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VOORWOORD - PREFACE 

 

De laatste weken voel ik mij net als een tennisspeelster die op het punt staat om een Grand 

Slam te winnen. Getraind door het vele oefenen is het tijd om het matchpunt binnen te 

halen. Toch is er wat angst om het ‘af te maken’, om de knoop door te hakken, om het 

laatste woord neer te schrijven. Dat ik dit matchpunt gehaald heb, heeft niet alleen met 

mezelf te maken. Vele mensen hebben hiertoe bijgedragen. In de eerste plaats mijn ouders. 

Ik moet ze bedanken voor de goede opvoeding die ze mij gegeven hebben en om in mij te 

geloven toen ik lange studies wou beginnen en op kot wou gaan. Mijn hogere studies waren 

niet alleen lang, ze vielen mij ook vrij zwaar. In eerste Kan., zo heette dat toen nog, was ik 

met de hakken over de sloot geslaagd in eerste zit. Met een paar punten minder had ik een 

zware tweede zit gehad, waar ik vast en zeker niet aan begonnen was. In tweede Kan. wou ik 

geen risico’s lopen en studeerde ik veel, en dat bleef ik ook doen. Wat heb ik gezwoegd met 

al die leerstof. Een keerpunt in mijn saaie studentenleven kwam er in de zomer van 2002. Op 

het labo voor Fytofarmacie kon ik aan mijn thesis beginnen rond drift van pesticiden. Ik 

voelde mij daar onmiddellijk thuis, met grote dank aan Liliane en Claudine en de 

medestudenten. We hebben ons laatste jaar bio-ingenieur in schoonheid kunnen afsluiten. 

Niet alleen de mensen lagen mij, ook het onderzoek van mijn thesis vond ik fantastisch. Het 

uitvoeren van wetenschappelijk onderzoek was een echte verfrissing na het memoriseren 

van al die cursussen. Ik was dan ook gelukkig toen ik in 2003 bij Prof. Steurbaut kon starten 

als onderzoeker op het IWT-project rond drift. Toen ik anderhalf jaar later elders de kans 

kreeg om te beginnen in een vaste functie heb ik getwijfeld, maar toch toegezegd. Na zes 

maanden Brussel kreeg ik echter heimwee naar het onderzoek. En net op het juiste moment 

stuurde David, die ik had leren kennen via het drift project, mij een link door naar de ILVO 

website met de oproep voor doctoraatsmandaten. Er waren verschillende onderwerpen, 

maar ik was onmiddellijk gefascineerd door het onderzoek rond de toepassing van 

insectendodende aaltjes. Met de steun van Prof. Steurbaut, waarvoor dank, heb ik mijn 

doctoraatsplan verdedigd en de ILVO-doctoraatsbeurs gekregen.  

Op mijn eerste werkdag in 2006 werd ik op het nieuwjaarsontbijt overweldigd door al mijn 

nieuwe ILVO collega’s. Ondertussen is er heel wat veranderd in de Burg. van Gansberghelaan 
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115. Zoals in de onderzoekswereld de gewoonte is, heb ik veel collega’s zien komen en gaan. 

De sfeer blijft gelukkig hetzelfde: gemoedelijk en vriendschappelijk! Ik werk hierdoor vanaf 

die eerste dag heel graag op het ILVO en ik wil daar al mijn collega’s en ex-collega’s voor 

bedanken. Een speciale dank aan Katrien, Marleen, Elsy, Magda en Nele waar ik altijd bij 

terecht kan om mee te praten over de dagdagelijkse dingen. Ook mijn bureaugenoten 

zorgden en zorgen nog steeds voor een goede werksfeer: Pascal, Dieter, en Donald, dank u 

wel daarvoor.  

Mijn onderzoek begon bij het tellen van nematoden. Een heel moeilijk en vermoeiend werk 

voor beginnelingen, maar ‘piece of cake’ voor laboranten met ervaring zoals Nancy en Cindy. 

Ik wil hen heel erg bedanken voor de hulp bij het tellen! Na het tellen van nematoden kwam 

het verpompen, het verspuiten. Gelukkig kreeg ik de hulp van verschillende techniekers op 

Agrotechniek. Bedankt aan jullie allemaal, en in het bijzonder aan Geert en Olav, de 

techniekers van het spuitlabo. Een nieuwe fase in het onderzoek werd ingeluid door de start 

van een nieuw IWT-project rond de toepassing van EPN in groenten. Dit project loopt nog 

steeds gesmeerd dankzij de projectcollega’s Sabien en Femke van het POVLT en Bert van het 

labo in Gent. Ik ben blij dat we binnenkort samen het veld op kunnen om de nematoden in 

de praktijk toe te passen. Het IWT-project wordt ondersteund door heel wat sponsors die ik 

allemaal wens te bedanken. De hoofdsponsors Becker Underwood, Biobest en Koppert 

bevoorraden ons met de grote aantallen nematoden die nodig zijn om onze experimenten te 

kunnen uitvoeren. Bedankt! 

Op wetenschappelijk gebied heb ik het meeste te danken aan David en Maurice. Zij hebben 

mij met veel geduld geholpen bij het schrijven van publicaties en dit doctoraat. Dankzij de 

aanhoudende reviews, vooral van Maurice, is mijn eerste paper gepubliceerd geraakt. 

Daarna volgden de andere papers een stuk vlotter. Ik wens iedereen zo een goede 

begeleiders toe! Bedankt David en Maurice! Op het gebied van statistiek heb ik hulp 

gekregen van Winy en Stephanie. Bedankt om mij in te wijden in de wondere wereld van de 

statistiek. 

Als laatste wil ik de mensen bedanken die mij op privé gebied gelukkig maken. Mijn 

vrienden, Wim en Els, Wim en Kelly, Mieke en Frank, bedankt voor de babbels, de leuke 

vakanties, de gezellige etentjes. Spijtig genoeg staat het uitgaansleven op dit moment op 
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een laag pitje, maar dat komt zeker weer in orde. Bedankt ma en pa om de kindjes op vrijdag 

op te vangen. Bedankt René en Lena voor jullie enorme hulp met de kindjes en het 

huishouden. Betere schoonouders dan jullie bestaan er volgens mij niet. Dankzij jullie kan ik 

mijn gezinsleven combineren met een drukke baan.  

Mijn grootste dank gaat naar de drie mannen die mijn hart gestolen hebben: Davy, Rune en 

Vince. Sorry kindjes dat jullie mij de laatste weken zo vaak hebben moeten missen. Davy, de 

laatste woorden zijn voor jou: bedankt voor je onvoorwaardelijke steun, bedankt voor ons 

prachtige gezin, bedankt om mij zo gelukkig te maken. 

 

Eva 
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SAMENVATTING 

 

Er zijn talrijke soorten insectenplagen die economische schade kunnen berokkenen bij de 

teelt van groenten. Doordat groenten hoge opbrengsten genereren, is er veel interesse om 

biologische gewasbeschermingsmiddelen, zoals entomopathogene nematoden (EPN), te 

introduceren in deze teelten. Ondanks veelbelovende labo- en veldtesten blijft het succes 

van EPN in de praktijk echter uit. Verbeteringen in de toepassingstechniek gericht op de 

reductie van verliezen tijdens de transfer van de spuittank naar het doelinsect zijn dringend 

nodig om zo de effectiviteit van de nematoden te verbeteren. Twintig jaar geleden werd het 

effect van toepassingstechniek op EPN onderschat. Labo-experimenten onderzochten de 

mogelijk schadelijke effecten van toepassingsapparatuur en resulteerden in enkele 

vuistregels met betrekking tot de temperatuur van de spuitvloeistof, dopgrootte en 

spuitdruk. Naarmate meerdere studies volgden, werd echter duidelijk dat het respecteren 

van deze vuistregels de schade aan EPN niet kon voorkomen. Daarom werden in dit 

onderzoek alle stappen in een spuittoepassing van EPN in groenten gescreend op hun 

schadelijke of efficiëntie reducerende effecten. 

Dit onderzoek werd gestart met een literatuurstudie rond het effect van toepassingstechniek 

op EPN en rond de karakteristieken van drie belangrijke plagen, nl. koolvlieg, tabakstrips en 

kooluil, en hun bestrijding met EPN. Experimenten werden ontworpen om twee belangrijke 

aspecten van de spuittoepassing, nl. de menging in de spuittank en de vorming van de 

spuitnevel, te onderzoeken. Meer praktijk-georiënteerde experimenten werden uitgevoerd 

om het effect van spuittechniek op de depositie van nematoden te bestuderen. Finaal werd 

het effect van spuitvolume op de depositie, overleving en infectiviteit van EPN bestudeerd. 

Aangezien EPN vlug bezinken in een spuittank zonder menging, is een goed mengsysteem 

onontbeerlijk bij hun toepassing. Drie mengsystemen (mechanisch, pneumatisch en 

hydraulisch) werden getest op hun capaciteit om EPN onbeschadigd in menging te houden. 

De hydraulische menging werd getest met zowel een centrifugaal als een membraanpomp. 

Nematodenschade werd bepaald op basis van overleving en infectiviteit van de EPN. 

Mechanische menging met een snelheid van ongeveer 696 toeren min
-1

 had geen invloed op 

de overleving of de infectiviteit van de nematoden. Ook pneumatische menging gedurende 
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120 min bleek niet schadelijk te zijn voor de EPN. Het effect van hydraulische menging 

daarentegen was afhankelijk van het gebruikte pomptype. Hydraulische menging met de 

membraanpomp bleek onschadelijk voor de EPN, terwijl het gebruik van een 

centrifugaalpomp de overleving van de EPN aantastte. Na 120 min menging met de 

centrifugaalpomp bleef slechts 19.3% van de nematoden in leven. De infectiviteit van de 

nematoden werd zelfs gereduceerd tot 0%. Een extra experiment toonde aan dat de 

temperatuurstijging van de spuitvloeistof van 21.7°C tot 45.4°C verantwoordelijk was voor 

de geobserveerde schade. De capaciteit van de mengsystemen om de nematoden in 

menging te houden werd onderzocht door de concentraties aan nematoden te bepalen in 

tankstalen genomen na een verschillende mengduur. Deze experimenten toonden duidelijk 

de instabiliteit van het pneumatisch mengsysteem aan. In alle andere systemen werd een 

daling in de nematodenconcentratie opgemeten na een mengduur van 120 min. Algemeen 

kan besloten worden dat de mengsystemen die oorspronkelijk ontworpen zijn om chemische 

oplossingen in menging te houden, niet altijd geschikt zijn om een nematodensuspensie te 

mengen. Het gebruik van deze systemen kan de werking van de nematoden verstoren. 

Eén van de belangrijkste parameters bij de selectie van een toepassingssysteem is het 

verdelingspatroon. Terwijl een uniforme verdeling van de nematoden bij een 

bodemtoepassing minder belangrijk is, omwille van hun mobiliteit in de bodem, is een 

uniforme verdeling wel belangrijk bij bladtoepassingen. De volumetrische verdeling van 

nematoden werd opgemeten onder vier verschillende doptypes: een standaard spleetdop 

(TeeJet XR 110 08), een luchtmengdop (TeeJet AI 110 08), een driftarme ketsdop (TeeJet TT 

110 08) en een tweewaaier spleetdop (TeeJet TJ60 110 08). Er werd een vergelijking 

gemaakt met de verdeling van een chemische stof (Brilliant Sulfo Flavine, BSF) om op deze 

manier mogelijke verdelingsproblemen vast te stellen. Er werd een significant effect van 

doptype op de distributie van EPN onder de spuitdop vastgesteld. De verschillen tussen de 

verdeling van nematoden en de chemische verbinding bleken verwaarloosbaar voor de 

standaard en de tweewaaier spleetdop. Kleine verschillen werden vastgesteld voor de 

luchtmengdop, terwijl grote verschillen opgemeten werden onder de driftarme ketsdop. 

Recht onder deze dop vertoont de nematodenconcentratie een scherpe piek, waarna de 

concentratie aan nematoden veel sneller daalt naar de buitenkant van de nevel toe in 

vergelijking met BSF. In het ideale geval is de verdeling van nematoden onder de spuitboom 
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uniform. Om de uniformiteit van de nematodenverdeling na te gaan werd een theoretische 

berekening van de variatiecoëfficiënt uitgevoerd. Hieruit bleek dat de overlappende 

spuitkegels onder een spuitboom de verschillen in nematodenverdeling reduceren. Een 

aanvaardbare waarde voor de variatiecoëfficiënt werd gevonden voor alle doppen, behalve 

voor de tweewaaier spleetdop waarbij de coëfficiënt iets hoger was dan 7%. 

De effectieve controle van insectenplagen met behulp van EPN vraagt meer dan alleen de 

juiste keuze van de nematodensoort. De EPN moeten ook afgeleverd worden op een plaats 

die hen de kans geeft om een gastheer te infecteren. Het optimalisatieproces moet rekening 

houden met de vereisten van de nematodensoort, het doelinsect en het gewas. Het effect 

van de spuittechniek op de depositie van EPN werd bestudeerd in vijf plaagbestrijdingen, nl. 

koolvlieg (Delia radicum) en kooluil (Mamestra brassicae) in zowel bloemkool (Brassica 

oleracea var. botrytis) als savooikool (Brassica oleracea var. sabauda) en tabakstrips (Thrips 

tabaci) in prei (Allium porrum). De depositie van EPN (aantal nematoden) en het 

spuitpatroon (verdeling van EPN in druppels) werden vergeleken na de toepassing van een 

nematodensuspensie met behulp van een spuitboom uitgerust met vijf standaard 

spleetdoppen (TeeJet XR 110 08), luchtmengdoppen (TeeJet AI 110 08) of tweewaaier 

spleetdoppen (TeeJet TJ60 110 08). Twee aanpassingen aan de spuittechniek, nl. 

luchtondersteuning en het gebruik van een rijenspuit, werden getest en geëvalueerd op de 

efficiëntie waarmee ze de nematoden op de juiste plaats afleveren. De depositie van 

Steinernema feltiae werd geobserveerd in de preischacht (habitat van tabakstrips) en aan de 

voet van bloemkool en savooikool (habitat van koolvlieg), terwijl de depositie van S. 

carpocapsae gemeten werd aan de onderkant van bloemkool en savooikool bladeren 

(habitat van kooluil). Bij elk experiment werden met water gevulde petrischalen gebruikt als 

controle. Lege petrischalen werden na de bespuiting gebruikt om het spuitpatroon op te 

meten. Ondanks de jonge leeftijd van de koolplanten, schermden hun bladeren reeds een 

groot deel van de koolvoet af. Ongeveer 40% van de toegepaste nematoden bereikten de 

koolvoet niet. Behalve voor de tweewaaier spleetdop, veranderde de depositie niet in 

functie van het doptype. Een spuitboom uitgerust met deze tweewaaier spleetdoppen 

leverde significant minder nematoden af aan de bloemkoolvoet in vergelijking met de 

standaard spleetdoppen. Het gebruik van luchtondersteuning of een rijenspuit verbeterde 

de nematodendepositie aan de voet van de savooikool. Alhoewel niet significant, werd een 
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trend tot verhoging in nematodendepositie aan de bloemkoolvoet opgemerkt met deze 

technieken. Gemiddeld werd aan de bloemkool- en savooikoolvoet een verhoging in 

nematodendepositie gemeten van 12% met de luchtondersteuning en 15% met de 

rijenspuit. Met de standaard spuittechniek (spuitboom van 5 spuitdoppen) werd een lage 

nematodendepositie opgemeten in de preischacht van slechts 7.3 EPN cm
-2

. Het gebruik van 

luchtondersteuning leverde een kleine, maar geen significante stijging in depositie op. Er 

werden geen verschillen in nematodendepositie opgemeten in petrischalen op verschillende 

posities. De nematoden werden dus evenredig verdeeld over de breedte van de spuitboom. 

Relatieve depositie op de horizontale petrischalen was significant hoger voor de 

luchtmengdoppen, in vergelijking met de standaard spleetdoppen. Doptype beïnvloedde ook 

het spuitpatroon van de nematoden. De oppervlakte van de petrischalen bedekt met 

druppels die nematoden bevatten was heel laag en varieerde van 13.6% (standaard 

spleetdoppen) tot 15.8% (luchtmengdoppen). De experimenten bewijzen dat EPN vaak hun 

doelgebied niet bereiken wanneer standaard spuittechnieken gebruikt worden. Bovendien 

worden de nematoden die hun doel wel bereiken toegepast in druppels die slechts een klein 

deel van het doelgebied bedekken. Het gebruik van aangepaste spuittechnieken die de nevel 

richten op het doelgebied is onontbeerlijk om de kansen op contact tussen EPN en de plaag 

te vergroten en om zo te kunnen resulteren in een kosten-efficiënte en betrouwbare 

toepassing. 

Het spuitvolume kan de hoeveelheid vrij water op een bladoppervlak en dus ook de 

bewegingsvrijheid van EPN op dit blad beïnvloeden. Om deze reden werd het effect van 

spuitvolume (548, 730 en 1095 L ha
-1

) op de depositie, overleving en infectiviteit van EPN ten 

opzichte van Galleria mellonella onderzocht op savooikool, bloemkool en prei. Prei- en 

filterpapiercirkels werden onder verschillende hoeken onder de spuitdop geplaatst en 

bespoten. Een stijging in spuitvolume resulteerde in een daling van het aantal afgezette 

nematoden bovenaan een preicirkel (7.1 cm²) onder een hoek van 15° met de spuitdop. 

Niettegenstaande het aantal levende nematoden na 240 min incubatie (24°C en 60% RV) 

niet significant verschillend was na toepassingen met de verschillende spuitvolumes, werd 

een grotere infectiviteit opgemeten bij de toepassing met het hoogste volume. Geen 

significant effect van spuitvolume werd waargenomen op de relatieve depositie van S. 

carpocapsae op de onderkant van savooikool- en bloemkoolcirkels. Er werd een hoge 
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infectiviteit opgemeten op deze cirkels, niettegenstaande de lage depositie op de onderkant 

van de bladcirkels. Bij het laagste spuitvolume werd de infectiviteit beïnvloed door de 

incubatietijd, dit was niet het geval bij de spuitvolumes van 730 L ha
-1

 en meer. Spuitvolume 

is dus een belangrijke toepassingsparameter, aangezien het de infectiviteit van de 

nematoden kan beïnvloeden. 

De resultaten van dit onderzoek bevestigen dat de efficiëntie van EPN sterk afhankelijk is van 

de toepassingstechniek. Deze effecten kunnen plaatsgrijpen in verschillende stappen van het 

spuitproces en variëren van nematodensterfte, verlies van nematoden in de spuittank en 

problemen om ze in menging te houden tot moeilijkheden om EPN op hun doelobject te 

krijgen en om dit oppervlak egaal te bedekken. Zoals gekend is de toepassing van 

scheikundige middelen helemaal niet efficiënt aangezien slechts een heel klein deel van het 

toegepaste product het insect bereikt. Door hun hoge persistentie resulteren deze 

toepassingen toch in een goede plaagbestrijding. Entomopathogene nematoden hebben 

echter een lage persistentie op blootgestelde oppervlakten en zijn bovendien te duur om ze 

in overvloedige hoeveelheden toe te passen. Er is dus dringend nood aan bijkomstig 

onderzoek dat kan leiden tot nieuwe of aangepaste spuitapparatuur of tot andere 

toepassingstechnieken die de nematoden efficiënter bij het plaaginsect kunnen brengen in 

grote veldtoepassingen. 
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ABSTRACT 

 

 

Several insect pests of economic importance are encountered on vegetable crops. Being high 

value crops, the introduction of biological control agents such as entomopathogenic 

nematodes (EPN) has stimulated great interest for above and below-ground pests. However, 

despite promising laboratory and field trials, success with EPN in vegetables has rarely been 

achieved in field applications under practical conditions. Improvements in application 

technology for EPN that aim at minimizing losses during the transfer from the mixing tank to 

the target insect, increasing the competitiveness of EPN, are badly needed. Twenty years 

ago, the effect of application technology on EPN was underestimated. Laboratory 

experiments investigated the possible detrimental effects of application equipment and 

resulted in some rules of thumb, e.g., considering spray liquid temperature, nozzle size and 

pressure. Numerous succeeding studies, however, indicated that those restrictions do not 

prevent nematode damage. The general objective of this thesis was, therefore, to 

systematically screen all steps of the spray application process, from spray tank to nematode 

deposition, for possible detrimental or efficacy reducing effects on EPN applied in 

vegetables.  

