage heads between Bt treatments, the treatment with S. 

carpocapsae + retention adjuvants and the treatment with S. carpocapsae + retention 

adjuvants + yeast, could not be proven statistically. Since Bt was only applied three times, 

unlike S. carpocapsae that was applied six times, and because EPN are far more expensive 

than Bt, the use of the bacterium should still be considered as the preferred biological 

control option, when looking at the results of this adjuvant trial. However, based on these 

results, EPN might provide an extra control option against the cabbage moth, if the efficacy 

of EPN treatments can be enhanced. 
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3.4.3 APPLICATION RATE AND APPLICATION TECHNIQUE TRIALS 

Since M. brassicae larvae were by far the most numerous caterpillar species in both trials, 

most of the caterpillar feeding damage was very likely caused by this insect. Similar to the 

adjuvant trial, the numbers of M. brassicae larvae were highly variable between individual 

plants in both the application rate trial and the application technique trial, making it difficult 

to distinguish statistical differences between the mean number of caterpillars per plant. 

However, leaf damage measurements and the number of infected plants proved to be much 

less variable and, hence, much more reliable than counting numbers of caterpillars for 

assessing control by S. carpocapsae and Bt treatments. 

The deposition measurements in both trials also suffered from high variability, as did the 

deposition measurements in the adjuvant trial. This caused few significant differences 

between deposition in the different treatments of both trials. The most probable cause for 

this variability is the plant architecture of cauliflower: due to the overlap of leaves, some 

areas of the plant are difficult to spray. This variability is a major concern for biocontrol 

agents like Bt and EPN, since areas that are not sprayed, are not protected against the 

targeted pest. This problem is even more exacerbated with EPN than with Bt, because EPN 

maintain their infectivity for only a few hours after application (cfr. subsection 2.2.6). This 

decreases the chance of cabbage moth caterpillars getting into contact with infective EPN. Bt 

also degrades under the influence of sunlight, but the degrading effect is slower with Bt than 

with EPN: Bt has a half-life of 3.8 h when exposed to an ultraviolet source (UV) 

representative of the UV radiation in natural sunlight (Ignoffo et al., 1977). No doubt, 

sunlight is less of a problem on the underside of cauliflower leaves. The protection against 

sunlight on the underside of leaves, together with better placement of the Bt spray may 

explain the better control of the Bt applications with the adapted spray boom compared 

with the regular spray boom: only the Bt applications with the adapted spray boom 

effectively stabilized the observed damage. Furthermore, the plots that received Bt with the 

adapted spray boom were the only plots that contained significantly less infected plants 

than the control plots. 

When the deposition results in these two tests are compared with the ones from the spray 

application tools test, it is clear that the deposition of EPN on cauliflower leaves is more of a 

problem than deposition of water on water sensitive papers. This indicates that deposition 
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of the EPN is severely reduced due to the hydrophobic leaf surface. Another factor might be 

that EPN are mostly located in the larger droplets of a spray, which are more prone to 

bounce of the leaves. But still, significant control was to be expected, since the adapted 

spray boom managed to deliver between 2.7 ± 4.5 and 7.7 ± 9.3 IJ/cm². 

The lack of control of cabbage moth caterpillars by any of the treatments with S. 

carpocapsae in both trial AR and trial AT, might be caused by the low temperature during 

the application period. Low temperatures induce inactivity in infective juveniles of EPN, they 

seem to be the main barrier to the use of EPN in temperate regions (Radova & Trnkova, 

2010). Grewal et al. (1994) determined that the temperature for successful infection of two 

S. carpocapsae strains (All and NJ19) lies between 1 and 32°C, but that infectivity is reduced 

below 15°C. Establishment (i.e. development into an adult) and reproduction occurred at 

even more narrow temperature ranges (12-32°C and 20-30°C for both strains, respectively). 

With an average temperature of 11.5 ± 1.7°C over the whole application period in trial AR 

and trial AT, temperatures were most likely too low for successful infections of cabbage 

moth larvae by the EPN. The average temperature over the whole application period in the 

adjuvant trial reached 15.7 ± 2.3°C. While still being on the low side of S. carpocapsae’s peak 

infection temperature range (15-32°C), this temperature probably allowed for a significant 

control of the cabbage moth in the adjuvant trial. 

This temperature sensitivity severely hampers the control potential of S. carpocapsae in 

Belgian conditions. It means that S. carpocapsae can only be considered as a control option 

at relatively high temperatures and that more cold tolerant species strains, or breeding 

products (i.e, strains improved through laboratory breeding) of EPN should be considered for 

controlling cabbage moth caterpillars under a temperate climate. 

Furthermore, the data of the application rate and application technique trials also suggest 

that Addit and xanthan gum do not cause significant control of the cabbage moth. Despite 

the control effect observed in the lab on G. mellonella (see chapter 2), no significant control 

was visible in any of the treatments in which Addit and xanthan gum were used. Either the 

suggested physical effect of the mixture Addit + xanthan gum does not play against M. 

brassicae larvae or the contact between the pest and the suspension with adjuvants was too 

low to allow for significant control of the larvae with these adjuvants. 
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Finally, despite quite extensive leaf damage on some plants, only few cabbage heads were 

damaged in both trials. The difference is most likely to be sought in the late planting date, 

which in turn caused late head formation. Considering both the evolution of the numbers of 

caterpillars (Figure 3.11 and Figure 3.12), and the development time of the larvae, it is 

reasonable to admit that most larvae had already dropped of the plants to pupate in the soil 

by the time heads began to form. 

When a low temperature active EPN species/strain, efficacious against the cabbage moth, 

becomes available, then EPN applications might be fitted into biological control schemes to 

prevent development of resistance of M. brassicae against Bt. This is of major importance, 

since M. brassicae already seems to possess some innate resistance against Bt products (see 

chapter 1). 

  

3.5 CONCLUSIONS 

The research presented in this chapter shows that there is much room for improvement in 

the foliar application of EPN against M. brassicae. Control results in field tests with 

applications of S. carpocapsae are variable and are probably largely dependent on the 

temperature. More cold-tolerant species, strains or breeding products of EPN should be 

searched for, so that they can be used against the cabbage moth, before any conclusions can 

be drawn on the optimal application rate of the EPN. 

In further testing, it should also be taken in account that EPN are some of the most 

expensive active ingredients used for insect control; hence, an efficient delivery of these EPN 

from the spray tank to the target pest is of key importance (Wright et al., 2005). Adding 

adjuvants like Addit and xanthan gum to the spray suspension proved to be necessary for 

obtaining significant control of M. brassicae with S. carpocapsae. These adjuvants, or their 

chemical analogues, should therefore be included in the spray suspensions in future 

experiments. The control effect of yeast extract as an attractant could not be proven 

statistically. Besides adjuvants, the application technique seems to be a key factor for a 

successful control of the cabbage moth with contact bio-insecticides like EPN and Bt. 

Cabbage moth control with a Bt suspension was significantly better when the suspension 
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was applied with an adapted spray with under-leaf band spraying nozzles, than when it was 

sprayed with a normal spray boom. 
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CHAPTER 4: IMPROVING THE BIOCONTROL POTENTIAL OF 

STEINERNEMA FELTIAE AGAINST DELIA RADICUM BY ADAPTING 

APPLICATION RATE, APPLICATION TECHNIQUE AND TIMING
vii 

 

 

 

This chapter starts out with a literature review of the key factors for successful control of D. 

radicum with EPN. Subsequently, it presents three field tests with applications of IJ of S. 

feltiae against D. radicum in cauliflower. These tests focused on finding an optimal 

application rate of IJ per plant, a suitable application technique and a good timing of the 

application. 

 

4.1 INTRODUCTION 

In conventional agriculture, D. radicum is normally controlled with organophosphate 

insecticides (e.g., chlorpyrifos, dimethoate), but synthetic pyrethroids (e.g., lambda-

cyhalotrin) are an extra option. In organic agriculture, the options are few: in Belgium for 

example, the only active substance available for professional use is spinosad (Fytoweb, 

2013). The lack of control alternatives to spinosad, and the evidence of emerging resistance 

in other dipterous insects (e.g., the common house fly, Musca domestica L. (Markussen & 

Kristensen, 2012; Khan et al., 2013), the melon fly, Bactrocera cucurbitae (Coquillett) (Hsu et 

al., In press) and the olive fruit fly, Bactrocera oleae (Rossi) (Kakani et al., 2010)) indicate the 

                                                      
vii

 This chapter was adapted from: 

Beck, B., Spanoghe, P., Moens, M., Brusselman, E., Temmerman, F., Pollet, S. & Nuyttens, D. (2013). 

Improving the biocontrol potential of S. feltiae against Delia radicum through dosage, application 

technique and timing. Pest Management Science, DOI: 10.1002/pi.3628. 
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threat of resistance development in D. radicum populations. Therefore, research into 

biological control alternatives, like EPN is needed. Several lab and field trials have 

determined the key factors for a successful control of the cabbage root fly with EPN:  

(1) EPN species: work by several authors determined that strains of S. feltiae, also selected 

for the reported field tests, are best suited for control of D. radicum (Sulistyanto et al., 1994; 

Schroeder et al., 1996; Nielsen, 2003; Chen et al., 2003a, 2003b).  

(2) Soil moisture content: EPN need a water film in the interstitial spaces of soil to move. As 

stated in chapter 1, both very dry soils and water-saturated soils will impede movement and 

have detrimental effects on control with EPN (Koppenhöfer et al., 1995; Grewal, 2002; Hazir 

et al., 2003).  

(3) Soil temperature: low soil temperature restricts the efficacy of EPN in temperate regions 

(Griffin, 1993). However, S. feltiae is active at cool temperature (Grewal et al., 1994). Chen et 

al. (2003b) showed that temperature significantly affects the mobility and infectivity of 

various EPN species. Steinernema feltiae was the only species of their selection capable of 

killing D. radicum maggots at 10°C. All other tested species (S. carpocapsae, S. arenarium 

(Artyukhovsky) Wouts, Mrácek, Gerdin and Bedding, H. megidis Poinar and H. bacteriophora) 

needed 15°C or higher to become infective. If the soil temperature rises above 28°C, a pre-

application irrigation treatment is recommended to reduce soil temperature (Grewal, 2002).  

(4) Placement: EPN applications depositing nematodes as close as possible to the maggots of 

D. radicum are most successful. Chen et al. (2003a) obtained better control results after 

injecting and dripping an EPN suspension into peat blocks containing cabbage plantlets, than 

after spraying EPN on the soil surface around these plants. While plants that were surface 

sprayed with EPN were infected with 3.6 ± 1.0 D. radicum larvae per plant – a number not 

significantly different of the control (3.8 ± 0.08 larvae/plant) – the injection and drip 

treatments with EPN reduced the mean number of larvae to 2.1 ± 0.20 and 2.9 ± 0.16 larvae 

per plant, respectively. Schroeder et al. (1996) observed better control results after pouring 

an EPN suspension on the soil surrounding cabbage plants, than by pouring the suspension 

underneath the root systems of these plants.  
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(5) Application rate: The success of EPN as a bio-control agent is very dependent on the used 

application rate: increasing the rate also increases control (Schroeder et al., 1996; Chen et 

al., 2003a). Schroeder et al. (1996) tested four different application rates (0, 30,000, 100,000 

and 200,000 EPN/plant) in plots with an augmented D. radicum population, and found that 

these application rates poured on the surface around a plant, resulted in a gradual reduction 

of the mean root damage index from 44.0 ± 4.0 (on a scale of 0 to 100) in plots receiving the 

lowest application rate, to 26.0 ± 3.3 in plots receiving the highest application rate. The same 

application rates applied subsurface resulted in a gradual reduction of the mean root 

damage index from 49.0 ± 2.9 to 30.5 ± 7.3. Chen et al. (2003a) found that an application of 

0; 1,000; 2,000; 4,000 up to 8,000 EPN/plant resulted in a gradual decrease of the number of 

maggots per plant from 3.9 ± 0.12 to 2.3 ± 0.44 as the application rate increased. It should, 

however, be noticed that application rates must be kept as low as possible, since EPN are 

among the most expensive active ingredients on the market (see chapter 1).  

(6) Timing: maggots of D. radicum are exposed to EPN for only a brief period (Georgis et al., 

2006): in three weeks’ time, a hatched maggot is fully grown, and will exit the roots to 

pupate in the soil (INRA, 2013b). Hence, nematodes have to be applied when eggs or young 

larvae are present. 

The field research detailed in this chapter focuses on the control effects of the placement of 

S. feltiae around the plants’ roots by comparing different application techniques (plant tray 

spraying vs. drench application), with different application rates of the nematodes (200,000 

IJ/plant vs. 50,000 IJ/plant) and timing of application (application at planting vs. application 

one week after planting vs. application two weeks after planting, with or without one or two 

follow-up treatment(s)). 

 

4.2 MATERIALS AND METHODS 

4.2.1 FIELD TRIAL 1 

EXPERIMENTAL SETUP 

Cauliflower cv. Clapton was planted on May 22nd 2012 in a field with sandy loam soil in 

Rumbeke-Beitem (Belgium). The experiment was arranged as a randomized complete block 
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design of seven treatments (Table 4.1), each replicated four times. Plots were 4.9 m long by 

2.8 m wide and each contained 40 plants. The plants (2-3 leaf stage) were planted with a 

mechanical 4-row transplanter. Plants were spaced 49 cm apart on the row and 70 cm 

between rows. Immediately after planting, the plants were covered with a net (Duranet, 

triangular mesh, 5 mm base, 10 mm height) until July 31, to prevent damage from birds and 

small mammals. The net was temporarily removed for EPN applications after planting. 