Research started with a literature review on the effects of application technique on EPN, and 

on the characteristics of three important vegetable pests (cabbage maggot, onion thrips and 

cabbage moth) and their control with EPN. Experiments were designed to investigate two 

important processes of the spray system, i.e., agitation and spray formation. More practical 

oriented experiments were performed to study the effect of spray application technique on 

nematode deposition. Finally, the effect of spray volume on nematode deposition, viability 

and infectivity was studied. 

For the application of EPN, a good agitation system is indispensable as the nematodes tend 

to sediment fast in a spray tank without agitation. Three agitation systems, viz. mechanical, 

pneumatic and hydraulic agitation were tested for their ability to keep the nematodes 

suspended. Hydraulic agitation was tested using a centrifugal and a diaphragm pump. 

Nematode damage was quantified based on viability and infectivity of the EPN. Mechanical 

agitation at a speed of approximately 696 revolutions min
-1

 did not influence the viability nor 



xvi 

 

the infectivity of the nematodes. Also pneumatic agitation during 120 min was not 

detrimental to the EPN. Viability, nor infectivity were affected. However, the effect of 

hydraulic agitation differed depending on the pump type used. Hydraulic agitation using the 

diaphragm pump did not harm the nematodes, whereas the use of the centrifugal pump 

clearly affected viability. After 120 minutes of recirculation, only 19.3% of the nematodes 

survived; infectivity was even reduced to 0%. An additional experiment revealed that the 

temperature increase, from 21.7°C to 45.4°C, was responsible for the observed nematode 

damage. The ability of the agitation system to keep the nematodes in suspension was 

examined by comparing the nematode concentration observed in the samples taken at 

different agitation times. These measurements showed that the pneumatic agitation was 

unstable. Agitation during 120 minutes using the other agitation systems resulted in a 

significant loss of nematodes at 15 cm above the spray tank bottom. In general, the 

experiments prove that the agitation systems developed to agitate a chemical solution are 

not always suited to agitate a nematode suspension and can attribute to reduced efficacy of 

EPN. 

One of the major considerations related to the selection and use of an application system is 

the application distribution pattern. A completely uniform distribution of the nematodes in 

soil applications is not essential because the nematodes can move over short distances; 

however, uniform distribution is important in foliar EPN applications. The volumetric 

distribution pattern of EPN was tested beneath four nozzle types, i.e., a standard flat fan 

nozzle (TeeJet XR 110 08), an air induction flat fan nozzle (TeeJet AI 110 08), a drift reducing 

deflector type nozzle (TeeJet TT 110 08) and a TwinJet spray nozzle (TeeJet TJ60 110 08). A 

comparison with the distribution of a chemical tracer (Brilliant Sulfo Flavine, BSF) was made 

to reveal possible distribution problems. A significant effect of nozzle type on the 

distribution of EPN beneath a spray nozzle was found. The differences between the 

nematode distribution and the distribution of the chemical tracer were negligible for the flat 

fan and the TwinJet nozzle. Small differences were measured for the air induction nozzle, 

while a remarkable difference in EPN-BSF distribution was found for the deflector nozzle. 

The nematode concentration shows a sharp peak in the center of the spray fan and declines 

much faster toward the edges as compared with the BSF concentration. Ideally, the 

distribution of EPN beneath the spray boom should be uniform. A theoretical calculation of 
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the coefficient of variation of the nematode distribution beneath a spray boom was 

performed and showed that the spray overlap from a spray boom decreases differences in 

nematode distribution. An acceptable value for the coefficient of variation was found for all 

nozzles, except for the TwinJet nozzle where the coefficient of variation was slightly above 

7%. 

Effective control of insect pests using EPN requires more than judicious choice of the 

nematode species. The biological agent must also be delivered in a way that enables the 

nematodes to infect the host. The optimization process needs to account for the particular 

requirements of the EPN species used, the target pest, and the crop. The effect of spray 

application equipment was studied on the deposition of EPN in five pest control applications, 

viz. cabbage maggot (Delia radicum) and cabbage moth (Mamestra brassicae) in both 

cauliflower (Brassica oleracea var. botrytis) and savoy cabbage (Brassica oleracea var. 

sabauda) and onion thrips (Thrips tabaci) in leek (Allium porrum). The nematode deposition 

(number of nematodes) and spray pattern (distribution of EPN in the droplets) were 

compared after applying a nematode suspension using a 5-nozzle spray boom equipped with 

flat fan (TeeJet XR 110 08), air induction flat fan (TeeJet AI 110 08) or TwinJet spray nozzles 

(TeeJet TJ60 110 08). Two additional spray application systems, viz. air support and row 

application, were evaluated on their effectiveness to deliver nematodes to their target site. 

Deposition of Steinernema feltiae was observed in the leek shaft (habitat of onion thrips) 

and at the cauliflower and savoy cabbage foot (habitat of cabbage maggot), while the 

deposition of S. carpocapsae was measured at the underside of cauliflower and savoy 

cabbage leaves (habitat of cabbage moth). Control measurements were performed using 

Petri dishes filled with water. Empty Petri dishes were used after spraying to measure the 

spray pattern. The cabbage plants were young but their foliage already sheltered the 

nematode spray significantly; approximately 40% of the applied nematodes did not reach 

the foot of the plants. Changing nozzle type did not affect the deposition results, except for 

the TwinJet nozzle. A spray boom equipped with these dual fan nozzles delivered 

significantly fewer EPN at the foot of the cauliflower as compared with the flat fan nozzle. 

The use of an air support system or a row application system improved nematode deposition 

at the foot of the savoy cabbage. Although the difference in nematode deposition was not 

significantly different, a tendency to increased EPN deposition was also observed at the 
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cauliflower foot. On average, nematode deposition was 12% higher after using the air 

support system. The row application system resulted in on average 15% increase of 

deposited nematodes. With the standard boom spray application technique, relative 

nematode deposition on the bottom side of the savoy cabbage leaves was 27.2%, while only 

2.6% of the applied nematodes reached the bottom side of the cauliflower leaves. Neither 

nozzle type nor application technique affected nematode deposition at the bottom side of 

the savoy cabbage or cauliflower leaves. After spraying leek with a standard boom, a low 

nematode deposition was measured in the leek shaft. With this technique, only 7.3 EPN cm
-2

 

reached the transition zone in the leek shaft. The air support system did not significantly 

increase the deposition, although a slight improvement was observed. Overall, no 

differences in nematode deposition were found on Petri dishes at different sampling 

positions along the spray boom, thus an even nematode distribution was obtained 

underneath the 5-nozzle spray boom. Relative deposition on the horizontal Petri dishes was 

significantly higher for the air induction nozzle as compared to the flat fan nozzle for both 

nematode species. Nozzle type also affected the spray pattern of nematodes. The Petri dish 

surface covered with nematode containing droplets was very low and varied from 13.6% 

(flat fan nozzle) to 15.8% (air induction nozzle). The experiments provide evidence that EPN 

frequently do not reach their target sites using standard application techniques. Moreover, 

the nematodes reaching their target are applied in droplets that cover only a small part of 

the treated surface. The use of adapted spray application techniques that direct the spray to 

the target site are indispensable to increase chances for contact of EPN with their target and 

to result in a cost-effective and reliable application. 

Spray volume can influence the amount of free water on the leaf surface and subsequently 

the ability for EPN to move. Therefore, the effect of spray volume, viz. 548, 730 and 1095      

L  ha
-1

, was investigated on the deposition, viability and infectivity of EPN against Galleria 

mellonella on savoy cabbage, cauliflower and leek. Leaf disks and filter paper disks, placed at 

different angles to the spray nozzle, were exposed to a nematode spray. Increasing spray 

volume decreased nematode deposition on top of 7.1 cm² leek leaf disks in a 15° angle with 

the spray nozzle. Although the number of living nematodes observed after 240 min of 

incubation (24°C and 60% RH) was not significantly different between the low and the high 

volume application, a greater infectivity was obtained in the latter application. No significant 
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effect of spray volume was observed on the relative deposition of S. carpocapsae on the 

bottom side of cauliflower and savoy cabbage leaf disks. Despite the low S. carpocapsae 

deposition on the bottom side of the savoy cabbage disks, high infectivity was obtained 

against G. mellonella. Using the lowest spray volume, infectivity decreased with increasing 

exposure time, while infectivity was not affected by exposure time when a spray volume of 

730 L ha
-1

 or more was used. Based on these experiments, spray volume can be considered 

as an important application parameter since it can affect nematode infectivity. 

The results of this research confirm that the technique used for the spray application can 

have severe efficacy reducing effects on EPN thereby reducing their efficacy. These effects 

can be observed in the different steps of the application process and vary from nematode 

death, loss of nematodes and problems to keep the nematodes suspended in the spray tank 

to difficulties to reach the target pest and covering the target site evenly. The application of 

chemical insecticides is known to be very inefficient since only small amounts of the applied 

product reaches the insect, but eventually results in acceptable pest control due to the high 

persistence of the chemicals. Entomopathogenic nematodes, however, have low persistence 

on exposed surfaces and are currently too expensive to be applied in excessive amounts. 

More research is therefore badly needed to develop new or adjusted spray equipment or 

other application techniques which can deliver nematodes more efficiently at their target 

site in large field applications.  

  



xx 

 

 

 

 

 

 

  



xxi 

 

TABLE OF CONTENTS 

 

Voorwoord - Preface .................................................................................................................vii 

Samenvatting.............................................................................................................................. x 

Abstract ..................................................................................................................................... xv 

Table of contents ...................................................................................................................... xxi 

List of symbols and abbreviations .......................................................................................... xxvi 

Symbols ............................................................................................................................... xxvi 

Abbreviations ..................................................................................................................... xxvii 

CHAPTER 1: Introduction and general background .............................................................. 1 

CHAPTER 2: Entomopathogenic nematodes, research objectives and thesis outlines ....... 5 

2.1 Entomopathogenic nematodes ................................................................................... 5 

2.1.1 Classification ......................................................................................................... 6 

2.1.2 Life cycle ............................................................................................................... 7 

2.1.3 Commercialization................................................................................................ 8 

2.1.4 Vegetable crop applications ............................................................................... 10 

2.2 Research objectives and thesis outlines .................................................................... 10 

CHAPTER 3: ............................................................................................................................... 13 

The application of entomopathogenic nematodes: A review ................................................. 13 

3.1 Introduction ............................................................................................................... 13 

3.2 Spray application equipment and nematode damage .............................................. 13 

3.2.1 Spray tank ........................................................................................................... 14 

3.2.2 Filters .................................................................................................................. 15 

3.2.3 Pump .................................................................................................................. 16 

3.2.4 Pressure regulating valves .................................................................................. 17 

3.2.5 Nozzles ................................................................................................................ 18 



xxii 

 

3.3 Spray application variables and nematode efficacy .................................................. 19 

3.3.1 Spray volume ...................................................................................................... 19 

3.3.2 Nozzle spray characteristics ............................................................................... 20 

3.3.3 Distribution pattern............................................................................................ 20 

3.4 Comparing nematode application methods .............................................................. 21 

3.4.1 Soil application ................................................................................................... 21 

3.4.2 Foliar application ................................................................................................ 25 

CHAPTER 4: Entomopathogenic nematodes as biocontrol agents for selected pests in 

vegetables 27 

4.1 Introduction ............................................................................................................... 27 

4.2 Cabbage maggot ........................................................................................................ 27 

4.2.1 Pest characteristics ............................................................................................. 27 

4.2.2 Entomopathogenic nematodes as biocontrol agents ........................................ 28 

4.3 Onion thrips ............................................................................................................... 29 

4.3.1 Pest characteristics ............................................................................................. 29 

4.3.2 Entomopathogenic nematodes as biocontrol agents ........................................ 30 

4.4 Cabbage moth............................................................................................................ 31 

4.4.1 Pest characteristics ............................................................................................. 31 

4.4.2 Entomopathogenic nematodes as biocontrol agents ........................................ 32 

CHAPTER 5: ............................................................................................................................... 35 

Evaluation of hydraulic, pneumatic and mechanical agitation for the spray application of 

entomopathogenic nematodes ................................................................................................ 35 

5.1 Introduction ............................................................................................................... 35 

5.2 Materials and methods ............................................................................................. 36 

5.2.1 Spray application system.................................................................................... 36 

5.2.2 Nematodes and quantification of nematode damage ....................................... 38 



xxiii 

 

5.2.3 Mechanical agitation .......................................................................................... 38 

5.2.4 Pneumatic agitation ........................................................................................... 39 

5.2.5 Hydraulic agitation ............................................................................................. 39 

5.2.6 Cause of damage by centrifugal pump recirculation ......................................... 40 

5.2.7 Statistical analysis ............................................................................................... 41 

5.3 Results ........................................................................................................................ 42 

5.3.1 Effect of agitation systems ................................................................................. 42 

5.3.2 Cause of damage by centrifugal pump recirculation ......................................... 45 

5.4 Discussion .................................................................................................................. 47 

5.5 Conclusion ................................................................................................................. 49 

CHAPTER 6: ............................................................................................................................... 51 

Distribution of entomopathogenic nematodes in a biopesticide spray .................................. 51 

6.1 Introduction ............................................................................................................... 51 

6.2 Materials and methods ............................................................................................. 52 

6.2.1 Volumetric distribution pattern ......................................................................... 53 

6.2.2 Droplet size and velocity characteristics ............................................................ 55 

6.2.3 Theoretical nematode distribution beneath a spray boom ............................... 56 

6.2.4 Statistical analysis ............................................................................................... 56 

6.3 Results ........................................................................................................................ 57 

6.3.1 Volumetric distribution pattern ......................................................................... 57 

6.3.2 Droplet size and velocity characteristics ............................................................ 60 

6.3.3 Theoretical nematode distribution beneath a spray boom ............................... 62 

6.4 Discussion .................................................................................................................. 63 

6.5 Conclusion ................................................................................................................. 64 

CHAPTER 7: ............................................................................................................................... 65 



xxiv 

 

Effect of application technique on the deposition of entomopathogenic nematodes in 

vegetables ................................................................................................................................ 65 

7.1 Introduction ............................................................................................................... 65 

7.2 Materials and methods ............................................................................................. 66 

7.2.1 Experimental set-up ........................................................................................... 66 

7.2.2 Spray application ................................................................................................ 69 

7.2.3 Nematode deposition ........................................................................................ 71 

7.2.4 Spray pattern ...................................................................................................... 72 

7.2.5 Statistical analysis ............................................................................................... 74 

7.3 Results ........................................................................................................................ 75 

7.3.1 Deposition of Steinernema feltiae ..................................................................... 75 

7.3.2 Deposition of Steinernema carpocapsae ........................................................... 77 

7.3.3 Spray pattern ...................................................................................................... 78 

7.4 Discussion .................................................................................................................. 82 

7.5 Conclusion ................................................................................................................. 84 

CHAPTER 8: ............................................................................................................................... 87 

Effect of spray volume on the deposition, viability and infectivity of entomopathogenic 

nematodes in a foliar spray on vegetables .............................................................................. 87 

8.1 Introduction ............................................................................................................... 87 

8.2 Materials and methods ............................................................................................. 88 

8.2.1 Experimental set-up ........................................................................................... 88 

8.2.2 Spray application ................................................................................................ 89 

8.2.3 Nematode observations ..................................................................................... 90 

8.2.4 Statistical analysis ............................................................................................... 92 

8.3 Results ........................................................................................................................ 92 

8.3.1 Deposition .......................................................................................................... 92 



xxv 

 

8.3.2 Viability ............................................................................................................... 94 

8.3.3 Infectivity ............................................................................................................ 96 

8.4 Discussion .................................................................................................................. 98 

8.5 Conclusion ............................................................................................................... 100 

CHAPTER 9: General conclusions, recommendations and future research ..................... 103 

9.1 Can agitation affect nematode efficacy? ................................................................. 104 

9.2 Are nematodes applied uniformly beneath a nozzle and a spray boom? .............. 105 

9.3 How are nematodes distributed in droplets produced by spray nozzles? .............. 105 

9.4 How efficiently can standard spray equipment deposit EPN in a leek shaft, at the 

cabbage foot or at the underside of cabbage leaves? ....................................................... 106 

9.5 Can spray volume affect nematode efficacy in foliar applications? ....................... 107 

9.6 General conclusion and recommendations............................................................. 107 

Reference list .......................................................................................................................... 109 

Curriculum Vitae ..................................................................................................................... 123 

Appendix A ............................................................................................................................. 127 

 

 

 

  



xxvi 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

SYMBOLS 

Symbol Description Unit 

a Application rate mL cm-2 

c Concentration of nematodes mL-1 

d Density g cm-3 

F Surface fraction of a sprayed Petri dish covered with droplet spots containing 

one or more nematodes 

% 

Mc Mortality of Galleria mellonella in control batch % 

Mt Mortality of Galleria mellonella in treated batch % 

MBSF Total weight of BSF collected underneath the nozzle mg 

MBSF,x Estimated weight of BSF collected at distance x from the center of the nozzle mg 

n Number of nematodes - 

N Number of droplet spots containing one or more nematodes on a sprayed 

Petri dish 

cm-2 

NEPN Total number of nematodes collected underneath the nozzle - 

NEPN,x Estimated total number of nematodes found at distance x from the center of 

the nozzle 

- 

RCBSF,x Relative concentration of BSF at distance x from the center of the nozzle % 

RCEPN,x Relative concentration of EPN at distance x from the center of the nozzle % 

RD Relative deposition of EPN % 

s Surface area cm² 

S Size of droplet spots containing one or more nematodes on a sprayed Petri 

dish 

pixels² 

V Total volume of spray suspension measured underneath the nozzle mL 

Vx Volume of spray suspension measured at distance x from the center of the 

nozzle 

mL 

Z Number of nematodes without surrounding water counted on a sprayed Petri 

dish  

cm-2 



xxvii 

 

 

ABBREVIATIONS 

Abbreviation Description 

AI Teejet air induction flat spray nozzle 

BSF Brilliant Sulfo Flavine 

CMC Carboxymethylcellulose 

EPN Entomopathogenic nematode 

FL FullJet, TeeJet wide angle full cone spray nozzle 

IJ Infective juvenile 

ILVO Institute for Agricultural and Fisheries Research 

IPM Integrated pest management 

ISO International Organisation for Standardization 

OECD Organisation for economic co-operation and development  

PDPA Phase doppler particle analyser 

RH Relative humidity 

SE Standard error 

SLR Single lens reflex 

TJ Twinjet, TeeJet twin flat spray nozzle 

TK FloodJet, TeeJet wide angle flat spray nozzle 

TT Turbo TeeJet, wide angle flat spray nozzle 

UV Ultraviolet 

VMD Volume median diameter 

VS TeeJet nozzle in stainless steel with visflo colour coding 

vvol50 The vertical droplet velocity below which slower droplets constitute 50% of the 

total volume 

XR TeeJet extended range flat spray nozzle 

 

 



 

 



1 

 

CHAPTER 1: INTRODUCTION AND GENERAL BACKGROUND 

 

 

 

Pesticides are tools that allow farmers to control pests during the growing season. 

Together with fertilizers and plant breeding, they have significantly contributed to the high 

yields and quality achieved by west European agriculture over the last decades. The certainty 

of having effective control means gave farmers freedom to rearrange the set-up of their 

cropping systems. However, high sowing densities, high fertilization, use of growth 

regulators, and high yielding varieties made systems more vulnerable to pest out-breaks and 

thereby highly dependent on pesticides. Cropping systems sometimes struggle with pests 

who acquired resistance to pesticides, leading to partial or total loss of pesticide 

effectiveness. Occasionally, farmers are confronted with a pest that can no longer be 

controlled with the available chemical solutions (Labussière et al., 2010). 

Additionally, criticism about pesticide use is growing. Large scale use of pesticides on 

ecosystems has resulted in pesticide residues in surface and groundwater, contaminated 

soils, and decreased biodiversity (Fig. 1.1). Moreover, consumers are concerned about 

pesticide residues in food. National policy makers have addressed these concerns by diverse 

regulations. In the 90s, legislation was developed mainly at national level through the review 

of the registration of pesticide products, thereby withdrawing dangerous products
1
. This 

review was completed in March 2009. All reviewed pesticides, i.e., about 1000 active 

substances, went through a detailed risk evaluation of their effects on humans and the 

environment. The review has lead to the removal of more than two thirds of these 

substances (Labussière et al., 2010). 

                                                      
1
 http://ec.europa.eu/food/plant/protection/evaluation/rev_prog_exist_pest_en.htm 

 



Chapter 1 

2 

 

In 2006, the European Commission adopted the ‘Thematic Strategy on the Sustainable use of 

Pesticides’ (European Commission, 2006). It was accompanied by a proposal for a framework 

directive, which was adopted in 2009 (European Commission, 2009a). The main goal of this 

directive is to achieve a reduction of risks to human health and the environment by 

promoting non-chemical alternatives and the implementation of integrated pest 

management (IPM).  

 

Fig.1.1 Newspaper article (The Independent, 20 January 2011)  

on the possible detrimental effects of a new kind of pesticide on bee populations. 

 

The reduction in effective synthetic pesticides available on the market, especially in minor 

crops, and the promotion of non-chemical alternatives has led to an increased attention for 

biological pesticides or biopesticides.  

Biopesticides have been defined differently by different people. According to Steinke and 

Giles (1995) biopesticides are biological products or organisms, which are produced from a 

biological source outside the field: they may include viruses, bacteria, fungi, predators, 

parasites and pheromones. Bateman (1999) defined a true biological pesticide (i.e., 

biopesticide) as a product that contains living organisms that have the capacity to reproduce 

once delivered into the environment. Thakore (2006) broadly defined biopesticides as living 

organisms or natural products derived from these organisms that suppress pest populations. 
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Europe follows the OECD definition of biopesticides, i.e., including pheromones, insect- and 

plant-growth regulators, plant extracts, transgenic plants, and macro-organisms as well as 

micro-organisms (Neale and Newton, 1999).  

Based on the most broad definition, biopesticides can be divided into the following 

categories: 

- Living organisms 

o Entomopathogenic nematodes 

o Micro-organisms (e.g., bacteria, fungi, protozoa, viruses, viroids) 

o Invertebrates (e.g., predatory insects and mites) 

- Naturally occurring substances 

o Plant extracts 

o Semiochemicals (e.g., insect pheromones) 

- Genetically modified plants (so called plant incorporated products) 

Biopesticides offer several advantages over traditional chemical synthesized pesticides. They 

are often safer than conventional pesticides. Biopesticides can offer much more targeted 

activity against a desired pest, as opposed to conventional pesticides, which often affect a 

broad spectrum of pests along with bird and mammalian species. Furthermore, biopesticides 

decompose faster than conventional chemical pesticides. On the other hand, chemical 

pesticides can offer effective activity much faster, whereas biopesticides may require time 

after application to take effect (Thakore, 2006).  

In contrast to chemical pesticides, biopesticides are living systems, that introduce additional 

challenges with respect to formulation and delivery (Bateman, 1999). The biological agents 

must remain viable during and (shortly) after the application process to be effective. 

Commercially, the implementation of biopesticides will depend on the development of 

products that can be applied using existing, conventional spray application equipment, as 

growers are unlikely to invest in new equipment (Bateman, 1999).  

Transition from the optimized conditions of a laboratory experiment to the harsh conditions 

experienced in the field, has so far proved to be more difficult for biopesticides in contrast to 

chemicals. Biopesticides are much more susceptible to the conditions prevailing during and 
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after application, e.g., temperature, humidity, pH of the leaf surface, and ultraviolet light 

(Matthews, 2000). For biopesticides to penetrate into plant or insect surfaces, they have to 

overcome not only the physical barrier of the surface which may be a hard cuticula or a very 

waxy layer, but also the natural resistance of the target pest. Determining the amount of 

biopesticides that needs to be applied is also different from chemical pesticides, as the 

activity will depend on the viability of the deposit in contact with the pest, whereas some 

chemicals can rely on redistribution by systemic of translaminar activity (Matthews, 2000). 

Thus coverage is essential, unless some attractant can be incorporated to bring the pest to 

the biopesticide. In addition to spatial distribution of the deposits, it is essential to consider 

the concentration of the biopesticides in the carrier to ensure sufficient is delivered to affect 

the pest. Where sprays are applied it is vital that there is a high probability of droplets 

containing sufficient biopesticides. Conversely, due to the cost of the production of 

biopesticides, using droplets larger than the optimum for deposition on a target, will lead to 

excessive wastage of material (Matthews, 2000). 

This thesis deals with the effect of spray application technique on an important group of 

biopesticides, i.e., entomopathogenic nematodes (EPN). These insect parasitizing nematodes 

are known since the 17
th

 century, but their use to control insects only started in the 1930s 

(Nickle (1984) cited by Smart (1995)).  In 1929, Glaser and Fox (1930) found a nematode that 

infected grubs of the Japanese beetle, Popillia japonica, at a golf course near New Jersey 

(Smart, 1995). Glaser’s outstanding research should have resulted in an era of biological 

control using EPN. Instead, due to the widespread use of the highly effective and inexpensive 

pesticides during 1940-1960 period, EPN were neglected for many years (Smart, 1995). In 

the 1960s and 70s, problems with persistent pesticides described above, renewed interest in 

EPN as biocontrol agents. At this moment, hundreds of researchers worldwide are exploring 

the potential of these nematodes. 
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CHAPTER 2: ENTOMOPATHOGENIC NEMATODES, RESEARCH 

OBJECTIVES AND THESIS OUTLINES 

 

 

 

2.1 ENTOMOPATHOGENIC NEMATODES 

Entomopathogenic nematodes naturally occur in the environment as parasites of many 

insects. The relatively rapid death of the insect host and the wide host range of these 

nematodes have generated great interest in their use as biological control agents (Woodring 

and Kaya, 1988). Depending on the nematode species, they are used in common and organic 

farming to control, e.g., beetles, white grubs, sciarid larvae, leafminers, maggots, caterpillars 

and thrips (see 2.1.3 Commercialisation). Entomopathogenic nematodes are most commonly 

used for the treatment of soil-borne insects, where good control is often obtained, although 

improvements in application technology are still required to make their use more reliable for 

growers (Wright et al., 2005). The host range also covers a large number of foliar feeding 

insects; hence, foliar application is an interesting option to explore. Although promising 

results have been achieved on protected ornamental and vegetable crops, results have been 

more variable under more exposed field conditions (Wright et al., 2005).  

 

Fig. 2.1 Infective juveniles of Steinernema carpocapsae,  

an entomopathogenic nematode used in biological control. 
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2.1.1 Classification 

Nematodes are worm-like animals (Fig. 2.1) classified in the phylum of Nematoda. In 2001, 

this phylum contained 26646 described species (Hugot et al., 2001); it represents one of the 

most abundant groups in the animal kingdom. Nematodes also represent one of the most 

diversified phyla within the Animalia; in 2001, out of the 26646 described species, 8359 were 

parasitic in vertebrate hosts, 10681 were free-living species, 4105 were species parasitic in 

plants, and 3501 were species parasitic in invertebrate hosts (Hugot et al., 2001). More than 

30 nematode families are known to host taxa that parasitize or are associated with insects 

(Stock and Hunt, 2005). However, because of their biocontrol potential, research has 

concentrated on seven families: Mermithidae, Allantonematidae, Neotylenchidae, 

Sphaerularidae, Rhabditidae, Steinernematidae and Heterorhabditidae, the latter two 

receiving the most attention as control agents of insect pests (Lacey et al., 2001). Both 

families are grouped within the class Chromadorea in the classification scheme suggested by 

De Ley and Blaxter (2002) (Table 2.1). 

Table 2.1 Placement of the families Steinernematidae and Heterorhabditidae  

in the phylum Nematoda (De Ley and Blaxter, 2002). 

NEMATODA (phylum) 

 Enoplea (class) 

 Chromadorea Inglis (class) 

  Rhabditida Chitwood (order) 

   Tylenchina Thorne (suborder) 

    Steinernematidae Chitwood and Chitwood (family) 

   Rhabditina Chitwood (suborder) 

    Family Heterorhabditidae Poinar (family) 

 

In common with many Rhabditida, the steinernematids and heterorhabditids are bacterial 

feeders but differ from other rhabditids by having a mutualistic association with specific 

bacteria. The steinernematids are associated with bacteria of the genus Xenorhabdus; the 

heterorhabditids are associated with bacteria of the genus Photorhabdus (Griffin et al., 

2005). Both partners benefit from the association: the bacteria are largely responsible for 

the rapid death of the insect, they provide a suitable nutritive medium for nematode growth 

and reproduction, and suppress competing organisms by the production of antibiotics. The 
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nematode protects the bacteria in the external environment, vectors them into the insect 

haemocoel and, in some associations, inhibits the insect immune response (Griffin et al., 

2005). 

2.1.2 Life cycle 

Like most nematodes, EPN have a simple life cycle. This cycle includes the egg, four juvenile 

stages, separated by moulting, and an adult stage (Fig. 2.2).  

Although heterorhabditids and steinernematids are not closely related (Stock and Hunt, 

2005), they have many features in common. Both have a single free-living stage, the 

infective juvenile (IJ), that carries bacteria in its gut (Griffin et al., 2005). The IJ enters an 

insect through the mouth, anus or spiracles and moves to the haemocoel. Some species may 

also penetrate through the intersegmental membranes of the insect cuticle (Bedding and 

Molyneux, 1982; Peters and Ehlers, 1994). In the haemocoel, the IJ releases cells of its 

bacterial symbiont from its intestine. The bacteria proliferate in the nutrient-rich insect 

haemolymph. Death of the insect normally occurs within 24-48 h. The IJ recover from their 

arrested state and feed on the bacteria and digested host tissues. The nematodes develop 

through the fourth and to the fifth (adult) stage in which they reproduce. One or more 

generations may occur within the host cadaver, depending on available resources. Juveniles 

developing with adequate food supply mature to adults, while those developing in crowded 

conditions with limited food resources arrest as IJ. Hundreds of thousands of IJ may be 

reproduced in larger hosts. These emerge from the insect cadaver over a period of days or 

weeks, to begin the search for new hosts (Griffin et al., 2005). 

Heterorhabditids and steinernematids differ in their mode of reproduction (Hugot et al., 

2001). In the heterorhabditids, the first generation consists of self-fertile hermaphrodites. In 

the subsequent generations males, females and hermaphrodites are produced (Dix et al., 

1992). In most steinernematids, all generations reproduce by amphimixis (cross-fertilization 

involving males and females) (Poinar, 1990). 
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Fig. 2.2 A simplified life cycle of entomopathogenic nematodes (Kaya and Koppenhofer, 1999). 

 

2.1.3 Commercialization 

Progress in commercialization of EPN during the 1980s was substantial (Georgis et al., 2006). 

Development of large-scale production technology and easy-to-use formulations led to the 

expanded use of nematodes against various insect species. This progress was made possible 

by the collective effort of industries with universities and federal agencies, coupled with a 

socio-political atmosphere favouring a reduction in the use of chemical pesticides. Despite 

this progress EPN still have limited share in most markets (Georgis et al., 2006). Nematodes 

are underutilized in pest control programs. This can be attributed to product cost, limited 

product availability, poor ease-of-use and suboptimum efficacy (Grewal et al., 2005; Georgis 

et al., 2006). 

The host range of entomopathogenic nematodes includes more than 200 insect species 

(Georgis et al., 2006). The current markets are, however, mainly limited to specific insects 

pests of citrus, strawberries, cranberries, nurseries, turfgrass and ornamentals (Grewal et al., 

2005; Georgis et al., 2006) (Table 2.2). 
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Table 2.2 List of commercially produced entomopathogenic nematodes  

and their current target pests (Grewal et al., 2005). 

Nematode species Strain Major target pest 

Steinernema carpocapsae All Artichoke plume moth, armyworms, webworms, 

cutworms, billbugs, cat flea, mint flea beetle, 

mint root borer, cranberry girdler 

S. feltiae SN Fungus gnats, sciarid flies, European crane fly 

S. glaseri NJ43 White grubs 

S. riobrave RGV Citrus root weevils 

S. scapterisci Uruguay Mole crickets 

Heterorhabditis bacteriophora HP88 White grubs, black vine weevil, stem borers 

H. indica LN2 Citrus root weevils 

H. marelata Oregon Black vine weevil 

H. megidis UK Black vine weevil 

H. zealandica X1 White grubs 

 

Nematode products are generally more expensive than the standard chemical pesticides due 

to the high cost of nematodes production, formulation, storage and transport (Grewal et al., 

2005). Another major factor limiting the use of nematodes is their lack of availability in the 

retail market. Almost all commercially available nematode products need to be stored at low 

(2-10°C), temperatures which makes it impossible to sell them at lawn and garden stores, 

farmer cooperatives and typical pesticide distribution outlets. End-users have to search 

specifically for nematode products on the internet, and have to wait for their arrival. 

Although progress has been made so that nematode products are as easy to apply as 

chemical pesticides, they still require a more educated user to obtain optimum results. Many 

reasons can contribute to low efficacy: inappropriate application method, use of a poor 

quality product or suboptimum application conditions. 

Development of improved methodology for EPN delivery can result in improved efficacy 

through superior preservation of nematode quality and more accurate or efficient 

application to the target site. Additionally, improved application methods that are easier to 

use will decrease application costs and increase attractiveness of nematode products to 

consumers (Grewal et al., 2005). 



Chapter 2 

10 

 

2.1.4 Vegetable crop applications 

A lot of insect pests of economic importance are encountered on vegetable crops. Being high 

value crops, the introduction of biological control agents such as EPN has stimulated great 

interest worldwide for above and below-ground pests (Bélair et al., 2005). However, despite 

promising laboratory and field trials, success with EPN in vegetables has rarely been 

achieved in field applications under practical conditions (Bélair et al., 2005). The examination 

of new application methods needs to be conducted, together with the optimization of 

methods like band spray application, baiting, irrigation, soil spray and foliar spray 

technology. Improvements in application technology for EPN that fundamentally aim at 

minimizing losses during the transfer from the mixing tank to the target insect, increasing 

the competitiveness of EPN, are badly needed (Bélair et al., 2005). 

 

2.2 RESEARCH OBJECTIVES AND THESIS OUTLINES 

Until recently, little attention has been given to the effects of application equipment on EPN 

(Fife et al., 2003). Georgis (1990) stated that various spray equipment can be used as long as 

the nozzle orifices are at least 50 µm, pressure remains below 21 bar and temperature in the 

spray tank is kept below 32°C. However, Fife et al. (2003; 2004) reported that various 

parameters in spray equipment, such as nozzle and pumping system type can affect 

nematode fitness. Resistance to pressure can vary among nematode species (Grewal et al., 

2005). Additional research on application technology is required such that, eventually, all 

operating conditions within each application system are defined and optimized (Grewal et 

al., 2005). 

The general objective of this thesis is to systematically screen all steps of the spray 

application process, from spray tank to nematode deposition, for possible detrimental or 

efficacy reducing effects on EPN in vegetables. Research started with a literature review on 

the effects of application technique on EPN (Chapter 3), and on the characteristics of three 

important vegetable pests (cabbage maggot, onion thrips and cabbage moth) and 

experience on their control with EPN (Chapter 4). 
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Since no special delivery systems are commercially available, EPN must be applied using 

conventional application systems. In field grown vegetables, characterized by their high 

number of plants per hectare, EPN can be applied using hydraulic boom sprayers. However, 

nematodes can be damaged in the spray tank during agitation (Chapter 3). The experiments 

described in Chapter 5 were, therefore, designed to extend knowledge on the possible 

efficacy reducing effects on EPN due to agitation in a spray tank. After agitation, nematodes 

are sprayed through hydraulic nozzles. The distribution of EPN in the spray produced by 

these nozzles could affect nematode efficacy (Chapter 3). To reveal possible distribution 

problems, the uniformity of nematode deposition underneath different nozzle types was 

compared with the distribution of a chemical tracer in Chapter 6. 

In Western Europe, cabbage maggot and cabbage moth are important pests of Brassica 

crops, and onion thrips is an important pest in leek (Chapter 4). These pests were chosen in 

Chapter 7 to study the effect of application technique on the deposition of EPN at the 

surface of the insect’s habitat. Since spray volume can affect nematode efficacy in foliar 

applications (Chapter 3), research described in Chapter 8 was aimed to extend knowledge on 

the effect of spray volume on the deposition, viability and infectivity of EPN sprayed on leek 

and cabbage leaves. 

This thesis ends with general conclusions and recommendations for future research in 

Chapter 9. 
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CHAPTER 3:  

THE APPLICATION OF ENTOMOPATHOGENIC NEMATODES: A REVIEW 

 

 

 

3.1  INTRODUCTION 

Twenty years ago, the effect of application technology on EPN was underestimated. 

According to Georgis (1990) EPN could be applied with common spray equipment if some 

simple restrictions on minimum nozzle size, maximum spray pressure and temperature were 

fulfilled. Numerous succeeding studies, however, indicated that those restrictions do not 

prevent nematode damage. Moreover, application technique seems to be one of the key 

factors determining the efficacy of nematode treatments (Grewal et al., 2005).  

In this chapter, a review is given of the most important studies into the effects of application 

technique on EPN. Three groups are considered: 

- studies on the potential detrimental effects of spray application equipment;  

- studies investigating the effect of variables of spray application on nematode efficacy 

after soil and foliage applications; 

- research comparing spray application methods with other application techniques. 

 

3.2 SPRAY APPLICATION EQUIPMENT AND NEMATODE DAMAGE 

In general, agricultural spray application systems, consist of different components, viz. spray 

tank, filters, pump, valves, spray lines and nozzles (Fig. 3.1). During flow through these 

components, biological organisms will experience a variety of physical stresses and can be 

damaged (Fife et al., 2007). 
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Fig. 3.1 Function diagram of Hardi Master sprayer used to apply crop protection chemicals and liquid fertilizers 

(Source: Instruction book of sprayer at www.hardi-international.com). 

3.2.1 Spray tank 

Pump recirculation, high outside temperatures and solar radiation can generate high 

temperatures in the spray tank suspension during an application. This can be detrimental for 

EPN. 

The critical temperature depends on nematode species and population. Survival of infective 

juveniles of S. carpocapsae exposed to 40°C for 2h depended on the population and varied 

between 37% and 82% (Somasekhar et al., 2002). Infective juveniles of a Utah strain of H. 

bacteriophora were all killed by short (1-2h) exposure to 40°C (Glazer et al., 1996; Shapiro-
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Ilan et al., 1996), while other isolates were considerably more heat tolerant (Glazer et al., 

1993; Glazer et al., 1996; Shapiro-Ilan et al., 1996). Most nematodes will not withstand 

temperatures higher than 35°C for more than 30 min (Wright et al., 2005). According to 

Grewal (2002) the use of application equipment in which nematodes may be subjected to 

temperatures exceeding 30°C either in the tank, delivery hose or nozzles, should be avoided. 

Recently, Bilgrami and Gaugler (2007) found that various stress factors like pneumatic 

agitation can reduce heat tolerance in H. bacteriophora and S. carpocapsae. After 6h of 

agitation, survival of H. bacteriophora was reduced to 57% after exposure to 38°C for 8h. 

Steinernema carpocapsae tolerated stress better than H. bacteriophora; after 12 h of 

pneumatic agitation survival of S. carpocapsae was significantly reduced to 58%. Since 

nematodes are subjected to different physical stresses during spray application (Fife et al., 

2007), it is possible that tolerance to high temperatures occurring in the spray tank will be 

lower for nematodes applied through spray equipment than for EPN only subjected to high 

temperatures in laboratory trials. This should be investigated further. 

While survival of EPN during extended periods of exposure to high temperatures is 

documented, less information is available about how exposures to increased temperature 

affect EPN viability and infectivity (Fife et al., 2007). Information on the interaction between 

temperature and time of exposure is needed to fully understand how temperature increase 

during pump recirculation affects the viability and infectivity of EPN (Fife et al., 2007). It is 

also important to keep in mind that the increase of temperature due to pump recirculation is 

primarily a function of the volume of liquid in the tank (Fife, 2003). A large volume of liquid 

in the spray tank can provide a heat sink and reduce possible detrimental effects. 