Control plots were not treated with insecticides or EPN suspensions. Before planting, 

spinosad (Conserve® Pro, Dow Agrosciences, Indianapolis, IN, USA) was sprayed on the trays 

with plants intended for the reference plots. Spinosad is a mixture of microbially produced 

compounds, and is registered for use in organic production. It affects yet unknown target 

sites of the nervous system of insects (Orr et al., 2009). The insecticide was applied at an 

application rate of 5.76 g/1,000 plants (i.e. 48 mL Conserve® Pro/1,000 plants), with a boom 

sprayer equipped with TeeJet DG 110 02 nozzles (Springfield, IL, USA) at a pressure of 3.0 

bar, with 4 L of water per 1,000 plants. Suspensions of IJ of S. feltiae were knapsack sprayed 

on plants in trays intended for treatments 3 to 7 at an application rate ranging from 50,000 

up to 200,000 IJ of S. feltiae per plant (Table 4.1). All knapsack sprayings with EPN 

suspensions were carried out with a Solo 425 knapsack sprayer (Newport News, VA, USA) 

equipped with a single Hypro F110 04 standard flat fan nozzle (Cambridge, UK) at a pressure 

of 3.0 bar, with 3 L of suspension per 1,000 plants. The knapsack sprayer was frequently 

shaken to ensure an even distribution of the nematodes. Plots of treatment 5 or 6 also 

received soil drench applications after planting as indicated in Table 4.1. All soil drench 

treatments were carried out with 50,000 IJ of S. feltiae per plant suspended in 100 mL water. 

This suspension was taken from a mounted sprayer (Delvano NV, Hulste, Belgium), with a 

tank capacity of 200 L. This spraying machine was equipped with a diaphragm pump with a 

flow rate of 72 L/min (AR 70 BP/C, Annovi Reverberi, Modena, Italy), capable of maintaining 

the nematodes well-mixed in the suspension. The suspension in the sprayer was tapped 

from the sprayer into buckets. In the buckets, the suspension was stirred regularly. 

Measured cups were used to pour 100 ml of suspension from the buckets around the base 

of the cauliflower stems. The soil of the entire trial field was wetted with 9 L water/m² 

before the first drench treatment (May 29th), to assure optimum circumstances for survival 

and activity of the EPN. This wetting was not deemed necessary before the second drench 
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treatment (June 5th), since the soil was wet due to rain. No irrigation was applied to the field 

after both drench treatments. It was proven in previous research that irrigation after spray 

applications can increase nematode performance (Wright et al., 2005), most likely because 

the irrigation rinses the applied EPN on the top soil further into the soil. Nonetheless, this 

measure was not deemed necessary here, since the drench application already assured 

penetration into the soil. 

 

Table 4.1. Overview of all applied treatments and treatment dates of field trial 1. Treatments with Steinernema feltiae 
before planting were applied on May 21

st
, the reference treatment was applied on May 18

th
 . The plant date was May 22

nd
, 

2012. 

Nr Applications before planting Applications after planting 

Application Application rate 

(IJ of S. 
feltiae/plant) 

Application Week(s) after 
planting 

Application rate 

(IJ of S. 
feltiae/plant) 

1 Untreated control - - - - 

2 Reference (spinosad, 
5.76 g/1000 plants) 

- - - - 

3 Plant tray spraying 2*105 - - - 

4 Plant tray spraying 1*105 - - - 

5 Plant tray spraying 5*104 - - - 

6 Plant tray spraying 5*104 Drench 1a 5*104 

7 Plant tray spraying 5*104 Drench 1 a, 2b 5*104 

a May 29th, 2012; b June 5th, 2012 

 

EVALUATION METHODOLOGY 

Before planting, 50 soil samples (100 mL) uniformly distributed over the trial site were taken 

from the top five cm using a soil drill with a diameter of 5 cm. The samples were gently 

homogenized, before 50 subsamples of two mL were taken. These subsamples were put in 

separate Petri dishes (Falcon Easygrip, 35 x 10 mm) to which one larva of G. mellonella was 

added. After seven days, all dead G. mellonella larvae in these bait traps were transferred to 
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separate White traps (White, 1927). When nematodes emerged from these traps, they were 

put together with a new G. mellonella larva, to verify whether these were indeed EPN and 

not saprophytic nematodes (Poinar, 1975). 

Immediately after planting, ten insect egg-laying traps (felt collars, Fondation Les Oliviers, Le 

Mont-sur-Lausanne, Switzerland) were randomly distributed over the trial site. Cabbage root 

fly eggs deposited in these traps were counted and removed on a weekly basis. The 

presence of IJ of S. feltiae applied to the soil was followed up once a week (between May 

24th and August 2nd) by taking two-mL soil samples from the top five cm of the soil around 

eight cabbage plants per plot. These samples were put in Petri dishes (Falcon Easygrip, 35x10 

mm) to which three G. mellonella larvae were added per dish. Petri dishes were incubated at 

24°C and 90% humidity, during one week. After this period, the numbers of dead larvae in 

these bait traps were counted and the percentage mortality was calculated per plot.  

All dead plants were removed from the field on a weekly basis. The roots of these plants 

were visually inspected to determine the cause of death. Plants that died due to cabbage 

root fly infection were counted. Only few plants were marketable due to poor leaf 

development. As a consequence, no harvest data could be collected. 

4.2.2 FIELD TRIAL 2+3 

EXPERIMENTAL SETUP 

Two other trials, named trial 2 (high application rate trial) and 3 (low application rate trial) 

hereafter, were also conducted in Rumbeke-Beitem (Belgium), on two sites similar to the 

site of trial 1. Cauliflower plants, cv. Faraday, were planted on April 16th, 2012 and May 14th, 

2012 on sites 2 and 3, respectively. Both experiments were arranged as a randomized 

complete block design of eight treatments (Table 4.2), each replicated four times. Each plot 

(8.0 m × 2.8 m) contained 120 plants. The plants (2-3 leaf stage) were planted with a 

mechanical 4-row transplanter (28 cm apart on the row and 70 cm between rows). Plants 

were spaced this close on the rows to allow for the removal of every other plant for root 

observation and counting of the cabbage root maggot, during the course of the growing 

season. 
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Immediately after planting, the plants were covered with a net (Howitec Netting, pigeon net 

Columba plus, rectangular mesh, 5 mm × 7 mm). Nets remained on both trial sites until 

July 4th or July 13th in trials 2 and 3, respectively. The nets were temporarily removed for 

applications of S. feltiae after planting. 

Table 4.2. Overview of all treatments of field trials 2 and 3. Treatments of Steinernema feltiae before and at planting and 
the reference treatment were all applied on the planting dates: April 16th, 2012 (trial 2) and May 14th, 2012(trial 3). Rates 
of S. feltiae are marked (2) or (3) referring to the trial. 

Nr Treatment before/at planting Treatment after planting 

Treatment Application rate 

(IJ of S. 
feltiae/plant) 

Treatment Week(s) after 
planting 

Application rate 

(IJ of S. 
feltiae/plant) 

1 Untreated control - - - - 

2 Reference (spinosad, 
5.76 g/1,000 plants) 

- - - - 

3 Plant tray spraying (2) 2*105 
(3) 5*104 

- - - 

4 Drench (2) 2*105 

(3) 5*104 

- - - 

5 Drench (2) 2*105 

(3) 5*104 

Drench 1a 

1d 

(2) 2*105 

(3) 5*104 

6 - 

 

- 

 

Drench 1a, 2b 

1d, 2e 

(2) 2*105 

(3) 5*104 

7 - 

 

- 

 

Drench 2b, 3c 

2e, 3f 

(2) 2*105 

(3) 5*104 

8 - - 

 

Drench 1a, 2b, 3c 

1d, 2e, 3f 

(2) 2*105 

(3) 5*104 

a April 24th, 2012; b May 2nd, 2012, c May 8th, 2012, d May 21st, 2012; e May 28th, 2012, f June 5th, 2012 
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Control plots were not treated with insecticides or EPN suspensions. Before planting, 

spinosad (Conserve® Pro, Dow Agrosciences, Indianapolis, IN, USA) was sprayed on the 

plants in the trays intended for the reference plots. Spinosad was sprayed at a rate of 

5.76 g/1,000 plants (i.e. 48 mL Conserve® Pro/1,000 plants), with a boom sprayer equipped 

with TeeJet DG 110 02 nozzles at a pressure of 2.5 bar, with 0.7 L of water per 1000 plants. 

Suspensions of IJ of S. feltiae were knapsack sprayed on the plants in trays intended for the 

plots of treatment 3 at a rate of 200,000 (trial 2) or 50,000 (trial 3) IJ of S. feltiae per plant 

(Table 4.2). All knapsack sprayings with suspensions of S. feltiae were carried out with a 

Birchmeier Iris knapsack sprayer (Stetten, Switzerland) equipped with a single TeeJet XR 

110 04 standard flat fan nozzle at a pressure of 3.0 bar, with 6.7 L of suspension per 1,000 

plants. Plots of treatments 4 and 5 received a soil drench application at planting while plots 

belonging to treatments 5 to 8 also received one or more soil drench applications after 

planting as indicated in Table 4.2.  

All soil drench treatments were carried out with 200,000 (trial 2) or 50,000 (trial 3) IJ of S. 

feltiae per plant suspended in 100 mL water. This suspension was prepared in the same 

mounted sprayer as mentioned in trial 1, and poured around the base of the cauliflower 

stems in the same way as in trial 1. To provide for ideal conditions for S. feltiae infection, the 

soil of both trial sites was kept moist with an irrigation boom throughout the whole growing 

season. Irrigation occurred on April 16th and 24th, May 2nd and 8th, and June 2nd and 28th in 

trial 2 and on May 14th, 21st and 28th, and June 2nd and 28th in trial 3. Five litres of water were 

applied per m² on all dates, except on June 28th, when 15 L/m² were applied. Plants were 

earthed up on May 29th and on June 14th in both trials. All plots in trial 2 were harvested 

between July 9th and July 25th; plots in trial 3 were all harvested between July 20th and 

August 3rd. 
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EVALUATION METHODOLOGY 

Before planting, 50 soil samples (100 mL) uniformly distributed over the trial sites were 

taken from the top five cm using a soil drill with a diameter of 5 cm. The presence of EPN in 

these samples was verified in the same way as in trial 1. 

On April 20th, 40 insect egg-laying traps (felt collars, Fondation Les Oliviers, Le Mont-sur-

Lausanne, Switzerland) were randomly distributed around trial 2. On May 29th, these traps 

were moved to the nearby trial 3. Cabbage root fly eggs deposited in these traps were 

counted and removed on a weekly basis. The presence of the IJ of S. feltiae applied to the 

soil was monitored once a week, between April 17th and July 3rd in trial 2 and between May 

15th and July 17th in trial 3, in the same way as in trial 1. 

Three weeks after planting, 8 soil cores of 15 cm diameter and up to 30 cm deep, each 

containing the roots of one plant, were taken per plot; the number of cabbage root fly eggs, 

larvae and pupae was counted per soil core. At the same time, the damage to each plant was 

estimated on a scale of 0 to 4 (0: no visible injury; 1: superficial feeding scars; 2: deep scars 

or wounds, but taproot intact; 3: taproot severed or girdled but plant alive; and 4: plant 

dead) (Schroeder et al., 1996; Chen et al., 2003a). Based on these scores, a root damage 

index (RDI) was calculated per plot (Schroeder et al., 1996). The removal and analysis of 

plants continued on a weekly basis, and stopped in the week before the first harvest. If the 

growing period took longer than 10 weeks, a maximum of seven sets of eight plants were 

removed per plot. At harvest, the harvested weight per m² of all harvestable cauliflowers 

was measured per plot. The mean weight of cauliflower heads in all plots was determined by 

weighing 20 harvested heads per plot.  

All dead plants were removed from the field on a weekly basis. The roots of these plants 

were visually inspected to determine the cause of death. Plants that died due to cabbage 

root fly infection were counted. 

4.2.3 STATISTICAL ANALYSIS 

The effects of the treatments on the percentage of plants that died due to cabbage root fly, 

on the RDI data, on the harvested weight per m², and on the mean cauliflower head weight 
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were studied separately per week, through ANOVA analysis. The analysis was followed by a 

Duncan test for multiple comparisons if variances between groups were equal, or by a 

Dunnett T3 test if this was not the case. 

The effect of the treatment on the percentage mortality of G. mellonella was studied 

through general linear mixed (GLMM) model analysis with treatment and time (week 

number) and the interaction between treatment and time as fixed factors. Blocks were 

considered as a random factor to correct for repeated measurements over time within one 

plot. Tukey-Kramer correction for multiple comparisons was applied. 

The effect of the treatment on the number of maggots per plant was studied per week, by a 

Kruskal-Wallis test followed by a Dunn’s test for multiple comparisons. 

SPSS Statistics 21 (IBM Corp.) was used for the ANOVA and Kruskal-Wallis calculations. SAS 

9.3 (SAS Institute Inc.) was used for the GLMM calculations. Statistical significance was 

considered at P < 0.05. 

 

4.3 RESULTS 

4.3.1 FIELD TRIAL 1 

None of the G. mellonella larvae put in the soil samples taken before planting, were infected 

with EPN, eliminating the risk for interference of the treatments with naturally occurring 

EPN. The average number of cabbage root fly eggs deposited in egg-laying traps throughout 

the experiment is represented in Figure 4.1. The number of eggs laid per week peaked on 

June 19th. Figure 4.2 shows the percentages of plants that died due to damage by the 

cabbage root fly. On August 7th, plant tray sprays applying 50,000; 100,000 and 200,000 IJ of 

S. feltiae per plant significantly reduced the percentage of dead plants to roughly the same 

degree (24-33% dead plants). The percentage of dead plants in the untreated control was 

significantly higher (57%). There was no clear effect of the follow-up drench treatments with 

50,000 IJ of S. feltiae per plant on the percentage of dead plants. The reference treatment 

with spinosad generated a significantly better control of D. radicum (2.5% dead plants) than 

all treatments with S. feltiae. 
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Figure 4.1. Mean numbers (± SE) of cabbage root fly eggs counted per trap in the different field trials. Traps were moved 
from trial 2 to nearby trial 3 on May 29

th
. 