According to Grewal (2002) lack of oxygen in the spray tank can also inactivate nematodes. 

This situation can occur when the application equipment is exposed to direct sunlight 

leading to increased temperature and oxygen demand. Oxygen-deprived nematodes are 

probably more prone to sunlight and desiccation damage after application as they are 

unable to escape due to reduced mobility (Grewal, 2002). 

3.2.2 Filters 

Careful filtration of the spray liquid is essential to prevent blockage of nozzles during 

spraying (Matthews, 2000). Apart from the filter in the tank inlet, a filter (line strainer) must 
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protect the pump on its input side, and each individual nozzle should have a filter 

(Matthews, 2000) (Fig. 3.2). 

 

Fig. 3.2 Line strainer (Photo: www.teejet.com). 

 

Klein and Georgis (1994) found that the viability of Steinernema spp. and H. bacteriophora 

was not influenced by different strainers (100 and 50 mesh in TeeJet nozzles XR 8001 VS, TK-

VS2 FloodJet and FL-5VS FullJet). Garcia et al. (2008) measured a significant decrease in 

nematode concentration and viability after passage through an AI 10015 VS nozzle equipped 

with a 100 mesh filter at a pressure of 200 kPa. The concentrations of H. indica and 

Steinernema sp. were reduced by 28% and 53%, respectively. When applying EPN, filters and 

sieves should be at least 300 µm wide or 50 mesh, or they should be removed before 

application (Klein and Georgis, 1994). 

3.2.3 Pump 

In practice, different pump types are used on sprayers (Matthews, 2000). Selection of the 

appropriate pump depends on the total spray volume and pressure required for supplying 

the spray liquid to all the nozzles and agitate the spray liquid in the tank (Matthews, 2000). 

Agitation is an important process in pesticide application, as application effectiveness is 

influenced by how uniformly the active ingredients are discharged from a sprayer during the 

application period. For the application of EPN, a good agitation system is even more 

important as the nematodes (d = 1.05 g cm
-3

) tend to sediment fast in a spray tank without 

agitation (Wright et al., 2005; Schroer et al., 2005a). On hydraulic sprayers, adequate 

agitation requires repeated passes through the pump which can be detrimental to the 

nematodes. 
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Differences in the potential of pumps to be detrimental to EPN have been investigated; the 

research, however, yielded inconsistent conclusions. Klein and Georgis (1994) found that the 

viability of several Steinernema spp. and H. bacteriophora was not affected by different 

pumps at standard pressures. However, Nilsson and Gripwall (1999) found that the survival 

of S. feltiae decreased by approximately 10% during a 20-min pumping period, using a piston 

pump. The authors explained the decreased viability either by mechanical stress from the 

pump and the nozzles or by the rise of the temperature of the spray liquid. To eliminate the 

confounding effect of temperature increase during multiple passages through the spray 

system, Fife et al. (2007) investigated the effect of a single passage through several common 

types of pumps on mechanical damage to H. bacteriophora, H. megidis, S. carpocapsae and 

S. glaseri. The authors did not observe mechanical damage to the EPN after a single passage 

through each pump at operating pressures up to 828 kPa. The authors (Fife et al., 2007) 

stated that further work is necessary to evaluate whether multiple passes in pumps, without 

increasing liquid temperature, cause damage to nematodes. 

Finally, Łączyński et al. (2007) investigated the effect of both a mechanical and a hydraulic 

agitation system using a diaphragm pump on the viability of H. bacteriophora. The 

mechanical agitation did not affect the viability of the nematodes, while the hydraulic 

agitation caused a significant decrease. The authors suggested both mechanical damage and 

temperature increase to be responsible. 

3.2.4 Pressure regulating valves 

A pressure regulating valve controls the flow of the spray liquid from the pump to the 

nozzles. It consists of a spring-loaded diaphragm or ball valve that can be set at a particular 

pressure. When this pressure is exceeded, the valve opens and the excess liquid is allowed 

into a by-pass return to the spray tank causing hydraulic agitation of the spray liquid 

(Matthews, 2000). 

Fife et al. (2007) tested the effect of a single passage through several control valve types. 

There was no significant difference in the mean relative viability of H. bacteriophora after 

treatment through the valves, compared to the untreated control. 
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3.2.5 Nozzles 

A common equipment component to most liquid application systems is a hydraulic nozzle, 

where liquid under pressure is forced through a small orifice to form droplets (Matthews, 

2000) (Fig. 3.3). 

 

Fig 3.3 A set of hydraulic nozzles (Photo: www.teejet.com). 

 

Particles that block the nozzle orifice should be avoided as they can considerably reduce the 

viability of the nematodes passing through the nozzles (Smits, 1996). However, even without 

particles blocking the nozzle orifice, EPN experience several physical stresses during flow 

through the spray nozzle (Shapiro-Ilan et al., 2006). Two important physical factors were 

evaluated by Fife on several EPN species, viz. pressure differentials occurring at the exit 

orifice of the nozzle and hydrodynamic stress during flow through the nozzle (Fife et al., 

2003; Fife, 2003; Fife et al., 2005). 

3.2.5.1 Pressure differentials 

To maintain nematode viability above 85%, the recommendation is to operate at pressures 

less than 1380 kPa for H. megidis, and less than 2000 kPa for H. bacteriophora and S. 

carpocapsae (Fife et al., 2003). Fife et al. have found that S. carpocapsae can withstand 

higher pressure differentials than other EPN species (Fife et al., 2003; Fife, 2003; Fife et al., 

2004). Possible explanations for the observed differences between EPN species were 

attributed to the ultrastructure properties of the nematode cuticle and the size of the 

nematode. The larger size of H. megidis may have contributed to greater damage of this 

species (Fife et al., 2003; Fife, 2003; Fife et al., 2004). Nilsson and Gripwall (1999) found 

earlier that viability of S. feltiae does not decrease significantly for pressures up to 2000 kPa, 

which is comparable to the results obtained for S. carpocapsae. 
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3.2.5.2 Hydrodynamic stress 

The effect of two common types of hydraulic nozzles (flat fan and cone) on damage to four 

EPN species (H. bacteriophora, H. megidis, S. carpocapsae and S. glaseri) was investigated 

(Fife et al., 2005). Overall, greater reductions in relative viability were observed for the flat 

fan nozzle compared with the hollow cone. However, the flow rates tested in this study were 

considerably higher than those suggested by the manufacturer. Overall, common ISO 01-

type hydraulic flat fan nozzles were found to be acceptable for spray application of EPN, 

following the manufacturer’s recommendations. Larger capacity flat fan nozzles (02 and 04) 

were also tested and no EPN damage was observed. Larger capacity nozzles are therefore 

recommended, particularly for soil-applied treatments, where a high volume of water is 

required (Fife et al., 2005). 

 

3.3 SPRAY APPLICATION VARIABLES AND NEMATODE EFFICACY 

3.3.1 Spray volume 

A spray volume of 750-1890 L ha
-1

 is generally recommended for application of EPN against 

soil insects (Georgis et al., 1995). These volumes are higher than the spray volumes used in 

chemical spray applications (200-400 L ha
-1

), but they can be applied with standard boom 

sprayers if they are equipped with large nozzles. When lower spray volumes are used, pre- 

and post-application irrigation can be used to counteract the problems of low volume 

sprays. Pre-application irrigation will assist in moistening the soil, while post-application 

irrigation is essential for washing any nematodes that may be on plant surfaces to the soil 

surface (Shetlar, 1999). Timing, the amount of irrigation and frequency of irrigation are 

extremely important. A delay of only a few minutes in post-application irrigation on a bright 

sunny day may result in desiccation and death of nematodes stuck on the exposed surfaces 

(Grewal et al., 2005). 

The optimum spray volume in foliar applications depends on crop and pest characteristics. 

Effective foliar application against artichoke plume moth (Platyptilia carduidactyla) in 

artichokes could only be achieved at volumes of approximately 2800 L ha
-1

. These high 

volumes were necessary to achieve adequate coverage and placement of the nematodes in 

the studied crop (Kaya (1986) cited by Georgis (1990)). Optimum spray volume also 
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appeared to be essential to control pests like leafminers and thrips (Wardlow et al., 2001; 

Georgis et al., 2006). 

In laboratory and small field trials, nematode suspensions are very often applied on foliage 

in very high spray volumes and concentrations, mostly until run-off occurs (Williams and 

Walters, 2000; Cuthbertson et al., 2003; Head et al., 2004; Garcia et al., 2008). However, 

since EPN are some of the most expensive active ingredients used for insect control (Wright 

et al., 2005), these wasteful spray volumes are not applicable in practice. 

3.3.2 Nozzle spray characteristics 

The spray characteristics of agricultural spray nozzles are important criteria in the 

application of pesticides because of their effect on the efficiency of the pesticide application 

process (Nuyttens et al., 2007a). Droplet size and velocity affect the structure of the spray 

deposits and may influence the biological efficacy of the applied pesticide (Matthews, 2000). 

Very little is known about the effect of spray characteristics on the biological efficacy of EPN 

(Wright et al., 2005). Lello et al. (1996) compared the deposition of S. carpocapsae on 

perspex grids, delivered by different nozzle types. Despite the constant flow rate, a 

significant higher number of nematodes was deposited by flat fan nozzles, compared with 

full cone nozzles (Lello et al., 1996). This observation suggests an important effect of spray 

characteristics on nematode deposition and hence their efficacy and should be investigated 

further. 

3.3.3 Distribution pattern 

Wilson et al. (2003) applied H. bacteriophora against white grubs in turfgrass in three spatial 

patterns, i.e., a uniform distribution, one central circular patch and nine individual patches. 

Nematodes that had been applied uniformly or in nine patches significantly reduced grub 

numbers, but the one-patch application did not due to the lack of plot coverage. 

Very little is known on how droplets containing IJ behave on foliage and how their 

distribution on plants can therefore be optimized in relation to the target pest (Wright et al., 

2005). Research on this subject is therefore badly needed. 
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3.4 COMPARING NEMATODE APPLICATION METHODS 

3.4.1 Soil application 

In practice, nematodes are applied on soil using the conventional application systems 

designed for delivering pesticides, fertilizers or irrigation (Shetlar, 1999). Previous studies 

indicate that the application technique has a significant effect on the efficacy of EPN in the 

field. The efficacy is mostly related to the deliverance of nematodes on their target site. 

Curran (1992) reported that the choice of the application method had an appreciable effect 

on the efficacy of Heterorhabditis sp. in reducing the number of black vine weevil in field-

grown strawberries. Delivery of EPN by trickle irrigation resulted in lower nematode efficacy 

compared to either multiple injection or soil surface spraying due to the more uniform 

delivery of nematodes around the plants. Hayes et al. (1999) found that sprinkler irrigation 

was inferior to soil surface spraying using a spray boom in cranberries. 

Brixey et al. (2006) compared the effectiveness of two methods of application of S. 

carpocapsae in infecting the various life stages of the large pine weevil (Hylobius abietis) in 

Sitka spruce (Picea sitchensis) stumps. Of the two application techniques used, the 

subsurface drench was more efficient than the surface spray application, the former 

targeting a greater proportion of the susceptible life stages of the weevil. 

Toepfer et al. (2010) tested the effects of six application techniques on the efficacy of H. 

bacteriophora in controlling the western corn rootworm. Four different stream spray 

techniques and two different flat spray techniques were used to apply the nematodes. All 

application techniques reduced the rootworm density by at least 50%. The highest reduction 

(68%) occurred when EPN were applied into the soil together with maize sowing using a fluid 

solid stream. The solid stream was applied at a depth of 100 mm using liquid soil insecticide 

injectors fitted onto the sowing machine. 

It is obvious that one superior application technique for all soil applications of EPN does not 

exist. The best application technique for any application is probably the one that delivers the 

nematodes as close as possible to the target pest without damaging the nematodes. With 

crops planted or sown in rows, a targeted application to the root system will certainly result 

in higher nematode efficacy. For the other applications, a uniform distribution of EPN on the 

soil will probably be primordial. Both advantages and disadvantages of the most commonly 
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used application techniques (irrigation systems, subsurface application, pesticide spray 

equipment) and two alternative application methods (root dipping, slow release systems) 

are discussed below. 

3.4.1.1 Irrigation systems 

A good application of EPN through irrigation systems can be achieved (Wright et al., 1993; 

Cabanillas and Raulston, 1996; Wennemann et al., 2003), but educated growers are 

indispensable to get around some bottlenecks.  

Settling of EPN can occur in tubing further away from the injection point, especially in low 

volume trickle systems (Reed et al., 1986; Conner et al., 1998; Shetlar, 1999). Increasing the 

pressure and the viscosity of the suspension could mitigate this problem if the irrigation 

system is in good condition (Wright et al., 2005).  

Observations by Wenneman et al. (2003) showed that contamination of drip lines with algae 

and debris can plug drip heads and entrap nematodes. Therefore, irrigation lines should be 

thoroughly cleaned by flushing or using an algaecide before nematode application 

(Wennemann et al., 2003).  

Growers should also be aware of the volume necessary to charge and empty the system. 

Most irrigation systems do not empty when they are not in use. Consequently, nozzles close 

to the pump will release nematodes much longer before the last nozzle will. These systems 

should therefore be calibrated before they are used (Shetlar, 1999). 

3.4.1.2 Subsurface application 

Subsurface application can be performed using existing injection systems or by adjusting 

other application systems like seed-driller machinery and spray lances. 

Two basic systems of subsurface injection exist, viz. slit injectors (a slit cutter followed by 

tubes that spray or dribble the solution into the slit) and high pressure injectors (force the 

liquid through the canopy and into the soil) (Shetlar, 1999). High pressure injectors use 

pressures up to 13800 kPa and are, therefore, not suited for nematode applications. The slit-

inserting systems, on the other hand, are highly suited for applying nematodes (Shetlar, 

1999). In the past, good control of billbug (Sphenophorus parvulus) was recorded using a 

subsurface injector (Shetlar et al., 1993).  
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Smits (1999) found that an adapted seed-driller improved nematode delivery by fourfold 

compared with a spray application using a spray boom. Subsurface injection using a 

perforated lance could improve effectiveness of EPN applied against black vine weevil larvae 

in strawberries (Curran, 1992). 

Attention should be paid to the soil depth at which the nematodes are applied with these 

subsurface application systems. Schroeder et al. (1996) found that surface application was 

more effective than subsurface application in the control of the cabbage maggot (Delia 

radicum), probably because the first application deposited the nematodes closer to the 

larvae than the subsurface application did. 

Provided the nematodes are applied close to the pest, nematode efficacy will be improved 

by a subsurface application, as they are not exposed to the harmful conditions above ground 

like desiccation (Glazer, 1996) and UV radiation (Gaugler and Boush, 1978; Gaugler et al., 

1992). 

3.4.1.3 Pesticide spray equipment 

Pesticide spray technology is usually constructed to cover the highest possible proportion of 

the above-ground parts of crops or weeds; they are not optimized to transport material into 

the soil. Wright et al. (2005), therefore, concluded that irrigation and fertilizer equipment is 

probably better suited to apply EPN to the soil, although small adjustments to the machinery 

can result in an optimized nematode delivery. Toepfer et al. (2010) used, e.g., narrow flat fan 

nozzles to spray the nematode suspension close to the maize stems, along rows and 

achieved a reduction of black vine weevil emergence of 58%. 

3.4.1.4 Plant root dipping 

Nematodes can be applied to plant roots by dipping them into a nematode suspension. This 

technique gave excellent results (Pye and Pye, 1985; Klingler, 1988; Susurluk and Ehlers, 

2008) and appears to have good potential for field use (Cowles et al., 2005). Root dips can 

allow nematodes to reach potential hosts deeper in soil, thereby increasing the likelihood of 

infection (Cowles et al., 2005). Thickeners (e.g., 0.5% carboxymethylcellulose or CMC) can be 

used to improve attachment of the nematode suspension to the roots after dipping (Wright 

et al., 2005; Susurluk and Ehlers, 2008). 
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3.4.1.5 Slow release systems 

Nematodes can also be applied in slow-release systems (Wright et al., 2005). In the past, EPN 

were applied in tea bags containing superabsorbant gel in oilseed rape; this application 

resulted in good nematode persistence (Menzeler-Hokkanen and Hokkanen (2003) cited by 

Wright (2005)). 

Infected insect cadavers (EPN-killed insects) can also be used as a slow release system for IJ 

(Creighton and Fassuliotis, 1985; Jansson et al., 1993; Shapiro-Ilan et al., 2003; Bruck et al., 

2005; Del Valle et al., 2008; Ansari et al., 2009; Lacey et al., 2010). After placement of the 

infected cadavers, the nematodes are expected to exit the cadavers and seek insect larvae in 

the soil when the conditions are suitable. Several studies demonstrated that infective 

juveniles emerging from infected cadavers achieve better distribution in the soil, are more 

infective and persistent and provide superior pest control efficacy compared with EPN 

applied in aqueous suspensions (Shapiro-Ilan and Lewis, 1999; Perez et al., 2003; Shapiro-

Ilan et al., 2003). In spite of several successes, however, infected cadavers have not been 

widely used because they desiccate, stick together or rupture during production and storage 

(Shapiro-Ilan et al., 2001; Ansari et al., 2009). This problem can be overcome in soft bodied 

hosts such as the greater wax moth, Galleria mellonella, by coating the cadavers with a 

powder such as clay (Shapiro-Ilan et al., 2001; Ansari et al., 2009). Another approach is to 

use hard-bodied insects, such as the yellow mealworm, Tenebrio molitor, for which the 

harder cuticle can resist rupture and prevent cadavers from sticking together (Shapiro-Ilan et 

al., 2010). Because these hard-bodied insects may still suffer from rupturing during shipping 

or handling, and because of the aversion of humans to touching insects, Shapiro-Ilan et al. 

(2010) tested the potential of enclosing the cadavers in masking tape. Their results indicated 

potential for using the tape-formulation approach for applying nematode infected hosts. The 

development of a method to apply cadavers in the field, however, remains a great challenge. 

Since manual application is likely to be cost prohibitive, an automated system, such as a 

modified seed drill, is required to allow the use of infected cadavers on a commercial scale 

(Ansari et al., 2009). Zhu et al. (2011) recently developed a modified crop seed planter to 

deliver nematode infected cadavers into the soil (Fig. 3.4). The system performed well in 

both laboratory and field tests; however, the effectiveness of the system to discharge 

different rates of cadavers still needs to be determined. 



 

Fig. 3.4 Modified crop seed planter to deliver nematode infected cadavers i

(1-air blower with air controller, 2

6-drive/press wheel, 7

 

Toepfer et al. (2010) stated 

practical application of EPN together with non

applications for fertilizers or soil insecticides. However, the development of such a granule is 

expected to be very complicated due to the requirements (moist inside and dry outside, but 

soluble in moisture).  