 

Figure 4.2. Percentage (±SE) of plants that died due to cabbage root fly infection (trial 1) at weekly intervals after planting. 
Different letters indicate statistical differences between the percentage of dead plants per date (P<0.05). WAP=weeks after 
planting. 
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The percentage mortality of the G. mellonella larvae in the bait traps is shown in Figure 4.3 

(clustered per sampling date). This representation made it possible to show the statistical 

differences between treatments per week. Statistical differences between weeks per 

treatment were also calculated, and are shown in appendix B (Figure B.1). The mortality in 

the control and reference treatment mostly stayed below 20%. The dead G. mellonella 

larvae in these treatments showed signs of bacterial or fungal infection (black discoloration 

or white mould), but never showed the typical signs of infection by S. feltiae (brown-ochre 

and flaccid cadavers) (Ebssa & Koppenhöfer, 2011). Larval mortality in the treatments with IJ 

of S. feltiae on May 24th was relatively low (29-51%) when compared to the mortality 

percentages observed in these treatments in the four following weeks (69-100%). On June 

28th and July 5th, i.e. five and six weeks after planting, larval mortality showed an unexpected 

dip in all treatments with IJ of S. feltiae. In that period, the larval mortality observed in plots 

that received follow-up treatments with S. feltiae suspensions at one and/or two weeks after 

planting, was generally higher than in plots that only received a S. feltiae treatment at 

planting. After eight weeks the mortality of G. mellonella had returned to levels obtained in 

the control plots in all treatments.  
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Figure 4.3. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from around 
cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 1) at weekly intervals after planting. Different 
letters indicate statistical differences between the percentage mortality of larvae in different treatments within one week 
(P<0.05). Plant date: May 22

nd
. WAP=weeks after planting. 

 

4.3.2 FIELD TRIAL 2+3 

None of the G. mellonella larvae, put in the soil samples taken before planting, were infected 

with EPN, eliminating the risk for interference of the treatments with naturally occurring 

EPN in these field trials. The average number of eggs deposited in egg-laying traps 

throughout the experiment is represented in Figure 4.1. 

The percentage of cauliflower plants that died due to cabbage root fly infection remained 

below 3% and 1.5% in all treatments of trials 2 and 3, respectively. No significant differences 

in percentages of dead plants were observed between treatments (on every sample date, 

either the P-value of the ANOVA or the P-value of the subsequent Dunnett T3 test was 

≥0.05). 
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The percentage mortality of the G. mellonella larvae is shown in Figure 4.4 and Figure 4.5 for 

trials 2 and 3, respectively. This representation made it possible to show the statistical 

differences between treatments per week. Statistical differences between weeks per 

treatment were also calculated, and are shown in appendix B (In Figures B.2 and B.3), for 

trials 2 and trial 3, respectively). In field trials 2 and 3, the mortality of the G. mellonella 

larvae in the control and reference treatments generally stayed below 20%, and resembled 

the mortality observed in the same treatments in trial 1. Similarly, dead larvae did not show 

symptoms of S. feltiae infection.  

 

Figure 4.4. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from around 
cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 2) at weekly intervals after planting. Different 
letters indicate statistical differences between the percentage mortality of larvae in different treatments within one week 
(P<0.05). Plant date: April 16

th
. WAP=weeks after planting. 

 

The mortality in plots that received the plant tray spraying with S. feltiae in trial 2 did not 

differ from the mortality in the control plots on April 17th, i.e. one day after planting (P = 

1.0000). On the other hand, mortality in plots that received a drench treatment at planting, 
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was significantly higher than the mortality observed in the control at this point in time (P < 

0.0001 for the treatment with a single drench at planting, P < 0.0001 for the treatment with 

drench applications at planting and one week later). Mortality in the plots that received a 

plant tray spraying with 200,000 IJ of S. feltiae per plant, reached its peak (54-68%) one 

week after planting and remained at this level until May 22nd (5 weeks after planting) 

(statistical data not shown). Mortality in the plots that received a one-time drench with 

200,000 IJ of S. feltiae at planting remained at its peak (62-93%) until May 15th (four weeks 

after planting) (statistical data not shown). Mortality in the plots that received drenches with 

200,000 IJ of S. feltiae per plant at planting and/or one week after planting, remained 

significantly higher than the mortality in control plots until June 5th (seven weeks after 

planting). In plots receiving drench treatments two and/or three weeks after planting, 

mortality remained significantly higher than in the control plots until June 12th (eight weeks 

after planting). After nine weeks (on June 19th), the G. mellonella mortality in all treatments 

had returned to the level observed in the control, indicating that infections by IJ of S. feltiae 

were rare at this point in time. Larval mortality was exceptionally low on May 29th. 

In field trial 3, the G. mellonella mortality remained below 60% at all sampling dates in the 

plots that received a plant tray spraying with 50,000 IJ of S. feltiae per plant. Mortality in the 

plots that received a single drench application with 50,000 IJ of S. feltiae reached its highest 

level (74%) immediately after planting, on May 15th, and declined in two weeks to a level 

that did not differ significantly (P = 0.3829) from the G. mellonella mortality observed in the 

control plots. In the plots receiving multiple drench applications with 50,000 IJ of S. feltiae 

per plant, mortality remained at its peak until one to three weeks after the last application 

(statistical data not shown), and declined gradually afterwards. 
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Figure 4.5. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from around 
cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 3) at weekly intervals after planting. Different 
letters indicate statistical differences between the percentage mortality of larvae in different treatments within one week 
(P<0.05). Plant date: May 14

th
. WAP=weeks after planting. 

 

Only the numbers of larvae of the cabbage root fly were reliably countable, since they reside 

in and immediately around the cabbage roots. Eggs and pupae are distributed further in the 

soil, and were more difficult to trace, which led to low numbers of eggs and pupae being 

found. Therefore, the results of the eggs and pupae counts were omitted. The cabbage 

maggot counts are presented in Figure 4.6 for trial 2 and in Figure 4.7 for trial 3. 

In both trial 2 and 3, the reference treatments significantly reduced the numbers of maggots 

during several weeks. Among all other treatments in both trial 2 and 3, only the plant tray 

spraying with 200,000 IJ of S. feltiae per plant (one of the treatments in trial 2) significantly 

(P = 0.023) reduced the number of cabbage maggots, albeit only temporary: this effect was 

only noticed on May 29th, six weeks after planting. 
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Figure 4.6. Average number (±SE) of cabbage maggot larvae per plant after different treatments (trial 2) at weekly intervals 
after planting. Different letters indicate statistical differences between the numbers of larvae in different treatments within 
one week (P<0.05). Plant date: April 16

th
. WAP=weeks after planting. 
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Figure 4.7. Average number (±SE) of cabbage maggot larvae per plant after different treatments (trial 3) at weekly intervals 
after planting. Different letters indicate statistical differences between the number of larvae in different treatments within 
one week (P<0.05). Plant date: May 14

th
. WAP=weeks after planting. 

 

The results of the root damage assessment are presented in Figure 4.8 (trial 2) and Figure 

4.9 (trial 3), respectively. None of the treatments with IJ of S. feltiae significantly reduced the 

RDI, while the reference treatment with spinosad reduced the RDI significantly during 

several weeks. 

The harvested weight per m² ranged from 2.40 to 2.69 kg for all treatments in trial 2 and 

from 2.01 to 2.24 kg for all treatments in field trial 3. The mean weight of a cauliflower head 

ranged between 917 and 972 g for all treatments in trial 2 and between 812 and 882 g for all 

treatments in field trial 3. The effect of the treatments on the harvested weight per m² and 

the mean weight of a cauliflower head was not significant (DF: 7, F-value: 0.396, P ≥ 0.895) 

(data not shown). 
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Figure 4.8. Root damage index (±SE) in different treatments (trial 2) at weekly intervals after planting. Different letters 
indicate statistical differences between the average RDI in different treatments within one week (P<0.05). Plant date: April 
16

th
. WAP=weeks after planting. 
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Figure 4.9. Root damage index (±SE) in different treatments (trial 3) at weekly intervals after planting. Different letters 
indicate statistical differences between the average RDI in different treatments within one week (P<0.05). Plant date: May 
14

th
. WAP=weeks after planting. 

 

4.4 DISCUSSION 

This work focused on the effect of placement, application rate and timing of S. feltiae 

applications in cauliflower, to control D. radicum. Two application techniques, a drench and 

a plant tray spraying, were compared on their control potential; furthermore, three 

application rates were tested: 200,000; 100,000 and 50,000 IJ per plant; and last, drench 

applications were carried out with different timing: at planting, after one, two and/or three 

weeks after planting. 

Trial 1 showed that plant tray sprayings with S. feltiae can reduce the percentage of dead 

plants compared with the non-treated control (Figure 4.2). The lack of an application rate-

effect relationship suggests that it might be possible to further reduce the applied rate of S. 

feltiae without causing a significant reduction in control. Follow-up drench treatments with 

S. feltiae caused no further reduction of the number of dead plants. In the two other trials, 

the percentage of dead plants was very low all over the experimental site, despite the high 
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damage potential (high numbers of cabbage root fly eggs were detected around the plants in 

these two trials). This low plant mortality was probably caused by frequent irrigation. This 

irrigation was applied to allow for optimal soil humidity conditions for EPN infection, but 

may have had the beneficial side effect of keeping plants with damaged roots alive, thereby 

permitting rapid regrowth following insect feeding (Ester et al., 2003). Earthing up around 

the plant roots, a common cultural measure practiced in organic agriculture, may have 

stimulated regrowth even further by allowing roots to develop above the infected levels. The 

higher presence of natural predators and parasitoids (e.g., Aleochara spp. (rove beetles), 

Trybliographa rapae Westwood (a parasitoid wasp)) might also have contributed to a lower 

number of dead plants in trials 2 and 3. 

In all three trials, the mortality of G. mellonella larvae in the first soil samples taken around 

plantlets that had been plant-tray-sprayed with S. feltiae, was quite low (Figure 4.3 to Figure 

4.5). This indicates that few IJ of S. feltiae were present in the upper soil layer around the 

plants. Because these soil samples were taken shortly after planting, it is probable that the 

EPN did not yet migrate out of the peat blocks onto which they were applied. Soil sampling 

mostly took place next to these peat blocks, to avoid damage to the plantlets. On the other 

hand, the first soil samples taken in plots that had received soil drench applications with S. 

feltiae, showed higher presence of S. feltiae, since the EPN were applied directly onto the 

sampled area. In treatments that had received a single plant tray spraying with S. feltiae, the 

mortality of G. mellonella increased during the first and second week after application. This 

suggests that the presence of EPN increased in the sampling area. It can thus be argued that 

the IJ took one to two weeks to spread from the peat block to the top layer of soil 

surrounding the cauliflower roots. These results are backed up by observations of the 

dispersion behaviour of S. feltiae in bioassays in which most IJ took 5 to 7 days to cross a 

distance of 9.5 cm in soil (Rolston et al., 2006). Such dispersion behaviour is wanted if the 

placement of the EPN does not correspond to the location of the cabbage maggots, i.e. in 

and around the main cauliflower roots. On the other hand, if the EPN are already located 

near the roots – as is the case after a plant tray spraying – dispersion away from the roots 

could result in reduced control. 

In trial 1, the unexpected dip in G. mellonella mortality on June 28th and July 5th, visible in all 

treatments that had received S. feltiae applications (Figure 4.3), was probably caused by a 
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temporarily reduced infectivity of the IJ of S. feltiae, which in turn was probably caused by 

dry circumstances (Griffin et al., 2005). Conversely, because of frequent irrigation, the 

mortality dip observed in trial 2 could not have been caused by drought (Figure 4.4). Instead, 

the earthing up treatment carried out on May 29th, six weeks after planting, lowered the 

presence of S. feltiae in the soil samples that were taken in trial 2, later that same day. 

Earthing up brought soil from between the rows, which was likely to contain few EPN, 

around the plants. This soil was then sampled, and the lower presence of the EPN in this soil 

was reflected in reduced mortality. This reduction, however, was only temporary. One week 

later, EPN had dispersed into this freshly applied soil, and the mortality of the bait insect was 

back at the expected level. 

Bait insect mortality, and thus also the presence of infective S. feltiae, remained at its 

highest level in all individual treatments of all three trials until one to five weeks after 

planting, and then gradually decreased towards the mortality observed in the control plots. 

In total, mortality remained elevated during four to seven weeks after the last application of 

S. feltiae in most treatments, with exceptions for the low-rate plant tray application and 

drench application in trial 3. Here, elevated mortality was observed until three and one week 

after application, respectively. These infective periods correspond with data generated in 

the laboratory (Ishibashi & Kondo, 1986). The decline of the mortality of the bait insect is 

presumably due to a combination of dispersion, death and declined infectivity of the 

surviving EPN. The latter two reasons most probably find their origin in the starvation of IJ 

(Griffin et al., 2005) and perhaps in other biotic and abiotic factors. 

 The cabbage maggot counts in trial 2 (Figure 4.6) revealed that only a plant tray spray at a 

high rate (200,000 IJ S. feltiae per plant), significantly reduced the number of cabbage 

maggots around plants. This effect was clear on May 29th but waned afterwards. A plant tray 

spraying with 50,000 IJ S. feltiae per plant on the other hand, did not significantly reduce 

numbers of the cabbage maggot (Figure 4.7). However, it can be argued from the dead plant 

percentages in trial 1, that plant tray sprays with application rates as low as 50,000 IJ of S. 

feltiae can also affect the cabbage maggots under some conditions (Figure 4.2). 

While a single plant tray spraying with 200,000 IJ S. feltiae per plant was successful at 

reducing cabbage maggot numbers, a single drench treatment with the same amount of EPN 
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was not (Figure 4.6). Furthermore, the follow-up drench treatments at both low and high 

application rates, did not significantly help to reduce numbers of maggots (Figure 4.6 and 

Figure 4.7). Based on these data, and on the lack of further reduction of the number of dead 

plants by follow-up drench treatments in trial 1 (Figure 4.2), it can be assumed that cabbage 

maggots are difficult to reach with drench treatments. By drenching, a portion of the IJ is 

probably left on or near the surface (Schroeder et al., 1996). The cabbage maggots, however, 

are concentrated in and around the roots; hence, they are not readily exposed to the EPN. 

Plant tray sprays on the contrary, disperse the EPN to where the maggots are present, and 

therefore can be considered a superior application method for controlling D. radicum. 

The low RDI results obtained in the spinosad reference treatments (Figure 4.8 and Figure 

4.9) clearly reflect the decreased number of maggots. The low RDI result obtained with the 

high application rate of S. feltiae plant tray spray in trial 2 on May 29th also reflects the low 

number of cabbage maggots found around the roots on this date in this treatment. 

However, due to both relatively low number of possible damage scores and the limited 

number of plot replications, no statistically significant difference was obtained between the 

damage observed in the plots that received this plant tray spraying and in the control plots.  

Unlike earlier work reported on S. feltiae against D. radicum (Schroeder et al., 1996; Chen et 

al., 2003a), the experiments reported in this chapter focused on testing application methods 

(drenching and plant tray spraying) that can easily be adopted by farmers, and compared 

EPN efficacy with that of a chemical insecticide allowed in organic agriculture (spinosad). 

Schroeder et al. (1996) argued that surface applications of S. feltiae performed better than 

subsurface applications. However, our results indicate that a plant tray spray, essentially a 

subsurface application, is superior to a surface applied drench for controlling D. radicum. 

This difference in conclusions can be attributed to the difference in location of both 

subsurface applications; while Schroeder et al. (1996) applied S. feltiae below the roots, our 

plant tray spray placed the IJ of S. feltiae immediately around the plants’ roots. Also contrary 

to our results, Schroeder et al. (1996) obtained significant differences in root damage 

between control plants and plants that had received a surface application of S. feltiae. This 

difference is probably in large part due to lower EPN activity, caused by lower temperatures. 

Schroeder et al. (1996) performed their field test in full summer, while the experiments 

reported here started in spring. Chen et al. (2003a) also reported significant effects of 
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surface applied S. feltiae suspensions on both the number of maggots and on the root 

damage, even when experiments started in spring. This (small) difference found by Chen et 

al. (2003a) can be attributed to the artificial inoculation of each plant with 15 D. radicum 

eggs shortly after planting, which most likely caused less variable infection levels of 

individual plant roots within treatments than in the experiments reported here. On the other 

hand, the dip method tested by Chen et al. (2003a), a method that, like our plant tray 

spraying, places the EPN in the peat block surrounding the cauliflower plantlets, performed 

better than a surface spray application, which is in agreement with our results. 

It should be noticed that the reference treatment with spinosad was most successful at 

reducing numbers of cabbage maggots, root damage, and the resulting numbers of dead 

plants. Additional research into the application method (e.g., injection) and the timing of 

follow-up treatments (e.g., three to five weeks after planting) is needed to close the efficacy 

gap between the reference treatment with spinosad and treatments with S. feltiae. 

 

4.5 CONCLUSIONS 

The present study demonstrated that: (1) a plant tray spray with S. feltiae is superior to a 

drench treatment in controlling D. radicum in cauliflower; (2) plant tray sprays with S. feltiae 

reduce the number of cauliflower plants dying due to D. radicum; (3) numbers of cabbage 

maggots around the plant roots can be temporarily reduced by plant tray sprays with an 

application rate of 200,000 IJ S. feltiae per cauliflower plant; (4) IJ of S. feltiae, applied as a 

plant tray spray, take one to two weeks to spread into the soil around the roots of 

cauliflower; and (5) the most effective period of IJ of S. feltiae in the soil is limited up to five 

weeks, which warrants a follow-up treatment. 

Further research should examine whether the application rate of IJ of S. feltiae in a plant tray 

spray can be lowered, while maintaining a good control, and whether a follow-up application 

of S. feltiae, applied three to five weeks after planting with a better suited technique (e.g., 

injection), would improve control of D. radicum. 
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CHAPTER 5: THE BIOCONTROL POTENTIAL OF FOLIAR APPLIED 

STEINERNEMA FELTIAE AGAINST THRIPS TABACI: FIELD TESTS 

 

 

 

This chapter reviews scientific literature about the potential of EPN against thrips, with 

special attention to one specific pest, the onion thrips (T. tabaci). Subsequently, it presents 

the results of two field experiments testing the control potential of T. tabaci with foliar 

applications of S. feltiae. The effect of adding a surfactant, an attractant and of using 

adapted spray application techniques on the control potential of S. feltiae is also examined. 

 

5.1 INTRODUCTION 

Resistance development of thrips to conventional insecticides (e.g., pyrethroids, 

organophosphates and carbamates) (see chapter 1) has stimulated research towards 

biological control alternatives like EPN. Past research on controlling thrips with EPN has 

mainly been directed against the western flower thrips (WFT), F. occidentalis. The literature 

on the possibilities of controlling this thrips species with EPN shows conflicting results 

regarding the sensitivity of different life stages to EPN and regarding the most suitable EPN 

species for controlling WFT. Laboratory assays by Ebssa et al. (2001) using S. feltiae against 

WFT determined that the prepupal and pupal life stages of WFT are better controlled than 

the late L2 larvae. Premachandra et al. (2003) investigated the virulence of six EPN strains (S. 

feltiae (Nemaplus®), S. carpocapsae (Agriotos), H. bacteriophora (HD01), H. bacteriophora 

(Nematop®), S. arenarium (Anomali) and Steinernema spp. (Morocco)) and oppositely 

concluded that L2 larvae of WFT are more susceptible to EPN, than pupae. The latter 

research also concluded that H. bacteriophora and S. feltiae are both good candidate species 

for biological control of WFT. On the other hand, Ebssa et al. (2004) found that 
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heterorhabditids are more successful than steinernematids at controlling WFT, and observed 

low control results when using S. feltiae.  

Much research has been directed at controlling the soil-dwelling life stages of WFT. 

However, the use of various species and strains of steinernematids and heterorhabditids 

against soil-dwelling prepupae and pupae produced low and inconsistent control results, 

while foliar applications, directed against adults and young larvae of thrips, proved more 

promising (Tomalak et al., 2005; Georgis et al., 2006). Thrips are indeed an attractive goal for 

foliar applications with EPN for two reasons: (1) since thrips mostly reside in cryptic habitats 

(in flowers, flower buds, growing points of plants, etc.), relatively large biocontrol organisms 

like predatory bugs may have difficulties reaching the enclosed feeding areas where thrips 

tend to accumulate (Arthurs & Heinz, 2006). EPN are much smaller, which makes them more 

suitable to reach these target areas. (2) The cryptic habitats may offer protection from 

harmful environmental conditions, namely UV radiation and drought (Shapiro-Ilan et al., 

2006; Jung, 2008). These habitats are, however, not easy to reach with conventional 

spraying equipment. The use of a wetting agent seems to be essential to spread the EPN into 

the growing points of plants (Georgis et al., 2006). 

Foliar applications of S. feltiae caused a significant reduction in numbers of WFT larvae on 

verbena leaves in the laboratory, and of WFT adults on ivy-leaf geraniums in the glasshouse 

(Bennison et al., 1998). These results are backed up by research performed by Trdan et al. 

(2007a). These authors found significantly less leaf damage from WFT, and, compared to 

control plots, a higher mass per individual cucumber fruit in plots that were repeatedly 

sprayed with a commercial S. feltiae product (Entonem, Koppert, the Netherlands). Further 

positive results were obtained by Wardlow et al. (2001), who successfully controlled WFT on 

Saintpaulias and potted chrysanthemums with weekly applications of S. feltiae. Buitenhuis 

and Shipp (2005) applying S. feltiae on potted chrysanthemums, saw no effect of a single 

spray on the mortality of larvae and adults of WFT. All mentioned successful trials with S. 

feltiae against WFT, applied the nematodes on multiple occasions, while the research by 

Buitenhuis and Shipp (2005) concerned only one spray of EPN. Repeated applications seem 

to be a key factor for successful control of WFT with EPN (Trdan et al., 2007a). This 

statement is corroborated by Belay et al. (2005) and Tomalak (1994a), stating that EPN can 

kill WFT, but that they cannot reproduce inside this (and probably other) thrips species due 
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to the small host size. Since EPN can only stay infective for a limited period on foliage 

(Wright et al., 2005), repeated applications are necessary to combat new generations. 

Research on foliar applications of EPN against other thrips species is much more scarce. 

North (2006) showed that IJ of S. feltiae are also effective against Thrips palmi Karny. The 

author concluded that S. feltiae caused high mortality to juvenile (L2) T. palmi, while the 

nematode did not significantly affect adult stages. A comparative study by Smith et al. (2005) 

showed that, while pupae of WFT were effectively killed by suspensions of S. feltiae, the 

pupae of T. palmi were not. Trdan et al. (2007b) tested EPN applications against 

Hercinothrips femoralis Reuter and found that both H. bacteriophora and S. feltiae possess 

control potential against the larvae, and to a lesser extent, against the adults. This research 

also showed that control of adults was better at 25°C than at 15-20°C. However, 

temperature did not significantly influence the control of larvae.  

Only two studies that examined the potential of EPN against T. tabaci, were found in 

literature. A field study by Jung (2008) showed good possibilities for foliar applications of S. 

feltiae against T. tabaci on three outdoor crops: viz. onion, leek and chives. In the leek trial, 

the number of thrips was reduced by over 40% when compared to the control and the 

individual weight of plants receiving six applications of a commercial product of S. feltiae 

(Nemaplus®, E-Nema, Germany) was 20% higher than the individual weight of control plants. 

Al-Siyabi et al. (2006) set up a greenhouse test with H. indica against T. tabaci in sweet 

pepper, comparing both foliar and soil applications. Both applications reduced the number 

of adult T. tabaci on sticky traps. Results of this study seemed to favour soil applications, 

showing less adults on the sticky traps in the soil treatment than in the foliar treatment. 

These results should, however, be handled with caution, since no direct damage assessment 

was carried out on the crop. A foliar application that kills as much thrips is probably more 

effective at reducing crop damage than a soil application, since soil applications can only kill 

prepupae and pupae of thrips, while leaving the damaging L1 and L2 larvae unscathed 

(Arthurs & Heinz, 2006). Furthermore, the EPN were sprayed without a wetting agent, which 

might have caused low nematode deposition and/or limited spreading of the EPN on the 

plants, thereby hampering control results. 
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Considering the results of Jung (2008) and Al-Siyabi et al. (2006) two field trials in leek were 

set up to determine and, if possible, to improve the effect of spray applications of S. feltiae 

against T. tabaci in leek. The first trial was carried out on an organic farm and focused on 

selecting a suitable spray application technique and on testing the effect of an attractant on 

thrips control. The second trial focused on incorporating spray applications of EPN in a 

conventional insecticide scheme, and on the effect of mixing the surfactant Addit in the 

spray suspension on the control of T. tabaci. 

 

5.2 MATERIALS AND METHODS 

5.2.1 ORGANIC TRIAL 

EXPERIMENTAL SETUP 

Leek seeds, cv. Antiope (Syngenta, Basel, Switzerland), were sown on March 15th, 2012 in a 

5-cm layer compost on a field at the experimental farm of Inagro (Rumbeke-Beitem, 

Belgium). The plants were transplanted on June 6th on a field with a sandy loam soil. Plants 

were spaced 10 cm in the crop row and 70 cm between rows. The experiment was arranged 

in a randomized complete block design with four replicates per treatment. Plots were 11.0 m 

long and 4.2 m wide with 660 plants per plot. All plots were harvested on October 23rd. 

The nematode used in this experiment was a commercial strain of S. feltiae (Entonem®, 

Koppert B.V., Berkel en Rodenrijs, The Netherlands). Infective juveniles of S. feltiae were 

applied as foliar sprays at a rate of 6 x 106 IJ/L suspension and a volume application rate of 

800 L/ha. This corresponds with a theoretical deposition of 48 IJ/cm² of ground surface. In all 

EPN treatments, the surfactant Addit was added at a rate of 2.5 mL per L of the spray 

suspension. EPN applications were performed with a mounted sprayer (Delvano NV, Hulste, 

Belgium), with a tank capacity of 200 L. This spraying machine was equipped with a 

diaphragm pump with a flow rate of 72 L/min (AR 70 BP/C, Annovi Reverberi, Modena, Italy). 