3.4.2 Foliar application 

Several attempts have been made to use EPN as biocontrol agents against target pests 

located on the crop foliage; early res

(Hara et al., 1993) and in field conditions 

Wright, 1997; Bélair et al., 1998)

the sensitivity of EPN to three major abiotic factors, i.e., desiccation, temperature and UV 

radiation (Begley, 1990; Gaugler et al., 1992; Nickle, 1992; Grewal, 2002)

of sub-optimal application methods has also contributed significantly to these f

applications (Georgis, 1990; Wright et al., 2005; Shapiro

addition of adjuvants to increase leaf coverage and persistence of the IJ on foliage 

al., 1998a; Head et al., 2004; Schroer et al., 2005b; Schr

The application of EPN: A review

Fig. 3.4 Modified crop seed planter to deliver nematode infected cadavers into the soil (Photo: H. Zhu)

air blower with air controller, 2-metering unit, 3-cadaver hopper, 4-roller chain, 5

drive/press wheel, 7-packer wheel, 8-cadaver discharging tube, 9-double disk opener). 

 that the development of a high-tech granule could lead to a 

practical application of EPN together with non-fluid carrier materials into the soil like granule 

applications for fertilizers or soil insecticides. However, the development of such a granule is 

expected to be very complicated due to the requirements (moist inside and dry outside, but 

Several attempts have been made to use EPN as biocontrol agents against target pests 

located on the crop foliage; early results, however, were not encouraging both in glasshouse 

and in field conditions (Kaya et al., 1981; Hara et al., 1993; Mason and 

lair et al., 1998). Failure of EPN in foliar application are mostly attributed to 

ivity of EPN to three major abiotic factors, i.e., desiccation, temperature and UV 

(Begley, 1990; Gaugler et al., 1992; Nickle, 1992; Grewal, 2002)

optimal application methods has also contributed significantly to these f

(Georgis, 1990; Wright et al., 2005; Shapiro-Ilan et al., 2006). 

addition of adjuvants to increase leaf coverage and persistence of the IJ on foliage 

; Head et al., 2004; Schroer et al., 2005b; Schroer et al., 2005a
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Several attempts have been made to use EPN as biocontrol agents against target pests 
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(Kaya et al., 1981; Hara et al., 1993; Mason and 

. Failure of EPN in foliar application are mostly attributed to 

ivity of EPN to three major abiotic factors, i.e., desiccation, temperature and UV 

(Begley, 1990; Gaugler et al., 1992; Nickle, 1992; Grewal, 2002). However, the use 

optimal application methods has also contributed significantly to these failing 

. Together with the 

addition of adjuvants to increase leaf coverage and persistence of the IJ on foliage (Mason et 

a; Qiu et al., 2008), 



Chapter 3 

26 

 

the development of more effective application techniques might improve nematode efficacy 

(Tomalak et al., 2005). 

Research on the effect of application technique on the efficacy of foliar applied EPN is very 

restricted. In most trials standard hydraulic equipment has been used to apply nematodes 

on foliage (Wright et al., 2005), while previous research has shown that this equipment does 

not perform well (Lello et al., 1996; Mason et al., 1998b; Mason et al., 1999).  

Comparing the efficacy of different spray methods in the laboratory, Lello et al. (1996) found 

that higher output nozzles give the best coverage or deposition of nematodes and greater 

insect control. Lower deposition rates and poorer insect control was observed using an ultra-

low-volume spinning disc. However, because the spinning disc gave nearly 50% mortality 

while applying less than 9% of the nematodes, the authors found that further work on low 

volume systems was justified. Additional studies showed that the existing spinning discs 

failed to produce a droplet spectrum carrying sufficient EPN (Mason et al., 1998b; Mason et 

al., 1999). Moreover, Piggot et al. (2003) reported that EPN sometimes aggregate in the disc 

grooves and are emitted in semi-dry clumps. A new prototype spinning disc eliminated 

clumping, but EPN were emitted in clusters in larger, more dispersed droplets compared to 

the original system which could reduce the effectiveness (Piggott et al., 2003). Wright (2005) 

stated that, even if such design problems can be overcome, suchlike novel application 

methods are probably commercially unviable, since growers may be unwilling to replace 

their existing systems. 
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CHAPTER 4: ENTOMOPATHOGENIC NEMATODES AS BIOCONTROL 

AGENTS FOR SELECTED PESTS IN VEGETABLES 

 

 

 

4.1 INTRODUCTION 

Vegetable growers in Western Europe are under increasing pressure from government, 

retailers, consumers, and environmentalists to reduce pesticide use. The existing European 

trend in insect control is going towards integrated pest management (IPM). In broad terms, 

IPM is the co-ordination of all known chemical, cultural, and biological control methods in 

such a way as to maximise the total benefits and minimize the harmful side effects that can 

arise from the exclusive use of chemical pesticides (Kogan, 1998). The aim of IPM is to use 

the minimum amount of insecticide needed to control each pest and to substitute for non-

insecticidal methods of control, whenever possible (Finch and Collier, 2000). 

Entomopathogenic nematodes could be an environmentally safe alternative to control 

several important insect pests. In this thesis we focus on three model pests, i.e., cabbage 

maggot (Delia radicum), onion thrips (Thrips tabaci) and cabbage moth (Mamestra 

brassicae). The characteristics of these pests and the knowledge on their control with EPN 

are discussed below. 

4.2 CABBAGE MAGGOT 

4.2.1 Pest characteristics 

The cabbage maggot, D. radicum, is the most serious pest of Brassica crops in Western 

Europe (Finch, 1989; Ester et al., 2003). The first generation of flies emerges from pupae, 

which have over-wintered in the soil, when soil temperature at 5 to 8 cm depth reaches 

15°C. In Belgium, this mostly occurs from March until the middle of May. The adult female 

cabbage root fly oviposits in the soil close to the stem of Brassica plants (Nottingham and 

Coaker (1985), de Jong and Städler (1999) cited by Ahuja et al.(2010)). Eggs are deposited 
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separately or in packages of two to ten eggs in a radius of maximum 5 cm around the 

cabbage foot. Once the larva has hatched from the egg, it buries itself in the ground and 

penetrates the roots, where it forms galleries in the most tender parts
2
. Yield is reduced 

through plant stunting or death (Fig. 4.1). 

 

Fig. 4.1 Wilting cauliflower due to infection by the cabbage maggot (Photo: S. Pollet). 

 

4.2.2 Entomopathogenic nematodes as biocontrol agents 

Cabbage maggot is one of the most extensively studied targets for EPN. Several laboratory 

studies have shown that D. radicum is susceptible to steinernematid nematodes but the 

degree of susceptibility depends on insect stage, nematodes used and experimental 

conditions (Nielsen, 2003). Very low mortality of first instar larvae was observed if the larvae 

had access to food (Bracken, 1990). Royer et al. (1996) showed that steinernematids follow 

the larvae into the roots of radish plants, but mortality was very low under these 

circumstances. First instar larvae are only up to approximately 1.5 mm long; the low 

susceptibility is probably due to the physical limitations in the small larvae (Nielsen, 2003). 

According to Nielsen (2003) second instar larvae were most susceptible with mortality and 

infection over 60%. Due to their small size, however, only few nematodes can be produced 

in these second instars. Results with third instar larvae were variable depending on test 

                                                      
2
 www.inra.fr/internet/Produits/HYPPZ/RAVAGEUR/6delrad.htm 



EPN as biocontrol agents in selected pests 

29 

 

conditions, nematode strain and quantity (van Sloun (1989), Vänninen et al. (1992) and 

Sulistyanto et al. (1994) cited by Nielsen (2003)). Susceptibility of pupae to infection by EPN 

was observed by Jaworska (1993) and Nielsen (2003). Hatching was significantly reduced 

after exposure to the EPN (Nielsen, 2003). Nielsen (2003) and Leger and Riga (2009) 

compared different steinernematids and showed that S. feltiae was the most successful in 

causing mortality of D. radicum larvae. 

Experiments aiming at the biological control of D. radicum in the field produced 

contradicting results (Chen et al., 2003). Dry soil conditions (Vänninen et al., 1992) and the 

use of less pathogenic species (Simser, 1992) accounted for some of the failures (Chen et al., 

2003). Schroeder et al. (1996) proved that S. feltiae can effectively reduce D. radicum larvae 

on cabbage in the greenhouse and the field (Schroeder et al., 1996). The authors found that 

pouring the nematode suspension in the transplant hole was less effective than pouring the 

suspension around the base of each plant. Schroeder et al. (1996) remark that further 

studies are needed to determine an inexpensive and effective application method to apply 

the EPN in the field. Chen et al. (2003) also found an effect of application technique on the 

number of insects and crop damage in their summer trial. Both parameters were 

significantly reduced by injecting the nematodes in the planting holes and by dripping the 

nematode suspension on the surface of the peat blocks, while spraying the suspension on 

the soil surface around the plants was not effective (Chen et al., 2003). 

Control levels have generally been lower than those obtained with insecticide treatments 

(Simser, 1992; Vänninen et al., 1999), but were comparable in some cases (Hommes, 1988; 

Bracken, 1990). 

 

4.3 ONION THRIPS 

4.3.1 Pest characteristics 

The onion thrips is the most important pest of leek crops in Western and Southern Europe 

(Crüger and Hommes (1990), Torres-Villa et al. (1994) cited by Ester et al. (1997)). The insect 

is highly mobile and has rapid reproductive rates (Ester et al., 1997). Adult and larval thrips 

feed by puncturing cells and sucking the sap resulting in air-filled cells (Mound, 1971). The 
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empty cells appear as silvery mottling or blotching on the affected surfaces, sometimes in 

longitudinal stripes along the growing leaf (Ester et al., 1997) (Fig. 4.2). Heavy infectations 

can lead to quantitative yield losses due to the silver damage, but also due to quantitative 

yield losses (Hommes et al., 1994; Koschier et al., 2002). Onion thrips are also a vector of 

viruses which can be dangerous on leek (Bosco and Tavella, 2010). 

 

Fig. 4.2 Damage on leek caused by thrips (Photo: F. Temmerman) 

 

Larvae and adults of the onion thrips show a preference for particular parts of leek plants. In 

the vertical plane, most thrips are located in the transition zone where the leaves in the 

shaft gradually change to pale green (Theunissen and Legutowska, 1991). Chemical control 

of thrips is difficult as they are physically protected form the pesticide spray (Hommes et al., 

1994). 

4.3.2 Entomopathogenic nematodes as biocontrol agents 

Research on the use of EPN to control thrips has mainly focused on the control of soil-

dwelling late second instar nymphs, prepupal and pupal stages of western flower thrips 

(WFT) (Frankliniella occidentalis) (reviewed by Tomalak et al. (2005)). It has been reported 

that S. feltiae infected and killed both the prepupal and pupal stages of the WFT within only 
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2-4 h after infection (Tomalak et al., 2005). The death of thrips occurred because of the 

direct body damage resulting from the vigorously moving nematodes (Tomalak, 1994). 

Although all the available data suggest that various species of EPN can be effective against 

WFT in the soil, relatively high nematode dosages are needed to obtain satisfactory control 

levels. Several researchers tested different concentrations ranging from 100 to 1000 IJ cm
-2

 

of several nematode species and concluded that the concentration of 400 IJ cm
-2

 of soil 

surface is the best rate for achieving more than 50% control of various soil-dwelling stages of 

WFT (reviewed by Tomalak et al. (2005)). 

Nematodes have also been succesful against the larval stages of WFT on the leaves of 

ornamentals (Bennison (1998), Wardlow et al. (2001) cited by Tomalak et al. (2005)). 

Treatment with S. feltiae using approximately 1000 L ha
-1

, not only led to successful control, 

in a number of cases the population reduction was better than what was achieved by the 

standard chemical treatments (Wardlow et al. (2001) cited by Tomalak et al. (2005)). 

Only one report was found on the control of onion thrips using EPN in the field. Jung (2008) 

investigated the combined use of entomopathogenic nematodes (S. feltiae and H. 

bacteriophora) and fungi (Verticillium lecanii, Paecilomyces fumosoroseus, Beauveria 

bassiana) on thrips in comparison to the effect of either pathogen alone. In the leek trial, 

significantly lower number of thrips were counted after the treatment with S. feltiae. At 

harvest, three weeks after the final application, the yield was approximately 20% higher for 

this treatment compared with the control (Jung, 2008). 

 

4.4 CABBAGE MOTH 

4.4.1 Pest characteristics 

The cabbage moth is a polyphagous insect, but is particularly associated with Brassica crops 

(Rojas et al., 2000). The cabbage moth groups its eggs in egg-rafts of 20 to 30 eggs deposited 

on the underside of the leaves (Fig. 4.3). The young caterpillars remain clustered during the 

first larval instars. Holding on to the underside of the leaves, they nibble the bottom of the 
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limb
3
. When they are fully grown they enter the soil where they pupate at a depth of 3-5 cm 

(Johansen, 1997). 

 

Fig. 4.3 Eggs of cabbage moth deposited on underside of cabbage leaf (Photo: S. Pollet). 

 

4.4.2 Entomopathogenic nematodes as biocontrol agents 

No reports were found on the control of M. brassicae with EPN, although Nielsen and 

Philipsen (2004) confirmed the ability of S. feltiae to kill and reproduce in larvae with the size 

at which they normally pupate in the laboratory (Fig. 4.4). 

Research on the control of other Lepidoptera with EPN mainly focused on the control of the 

diamondback moth (Plutella xylostella). Baur (1995) reported that S. carpocapsae is well 

adapted for a leaf application against P. xylostella. However, a number of environmental 

factors can lead to reduced efficacy of EPN on foliage. The most critical factor is usually 

desiccation (Baur et al., 1995; Mason and Wright, 1997; Grewal, 2002). Other limiting abiotic 

factors are desiccation, high temperatures and UV-radiation (Gaugler et al., 1992; Nickle, 

1992; Grewal, 2002). An additional problem is encountered on waxy leaves; nematodes get 

entrapped in droplets applied in water and are lost in water drops due to run-off (Schroer et 

al., 2005a). The formulation of a surfactant (0.3% Rimulgan) and a polymer (0.3% xanthan 

gum) raised EPN efficacy significantly and decreased run-off (Schroer et al., 2005a). Field 

                                                      
3 www.inra.fr/internet/Produits/HYPPZ/RAVAGEUR/6mambra.htm 



EPN as biocontrol agents in selected pests 

33 

 

studies on cabbage in Java and Indonesia confirmed that S. carpocapsae can be used to 

substitute ineffective chemical insecticides (Schroer et al., 2005c). 

 

Fig. 4.4 Healthy Mamestra brassicae larvae (left) and Mamestra brassicae larvae infected by Steinernema 

carpocapsae (right) (Photo: E. Brusselman). 
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CHAPTER 5:  

EVALUATION OF HYDRAULIC, PNEUMATIC AND MECHANICAL AGITATION 

FOR THE SPRAY APPLICATION OF ENTOMOPATHOGENIC NEMATODES
4
 

 

 

 

5.1 INTRODUCTION 

Before applying EPN, one or more commercial packages of nematodes are suspended in a 

spray tank filled with water. As described earlier in Chapter 3 (3.2.3 Pump), EPN sediment 

fast in the spray tank without agitation (Schroer et al., 2005a). The authors observed a 

settling velocity of 3.6 mm min
-1

 for S. carpocapsae. Larger EPN appear to sediment even 

faster (Wright et al., 2005); Peters and Backes (2003) observed a settling velocity of 5.8    

mm min
-1

 for S. feltiae. The use of sedimentation retardants can offer a solution for spray 

application equipment without agitation system. A concentration of 0.4% CMC 

(carboxymethylcellulose) reduced settling speed of S. feltiae to 0.2 mm min
-1

, and already a 

small amount of xanthan (0.05%) prevented sedimentation of S. carpocapsae (Schroer et al., 

2005a). 

Common hydraulic sprayers, however, are equipped with a hydraulic agitation system, 

ensuring agitation by returning a fraction of the pumped liquid back into the spray tank 

(Matthews, 2000). A detailed review of research on the detrimental effect of one and more 

passages through different kind of pumps on EPN is given in 3.2.3 Pump. No information on 

                                                      
4
 This chapter has been compiled from: 

Brusselman, E., Moens, M., Steurbaut, W., and Nuyttens, D. (2010). Evaluation of hydraulic, 

pneumatic and mechanical agitation for the spray application of Steinernema carpocapsae (Rhabtida: 

Steinernematidae). Biocontrol Science and Technology 20, 339-351. 
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the effect of multiple passages through pumps on S. carpocapsae was found. Moreover, the 

ability of different agitation systems to keep EPN suspended in the spray tank has not been 

tested. Therefore, the aim of this study was (1) to extend knowledge on the effect of a 

commonly used hydraulic agitation system and two alternative agitation systems, viz. 

mechanical and pneumatic agitation on the viability and infectivity of EPN, (2) to identify the 

source of possible nematode damage, and (3) to test if these systems are able to keep the 

nematodes suspended in the spray tank. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Spray application system 

A modular spray application system was used to perform the experiments (Fig. 5.1 and 5.2). 

The system consisted of two spray tanks. Tank 1 was made of PVC (diam. 50 cm, height 80 

cm) and equipped with a tap at 15 cm above the tank bottom; it was used for testing both 

the hydraulic and mechanical agitation system. Spray tank 2 was a metal tank (diam. 40 cm, 

height 75 cm) with a tap at the bottom; it was used for testing the pneumatic agitation 

system. Both tanks were equipped with a temperature probe (Pt100, Krohne Jumo B, 

Duisburg, Germany) and could be connected with two different pumps: (1) a centrifugal 

pump (Johnson Pump MSHS 13BX3-A, SPX Process Equipment, Delavan, USA) and a (2) 

diaphragm pump (COMET S.p.A. BP105, Reggio Emilia, Italy). The centrifugal pump was 

driven by a Johnson 3-phase motor. The diaphragm pump was driven by a MEZ AP 90L-4 3-

phase motor. The motor speed was controlled by a speed controller (Digidrive SK, Leroy 

Somer, Mechelen, Belgium). 

In the hydraulic agitation experiments, the flows were measured using an optiflux flowmeter 

(Krohne Optiflux IFC 010 D, Duisburg, Germany) installed after the pump. For the centrifugal 

and the diaphragm pump treatments, the measured flow rates were very similar, 99.8 and 

96.8 L min
-1

, respectively. The spray liquid was returned using a metal pipe mounted at the 

inner spray tank wall with an outlet directed in a horizontal plane to the centre of the tank, 

at 8 cm above the tank bottom (Fig. 5.2). 
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Fig. 5.1 Modular spray application system. 

 

 

Fig. 5.2 Schematic diagram of the modular spray application system with scale bar. 
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5.2.2 Nematodes and quantification of nematode damage 

Infective juveniles of S. carpocapsae (Nemasys®, Biobest - Becker Underwood, Westerlo, 

Belgium - Littlehampton, UK) were used in the experiments. 

Approximately 30 min before every test, a commercial package of 50 million IJ was 

suspended in 10 L of water before it was added to 25 L of water in a spray tank. Eventually, 

the tank was filled to a volume of 50 L. 

Nematode damage was quantified based on viability and infectivity of the IJ. Viability was 

microscopically examined and defined as the percentage of living nematodes in 200-µL 

subsamples. Nematodes were considered dead if they did not respond to prodding. On the 

same day of the test, the viability of each sample was observed three times, using three 

different subsamples.  

Infectivity was determined using a one-on-one sand-well bioassay (Fife et al., 2003). For each 

nematode sample, twelve wells of a 24-well tissue culture plate (IWAKI) containing 2 g of 

river sand were prepared. Randomly selected individual nematodes suspended in 120 µL 

water were transferred with a micro-pipette into a well. Individual G. mellonella larvae were 

added to each well and the plate was sealed with Parafilm to minimize evaporation. All 

plates were incubated at 24°C. Dead G. mellonella larvae were counted after 168 h. The 

infectivity was calculated using Schneider-Orelli’s formula (eq. 5.1) (Püntener, 1981). 

Infectivity �% =  
���� ��

����� ��
 100 (eq. 5.1) 

where Mt is the mortality in the treated batch (%) and Mc is the mortality in the control 

batch (%).  

The ability of the agitation systems to keep the IJ in suspension was examined by comparing 

the nematode concentration observed in the samples taken at different agitation times. 

5.2.3 Mechanical agitation 

Nematode suspensions were mechanically agitated in spray tank 1 using a metal propeller 

with three blades (length 12 cm, width 10 cm) (Fig. 5.3) connected to an electric motor. The 

metal blades revolved in the spray liquid to a height between 8 (A, Fig. 5.3) and 7 cm (B, Fig. 

5.3) above the tank bottom, at approximately 696 revolutions min
-1

. The mechanical 
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agitation was started immediately after the preparation of the spray tank suspension. After 0 

(control), 15, 30, 60 and 120 min of agitation, samples (approx. 200 mL) were drawn via a 

tap at 15 cm above the spray tank bottom (Fig. 5.2). This agitation treatment was repeated 

four times. 

5.2.4 Pneumatic agitation 

Pneumatic agitation of the nematode suspension was performed by injecting pressurized air 

(200 kPa) at the bottom of spray tank 2 (Fig. 5.2). The pneumatic agitation was started 

immediately after the preparation of the spray tank suspension. After 0 (control), 15, 30, 60 

and 120 min of agitation, samples of approximately 200 mL were taken using the tap at the 

bottom of the spray tank. This treatment was repeated three times. 