Different spray boom configurations were used in the field trial, as discussed below. One 

EPN treatment also included the attractant Biosweet (Biobest, Westerlo, Belgium), i.e. a 

sugar solution that is marketed for improvement of thrips control. By adding this sugar 

attractant, the thrips are supposedly lured out of their hiding places. Two control treatments 
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were included: (1) an untreated control and (2) foliar sprays with water, the wetting agent 

and the attractant. As a reference treatment, four plots were sprayed with spinosad 

(Conserve Pro®, Dow Agrosciences) (see chapter 4). Spinosad is known to kill thrips within 

one to three days after contact or ingestion, and has up to two weeks of residual activity 

(Cloyd, 2009). The spinosad-treated plots were sprayed three times with a 2- or 3-week 

interval. The first application happened one week later than the EPN applications. All seven 

treatments are listed in Table 5.1. 

The nematode applications started on August 2nd. The next two months, EPN were applied 

weekly. In the first week of October, no spray applications were carried out due to bad 

weather conditions. On October 10th (=day 70 after the first applications were made), EPN 

were applied for the last time. A total of 10 EPN applications were made on the appropriate 

plots. 

 

Table 5.1. Overview of all applied treatments and treatment days in the organic thrips trial. All treatments were applied 
with 800 L of spray suspension per ha (based on the nominal flow rate of the nozzles). Treatments started on August 2

nd
, 

2012 (= day 1). 

Nr Treatment Application rate Application technique Treatment days 

1 
untreated (control) 

 

- 

 

- 

 

- 

 

2 
S. feltiae + Addit* 

 

48 IJ/cm
2
  

 

C1, speed: 4.7 km/h 

 

1, 7, 15, 22, 29, 35, 

42, 50, 56, 70 

3 
S. feltiae + Addit* 

 

48 IJ/cm
2
 

 

C6, speed: 3.4 km/h 

 

1, 7, 15, 22, 29, 35, 

42, 50, 56, 70 

4 
S. feltiae + Addit* 

 

48 IJ/cm
2
 

 

C7, speed: 10.2 km/h 

 

1, 7, 15, 22, 29, 35, 

42, 50, 56, 70 

5 
S. feltiae + Addit*  

+ Biosweet** 

48 IJ/cm
2
 

 

C1, speed: 4.7 km/h 

 

1, 7, 15, 22, 29, 35, 

42, 50, 56, 70 

6 
Addit* + Biosweet** 

 

- 

 

C1, speed: 4.7 km/h 

 

1, 7, 15, 22, 29, 35, 

42, 50, 56, 70 

7 
Spinosad 

 

96 g/ha 

 

C1, speed: 4.7 km/h 

 

7, 22, 42 

 

 
* Addit: 2.5 mL/L of spray suspension 

**Biosweet: 5.0 mL/L of spray suspension 
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SPRAY BOOM CONFIGURATIONS 

Three foliar application techniques were tested in this field experiment: (1) the standard 

broadcast application (C1, Figure 5.1, same technique as used in section 3.2.1), (2) a band 

spray application (C6, Figure 5.2), and (3) a row application (C7, Figure 5.3). The standard 

spray boom was equipped with TeeJet XR 110 08 extended range flat fan nozzles (TeeJet 

Technologies, Wheaton, U.S.) with 50 cm nozzle spacing. The control and the reference 

treatment were also sprayed with this standard equipment (Table 5.1). On the band spray 

boom, TeeJet TP 80 08 EVS band nozzles were positioned directly above the crop row. The 

spray boom for row application was equipped with three TeeJet XR 110 08 flat fan nozzles 

mounted on row application kits: one central nozzle spraying directly downwards and two 

nozzles spraying downwards at an angle of 45° towards the central nozzle. The row 

application kits were spaced 70 cm apart. All spray boom configurations functioned at a 

rather low spray pressure of 3.0 bar, to promote formation of bigger droplets, which can 

more easily penetrate into the shaft of the leek plants. The speed was adjusted for each 

application in order to attain an application rate of 800 L/ha. 

 

Figure 5.1. Scheme of the standard broadcast spray boom configuration 1 (C1): TeeJet XR 110 08 nozzles were mounted on 
a standard spray boom with 50 cm nozzle spacing. The complete spray boom consisted of seven nozzles. 

 

 

 
Figure 5.2. Scheme of the band spray boom configuration 6 (C6): TeeJet TP 80 08 EVS band spray nozzles were mounted on 
a standard spray boom with 70 cm nozzle spacing. The complete spray boom consisted of six nozzles. 
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Figure 5.3. Scheme of the row application spray boom configuration 7 (C7): Three TeeJet XR 110 08 nozzles were mounted 
on a row application kit. The row application kits were spaced 70 cm apart. The complete spray boom consisted of three 
row application kits. 

 

EVALUATION METHODOLOGY 

Throughout the experimental period, temperature and rainfall were registered at a nearby 

KMI/RMI weather station. The evolution of the thrips population was monitored by weekly 

countings of the number of thrips on two blue sticky board traps placed in the experimental 

field. On the first four treatment dates, two tank samples were taken of the EPN suspension: 

one just before spraying and one at the end of all spray applications with EPN. From these 

samples, three 50-µL subsamples were taken to count the number of live and dead 

nematodes, to calculate the concentration of EPN in the tank and to check if the agitation 

system caused damage to the EPN.  

Starting on July 31st, one week after the first spray treatments, five clusters of four plants 

were harvested per plot from the four middle rows. On each of these 20 plants the 

percentage of leaf area damaged by onion thrips was assessed. A score was given according 

to the following 9-degree rating scale: 1 = 0 - 1 % leaf damage; 2 = 1 – 3 %; 3 = 3 - 6 %; 4 = 6 – 

10 % ; 5 = 10 – 15 %; 6 = 15 – 25 %; 7 = 25 – 40 %; 8 = 40 – 60 %; 9 = more than 60 %. 

Subsequently, the number of live 2nd stage larvae and adult thrips were counted and 

summed on each of the harvested leek plants by destructive sampling (i.e. peeling the leaf 

sheaths one by one of the plants). These measurements were repeated on a weekly basis, 
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until October 17th, six days before harvest. After harvest, damage rating measurements were 

also carried out on a random set of 20 harvested and cleaned plants per plot. Thrips counts 

were not performed on these cleaned plants. 

On the last treatment day, October 10th, the absolute and relative deposition (i.e. the 

percentage of the expected deposition of 48 IJ/cm2) on the leek leaves was measured by 

attaching leek leaf discs (Ø: 3 cm) to both the upper side and underside of one young leaf 

and one older leaf of three plants per plot, in all plots receiving EPN treatments. All leaf discs 

were attached as close to the stalk as possible, without touching other nearby leaves. After 

spraying, the EPN deposited on these leaf discs were washed off into a petri dish and were 

counted, and the relative deposition was calculated and compared between treatments.  

At harvest, the marketable yield (in kg/ha) and the total weight of 60 plants per plot were 

assessed. These 60 harvested plants were divided into four different stalk size categories (< 2 

cm, 2-3 cm, 3-4 cm, > 4 cm). All plants of one plot that fell in one stalk size category were 

weighed together. 

STATISTICAL ANALYSIS  

The tank concentrations and the survival percentages of the EPN before and after 

applications were compared with a one-way ANOVA. Absolute and relative deposition of 

EPN were compared between treatments using a one-way ANOVA; comparisons between 

specific treatments were made with the non-parametric Dunnett T3 test. The effect of the 

treatment on both the number of thrips per plant and the measured damage scale per plant 

was analysed every week by a Kruskal-Wallis test followed by a Dunn’s test for multiple 

comparisons. SPSS Statistics 21 was used for all calculations. Statistical significance was 

considered at P<0.05. The marketable yield and the weights of leek stalks in the four size 

categories were compared between treatments with a one-way ANOVA. 

 

5.2.2 CONVENTIONAL TRIAL 

EXPERIMENTAL SETUP 

Leek plants cvs Harston and Aylton (Nunhems BV, Nunhem, the Netherlands) were planted 

July 27th, 2012 on a field with a sandy loam soil. Plants were spaced 10 cm apart in the row 
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and 65 cm between rows. The experiment was arranged in a randomized complete block 

design with four replicates per treatment. Replicates 1 and 2 were planted with cv. Harston, 

while replicate 3 and 4 were planted with cv. Aylton. Plots were 11.0 m long by 2.6 m wide 

with 440 plants per plot. All plots were harvested on February 18th. 

The nematode used in this experiment was a commercial strain of S. feltiae (Entonem®, 

Koppert B.V., Berkel en Rodenrijs, The Netherlands), the same strain as used in the organic 

trial. Infective juveniles of S. feltiae were applied by foliar sprays at 6 x 106 IJ/L suspension 

and a volume of 800 L/ha. This corresponds with a theoretical EPN deposition of 48 IJ/cm² of 

ground surface. 

Eight treatments were selected for this test (Table 5.2). In the control treatment water was 

sprayed at 800 L/ha. The reference treatment alternately sprayed spinosad (Tracer®, Dow 

Agrosciences), abamectin (Vertimec®, Syngenta) and methiocarb (Mesurol® SC 500, Bayer 

CropScience), with two weeks between applications. Treatments 3 and 4 replaced three of 

the six chemical insecticide applications either by applications of S. feltiae or water. 

Treatments 5, 6 and 7 were weekly applications of S. feltiae, S. feltiae + Addit and Addit, 

respectively. The S. feltiae applications in treatment 8 were timed according to a warning 

system that uses temperature data and sticky traps population (Callens et al., 2009). 
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Table 5.2. Overview of all applied treatments and treatment days in the conventional thrips trial. Treatments started on 
August 7

th
, 2012 (= day 1). 

Nr Treatment 
Application 

rate 
Application technique Treatment days 

1 

 

water (control) 

 

800 L/ha 

 

C8, speed: 3.4 km/h 

 

1, 8, 15, 22, 29, 36, 

43, 50, 57, 64, 74 

2 

 

 

 

Reference: 

spinosad (s), 

abamectin (a), 

methiocarb (m) 

 

96 g/ha 

9 g/ha 

750 g/ha 

 

C9, speed: 1.2 km/h 

C9, speed: 1.2 km/h 

C9, speed: 1.2 km/h 

 

1 (s), 15 (a), 

29 (m), 43 (s), 

57 (a), 74 (m) 

3 

 

 

 

 

spinosad, 

abamectin, 

methiocarb, 

S. feltiae (EPN) 

96 g/ha 

9 g/ha 

750 g/ha 

48 IJ/cm
2
 

*C9, speed: 1.2 km/h 

*C9, speed: 1.2 km/h 

*C9, speed: 1.2 km/h 

**C8, speed: 3.4 km/h 

1 (s), 15 (EPN), 

29 (m), 43 (EPN), 

57 (a), 74 (EPN) 

 

4 

 

 

 

spinosad, 

abamectin, 

methiocarb, 

water 

96 g/ha 

9 g/ha 

750 g/ha 

*C9, speed: 1.2 km/h 

*C9, speed: 1.2 km/h 

*C9, speed: 1.2 km/h 

**C8, speed: 3.4 km/h 

1 (s), 15 (w), 

29 (m), 43 (w), 

57 (a), 74 (w) 

 

5 
S. feltiae 

 

48 IJ/cm
2
 

 

C8, speed: 3.4 km/h 

 

1, 8, 15, 22, 29, 36, 

43, 50, 57, 64, 74 

6 
S. feltiae + Addit*** 

 

48 IJ/cm
2
 

 

C8, speed: 3.4 km/h 

 

1, 8, 15, 22, 29, 36, 

43, 50, 57, 64, 74 

7 
Addit*** 

 

- 

 

C8, speed: 3.4 km/h 

 

1, 8, 15, 22, 29, 36, 

43, 50, 57, 64, 74 

8 
S. feltiae 

 

48 IJ/cm
2 

 

C8, speed: 3.4 km/h 

 

1, 15, 29, 43 

 

 

(s): spinosad, (a): abamectin, (m): methiocarb, (w): water 

*used for application of chemicals 

**only used for application of S. feltiae or water 

*** Addit: 2.5 mL/L of spray suspension 

 

 

SPRAY BOOM CONFIGURATIONS 

All applications containing EPN and/or Addit and all applications spraying solely water, were 

carried out with a spray boom fitted with TeeJet XR 110 08 nozzles with 70 cm nozzle 

spacing (C8, Figure 5.4). This boom sprayed at 3.0 bar and at a speed of 3.4 km/h. All 

applications with spinosad, abamectin or methiocarb, were carried out with a spray boom 
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fitted with TeeJet DG 110 02 nozzles, with 50 cm spacing between two nozzles, spraying at 

3.0 bar and at a speed of 1.2 km/h (C9, Figure 5.5). At these speeds both spray boom 

configurations sprayed 800 L/ha. The ends of both spray booms were fitted with spray 

screens mounted perpendicular to the spray boom, to avoid spraying adjacent fields.  

 

Figure 5.4. Scheme of spray boom configuration 8 (C8): TeeJet XR 110 08 nozzles were mounted on a standard spray boom 
with 70 cm nozzle spacing. The entire boom consisted of four nozzles. Spray screens were mounted on both ends, 
perpendicular to the spray boom, to avoid spraying nearby fields. (Spray screens not shown.) 

 

 

 

 

 
 

Figure 5.5. Scheme of spray boom configuration 9 (C9): TeeJet DG 110 02 nozzles were mounted on a standard spray boom 
with 50 cm nozzle spacing. The entire boom consisted of five nozzles. Spray screens were mounted on both ends, 
perpendicular to the spray boom, to avoid spraying nearby fields. (Spray screens not shown.) 
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EVALUATION METHODOLOGY 

Throughout the experimental period, temperature and rainfall were registered by the same 

KMI/RMI weather station as in the organic trial.  

Thrips population assessment, thrips counting on the plants and leaf damage assessment 

were carried out in the same way as in the organic trial. These observations started on 

August 6th and ended on October 22nd. 

On the last treatment day, October 19th, the absolute and relative deposition (i.e. the 

percentage of the expected deposition of 48 IJ/cm2) on the leek leaves was measured in 

treatments 6 (S. feltiae, weekly) and 7 (S. feltiae + Addit, weekly). This was done in the same 

way as in the organic trial. 

STATISTICAL ANALYSIS  

All statistical analyses were completely analogous to the analyses in the organic trial. 

Absolute and relative deposition of EPN were compared between treatments using a one-

way ANOVA; comparisons between specific treatments were made with the non-parametric 

Dunnett T3 test. The effect of the treatment on the number of thrips per plant and on the 

measured damage scale per plant was studied per week by a Kruskal-Wallis test followed by 

a Dunn’s test for multiple comparisons. SPSS Statistics 21 was used for all calculations. 

Statistical significance was considered at P<0.05. 

 

5.3 RESULTS 

5.3.1 ORGANIC TRIAL 

The average weekly temperature (day + night) and rainfall are shown in Table 5.3. The 

absolute maximum (shaded) temperature of 29.5°C was recorded on August 15th. The 

absolute minimum (shaded) temperature of 2.2°C was recorded on October 11th. The 

evolution of the number of thrips per sticky trap and shows two peaks: a small peak on 

August 24th and a larger peak on September 10th (Figure 5.6). In comparison to other years, 

the thrips population was low to moderate during the growing season. 
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Table 5.3. Average weekly temperatures (±SD) and precipitation data. Data source: KMI/RMI weather station, Beitem. 

Week Temperature (°C) Precipitation (L/m²) 

2/08-8/08 16.7 ± 0.5 3.5 

9/08-15/08 18.7 ± 0.3 1.2 

16/08-22/08 20.7 ± 6.6 17.5 

23/08-30/08 16.8 ± 0.9 9.7 

31/08-5/09 15.4 ± 1.1 4.8 

6/09-12/09 15.9 ± 1.6 6.6 

13/09-19/09 13.6 ± 0.3 1.3 

20/09-26/09 11.9 ± 3.4 19.7 

27/09-3/10 12.4 ± 8.0 22.7 

4/10-10/10 10.4 ± 3.5 18.8 

11/10-17/10 9.9 ± 3.2 36.3 

18/10-24/10 13.5 ± 7.4 42.0 

 

 

Figure 5.6. Number of Thrips tabaci counted as a function of date on blue sticky board traps placed on the experimental 
field.  
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Concentration measurements of the tank samples taken on the first four treatment dates 

revealed that just before spraying the first EPN plots, EPN concentration ranged between 

5753 and 6473 IJ/mL in the tank suspension (Table 5.4). This is in the range of the theoretical 

concentration of 6000 IJ/mL. After spraying the last EPN plots (with the same tank 

suspension), the concentration of EPN in the tank residue was consistently lower than the 

starting concentration on the same date, and ranged between 2080 and 5740 IJ/mL. The 

difference with the starting concentration was, however, only statistically significant on two 

of the four treatment dates. Survival ranged between 80.2 and 88.3% and did not differ 

statistically before and after applications. 

Table 5.4. Concentration (±SD) and survival (±SD) of infective juveniles (IJ) of Steinernema feltiae in the tank, at the start 
and at the end of spraying on the first four treatment days. Treatments started on August 2nd, 2012 (= day 1). Different 
letters indicate significant differences between data on the same row (P<0.05). Small letters are used for comparisons of 
the tank concentration before and after applications; capitals are used to compare survival percentages before and after 
applications. 

Day 

 

Concentration (IJ/mL) Survival (%) 

Start End Start End 

1 5753 ± 699 a 4693 ± 413 a 88.3 ± 2.7 A 83.2 ± 2.2 A 

7 6427 ± 338 a 2080 ± 251 b 83.3 ± 3.2 A 82.0 ± 3.8 A 

15 6153 ± 214 a 5740 ± 255 a 87.4 ± 1.2 A 84.8 ± 3.3 A 

22 6473 ± 181 a 5573 ± 230 b 84.8 ± 2.0 A 80.2 ± 2.7 A 

 

The results of the absolute and relative deposition (Table 5.5) reveal that spray boom 

configuration C1 and C6 performed well at covering the upper side of both old and new 

leaves. However, these configurations performed less good on the underside of leaves, 

especially on the new leaves in the centre of the plant. With the row application technique 

(C7) a relative deposition greater than 10% was obtained on the underside of new leaves; a 

relative deposition of 28% was observed on the underside of old leaves. This technique also 

performed well on both upper side collector positions. Due to the high variability of the 

deposition data, differences between the deposition results were rarely statistically 

significant. 
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Table 5.5. Deposition of infective juveniles (IJ) of Steinernema feltiae measured on leaf disc collectors, expressed in absolute 
terms (IJ/cm²) and relative to the theoretical deposition per unit of ground surface (%) (±SD), which was calculated from the 
EPN concentration in the tank at the start of the measurements. Different letters indicate significant differences between 
treatments on all collector positions located on the same side of the plant (P<0.05). 

Nr Treatment Application 
technique 

Collector  
position 

Absolute deposition (IJ/cm²) 
(±SD) 

Relative deposition (%)  
(±SD) 

2 S. feltiae  
+ Addit 

C1 upper side old leaf 7.2 ± 4.7 ad 15.5 ± 10.0 AC 

  upper side new leaf 15.8 ± 4.6 b 33.7 ± 9.8 B 

3 S. feltiae  
+ Addit 

C6 upper side old leaf 18.5 ± 11.8 bcd 39.5 ± 25.3 BCD 

  upper side new leaf 10.8 ± 9.8 ab 23.2 ± 21.0 AB 

4 S. feltiae  
+ Addit 

C7 upper side old leaf 11.5 ± 6.6 ab 24.7 ± 14.1 AB 

  upper side new leaf 10.9 ± 8.3 ab 23.3 ± 17.7 AB 

5 S. feltiae  
+ Addit  
+ Biosweet  

C1 upper side old leaf 6.5 ± 5.6 ac 17.3 ± 14.8 AD 

  upper side new leaf 15.6 ± 5.8 b 41.5 ± 15.3 BCD 
 
 

2 S. feltiae  
+ Addit 

C1 underside old leaf 4.5 ± 2.8 a 9.7 ± 5.9 ACD 

  underside new leaf 1.0 ± 1.0 abd 2.2 ± 2.2 A 

3 S. feltiae  
+ Addit 

C6 underside old leaf 5.4 ± 8.2 ab 11.6 ± 17.5 AEF 

  underside new leaf 1.0 ± 1.8 abe 2.2 ± 3.8 A 

4 S. feltiae  
+ Addit 

C7 underside old leaf 13.3 ± 9.0 abc 28.5 ± 19.3 BDF 

  underside new leaf 4.8 ± 7.7 cde 10.2 ± 16.4 AB 

5 S. feltiae  
+ Addit  
+ Biosweet 

C1 underside old leaf 4.0 ± 2.4 a 10.7 ± 6.4 BCE 

  underside new leaf 1.0 ± 1.0 c 2.7 ± 2.7 A 

 

The number of thrips counted per plant was highly variable between individual plants, 

ranging from 0 on more than half of the plants up to 14 thrips on one individual plant. The 

high variability obliged the use of error bars depicting the standard error instead of the 

standard deviation of the thrips numbers (Figure 5.7). The recorded number of thrips rose 

after the start of the observations to a low peak on August 22nd and a high peak on 

September 5th after which it declined towards the last counting on October 10. On most 

sampling dates, no significant differences were observed between the numbers of thrips in 

different treatments. Occasional peaks (in the reference treatment on September 12th, and 

in the row application treatment with EPN on October 10th) and an occasional low (in the 

EPN treatment applied with spray boom C1 on July 7th) were, however, visible. 
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Figure 5.7. Evolution over time of the number of Thrips tabaci per leek plant (±SE) in different treatments of the organic 
trial. Different letters indicate statistical differences between the average number of thrips per plant in different treatments 
per date (P<0.05). 

 

The evolution of the damage showed much less variation than the numbers of thrips on 

individual plants (Figure 5.8). On October 29th and in all following weeks, the average leaf 

damage in the fields treated with spinosad was significantly lower than in some or all other 

treatments. On October 25th, the damage observed in the treatment with S. feltiae applied 

with the band spray boom configuration (C6), was also significantly lower than in the control 

treatment. The total marketable yield ranged between 24978 and 27467 kg/ha for all 

treatments, and did not differ significantly between treatments. Also, the stalk size 

distribution of the harvested leek was not affected by the treatments for thrips control. In all 

treatments, 48 to 57% of the total harvested weight consisted of leek stalks with a diameter 

between 2 and 3 cm, while 30 to 40% of the harvested weight consisted of leek stalks with a 

diameter between 3 and 4 cm. 10% or less of the total harvested weight in each treatment 

consisted of leek stalks in the <2 cm size category, while less than 1% of the weight in each 

treatment consisted of leek stalks in the >4 cm size category. 
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Figure 5.8. Evolution over time of the leaf damage caused by Thrips tabaci (average leaf damage scale±SD) in different 
treatments of the organic trial. Different letters indicate statistical differences between the average leaf damage in 
different treatments per date (P<0.05). 

 

5.3.2 CONVENTIONAL TRIAL 

The average weekly temperature (day + night) and rainfall measurements shown in Table 5.3 

also apply to the conventional thrips trial, since the cropping period was roughly the same, 

and the two fields were closer than 500 m from each other. 

The evolution of the thrips population followed the same trends as in the organic trial, 

although the peak population observed on September 10th was lower (53 thrips/sticky trap 

instead of 75 thrips/sticky trap). 

The deposition results (Table 5.6) on the upper side of both old and new leaves did not differ 

between treatments. Adding Addit to the spray suspension did have (small) positive effects 

on the underside of leaves. The deposition measured on the underside of new leaves in the 

treatment with EPN and Addit was significantly higher than the deposition measured on the 

upper side of old leaves in the treatment with EPN. 
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Figure 5.9. Number of Thrips tabaci counted on blue sticky board traps placed on the experimental site. 

 

Table 5.6. Deposition of infective juveniles (IJ) of Steinernema feltiae measured on leaf disc collectors, expressed in absolute 
terms and relative to the theoretical deposition per unit of ground surface (±SD). Different letters indicate significant 
differences between treatments on all collector positions located on the same side of the plant (P<0.05). 

Nr Treatment Collector  
position 

Absolute deposition (IJ/cm²) 
(±SD) 

Relative deposition (%)  
(±SD) 

5 S. feltiae, weekly 
 

upper side old leaf 16.3 ± 4.0 a 33.2 ± 8.3 A 

 upper side new leaf 12.7 ± 4.4 a 25.9 ± 9.1 A 

6 S. feltiae + Addit, weekly upper side old leaf 15.5 ± 5.1 a 31.1 ± 10.3 A 

 upper side new leaf 11.2 ± 6.5 a 22.6 ± 13.2 A 
 

5 S. feltiae, weekly 
 

underside old leaf 2.7 ± 2.0 a 5.4 ± 4.0 A 

 underside new leaf 3.4 ± 1.9 ab 7.0 ± 3.9 AB 

6 S. feltiae + Addit, weekly underside old leaf 4.6 ± 2.9 ab 9.2 ± 5.8 AB 

 underside new leaf 5.7 ± 2.9 b 11.4 ± 5.9 B 
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Again, the thrips counts on individual plants were highly variable. No significant differences 

between the numbers of thrips in different treatments were recorded in all but the last 

week. In that week, the number of thrips in the reference treatment plots was significantly 

lower than the number in the plots that were treated weekly with Addit. 

The leaf damage results (Figure 5.11) clearly show an effect of the chemical insecticides. 

Plants in the reference treatment plots showed the lowest damage ratings and were closely 

followed by the treatments in which one in three insecticide applications was replaced 

either by an application of S. feltiae or by water. The treatment with only Addit showed the 

highest leaf damage rating in some weeks, but at the end of the measurements, leaf damage 

ratings in this treatment, and in all treatments applying only S. feltiae, did not differ 

significantly from the leaf damage rating in the control treatment. 

 

 

Figure 5.10: Evolution over time of the number of Thrips tabaci per leek plant (±SE) in different treatments of the 
conventional trial. Different letters indicate statistical differences between the average number of thrips per plant in 
different treatments per date (P<0.05). 
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Figure 5.11. Evolution over time of the leaf damage caused by Thrips tabaci (average leaf damage scale±SD) in different 
treatments of the conventional trial. Different letters indicate statistical differences between the average leaf damage in 
different treatments per date (P<0.05). 

 

5.4 DISCUSSION 

The measurements of the concentration before and after all applications in the organic trial, 

revealed that attention should be paid to possible sedimentation of nematodes in the spray 

tank. The exceptionally low concentration measured after the spray applications on day 7 

was caused by turning off the agitation system of the tank a few minutes before the tank 

sample was taken. This caused rapid sedimentation of the EPN, and thus lowered the 

concentration of EPN in the upper layer of the suspension, where the tank sample was 

taken. The tank sample at the end of the applications on day 22 was taken some time after 

turning off the agitation system, and here again, the concentration turned out to be 

significantly lower than before the applications. Although the difference between the 

concentrations before and after all applications on day 1 and 15 was not significant, a trend 

towards a lower concentration after spraying was visible. This indicates that the agitation 

system was barely sufficient to adequately mix the EPN in the tank. Adding xanthan gum 

would probably have nullified concentration concerns (see CHAPTER 2). Nonetheless, it was 
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decided not to add xanthan gum, because it also increases the viscosity of the spray 

suspension, which might prevent a good penetration of the spray suspension into the 

growing points of the leek leaves. The agitation system did not significantly affect the 

survival percentage of the IJ of S. feltiae, indicating that the pumping system is suitable for 

use with S. feltiae. 