 

Fig. 5.3 The metal propeller used to create mechanical agitation. 

 

5.2.5 Hydraulic agitation 

The effects of hydraulic agitation were examined with two pumps, viz. a centrifugal and a 

diaphragm pump. In spray tank 1, the suspension was continuously recirculated with one of 

the pumps. Samples of approximately 200 mL were taken after 0 (control), 15, 30, 60 and 

120 min of recirculation via a tap at 15 cm above the spray tank bottom. Both hydraulic 

agitation treatments were repeated three times. 
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5.2.6 Cause of damage by centrifugal pump recirculation 

To detect the cause of nematode damage by centrifugal pump recirculation, two additional 

trials were performed.  

5.2.6.1 Mechanical damage by several passages through the centrifugal pump 

The tank suspension was prepared in spray tank 1 in the same way as in the other agitation 

experiments. After mechanical agitation (see 5.2.3) for 2 min to prevent sedimentation of 

the nematodes, the suspension was pumped with the centrifugal pump from the spray tank 

into a barrel (Fig. 5.4). After rinsing the spray tank with water, the spray liquid was manually 

transferred from the barrel again into the spray tank. This was repeated 10 times. Samples 

were taken after 0 (control), 1, 5 and 10 passages through the pump. The temperature of the 

spray liquid was measured before and after each pumping using a temperature probe 

(Omega HH41, Netherlands). This treatment was repeated three times. 

 

Fig. 5.4 Barrel used in mechanical damage experiment. 

 

5.2.6.2 Damage due to temperature increase in the spray liquid 

A spray tank with a 60 cm diameter and height of 110 cm was used (= spray tank 3, not 

included in the diagram of the spray application system) (Fig. 5.5). Thirty minutes before the 

experiment, 50 million IJ were at first suspended in 10 L water at 25°C. Subsequently, the 

spray tank was filled with 40 L of water and heated using a 6 kW heating resistor to an initial 

temperature of 25°C. Eventually, the 10-L nematode suspension was added and the 

mechanical agitation was started to prevent nematode sedimentation. Mechanical agitation 
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was performed 20 cm above the bottom of the spray tank with a metal blade (length 25 cm, 

width 4 cm) at a speed of approximately 100 revolutions min
-1

. A linear increase of the spray 

liquid temperature was started (1°C/5 min) using the heating resistor which corresponds 

with the observed temperature increase in the centrifugal pump recirculation treatments. 

Samples were taken after 0 (control), 30, 60, 90 and 120 min of heating via a tap at 3 cm 

above the spray tank bottom. The temperature of the spray tank suspension was measured 

using a Pt100 temperature sensor (Krohne Jumo B, Duisburg, Germany). 

 

Fig. 5.5 Experimental set-up used in the temperature increase experiment. 

 

5.2.7 Statistical analysis 

All experiments were statistically analysed using Statistica (StatSoft, Statistica 8.0., Tulsa, 

USA). To enable the comparison between repetitions and normalise the data, viability and 

infectivity data were transformed by dividing them by the corresponding average control 

measurements. For the same purpose, data on concentration were transformed by dividing 

by the average concentration measured in the corresponding 15 min samples (first samples 

taken from the spray tank). After this transformation, the data were referred to as relative 

viability, relative infectivity and relative concentration, respectively. 

For the mechanical, pneumatic and hydraulic agitation experiments, all data were analysed 

for every agitation system separately. The viability and concentration data were analysed by 
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a factorial ANOVA with time of agitation and subsample as fixed factors with an interaction 

term. The EPN infectivity data were analysed using a one-way ANOVA with time of agitation 

as a fixed factor. For the experiment on mechanical damage as a result of several passages 

through the centrifugal pump, viability data were analysed using a factorial ANOVA with the 

number of passages through the pump and subsample as fixed factors with an interaction 

term. The EPN infectivity data were analysed using a one-way ANOVA with number of 

passages through the pump as a fixed factor. For the experiment on damage resulting from a 

temperature increase, the viability data were analysed by a factorial ANOVA with time and 

subsample as fixed factors with an interaction term. The EPN infectivity data were analysed 

using a one-way ANOVA with time as a fixed factor. To detect the reason for nematode 

damage caused by centrifugal pump recirculation, the results of the hydraulic agitation 

experiment using the centrifugal pump and the experiment on damage by the temperature 

increase were compared. Viability data were compared using a factorial ANOVA with time of 

agitation, subsample and experiment type as fixed factors with an interaction term. 

Infectivity data were compared using a factorial ANOVA with time of agitation and 

experiment type as fixed factors with an interaction term.  

Significant differences were assessed by Tukey’s post hoc test. A P-value < 0.05 was 

considered to be statistically significant. 

 

5.3 RESULTS 

5.3.1 Effect of agitation systems 

5.3.1.1 Physical parameters 

The mean viability measured in the untreated control samples of the agitation experiments 

was 95.3 ± 2.7%. The average control infectivity was 38.9 ± 13.8%. The temperature of the 

spray tank suspension at the beginning of all the experiments varied between 13.6°C and 

24°C, with an overall mean of 18.3 ± 3.5°C. Table 5.1 summarizes the temperature conditions 

for each treatment. For the mechanical and the pneumatic agitation system treatments, 

temperature in the spray tank was almost constant during the experiments. After 120 min of 

recirculation using the centrifugal pump, the spray liquid temperature increased on average 
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from 21.7°C to 45.4°C. The treatment with the diaphragm pump resulted in a temperature 

increase from 21.5°C to 31.2°C. 

5.3.1.2 Viability 

No significant effect of mechanical agitation (F3,35 = 2.70, P = 0.058) or hydraulic agitation 

(diaphragm pump) (F3,24 = 1.83, P = 0.17) could be detected on EPN viability (Table 5.2). A 

significant higher viability was measured after 120 min of pneumatic agitation than after 15 

min of agitation (F3,24 = 4.9, P = 0.0083). EPN viability was significantly lower after 120 min of 

hydraulic agitation using the centrifugal pump (F3,24 = 46.43, P ≤ 0.0001). On average, only 

19.33% of the nematodes survived this treatment. 

Table 5.1 Initial and final spray tank temperatures (°C) (mean ± SD) in the agitation system treatments.  

Type of agitation system 
Temperature in spray tank 

Initial Final 

Mechanical 15.3 ± 1.6 17.0 ± 1.2 

Pneumatic 14.8 ± 0.6 14.4 ± 0.4 

Hydraulic (Centrifugal pump) 21.7 ± 2.0 45.4 ± 3.3 

Hydraulic (Diaphragm pump) 21.5 ± 1.5 31.2 ± 1.3 

 

Table 5.2 Effect of agitation time (min) on the relative viability (%) (mean ± SE) of Steinernema carpocapsae for 

different agitation systems. Means in the same column followed by the same letter are not statistically different 

(P<0.05). 

Agitation 

time 

Type of agitation system 

Mechanical Pneumatic Hydraulic 

  Centrifugal Diaphragm 

15 100.01 ± 0.32 a 103.59 ± 0.64 b 100.60 ± 0.88 d 96.39 ± 0.55 f 

30 100.91 ± 0.33 a 104.89 ± 0.46 bc 98.53 ± 0.74 d 98.26 ± 0.46 f 

60 100.01 ± 0.23 a 105.89 ± 0.56 bc 97.89 ± 0.61 d 96.66 ± 0.74 f 

120 100.90 ± 0.17 a 106.80 ± 0.68 c 19.33 ± 10.30 e 97.90 ± 0.63 f 
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5.3.1.3 Infectivity 

Infectivity of EPN was not significantly affected by any agitation system (Fig.5.6). After 120 

min of hydraulic agitation using the centrifugal pump, none of the nematodes applied in the 

infectivity test were able to infect a G. mellonella larva. 

 

Fig. 5.6 Effect of agitation time (min) on the relative infectivity (%) (mean ± SE)  

of Steinernema carpocapsae for different agitation systems. 

 

5.3.1.4 Concentration of EPN in suspension 

Figure 5.7 shows an overview of the relative concentrations measured at different agitation 

times (min) during different agitation treatments. After 60 min of mechanical agitation, a 

significantly lower nematode concentration than after 30 minutes of agitation was measured 

(F2,27 = 22.37, P ≤ 0.0001). This effect did not persist after 120 min of agitation.  

The various repetitions of the pneumatic agitation treatment resulted in two different 

concentration patterns. The effect of agitation time on EPN concentration was comparable 

for repetition 1 and 3. In repetition 2, a totally different effect of agitation time on EPN 

concentration was measured. Therefore, repetition 2 was excluded from further analysis. 

The EPN concentration after 60 min of pneumatic agitation was significantly lower than 

measured after 30 min of agitation (F2,9 = 5.03, P = 0.034). After 120 min of agitation, the 

measured concentration was not significantly different from that measured after 30 or 60 

min of agitation. 
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The hydraulic agitation treatment using the centrifugal and the diaphragm pump resulted in 

a significantly lower EPN concentration after 120 min of agitation compared with 30 min of 

agitation (F 2,18 = 58.43, P ≤ 0.0001). The largest loss of EPN (56%) was measured after 120 

min of hydraulic agitation using the centrifugal pump (Fig. 5.7).    

 

Fig. 5.7 Relative concentration of Steinernema carpocapsae (%) (mean ± SE) measured at different agitation 

times (min) during different agitation treatments. Bars carrying the same letter are not significantly different 

(P<0.05). The different agitation systems were analysed separately. 

 

5.3.2 Cause of damage by centrifugal pump recirculation 

5.3.2.1 Effect of mechanical damage 

The mean initial and final temperature of the spray liquid for the first two treatments were 

13 ± 0.5°C and 13.4 ± 0.03°C, respectively. The third treatment was excluded from further 

analyses because of the significantly higher initial temperature of the spray liquid (22.9°C) 

compared with the first two treatments. 

Ten runs through the centrifugal pump did not affect the viability nor the infectivity of the S. 

carpocapsae nematodes  (F2,9 = 1.15, P = 0.36) (Table 5.3). 

5.3.2.2 Effect of temperature increase 

The temperature increased from 25.1 ± 0.1°C at the beginning of the experiment to 49.0 ± 

0.03°C after 120 min. 
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The relative viability was not affected during the first 60 min of the treatment. After 90 min 

at a spray liquid temperature of 43°C, the relative viability started to decrease significantly 

(F3,24 = 11481,70, P ≤ 0.0001) (Table 5.4). This decrease continued until the end of the 

experiment. On average, only 1.45% of the nematodes survived the treatment. 

Table 5.3 Effect of several passages through a centrifugal pump on the relative viability and infectivity (%)(mean 

± SE) of Steinernema carpocapsae. Means in the same column followed by the same letter are not statistically 

different (P<0.05). 

Number of passages Relative viability Relative infectivity 

1 102.49 ± 0.64 a 45.83 ± 20.83 a 

5 101.53 ± 0.36 a 95.83 ± 29.17 a 

10 100.89 ± 0.80 a 63.33 ± 3.33 a 

 

 

Table 5.4 Effect of temperature increase treatment on the relative viability and infectivity (%) (mean ± SE) of 

Steinernema carpocapsae in function of time (min) and measured spray tank suspension temperature (°C)(mean 

± SD). Means in the same column followed by the same letter are not statistically different (P<0.05). 

 

 

 

 

 

The relative infectivity was not significantly affected during the first 90 min of the 

experiment. After 120 min, relative infectivity was significantly lower than after 30 and 60 

min (F3,8 = 5.46, P = 0.025). 

No statistical effect of experiment type (i.e., hydraulic agitation experiment vs. effect of 

temperature increase experiment) on viability (F1,36 = 1.57, P = 0.22) or infectivity (F1,12 = 

1.84, P = 0.20) could be detected (Fig. 5.8). 

 

Time Temperature Relative viability Relative infectivity 

30 31.0 ± 0.1 99.87 ± 0.41 a 138.34 ± 34.03 a 

60 37.1 ± 0.1 99.79 ± 0.39 a 136.82 ± 27.57 a 

90 43.0 ± 0.01 93.42 ± 0.55 b 131.15 ± 27.57 ab 

120 49.0 ± 0.03 1.45 ± 0.42 c 17.53 ± 5.95 b 
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Fig. 5.8 Relative viability of Steinernema carpocapsae (%) (mean ± SE) as a function of spray tank suspension 

temperature (°C) (mean ± SE) after hydraulic agitation using a centrifugal pump or after a temperature increase 

treatment. 

 

5.4 DISCUSSION 

Mechanical agitation at a speed of approximately 696 revolutions min
-1

 did not influence the 

viability nor the infectivity of the IJ. Consequently, it can be concluded that this type of 

agitation is not detrimental to S. carpocapsae. This is consistent with the results of Łączyński 

et al. (2007) for H. bacteriophora. Also pneumatic agitation during 120 min was not 

detrimental to the EPN. Viability, nor infectivity were affected.  

However, the effect of hydraulic agitation differed depending on the pump type used. 

Hydraulic agitation using the diaphragm pump did not harm the nematodes, whereas the 

use of the centrifugal pump clearly affected viability. Only 19.3% of the nematodes survived 

the 120-min recirculation using the centrifugal pump. Infectivity was even reduced to 0%. 

This is the first report on the effect of continuous recirculation of S. carpocapsae through a 

centrifugal pump. Fife et al. (2007) concluded that a single passage of H. bacteriophora 

through various pumps did not damage the nematodes. Previous studies evaluating the 

effects of pressure differentials (Fife et al., 2003) and hydrodynamic conditions (Fife et al., 

2004; 2005) on nematode damage have demonstrated EPN to be relatively robust organisms 

when exposed to mechanical stress. Therefore, Fife et al. (2007) suggested that reductions in 

nematode viability during pump recirculation were likely the result of temperature 

influences rather than being caused by mechanical stress. The authors, however, stated that 
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further work was necessary to evaluate whether multiple passages through pumps would 

cause nematode damage. Łączyński et al. (2007) found that cooling did not entirely remove 

the harmful effect of hydraulic agitation with a diaphragm pump. They concluded that both 

mechanical damage and temperature increase significantly decreased the viability of H. 

bacteriophora. The additional experiments in this research prove that ten passages through 

the centrifugal pump at a constant temperature are not harmful for S. carpocapsae. After 

120 min of agitation, based on the flow measurements and assuming a perfect liquid 

recirculation in the spray tank, the spray liquid would have passed through the pump 

approximately 240 times. This number of recirculations could not be performed during the 

experiments due to practical limitations. Therefore, only the effect of a rise in spray tank 

temperature, similar to that measured in the centrifugal recirculation treatment, was tested. 

No significant difference between the effects of the rising temperature and the continuous 

recirculation on the viability and infectivity could be detected. Therefore, it can be assumed 

that the nematode damage after 120 min of hydraulic agitation with the centrifugal pump 

was the result of the temperature increase and not caused by mechanical stress. The critical 

temperature of S. carpocapsae was observed between 37 and 43°C. A spray liquid 

temperature above this critical range can be realistic in hot (greenhouse) conditions. In the 

past, Somasekhar et al. (2002) found that the survival rate of S. carpocapsae All strain was 

reduced to 60% after 2 h at 40°C. No information, however, was found in literature about 

how exposure to continuously increasing temperature affects the viability of S. carpocapsae.  

The capacity of the agitation systems to keep the IJ in suspension was examined based on 

the nematode concentration. It was assumed that the agitation system had the capacity to 

keep the IJ suspended if no significant difference in nematode concentration was found in 

the samples taken at the end (120 min) and at the beginning (15 min) of the agitation 

experiments.  

After 120 min of mechanical agitation, a decrease in nematode concentration of 20% was 

observed. A possible source of IJ loss is the trapping of IJ in small imperfections in the 

internal spray tank construction.  

The effect of pneumatic agitation on the measured nematode concentration differed 

between repetitions. Based on the observations, one can conclude that the pneumatic 
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agitation system was unstable. This problem could probably be solved by using a higher air 

pressure. If this adaption would not remediate, modifying the outlet of the air injection 

system might be another option. The injection of air could be distributed over several 

injection points in the spray tank to improve agitation. 

The decrease in IJ concentration after hydraulic agitation using the diaphragm pump (26%) 

was comparable with that after mechanical agitation (20%). A larger decrease was measured 

after hydraulic agitation using the centrifugal pump (56%). Mechanical and hydraulic 

agitations were performed in the same spray tank. Therefore, the same conclusions for the 

decrease in concentration after hydraulic agitation can be made as for the concentration 

decrease after mechanical agitation. However, the difference in reduction of the IJ 

concentration after hydraulic agitation using the centrifugal or the diaphragm pump 

presumes the presence of another factor. Since both pumps deliver almost the same flow 

rate, the only difference between them is their internal construction and their detrimental 

effect on the IJ. Nematodes could be trapped in the centrifugal pump resulting in an 

additional decrease in the measured concentration. The larger number of dead nematodes 

after treatment with the centrifugal pump could also have resulted in a greater decrease in 

nematode concentration. Measurement of component density showed that viable IJ have a 

greater density than dead nematodes (Young et al., 1998). The difference in density 

combined with a possible non-uniform agitation could have led to higher concentrations of IJ 

above and lower concentrations at the height of the sampling point. Further research is 

needed to reveal the sources of IJ loss. 

 

5.5 CONCLUSION 

In practice, mechanical and hydraulic agitation using a diaphragm pump can be 

recommended when S. carpocapsae is applied, although attention should be paid to possible 

nematode loss during application by avoiding small imperfections in internal spray tank 

construction and assuring a sufficient agitation capacity. Pneumatic agitation is not harmful 

for the nematodes, but the capacity of this agitation system to keep the nematodes equally 

suspended in the spray liquid should be investigated thoroughly. Hydraulic agitation using a 
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centrifugal pump is detrimental to S. carpocapsae and should not be used when applying 

these EPN. 
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CHAPTER 6:  

DISTRIBUTION OF ENTOMOPATHOGENIC NEMATODES IN A BIOPESTICIDE 

SPRAY
5
 

 

 

 

6.1 INTRODUCTION 

Until now, little attention has been paid to assessing the efficacy of spraying systems in how 

they deposit IJ onto the target substrate. Lello et al. (1996) examined the output of EPN with 

a range of hydraulic nozzles and a spinning disc. The authors showed that the application 

method had a significant impact on the deposition of nematodes. The type of nozzle, flow 

rates and pressure were important factors controlling the nematode delivery. A significant 

relationship was found between mortality of P. xylostella and the number of nematodes 

deposited on Chinese cabbage leaf disks. 

No information was found on the uniformity of nematode deposition underneath a spray 

boom, despite its possible influence on nematode efficacy. Spray uniformity depends on the 

individual spray pattern profiles (Azimi et al., 1985). Commonly used field spray equipment is 

developed to apply a uniform deposition of chemicals. A minimum overlap of the individual 

spray patterns results in a uniform deposition if the right boom height is chosen (Matthews, 

2000) (Fig. 6.1). However, Krueger and Reichard (1985) and Spanoghe et al. (2007) have 

                                                      
5 This chapter has been compiled from: 

Brusselman, E., Beck, B., Temmerman, F., Pollet, S., Steurbaut, W., Moens, M., and Nuyttens, D.   

Distribution of entomopathogenic nematodes in a biopesticide spray. Transactions of the ASABAE, 

submitted. 
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shown that the chemical composition of the spray liquid can affect the shape of the pattern. 

The addition of nematodes in the spray liquid might also affect this pattern and hence 

possibly result in a non-uniform nematode deposition.  

 

Fig. 6.1 Advised spray height for nozzles with different spray angle, to obtain minimum nozzle overlap and thus 

uniform spray deposition (source: www.teejet.be). 

 

Present study examined the volumetric distribution pattern of EPN beneath a spray nozzle 

with an ISO 08 nozzle size. This large nozzle size was chosen because the high application 

rates (1000 L ha
-1

) advised for EPN application demand high output nozzles to enable field 

applications. A comparison with the distribution of a chemical tracer was made to reveal 

possible distribution problems. Droplet size and velocity characteristics of the nozzles were 

measured using either water or the nematode-chemical suspension similar to the one used 

in the volumetric distribution pattern experiment. The distribution results were analysed 

using these droplet size spectra. The uniformity of nematode distribution beneath a spray 

boom was assessed by calculating the coefficient of variation of the nematode distribution, 

which was compared with the coefficient of variation of the distribution of the chemical 

tracer. 

 

6.2 MATERIALS AND METHODS 

Four nozzle types were used, i.e., an extended range standard flat fan nozzle (TeeJet XR 110 

08), an air induction flat fan nozzle (TeeJet AI 110 08), a drift reducing deflector type nozzle 
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(TeeJet TT 110 08) and a TwinJet spray nozzle (TeeJet TJ60 110 08) (TeeJet, Springfield, USA) 

at a pressure of 4.0 bar corresponding with a nominal flow rate of 3.65 L min
-1

. 

6.2.1 Volumetric distribution pattern 

6.2.1.1 Entomopathogenic nematodes 

Infective juveniles of S. feltiae (Koppert B.V., Berkel en Rodenrijs, the Netherlands) were 

used in the experiments because of their larger size (length: 736 – 950 µm, width: 22 – 29 

µm) compared to S. carpocapsae (length: 438 – 650 µm, width: 20 – 30 µm) (Grewal et al., 

1999). Approximately 30 min before every test, a package of 250 million IJ was suspended in 

10 L of water before it was added to 50 L of water in a spray tank of a greenhouse sprayer 

(Fig. 6.2). Eventually, the tank was filled to a volume of 100 L to obtain a suspension of 

approximately 2500 IJ mL
-1

. Before every test, the spray suspension was mixed during 5 min 

using the sprayer pump to ensure an equal distribution of EPN in the spray tank (see Chapter 

5), after which a sample was taken at the top of the tank. For every sample, the nematode 

concentration was estimated by counting the number of nematodes in three 125 µL 

subsamples using a microscope. 

 

Fig. 6.2 Greenhouse sprayer. 

 

6.2.1.2 Chemical tracer 

Brilliant Sulfo Flavine (BSF, Waldeck-Gmbh & Co KG, Muenster, Germany) was used as a 

chemical tracer. By adding 1 g of BSF to the 100 L nematode suspension, a concentration of 

approximately 0.01 g L
-1 

was achieved. The exact concentration of BSF in the spray tank was 

measured using a fluorimeter Fluostar Optima (BMG Labtech GmbH, Offenburg, Germany). 
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6.2.1.3 Spray patternator 

The volumetric distribution pattern of the EPN and BSF beneath a spray nozzle was 

measured using a spray patternator
6
 (Fig. 6.3). The sprayed liquid was intercepted in 

channels with a width of 0.025 m and collected in graduated collecting tubes. In the center 

of the table, spray liquid was collected by 40 tubes with a maximum volume of 100 mL. 

Adjacent on both sides, 40 smaller tubes with a maximum volume of 50 mL collected the 

spray liquid. 

The EPN-BSF suspension was sprayed at 50 cm above the spray patternator at a pressure of 

4.0 bar. When a stable spray fan was formed, the collecting tubes were put in measuring 

position. The measurement ended when the central tubes were almost completely full. The 

duration of each measurement and the volume of spray liquid collected in every tube were 

recorded. The contents of each tube was collected in a recipient. To restrict the number of 

analyses, the 100 mL tubes were joined per two, the 50 mL tubes per three. To prevent the 

loss of sedimented nematodes, the tubes were rinsed. The rinsing water, i.e., 50 mL for the 

100 mL tubes and 25 mL for the 50 mL tubes, was added to the respective recipient. 

 

Fig. 6.3 Spray patternator. 

                                                      
6 The patternator is in accordance with the ISO 5682-1 standard ‘Equipment for crop protection – 

Spraying equipment – Part 1: Test methods for sprayer nozzles’. 
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For every recipient, the number of nematodes was counted using a microscope in three 125 

µL subsamples, collected with a micropipette after thoroughly shaking. BSF concentration in 

the samples was measured using a fluorimeter Fluostar Optima. Based on the spray volume 

in the tubes and the volume of rinsing water added, the original nematode and BSF 

concentration in the tubes could be calculated. Relative concentrations of EPN and BSF were 

calculated using the following equations: 
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=      (eq. 6.1) 
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xBSF
=  (eq. 6.2) 

where RCEPN,x and RCBSF,x are the relative concentrations of S. feltiae and BSF (%), 

respectively, at distance x from the center of the nozzle, NEPN,x is the estimated total number 

of nematodes found at x (-), MBSF,x is the estimated weight of BSF collected at x (mg), Vx is 

the volume of spray suspension measured at x (mL), NEPN is the total number of nematodes 

collected underneath the nozzle (-), MBSF is the total weight of BSF collected underneath the 

nozzle (mg) and V is the total volume of spray suspension measured underneath the nozzle 

(mL). 

For every nozzle type, three repetitions were performed using the same nozzle.  

6.2.2 Droplet size and velocity characteristics 

Droplet spectra were measured with a PDPA laser (Phase Doppler Particle Analyser). The 

measuring protocol used has been described by Nuyttens et al. (2007a; 2009). The spray 

cloud was scanned on the horizontal long axis at 50 cm beneath the spray nozzle in 20 cm 

intervals (Fig. 6.4). The percentage of liquid by volume produced for each droplet size 

interval, the volume median diameter (VMD) and the vvol50 were determined. The VMD is 

commonly used to describe droplet size and provides an indication of the size of droplets 

produced in relation to the proportion of the total volume (Matthews, 2000). The vvol50 is the 
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vertical droplet velocity below which slower droplets constitute 50

(Nuyttens et al., 2009). 

The droplet spectra were measured with water and with a suspension of 2500 

and 0.01 g L
-1

 BSF as spray solution. For every nozzle type and spray suspension, three 

repetitions were performed usi

Fig. 6.4 Measuring positions of the PDPA laser in a spray cloud

6.2.3 Theoretical nematode 

Spray liquid distribution over the width of a spray boom 

height, and the single nozzle spray distribution. Ideally, the distribution of EPN beneath the 

spray boom should be uniform. According to the European standard EN 12761

specifies the requirements for design and performance of a field crop sprayer, a spray 

distribution is uniform if the coefficient of variation (CV) does not exceed 7% at one boom 

height and one pressure. T

distribution of EPN and BSF over

consisting out of 5 nozzles mounted at a distance of 0.50 m, using the measured single 

nozzle distribution pattern. 

approximately with the width of the measuring field described in Chapter 7 (Fig. 7.2).

6.2.4 Statistical analysis 

The experiments were statistically analys

USA). The calculated relative concentration data for BSF and 

vertical droplet velocity below which slower droplets constitute 50% of the total volume 

The droplet spectra were measured with water and with a suspension of 2500 

BSF as spray solution. For every nozzle type and spray suspension, three 

using three different nozzles. 

Fig. 6.4 Measuring positions of the PDPA laser in a spray cloud 

 

ematode distribution beneath a spray boom 

Spray liquid distribution over the width of a spray boom depends on nozzle spacing, boom 

ingle nozzle spray distribution. Ideally, the distribution of EPN beneath the 

spray boom should be uniform. According to the European standard EN 12761

specifies the requirements for design and performance of a field crop sprayer, a spray 

tion is uniform if the coefficient of variation (CV) does not exceed 7% at one boom 

The coefficient of variation was calculated 

over a width of 1.4 m, 0.50 m beneath a theoretical spray boom

consisting out of 5 nozzles mounted at a distance of 0.50 m, using the measured single 

 A width of 1.4 m was chosen because it corresponds 

approximately with the width of the measuring field described in Chapter 7 (Fig. 7.2).

iments were statistically analysed using Statistica (StatSoft, Statistica 8.0., Tulsa, 

USA). The calculated relative concentration data for BSF and EPN were analys

% of the total volume 

The droplet spectra were measured with water and with a suspension of 2500 S. feltiae mL
-1

 

BSF as spray solution. For every nozzle type and spray suspension, three 

 

on nozzle spacing, boom 

ingle nozzle spray distribution. Ideally, the distribution of EPN beneath the 

spray boom should be uniform. According to the European standard EN 12761-2, which 

specifies the requirements for design and performance of a field crop sprayer, a spray 

tion is uniform if the coefficient of variation (CV) does not exceed 7% at one boom 

he coefficient of variation was calculated based on the 
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nozzle separately by a factorial ANOVA with tracer (BSF, EPN) and position as fixed factors 

with an interaction term.  

The measurement of the droplet size spectra resulted in VMD and vvol50 values for different 

positions along the long horizontal axis of the spray fan. The effect of nozzle type and type of 

spray liquid (water or EPN-BSF suspension) on these parameters was analysed using a 

factorial ANOVA.  

Significant differences were assessed by Tukey’s post hoc test. A P-value < 0.05 was 

considered to be statistically significant. 

 

6.3 RESULTS 

6.3.1 Volumetric distribution pattern 

All nozzle types showed a similar or a narrower distribution of EPN compared with the 

chemical tracer BSF (Fig. 6.5). The difference between the distribution of BSF and EPN was 

very limited for the XR 110 08 and the TJ60 110 08 nozzle. For the XR 110 08 nozzle, only one 

of the 32 sampling positions revealed a significant difference in relative concentration. No 

significant differences were found for the TJ60 110 08 nozzle. For the AI 110 08 nozzle, 

significant differences were found in 14.8% of the sampling positions. The difference 

between the distribution pattern of nematodes and BSF was highest for the TT 110 08 

nozzle. Nematode distribution was clearly more concentrated in the center of the spray fan 

of this nozzle. At 50% of the sampling positions, a significant difference between relative BSF 

and EPN concentrations was measured. 
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Fig. 6.5 Concentration of Brilliant Sulfo Flavine (BSF) and entomopathogenic nematodes (EPN) relative to the 

concentration in the spray tank, measured 0.50 m beneath four different TeeJet nozzles at different horizontal 

positions along the longest axis of the spray fan, after spraying at 4.0 bar. 
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6.3.2 Droplet size and velocity characteristics 

The addition of nematodes and BSF in the spray tank did not affect the VMD (F1,280 = 2.21, P 

= 0.1385) nor the vvol50 (F1,280 = 1.75, P = 0.1870) of the spray, while nozzle type significantly 

affected both (VMD: F3,280 = 134.61, P < 0.000001) (vvol50: F3,280 = 47.67, P < 0.000001) (Table 

6.1).  

For the same nozzle size (ISO 08) and pressure (4.0 bar), the AI 110 08 nozzle produced a 

coarser spray compared with the other nozzles (Table 6.1, Fig. 6.6). The XR 110 08 and the TT 

110 08 nozzles produced a very similar spray, while the TJ60 110 08 nozzle produced the 

smallest droplets. The difference in VMD between the AI 110 08 and the other nozzles was 

significant for every position along the fan width (Fig. 6.7). In contrast, the difference 

between VMD of the XR 110 08, the TT 110 08 and the TJ60 110 08 nozzles was only 

significant in the close region below the center of the nozzle. Near the edges of the fans, i.e., 

more than 60 cm from the center, differences in VMD disappeared. 

The droplets produced by the TJ60 110 08 nozzle had the lowest speed. The speed of the 

droplets produced by the XR 110 08 nozzle was comparable to that of the AI 110 08 nozzle 

(Table 6.1). For all nozzles, except for the TJ60 110 08 nozzle, droplets had the highest speed 

in the region below the center of the nozzle (Fig. 6.8). Comparable to the VMD, differences 

in vvol50 disappeared more than 60 cm from the center of the fan. 

Table 6.1 Volume Median Diameter (VMD) (µm) (mean ± SE) and vertical droplet velocity below which slower 

droplets constitute 50% of the total spray volume (vvol50) (m s
-1

) (mean ± SE) for different TeeJet nozzles 

measured using water and a suspension of entomopathogenic nematodes and Brilliant Sulfo Flavine (EPN-BSF) 

at a pressure of 4.0 bar. Means followed by the same letter are not significantly different (P<0.05). 

 VMD vvol50 

Nozzle type Water EPN-BSF Water EPN-BSF 

XR 110 08 335.78 ± 5.22 a 352.52 ± 9.44 a 8.29 ± 0.57 e 8.33 ± 0.81 e 

AI 110 08 513.62 ± 5.49 d 522.18 ± 7.06 d 7.04 ± 0.39 e 6.87 ± 0.57 eg 

TT 110 08 314.45 ± 9.46 ab 308.03 ± 15.99 ab 5.24 ± 0.35 fg 3.71 ± 0.29 fh 

TJ60 110 08 244.70 ± 15.56 c 279.77 ± 24.40 bc 3.33 ± 0.18 h 3.18 ± 0.19 h 
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Fig. 6.6 Volumetric droplet size spectrum for different TeeJet nozzles measured with a PDPA laser using a 

suspension of entomopathogenic nematodes and Brilliant Sulfo Flavine at a pressure of 4.0 bar and by scanning 

along the horizontal long axis at 50 cm beneath the spray nozzle in 20 cm intervals. 

 

 

 

Fig. 6.7 Volume Median Diameter (VMD, µm) for different TeeJet nozzles at different horizontal positions within 

the spray fan, measured with a PDPA laser using a suspension of entomopathogenic nematodes and Brilliant 

Sulfo Flavine at a pressure of 4.0 bar.
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Fig. 6.8 Vertical droplet velocity below which slower droplets constitute 50% of the total spray volume (vvol50,    

m s
-1

) for different TeeJet nozzles at different horizontal positions within the spray fan, measured with a PDPA 

laser using a suspension of entomopathogenic nematodes and Brilliant Sulfo Flavine at a pressure of 4.0 bar. 

 

6.3.3 Theoretical nematode distribution beneath a spray boom 

The coefficient of variation varied between 3.64% for the distribution of BSF beneath a spray 

boom with TT 110 08 nozzles and 7.07% for the distribution of EPN beneath a spray boom 

with TJ60 110 08 nozzles (Table 6.2). For the XR 110 08 and the AI 110 08 nozzles, a lower 

coefficient of variation was calculated for the distribution of EPN compared with BSF. The 

opposite was found for the TT 110 08 and the TJ60 110 08 nozzles. 

 Table 6.2 Coefficient of variation (%) calculated based on the single nozzle distribution of Brilliant Sulfo Flavine 

(BSF) and entomopathogenic nematodes (EPN) over a width of 1.4 m beneath a theoretical spray boom with 5 

nozzles. 

Nozzle type BSF EPN 

XR 110 08 5.68 5.40 

AI 110 08 4.05 3.85 

TT 110 08 3.64 6.94 

TJ60 110 08 5.99 7.07 
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6.4 DISCUSSION 

Measurement of the volumetric distribution pattern revealed a significant effect of nozzle 

type on the distribution of S. feltiae beneath a spray nozzle. The differences between the 

nematode distribution and the distribution of the chemical tracer seem negligible for the flat 

fan and the TwinJet nozzle. Small differences were measured for the air induction nozzle, 

while a remarkable difference in EPN-BSF distribution was found for the deflector nozzle. 

The nematode concentration shows a sharp peak in the center of the spray cone and 

declines much faster toward the edges as compared with the BSF concentration. 

The addition of BSF and nematodes to the spray suspension did not result in different 

droplet spectra. Chapple (1999) stated that droplet size spectra can largely be ignored when 

applying nematodes: ‘The nematodes do not “queue up” at the edge of the sheet of liquid 

produced by the nozzle, but themselves act as the foci for drop production’. This is clearly 

not applicable for 08 or 04 nozzles (e.g., TwinJet 08 nozzle, which is composed of two 04 

spray fan (Fig. 6.9)). In current observations, the nematodes did not interfere with the spray 

formation. One can therefore assume that the nematodes that arrive at the break-up site 

are incorporated in a droplet that is produced as a result of the physical properties of the 

spray liquid. 

 

Fig. 6.9 Sketch of the spray fans produced by a TwinJet nozzle (Source: www.dultmeier.com). 

 

No correlation could be found between the droplet size or velocity characteristics and the 

high nematode concentration underneath the deflector nozzle (TT 110 08). In the center of 

the spray fan, the produced droplet sizes are in the same range as for the flat fan nozzle (XR 

110 08). The velocity of these droplets is intermediate between the velocity of the droplets 
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produced by the air induction and the TwinJet nozzle. At the edges of the spray fan, 

differences in droplet size between the flat fan, deflector and TwinJet nozzle disappear. 

Differences in droplet velocity disappear at the edges for all nozzle types. This means that 

the effect of nozzle type on the distribution of nematodes beneath a nozzle cannot be 

attributed to the different nozzle spectra. The reason for this effect should, therefore, be 

found prior to the spray formation process. 

No reports were found on the distribution of nematodes in a pressure-driven channel flow; 

studies on long-chain flexible polymers in this situation have received much more attention 

(Jendrejack et al., 2003; Chen et al., 2004; Jendrejack et al., 2004; Fang et al., 2005; Usta et 

al., 2005). The consensus of these studies is that flexible polymers in a pressure-driven 

channel flow, migrate away from the walls toward the center line, leading to the formation 

of a depletion layer (Saintillan et al., 2006). If this is also the case for nematodes, it could 

result in a higher concentration of nematodes in the center of the channel connected to the 

spray nozzle. In a deflector nozzle, a jet of liquid passes through a relatively large orifice and 

impinges at high velocity on a smooth surface at a high angle of incidence (Matthews, 2000). 

As no mixing occurs during passage through the nozzle, this could lead to higher nematode 

concentrations in the center of the nozzle’s spray cone. The internal shape of a fan nozzle 

causes liquid from a single direction to curve inwards, so the two streams of liquid meet at 

the exit orifice (Matthews, 2000) and results in the mixing of the spray suspension. This 

could explain the more uniform distribution of nematodes underneath the other nozzles. 

The measurement of volume distribution patterns for individual nozzles is important for 

assessing the variation in liquid volume and consequently the number of nematodes applied 

across the boom (Miller and Ellis, 2000). Ideally, the distribution of EPN beneath the spray 

boom should be uniform. An acceptable value for the coefficient of variation was found for 

all nozzles, except for the TwinJet nozzle where it was slightly above 7%. 

 

6.5 CONCLUSION 

The volumetric distribution pattern of EPN is influenced by nozzle type and can be different 

from the volumetric distribution pattern of a chemical compound. The spray overlap using a 

spray boom can reduce differences in nematode distribution to an acceptable level. 
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CHAPTER 7:  

EFFECT OF APPLICATION TECHNIQUE ON THE DEPOSITION OF 

ENTOMOPATHOGENIC NEMATODES IN VEGETABLES
7
 

 

 

 

7.1 INTRODUCTION 

The withdrawal of approval for agrochemicals on many horticultural crops within 

Europe and the forthcoming implementation of the Framework Directive on the sustainable 

use of pesticides (European Commission, 2009b) represents an increasing market 

opportunity for biopesticide products, including EPN in this sector. Effective control of insect 

pests using EPN requires more than judicious choice of the nematode species. The biological 

agent must also be delivered in a way that enables the nematodes to infect the host. 

Progress can be made in all areas, including optimizing existing application equipment. The 

optimization process needs to account for the particular requirements of the EPN species 

used, the target pest, and the crop (Wright et al., 2005). 

Present study investigates the effect of spray application equipment on the deposition of 

EPN in five pest control applications, viz. cabbage maggot (Delia radicum) and cabbage moth 

(Mamestra brassicae) in both cauliflower (Brassica oleracea var. botrytis) and savoy cabbage 

(Brassica oleracea var. sabauda) and onion thrips (Thrips tabaci) in leek (Allium porrum). The 

                                                      
7 This chapter has been compiled from: 

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

of spray application technique on the deposition of entomopathogenic nematodes in vegetables. 

Pest Management Science, submitted. 
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characteristics of these pests and studies on their control with EPN are discussed in Chapter 

4. 

In this study the nematode deposition (number of nematodes) and spray pattern 

(distribution of EPN in the droplets) using a 5-nozzle spray boom equipped with ISO 08 flat 

fan (TeeJet XR 110 08), air induction flat fan (TeeJet AI 110 08) and TwinJet spray nozzles 

(TeeJet TJ60 110 08) are compared. Two additional spray application systems, viz. air 

support and row application, are evaluated on their effectiveness to deliver nematodes to 

their target site. 