Obviously, counting the numbers of surviving thrips is not a good way of estimating the 

effect of an insecticidal treatment, since the number of thrips is highly variable between 

individual plants. Moreover, the number of thrips was not significantly affected by spinosad 

in the organic trial, although damage on spinosad treated plants was significantly lower. 

Further proof is found in the conventional trial: on all but the last thrips counting day, thrips 

numbers were statistically equal in all treatments. Besides the high variation between the 

thrips numbers on individual plants, the most probable cause of the lack of significant 

differences is migration of adult thrips between plots (Arthurs & Heinz, 2006). This may also 

explain the unexpected peaks and the unexpected lows in the thrips numbers data (Figure 

5.7 and Figure 5.10). 

Measurements of the leaf damage were much less variable; they demonstrated (Figure 5.8 

and Figure 5.11) that EPN treatments were not effective. Only the applications with the band 

spray boom configuration (C6) had a significant effect on thrips damage, although this effect 

was minimal, and only showed up on the last sampling date (October 25th). The only 

treatments showing strong reducing effects on leaf damage were the reference treatment 

with spinosad in the organic trial, and the treatments including chemical pesticides in the 

conventional trial. All in all, the results show that foliar sprays of IJ of the selected S. feltiae 

strain are not suitable for controlling the mobile life stages of T. tabaci on leek leaves, even 

in combination with adapted spraying equipment, a surfactant and an attractant. 

Temperature was probably not an inhibiting factor for thrips control with EPN, since it is 

known that S. feltiae can infect G. mellonella larvae between 5 and 28°C, although infectivity 

is much reduced at both temperature extremes (Hazir et al., 2001). When the thrips 

population on plants was peaking, between August 16th and September 19th (Figure 5.7), 

these extreme temperatures were only surpassed briefly on three occasions: on August 18th 

(maximum temperature: 33.41°C), on September 1st (minimum temperature: 4.51°C) and on 
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September 9th (maximum temperature: 28.66 °C). Even if EPN were inactivated permanently 

by these temperature extremes, which is highly unlikely, the weekly applications of fresh 

EPN would have circumvented this problem. A lack of humidity should also not have played a 

major role in the lack of efficiency. Although precipitation between August 30th and 

September 20th was low, there was no prolonged dry period. Moreover, throughout the 

whole cropping period, water was almost always present in the leek stalks.  

The remaining explanation for the poor control of T. tabaci by S. feltiae is the incompatibility 

of the species/strain with the leaf-inhabiting stages of T. tabaci due to the high activity levels 

of the latter (in particular the adults), a conclusion that was also drawn by North et al. (2006) 

after observing low infectivity levels of adult T. palmi with foliar sprays of S. feltiae. It may, 

however, still be possible that this EPN species/strain can control the less mobile, soil 

inhabiting pre-pupae and pupae of T. tabaci, as stated by the producer (Koppert B.V., 2013). 

But given the poor control results obtained with EPN against soil-inhabiting life stages of 

thrips (see section 5.1), it is more advisable for future research on using EPN against T. 

tabaci to look for other EPN species or other strains of S. feltiae that are more successful, 

also at lower temperatures, at controlling the foliar inhabiting stages of this thrips species. 

Another route of investigation might be to add a thickening agent to the spray suspension. 

Schroer et al. (2005a) proved that a mixture of a surfactant and a polymer thickening agent 

in the spray suspension reduces the mobility of larvae of P. xylostella, and thereby increases 

control results with S. carpocapsae. If such a mixture can also reduce the mobility of T. 

tabaci larvae and adults, it might improve the chances of S. feltiae (and another EPN species) 

to infect these highly mobile pest insects. It should, however, be noticed that adding a 

thickening agent to the spray suspension increases its viscosity, and thus its’ propensity to 

flow, which might reduce penetration of the suspension into the cryptic habitat of the thrips. 

Although the control results with EPN were outright disappointing, the deposition test 

revealed that the spray boom with row application kits (C7) produces reasonable coverage 

of even the most difficult to reach parts of the leek plant. Therefore, this row application 

technique is perhaps a better alternative for traditional spray booms used for applying 

fungicides and contact insecticides, two types of pesticides for which coverage is essential. 
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The conventional trial showed that adding the surfactant Addit to the EPN suspension 

yielded a (limited) improvement of the deposition of the EPN on the underside of the leek 

leaves. It would be interesting to examine the effect on deposition of combining the row 

application technique with adding Addit to the spray tank. 

 

5.5 CONCLUSIONS 

The presented results show that the selected commercial strain of S. feltiae was not 

effective against the foliar inhabiting life stages of T. tabaci in leek. Mixing a thrips attractant 

in the spray suspension and spraying with adapted spray equipment did not improve the 

effectivity. Compared with the traditional spray boom technique, the row application 

technique ensured a more even EPN deposition on both the upper side and underside of 

both old and new leek leaves. This technique offers good potential for improving the 

applications of fungicides and of contact insecticides in leek. 
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CHAPTER 6: GENERAL DISCUSSION, FUTURE RESEARCH AND 

GENERAL CONCLUSION 

 

 

 

6.1 INTRODUCTION 

Due to the potential impact of conventional chemical pesticides on human health and on the 

environment (see chapter 1), governments worldwide are developing policies to reduce the 

use of these pesticides (Bailey et al., 2010). Instruments like EU directive 91/414/EEC (1991), 

have resulted in the withdrawal of many active ingredients from the market. Furthermore, 

the new EU directive 2009/128/EC (2009) on the sustainable use of pesticides states that 

non-chemical methods should be given priority wherever possible. To improve the 

sustainability of agriculture and to avoid resistance development against the receding 

number of approved active ingredients remaining on the market, biological alternatives for 

conventional chemical pesticides are much sought after and even urgently needed.  

Entomopathogenic nematodes (EPN) are one of those alternatives. They are used for the 

biological control of an increasing number of insect pests. These bio-insecticides are 

exceptionally safe for farmers, farm workers, for consumers and for the environment 

(Ehlers, 2005). However, they may have lower efficacy than conventional chemical 

pesticides. Nonetheless, EPN are equivalent to or even better than conventional chemical 

insecticides in controlling a number of commercially important pests (e.g., against black vine 

weevil, citrus root weevil, cranberry girdler, hunting billbug and western corn rootworm) 

(Grewal et al., 2005b; Toepfer et al., 2008). Poor efficacy against other pests can be the 

result of inappropriate application methods, the use of poor quality products or suboptimal 

application conditions (Grewal et al., 2005b). 

The work in this doctoral dissertation focused on optimizing the application of EPN in field 

grown vegetables. The general aim of this work was to test and, where possible, to improve 
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the control potential of EPN against three difficult to reach pests, viz.: the leaf-bound 

cabbage moth (Mamestra brassicae) in cauliflower, the soil-bound cabbage root fly (Delia 

radicum) in cauliflower and the cryptic onion thrips (Thrips tabaci) in leek. Depending on the 

target pest, the experiments examined the effect of (1) adding adjuvants to the spray 

suspension, (2) altering the application rate of the EPN, (3) adapting the application 

technique and/or (4) the timing of the application(s). This chapter starts with a discussion of 

the results from this work, organized per pest; it continues with some ideas about future 

research and development in the area of genetic improvement of EPN and in the area of 

application techniques for EPN. The price of EPN is discussed and this chapter is completed 

by a general conclusion on the present and future possibilities of EPN. 

 

6.2 GENERAL DISCUSSION AND FUTURE RESEARCH 

6.2.1 CABBAGE MOTH  

The cabbage moth is commonly controlled with chemical pesticides (pyrethroids, e.g., 

deltamethrin, lambda-cyhalotrin, cypermethrin; organophosphates, e.g., chlorpyrifos). Due 

to toxicological and environmental concerns about these chemicals, alternative (biological) 

control methods, like spraying Bacillus thuringiensis (Bt) products or EPN formulations, have 

gained interest. In organic farming, Bt already is the method of choice for controlling 

lepidopteran pests. However, since the cabbage moth has a certain level of innate resistance 

to Bt, and bearing the possibility for further resistance development in mind, research into 

alternative control options for the cabbage moth in organic agriculture is necessary. 

A first obstacle for controlling the cabbage moth on cauliflower is the waxy leaf surface of 

cauliflower. This waxy surface is water-repellent, hampering a good deposition of EPN (and 

of other pesticides). To counter this first obstacle, a set of spreader adjuvants was screened 

for detrimental effects on the viability of two EPN species, Steinernema feltiae and S. 

carpocapsae, at agriculturally relevant concentrations (chapter 2). All selected alcohol 

ethoxylates, very common spreader adjuvants in agriculture (Krogh et al., 2003), and the 

selected alkylpolysaccharide reduced the viability of both species. This bioassay, along with 

data on the toxicity of adjuvants from literature (Peters & Poullot, 2004), demonstrated that 
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it is warranted to examine the effect of adjuvants on EPN, before using a specific EPN-

adjuvant combination in the field. 

Next to the addition of adjuvants, the size of nozzle openings also proved to have a 

significant effect on the deposition of EPN. Laboratory tests with an automated spray boom 

proved that flat fan nozzles with an ISO 04 nozzle opening provided better deposition of S. 

carpocapsae than a flat fan nozzle with an ISO 08 nozzle opening. The selected ISO 02 flat 

fan nozzle clogged and was therefore deemed too small to spray S. carpocapsae. 

 Earlier research showed that xanthan gum is a good sedimentation retarding agent for EPN 

(Schroer et al., 2005a); this finding was confirmed by our research. Of all the selected 

dispersants and humectants that caused no significant loss of viability of EPN in suspension, 

none, except xanthan gum, showed a significant retarding effect on EPN sedimentation 

(chapter 2). The utility of adding xanthan gum to a spray suspension was proven in the 

organic field trial against onion thrips in leek. Just a few minutes after turning off the 

agitation system of the sprayer, the concentration of EPN in the upper layer of the tank 

suspension had dropped significantly. This would not have been the case, if xanthan gum 

would have been added to the suspension. However, xanthan gum is a viscosity increasing 

substance and probably causes the undesired side-effect of reducing the spreading and 

mobility of spray suspension droplets on leaves. In applications against lepidopteran pests, 

however, reduced flow on the leaves is not necessarily negative, since reduced spread of the 

spraying liquid away from an infective juvenile (IJ) on a leaf may keep the IJ in moist 

conditions for a longer time. This can prolong the survival period of EPN sprayed on a (leaf) 

surface, an effect that showed up in the longevity/infectivity test. It is, however, unclear if 

infectivity can also be prolonged, due to the relatively large time intervals used in this test. 

Future experiments verifying whether adjuvants can affect the evolution of infectivity of EPN 

on leaves should consider shorter intervals between successive measurements (e.g., 0, 0.5, 

1, 1.5, 2, 3 and 4 hours). 

Given the short survival time, and the even shorter time EPN remain infective on leaves, it is 

very important to get EPN to the right place by using a suitable application technique. In 

chapter 3 of this dissertation the effect of applying EPN and Bt with adapted spray 

application techniques against M. brassicae, a leaf-bound lepidopteran species, was 
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examined. Mamestra brassicae is but one of the four economically most important leaf 

consuming lepidopteran pests on brassicaceous plants (see section 2.1.2). All four species, 

i.e. M. brassicae, P. xylostella, P. rapae and T. ni, spend a part of their life cycle on the lower 

side of leaves (Talekar & Shelton, 1993; Johansen, 1997a; Capinera, 2013; Ovsyannikova & 

Grichanov, 2013b), where they are difficult to reach with standard spray boom applications. 

The field tests proved that deposition on the lower side of leaves can be improved with 

adapted spray application techniques, and that such an adapted application technique is a 

key factor for a successful control of the cabbage moth with contact bio-insecticides like EPN 

and Bt. Cabbage moth control with Bt was significantly better when the suspension was 

applied with an adapted spray boom with under-leaf band spraying nozzles (TeeJet UB 85 

04) between rows of cauliflowers and flat fan nozzles above these rows (TeeJet TP 80 04 

EVS), than when it was sprayed with a normal spray boom. Applying Bt with this technique 

practically stopped further damage development caused by M. brassicae. The improved 

control with the adapted spray boom is probably due to two factors: better placement of the 

insecticidal agent, and protection against direct sunlight, which is detrimental for both Bt 

and EPN (Ignoffo et al., 1977; Arthurs et al., 2004). 

Besides using an adapted application technique, adding adjuvants like Addit and xanthan 

gum to the spray suspension of S. carpocapsae proved to be necessary for obtaining a 

significant reduction in the numbers of cabbage heads damaged by M. brassicae. These 

adjuvants, or their chemical analogues, should therefore be included in spray suspensions 

with EPN in future experiments. The control effect of yeast extract as an attractant could not 

be proven statistically in the field.  

Based on these results, it can be concluded that spray applications of S. carpocapsae can 

control the cabbage moth to a limited extent in the field. In a temperate (Belgian) climate, 

other, more cold-tolerant species, strains or breeding products of EPN should be considered 

against this pest, because control results were variable and were probably largely dependent 

on the temperature. 

6.2.2 CABBAGE ROOT FLY 

In organic agriculture, the control options for the cabbage root fly are few: in Belgium for 

example, the only active substance available for professional use is spinosad (Fytoweb, 
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2013). The lack of alternatives to spinosad, and the evidence of emerging resistance against 

spinosad in other dipterous insects indicate a possible threat of resistance development in D. 

radicum populations. Therefore, EPN would be a welcome addition to the organic control 

arsenal against the cabbage root fly. 

This dissertation pointed out that a suitable application technique is of major importance for 

cabbage root fly control with EPN, just as it is for cabbage moth control with EPN. The 

experiments (chapter 4) clearly showed that a good placement of the EPN in the soil, by 

means of a practically applicable plant tray spray, is indispensable to significantly reduce the 

number of plants that die due to cabbage root fly infection. Plant tray spray applications of 

50,000; 100,000 and 200,000 IJ per plant roughly halved the number of dead plants, but 

were still outperformed by plant tray spray applications with spinosad. Weekly counts of the 

number of cabbage root fly maggots around plants revealed that a single plant tray spraying 

with 200,000 IJ of S. feltiae does not provide a permanent reduction of the number of 

cabbage root fly maggots. Therefore, a follow-up treatment is warranted. To determine the 

appropriate timing for this follow-up treatment, G. mellonella bait tests were performed on 

soil taken from around the plants. These tests showed that IJ of S. feltiae remain infective in 

the soil for up to five weeks after application. Future research should therefore determine 

the effect of a second application about 5 weeks after planting and should also examine 

whether the application rate of IJ of S. feltiae in a plant tray spray can be lowered, while 

maintaining a good control. 

Given the lack of effect of drench applications on control of the cabbage root fly in the 

described field tests, the application method selected for a follow-up application should 

incorporate the EPN into the soil, for instance by injecting the nematodes in the soil 

immediately around the roots. 

6.2.3 ONION THRIPS 

During the past two decades, the economic importance of onion thrips has risen because the 

species has developed resistance against various insecticides (e.g., pyrethroids, 

organophosphates and carbamates) (Gao et al., 2012), because it is spreading plant 

pathogens (e.g., Iris Yellow Spot Virus), and, bearing global warming in mind, since it 
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produces more generations at higher temperatures (Diaz-Montano et al., 2011). Biological 

control of onion thrips with EPN would therefore be a valuable new control option. 

Unlike in the field trials of 2012 against the cabbage moth, the average daily temperature in 

the field trials against onion thrips was adequate for a good infection of thrips by EPN 

(chapter 5). Notwithstanding these favourable circumstances and despite repeated 

applications, adaptations to the spray boom and addition of both a surfactant and an 

attractant to the spray suspension, control of onion thrips with S. feltiae on leek foliage was 

low to non-existent. Before starting new field experiments with foliar applications of EPN 

against onion thrips, other EPN species should be screened in bioassays for their control 

potential against leaf-bound life stages of (onion) thrips. Furthermore, the effect of adding a 

thickening agent like xanthan gum to the spray suspension on the mobility of (onion) thrips 

should be verified. 

6.2.4 GENETIC IMPROVEMENT OF EPN 

As mentioned in the discussions of the experiments against the cabbage moth and the onion 

thrips, new EPN species, strains and breeding products should be screened for their control 

potential against these insect pests (chapter 3 and 5). Furthermore, control of the cabbage 

root fly could also be improved if a species/strain/breeding product with, for instance, better 

searching ability would be available. Hence, screening and development of better-suited EPN 

species/strains/breeding products should be a focus for further research. 

New species and strains are continuously being detected and described all over the world. 

According to a recent review by Shapiro-Ilan et al. (2012), 85 species of Steinernema and 

Heterorhabditis are already described, and this number still rises. Only a fraction of all 

known species have been investigated for their potential as a biocontrol agent. However, it 

is unlikely that a new species or strain will possess all necessary traits (e.g., high drought 

resistance, temperature tolerance and suitable host searching behaviour) for effective 

control of a specific pest. Some genetic improvement in the lab will probably be necessary. 

Luckily, EPN are well-suited for genetic improvement: they have a short life-cycle, are 

extremely prolific, and are easily cultured in vitro and in vivo (Burnell, 2002). Due to the 

stringent EU legislation on transgenic organisms (Vazquez-Salat et al., 2012), the 

introduction of transgenic EPN with improved traits for pest control is perhaps not (yet) a 
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viable option in the European Union. Therefore, classical genetic techniques like 

hybridization, selective breeding and mutagenesis are the most likely roads towards 

commercial success against a specific European pest in the short to medium term. The 

benefits of these techniques were proved by several researchers. Tomalak (1994b) for 

example, selectively bred S. feltiae nematodes to promote searching ability for, infection of 

and reproduction in the mushroom fly (Lycoriella solani Winnertz). Mukuka et al. (2010) 

successfully improved the dessication tolerance of H. bacteriophora through selective 

breeding. Most recently, Nimkingrat et al. (2013) enhanced S. feltiae’s activity at low 

temperature through hybridization and selective breeding, without negative trade-off 

effects on the virulence of this nematode against Cydia pomonella.  

With the abovementioned examples in mind, it should be clear that there is a potential for 

improvement of the biocontrol capacity of EPN against various pests. These improvements 

will be necessary to make EPN as effective and reliable as chemical pesticides against various 

pests, especially against above-ground pests.  

If it is possible to have EPN that are equally effective and reliable as chemical pesticides, they 

will have the advantage of being more environmentally safe than chemical pesticides. 

Furthermore, contrary to resistance development against chemical pesticides, Bt toxins and 

spinosad, resistance development against EPN is very unlikely, due to the physical 

macroscopic nature of infection by EPN (Chattopadhyay et al., 2004).  

6.2.5 APPLICATION TECHNIQUES 

The results in this thesis confirm the importance of suitable application techniques for insect 

control with EPN. A well targeted application technique, adjusted to the pest and the crop in 

question (e.g., plant tray spraying against D. radicum in cauliflower), can improve control 

results, but can also cut the costs of an EPN application significantly, since it requires less 

EPN than a uniform spray application over the whole crop. In the future, more technological 

options (e.g., automated detection systems coupled with a site-specific sprayer (Bontsema, 

2013)) will become available. Such new technologies will allow optimal usage of EPN while 

reducing labour costs for the farmer. 
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6.2.6 PRICE OF EPN PRODUCTS 

The environmentally friendly properties of EPN products alone do not make EPN a 

sustainable solution for insect control in vegetables. Sustainability also has an economic 

aspect that cannot be left out of this discussion. In order to assess the economic 

sustainability of insect control with EPN products, prices of EPN products and conventional 

chemical pesticides must be compared. It is clear that price is a major barrier for the market 

penetration of EPN products, when the prices of the commercial EPN products and the other 

conventional and biological insecticides used in this dissertation, are compared (see 

Appendix C). However, the price gap between EPN and other insecticides can be narrowed 

considerably by precision application techniques, like plant tray spraying and injecting 

nematodes in the soil around plants. As mentioned in the previous paragraph, these 

techniques can reduce the application rate required for effective control. (An example is 

worked out in Appendix C.) Lowering the application rate will also lower the price paid per 

hectare treated with EPN, and thereby might increase the demand for EPN products. 

Increased demand can result in a scaling up of EPN production, which in turn can lead to 

lower production costs, and thus to cheaper EPN products. 

Furthermore, the difference in price between conventional chemical insecticides and 

biological insecticides can also be reduced through action of the Belgian government, by 

bringing the value added tax (VAT) on EPN products (currently 21%), to the level of the VAT 

on chemical insecticides (12%). 

6.2.7 THE FUTURE OF EPN IN CROP PROTECTION 

In the long term, when the genetic work with EPN has proven its worth, when application 

methods have progressed sufficiently and when the price of EPN products has become more 

competitive, EPN applications against various insects in outdoor vegetables will become 

even more attractive, especially in organic agriculture, where the control options are few. In 

the short term, more opportunities may come from research focused on the application of 

EPN against greenhouse pests. Greenhouses are more conducive to EPN survival and 

infectivity, because the temperature and humidity are higher and less variable and since the 

glass cover protects the EPN against UV-light. Furthermore, greenhouse crops are high value 

crops, so farmers are willing to invest more into crop protection measures. This has already 

led to some commercial successes (e.g., control of the black vine weevil and of fungus gnats 
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in various crops (Tomalak et al., 2005)). Undoubtedly, more commercial successes will 

follow, as new EPN species and strains are detected and as new breeding products and 

application methods will become available. 

If the use of EPN under greenhouse circumstances becomes more widespread, prices of EPN 

products can drop, as discussed in section 6.2.6. This in turn will allow application in other 

crops, like outdoor vegetables, and even arable crops (cfr. Diabrotica control). Undoubtedly, 

soil applications will continue to make up the bulk of the outdoor EPN applications, but foliar 

EPN applications to outdoor target sites, especially those that are not exposed to direct 

sunlight (e.g., the lower side of cauliflower leaves, between leek leaves, etc.), should not be 

overlooked. 

 

6.3 GENERAL CONCLUSION 

The described experimental work with EPN against the cabbage moth, cabbage root fly and 

onion thrips showed that significant control of the first two pests is certainly possible in 

outdoor vegetables, but it also showed that there’s still a long way to go before EPN will be 

applied commercially against these pests in outdoor vegetables. Efficient control of insect 

pests with EPN requires a perfect match between several factors: the EPN 

species/strain/breeding product, the pest, the crop, the application (in terms of technique, 

formulation and application rate) and the environmental circumstances. Matching these 

factors requires the screening and breeding of much more EPN species/strains for different 

properties (e.g., pathogenicity, temperature tolerance, mobility, drought resistance). 

In the short term, research on EPN applications against greenhouse pests seems to be the 

most promising area of research in temperate climates. Only when the prices for EPN drop 

due to more widespread adoption and when new EPN species/strains/breeding products 

and application techniques become available, will outdoor applications of EPN become 

commercially viable. 

Because pest control with EPN is obviously not a one-size fits-all solution, farmers will need 

appropriate knowledge to obtain successful pest control with EPN. Moreover, the upcoming 

EU obligation for farmers to use IPM methods to protect their crops will further increase the 
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demand for knowledge on IPM methods. Governmental, NGO and corporate advisory 

networks will need to be strengthened in order to fulfil this demand and to keep European 

crops healthy. 
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APPENDIX B: GALLERIA MELLONELLA BAIT TESTS 

 

 

Figure B.1. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from around 
cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 1) at weekly intervals after planting. Different 
letters indicate statistical differences between the percentage mortality of larvae in different weeks within one treatment 
(P<0.05). Plant date: May 22

nd
. WAP=weeks after planting. 

 

 

 

 

 

 

 



Appendix B 
___________________________________________________________________________ 

160 
 

 

 

 

Figure B.2. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from around 
cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 2) at weekly intervals after planting. Different 
letters indicate statistical differences between the percentage mortality of larvae in different weeks within one treatment 
(P<0.05). Plant date: April 16

th
. WAP=weeks after planting. 
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Figure B.3. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from around 
cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 3) at weekly intervals after planting. Different 
letters indicate statistical differences between the percentage mortality of larvae in different weeks within one treatment 
(P<0.05). Plant date: May 14

th
. WAP=weeks after planting. 
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APPENDIX C: PRICE COMPARISON OF INSECTICIDES 

 

 

 

Table C.1 displays the calculated price of treating one hectare with the products used in this 

dissertation. It is clear that the price of EPN products by far exceeds the price of all other 

products. However, the application rates advised by the EPN producing companies are very 

high. If an example is taken from the dissertation, by performing a single plant tray spray 

applying 50 000 IJ of S. feltiae per plant, then the price per hectare drops to € 356.09. 

However, since a follow-up treatment is warranted according to the results in chapter 4, this 

price should be doubled to € 712.18, which is still very expensive, but already more 

manageable than the prices indicated in the table. 
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Table C.1. Price comparison of all biological and chemical insecticides used in the dissertation. Prices per hectare are calculated according to the application rates approved in Belgium (Source: 
Fytoweb (2013)), or, in case of the EPN products, according to the application rates advised by the producing companies. The applied rate per hectare for the spinosad products was calculated 
with a 0.70 m distance between rows of plants and 0.50 m distance between plants on the same row, in mind. All prices are VAT included. 

Active ingredient Product name Sold unit Application rate Price (€) Source Price/ha 

S. carpocapsae 

 

Carpocapsae-System  

(Biobest) 

2.5*108 IJ 

 

5*109 IJ/ha 

 

53.24 

 

Biobest (personal communication) 

 

1064.80 

 

S. feltiae 

 

Entonem  

(Koppert) 

5*108 IJ 

 

5*109 IJ/ha 

 

124.63 

 

Koppert (personal communication) 

 

1246.30 

 

spinosad 

 

Tracer®  

(Dow Agrosciences) 

0.50 L 

 

12 mL/1000 plants 

 

285.02 

 

www.fransagro.be 

 

195.44 

 

spinosad 

 

Conserve® SC  

(Dow Agrosciences) 

0.95 L 

 

48 mL/1000 plants 

 

113.84 

 

www.epestsolutions.com 

 

164.34 

 

Bacillus thuringiensis  

subsp. aizawai 

Xentari® WG  

(Valent Biosciences) 

0.50 kg 

 

0.875 kg/ha  

(0,75-1 kg/ha) 

47.68 

 

www.fransagro.be 

 

83.48 

 

methiocarb 

 

Mesurol® SC 500  

(Bayer Cropscience) 

3.00 L 

 

0.5 L/ha 

 

330.40 

 

www.fbbiwinkel.be 

 

55.07 

 

abamectin 

 

Vertimec® 

 (Syngenta) 

1.00 L 

 

1.5 L/ha 

 

200.48 

 

www.fbbiwinkel.be 

 

300.72 

 

 

http://www.fransagro.be/
http://www.epestsolutions.com/
http://www.fransagro.be/
http://www.fbbiwinkel.be/
http://www.fbbiwinkel.be/
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