 

7.2 MATERIALS AND METHODS 

7.2.1 Experimental set-up 

Young plants (4-leaf stage) of cauliflower (Fig. 7.1) and savoy cabbage were planted in 

organic potting soil on a rolling bench with 70 cm and 50 cm inter- and intra-row distance, 

respectively (Fig. 7.2). On a second rolling bench, fully grown leek plants were planted with 

an inter-row distance of 65 cm and an intra-row distance of 10 cm. An overview of the 

deposition measurements performed is shown in Table 7.1. 

 

 

Fig. 7.1 Example of cauliflower plant used in the deposition experiments. 
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7.2.1.1 Steinernema feltiae 

Deposition of S. feltiae (Entonem) (Koppert B.V., Berkel en Rodenrijs, the Netherlands) was 

observed at the cabbage foot of 5 cauliflower and 5 savoy cabbage plants, using one Petri 

dish per plant with a diameter of 3.4 cm, filled with 3 mL of water (Fig. 7.2A). The Petri 

dishes (S1-S5 and C1-C5) were placed at the back side of the plants relative to the direction of 

the spray boom. This represents the worst-case position, where the nematode deposition 

will be minimal due to the sheltering of the plant. 

The deposition of S. feltiae was also measured in the shaft of 5 leek plants, using one leek 

leaf disk (diameter of 3 cm, L1-L5) per plant. The leaf disks were attached with a pin in the 

transition zone where the leaves in the shaft gradually change to pale green. 

Control measurements were performed using five empty Petri dishes (diameter of 3.4 cm) 

and five other dishes filled with 3 mL of water (Fig. 7.2A, P1-P5). These dishes were placed at 

the second part of the rolling bench containing the leek plants. They were put in pairs – one 

empty and one filled with water – in the shape of a cross with one axis parallel (in the same 

row as the central cabbage and leek plants) and the other perpendicular to the spray boom. 

The distance between the two central dishes and the others was 70 cm. 

7.2.1.2 Steinernema carpocapsae 

Deposition of S. carpocapsae (Nemasys) (Biobest, Westerlo, Belgium – Becker Underwood, 

Littlehampton, UK) was measured on five cabbage and five cauliflower plants using one 

savoy cabbage and one cauliflower leaf disk per plant, respectively (Fig. 7.2B, S1-S5 and C1-

C5). The leaf disks (diameter of 3 cm), were attached using pins on the underside of a 

randomly chosen leaf. 

Control measurements were performed using five empty Petri dishes (diameter of 3.4 cm) 

and five dishes filled with 3 mL of water (Fig. 7.2B). The dishes were placed on a second 

rolling bench. They were put in the same configuration as described in 7.2.1.1 Steinernema 

feltiae. 
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Table 7.1 Overview of the deposition measurements performed. 

Pest EPN Crop Collector Position
a 

Spray application technique 

     Standard 

spray boom
b 

Air support 

system
c 

Row application 

system
d 

cabbage moth S. carpocapsae cauliflower leaf disk underside leaf x x x 

  savoy cabbage leaf disk underside leaf x x x 

cabbage maggot S. feltiae cauliflower Petri dish foot of plant x x x 

  savoy cabbage Petri dish foot of plant x x x 

onion thrips S. feltiae leek leaf disk leek shaft x x - 

a Location of target pest and the sampling location 

b Standard spray boom equipped with XR 110 08, AI 110 08 and TJ60 110 08 nozzles at 4.0 bar,4 km h-1 and 1095 L ha-1 

c Air support system simulating the Hardi Twin air support system (Nuyttens et al., 2007b). Spray boom equipped with XR 110 08 nozzles at 4.0 

bar, 4 km h-1 and 1095 L ha-1 

d Row application systems with two side nozzle bodies equipped with XR 110 08 nozzle at 4.0 bar,5.8 km h-1 and 1095 L ha-1 

 



Deposition of EPN in vegetables 

69 

 

 

Fig. 7.2 Schematic representation of the experimental set-up used in the Steinernema feltiae (A) and 

Steinernema carpocapsae (B) experiment. 

 

7.2.2 Spray application 

Nematodes were applied using a greenhouse sprayer (Fig. 6.2) with a hydraulic agitation 

system connected with a 5-nozzle spray boom. The spray boom was mounted on a fully 

automated spray track (Foqué and Nuyttens, 2011), 50 cm above the cabbage and 

cauliflower plants (Fig. 7.3). 
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Fig. 7.3 Fully automated spray track. 

 

Approximately 30 min before every test, two packages of 50 million EPN were suspended in 

10 L of water before it was added to 20 L of water in the spray tank of a greenhouse sprayer 

(Fig. 6.2). The tank was then filled to a volume of 40 L to obtain a suspension of 

approximately 2500 EPN mL
-1

. Before every test, the tank suspension was homogenized 

during 5 min using the pump of the sprayer to ensure an equal distribution of EPN in the 

spray tank (see Chapter 5), after which a sample was taken at the top of the spray liquid. The 

greenhouse sprayer was then put into spraying mode. After one minute of stationary 

spraying, the spray boom was set into motion. The number of nematodes in the tank sample 

was counted microscopically in three 100 µL subsamples. 

7.2.2.1 Nozzle type 

Three nozzle types were tested at a spray pressure of 4.0 bar and a spray boom speed of 4 

km h
-1

: (1) an extended range standard flat fan XR 110 08 nozzle, (2) an air induction AI 110 

08 nozzle and (3) a TwinJet TJ60 110 08 nozzle (TeeJet, Springfield, USA) resulting in an 

estimated application rate of 1095 L ha
-1

 or 27 EPN cm
-2

. For every nozzle type and 

nematode species, three repetitions were conducted. The spray application with the XR 110 

08 nozzles was defined as the reference spray application technique. 
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7.2.2.2 Air support system 

The horizontal spray boom was equipped with an air support system simulating the Hardi 

Twin air support system (Nuyttens et al., 2007b). Three repetitions were performed using 

the XR 110 08 nozzle at a spray pressure of 4.0 bar and a spray boom speed of 4 km h
-1

. 

7.2.2.3 Row application system 

Two row application systems (TeeJet, Springfield, USA) were mounted on the spray boom 

above two crop rows. The two side nozzle bodies were equipped with an XR 110 08 nozzle at 

the end of the two metal arms. The central nozzle body was equipped with a shutoff cap. 

The angle between the arms was 90°. The spray boom height was adjusted resulting in a 

distance of 15 cm between the nozzles and the plants. Speed of the spray boom was 5.8    

km h
-1

 resulting in the same application rate as in the other experiments, i.e., approximately 

1095 L ha
-1

. The experimental set-up was slightly changed compared to the other 

experiments (Fig. 7.4). Four collectors were used per collector type, instead of five. Three 

repetitions were run. 

7.2.3 Nematode deposition 

After spraying, every leaf circle was carefully removed from the plant and put into a Petri 

dish filled with 3 mL of water; the control dishes filled with water were collected. The total 

number of nematodes in these dishes was counted microscopically. The relative deposition 

(RD, %) was calculated based on the theoretical maximum deposition that could be obtained 

in the Petri dishes using the following equation: 

100(%)
ca

s

n

RD =  (eq. 7.3) 

where n is the number of nematodes counted in the Petri dish, s is the surface area of the 

Petri dish (cm²), a is the application rate (mL cm
-2

) and c is the concentration of nematodes 

measured in the spray tank (mL
-1

). 
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Fig. 7.4 Schematic representation of the experimental set-up used in the Steinernema feltiae (A) and 

Steinernema carpocapsae (B) experiment using the row application system. 

 

7.2.4 Spray pattern 

The initial empty dishes were analysed after spraying using a self developed image 

processing system (Brusselman et al., 2010) (Appendix A). Based on image quality and 

maximum resolution, a single lens reflex (SLR) camera (Nikon D100 6 mega pixel, Melville, 

NY) equipped with a macro lens (Micro-Nikkor 60mm f/2.8D, Nikon, Melville, NY) was 

selected out of four different techniques compared in preliminary observations. The three 
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other techniques tested were a compound microscope in combination with a single lens 

reflex (SLR) camera, a stereo microscope with a charge-coupled device camera and a stereo 

microscope with a SLR camera. The camera was mounted at a distance of 21 cm between 

the lens and a glass plate on which a Petri dish can be placed (Fig. 7.5). A high-frequency ring 

lamp (CV-R11(OP-27454) Keyence, Osaka, Japan) radiating a neutral white colour was 

mounted under the glass plate allowing the IJ to be individually distinguished. 

 

Fig. 7.5 Set-up image processing system. 

 

With the time lapse function of the camera, a sequence of five images at 2-sec intervals was 

taken of all droplet spots on the Petri dish. The images were analysed using the freeware 

program ImageJ (Rasband, 2008). They were converted into 8-bit pictures and put together 

in a stack
8
. Displaying the five images in sequence allowed for the easy recognition of mobile 

nematodes. A grid was placed with area per point
9
 of 74272 pixels². A square of 4 by 4 grid 

units in the center of the image, corresponding with a surface of 1.96 cm², was used for the 

analysis. All droplet spots with a minimum of one EPN were cleared (turned white), all 

nematodes without surrounding water were counted (after dividing by 1.96 cm² = Z), than 

                                                      
8 ImageJ can display multiple spatially or temporally related images in a single window. These image 

sets are called stacks. 

9
 area of one grid unit  
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filled (turned black). Droplet spots without nematodes were also filled. After manually 

setting a threshold value, a particle analysis was performed, resulting in the number of 

droplet spots containing one or more nematodes (after dividing by 1.96 cm² = N), the mean 

size of these spots (S) and the surface fraction covered with droplet spots containing one or 

more nematodes (F) in an area of 1.96 cm². 

7.2.5 Statistical analysis 

The experiments were statistically analysed using Statistica (StatSoft, Statistica 8.0., Tulsa, 

USA).  

For S. feltiae, relative deposition was analysed using a factorial ANOVA with collector type 

(control Petri dish, Petri dish at foot savoy cabbage, Petri dish at foot cauliflower, leek leaf 

disk), collector position (1, 2, 3, 4 and 5) and nozzle type (XR 110 08, AI 110 08, TJ60 110 08) 

as fixed factors with an interaction term. The analysis was repeated after removing the 

outliers of the control Petri dishes at position 3. The effect of spray application technique 

(reference, air support system, row application system) on the relative deposition of S. 

feltiae was analysed for every collector type separately using a one-way ANOVA. 

For S. carpocapsae, relative deposition was analysed using a factorial ANOVA with collector 

type (control Petri dish, savoy cabbage leaf disk, cauliflower leaf disk), collector position (1, 

2, 3, 4 and 5) and nozzle type (XR 110 08, AI 110 08, TJ60 110 08) as fixed factors with an 

interaction term. The analysis was repeated after removing the outliers of the control Petri 

dishes at position 3. The effect of spray application technique (reference, air support system, 

row application system) on the relative deposition of S. carpocapsae was analysed for every 

collector type separately using a one-way ANOVA. 

The effect of nozzle type, nematode species and collector position on the parameters 

resulting from the image processing (Z, N, S and F) were analysed by a factorial ANOVA. A 

square root transformation was performed on Z and N to normalize the data. 

The effect of spray application technique and nematodes species on the parameters 

resulting from the image processing (Z, N, S and F) were analysed by a factorial ANOVA. The 

outliers of the control Petri dishes at position 3 for the reference and air support system 
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technique were removed before analysis. A square root transformation was performed on Z 

to normalize the data. 

Significant differences were assessed by Tukey’s post hoc test, except in cases where the 

Tukey’s post hoc test was not sensitive enough to detect the differences indicated by the 

factorial ANOVA. Instead, a Duncan test was used. A P-value < 0.05 was considered to be 

statistically significant. 

 

7.3 RESULTS 

7.3.1 Deposition of Steinernema feltiae 

7.3.1.1 Nozzle type 

The relative deposition of S. feltiae on the control Petri dishes was significantly influenced by 

collector position (F4,120 = 15.04, P < 0.000001). At position 3, a significantly higher deposition 

(109.65 ± 4.90%) was measured on the control Petri dishes compared to the other positions. 

The Petri dish at position 3 was situated at the end of the spray track. When the spraying 

machine was not turned off immediately after spraying, collectors at this position received 

more spray liquid than intended. The results of this position were therefore considered as 

outliers and removed for the analysis of the effect of nozzle type on relative deposition.  

Relative deposition was also significantly influenced by nozzle type (F2,150 = 4.12, P = 0.018) 

and collector type (F3,150 = 96.87, P < 0.000001) (Table 7.2). On the control Petri dishes, 

relative deposition was significantly higher with the air induction nozzle than with the flat 

fan nozzle. Relative deposition was significantly higher at the foot of cauliflower with the flat 

fan nozzle than with the TwinJet nozzle. No effect of nozzle type was detected on the 

relative deposition on the leek leaf disks and on the foot of the savoy cabbage. 

A comparable mean coverage at the savoy cabbage (59.75 ± 2.45%) and cauliflower foot 

(57.90 ± 2.69%) was measured. Relative deposition was significantly lower in the leek shaft 

(26.64 ± 1.93%). 
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Table 7.2 Relative deposition (%) (mean ± SE) of Steinernema feltiae observed on different collectors after 

spraying with standard spray boom equipped with different nozzle types. Means followed by the same lower or 

upper case letter are not significantly different (P<0.05). 

 XR 110 08 AI 110 08 TJ60 110 08 Mean 

Control Petri dish 76.88 ± 3.26 ed 88.43 ± 3.43 f 78.38 ± 3.44 ef 81.23 ± 2.08 C 

Leek leaf disk 29.91 ± 3.95 a 26.15 ± 2.99 a 23.17 ± 2.65 a 26.64 ± 1.93 A 

Foot savoy cabbage 56.96 ± 4.42 bc 66.32 ± 4.49 cd 55.04 ± 2.76 bc 59.75 ± 2.45 B 

Foot cauliflower 64.91 ± 4.67 c 57.32 ± 4.24 bc 49.86 ± 4.39 b 57.90 ± 2.69 B 

 

7.3.1.2 Spray application technique 

The air support and row application system improved the deposition of S. feltiae at the 

control Petri dish (F2,33 = 12.10, P = 0.000014) and at the savoy cabbage foot (F2,39 = 3.32, P = 

0.04662) compared with the reference application technique (spray boom equipped with XR 

110 08 nozzles) (Fig. 7.6). The mean relative deposition at the cauliflower foot increased with 

11.13% using the air support system and with 14.71% with the row application system; 

however, no significant difference could be proven (F2,39 = 2.97, P = 0.06310). A small (4.16%) 

but no significant positive effect of the air support system was found on the relative 

deposition in the leek shaft (F1,28 = 0.23, P = 0.6342). 

 

Fig. 7.6 Relative deposition (%) (mean ± SE) observed on different collector types after spraying Steinernema 

feltiae using different spray application techniques. The effect of spray application technique was analysed for 

every collector type separately. Bars carrying the same letter are not statistically different (P<0.05). 

a

c
d

f

b

c
e

f

b

c
e

0

20

40

60

80

100

120

Control Petri dish Petri dish at foot 

cauliflower

Petri dish at foot 

savoy cabbage

Leek leaf disk in 

leek shaft

R
e

la
ti

v
e

 d
e

p
o

si
ti

o
n

 (
%

)

Reference application technique

Air support system

Row application system



Deposition of EPN in vegetables 

77 

 

7.3.2 Deposition of Steinernema carpocapsae 

7.3.2.1 Nozzle type 

Collector position (F4,88 = 6.67, P = 0.000098) significantly influenced the relative deposition 

of S. carpocapsae on the control Petri dishes. On position 3, a significantly higher deposition 

(159.92 ± 23.74%) was measured on the control Petri dishes compared to the other 

positions. For the same reason as with the deposition of S. feltiae, the results of this position 

were considered as outliers and removed for the analysis of the effect of nozzle type on 

relative deposition. 

The effects of the collector type (F2,115 = 356.16, P < 0.000001) and the interaction collector 

type*nozzle type (F4,115 = 2.70, P = 0.034) were also statistically significant. On the control 

Petri dishes, relative deposition was significantly higher with the air induction nozzle than 

with the flat fan nozzle (Table 7.3). While on average 99.18% relative deposition was 

measured on the control Petri dishes, only 27.20% was observed on the bottom side of the 

savoy cabbage leaves. The relative deposition was even lower on the bottom side of the 

cauliflower leaves (2.64%). 

Table 7.3 Relative deposition (%) (mean ± SE) of Steinernema carpocapsae observed on different collectors after 

spraying with standard spray boom equipped with different nozzle types. Means followed by the same lower or 

upper case letter are not significantly different (P<0.05). 

 XR 110 08 AI 110 08 TJ60 110 08 Mean 

Control Petri dish 89.61 ± 1.70 d 107.56 ± 3.07 c 100.38 ± 4.34 cd 99.18 ± 2.20 C 

Savoy cabbage leaf disk 32.04 ± 9.64 b 20.36 ± 3.78 b 29.52 ± 5.56 b 27.20 ± 3.97 B 

Cauliflower leaf disk 2.60 ± 0.53 a 1.58 ± 0.28 a 3.73 ± 0.66 a 2.64 ± 0.32 A 

 

7.3.2.2 Spray application technique 

No significant differences in relative deposition of S. carpocapsae were observed either on 

the control Petri dish (F2,32 = 0.76, P = 0.4755) nor on the leaf disks on the bottom side of the 

savoy cabbage (F2,39 = 2.38, P = 0.1062) and the cauliflower (F2,39 = 3.01, P = 0.06105) (Fig. 

7.7). 
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Fig. 7.7 Relative deposition (%) (mean ± SE) observed on different collector types after spraying Steinernema 

carpocapsae using different spray application techniques. 

 

7.3.3 Spray pattern 

7.3.3.1 Nozzle type 

The number of nematodes found on the Petri dishes without surrounding water (Z) was not 

influenced by nozzle type (F2,54 = 0.24, P = 0.78) nor by the collector position (F4,54 = 0.042, P 

= 1.00), but differed between nematode species (F1,54 = 17.26, P = 0.00012). For S. 

carpocapsae, on average 2.4 EPN cm
-2

 were observed without surrounding water, while 

significantly fewer (1.1 EPN cm
-2

) individuals of S. feltiae were detected in this situation. 

Nozzle type significantly influenced the number of droplet spots containing one or more 

nematodes (N) (F2,54 = 14.59, P = 0.000009). The air induction nozzles produced significantly 

fewer droplet spots with nematodes (8.69 cm
-2

) compared with the flat fan (11.96 cm
-2

) and 

TwinJet nozzle (11.14 cm
-2

) (Fig. 7.8). 
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Fig. 7.8 Images (1.4 × 1.4 cm²) of a Petri dish sprayed with a standard spray boom, equipped with (from left to right): TeeJet XR 110 08, AI 110 08 and TJ60 110 08 nozzles at 

4 bar, 4 km h
-1 

and 1095 L ha
-1

. 



 

80 

 

Droplet spot size (S) was significantly influenced by Petri dish position (F4,54 = 5.66, P = 

0.00071). Significantly larger droplet spots were found at outlier position 3. Analysis was 

performed again after removing droplet spot size measurements at this position. Nozzle type 

significantly influenced droplet spot size (F2,43 = 13.81, P = 0.000023). The air induction 

nozzle produced significantly larger nematode containing droplet spots (10960 pixels
2
)
10

 as 

compared with the flat fan (7531 pixels
2
) and TwinJet nozzle (8257 pixels

2
) (Fig. 7.8). 

The fraction of the surface covered with droplet spots containing one or more nematodes (F) 

was significantly influenced by Petri dish position (F4,54 = 9.49, P = 0.000007). A significantly 

higher coverage was observed at position 3. Analysis was performed again after removing 

droplet spot size measurements at this position. Nozzle type significantly influenced F (Table 

7.4). Compared with the flat fan nozzle, the air induction nozzle covered a slightly but 

significantly higher fraction of the Petri dish surface. 

Table 7.4 Fraction of the Petri dish surface covered with droplet spots containing one or more infective juveniles 

of entomopathogenic nematodes for different TeeJet nozzle types (F, %). Means followed by the same letter are 

not significantly different (P<0.05). 

Nozzle type F 

XR 110 08 13.60 ± 0.51 a 

AI 110 08 15.82 ± 0.68 b 

TJ60 110 08 15.37 ± 0.88 ab 

 

7.3.3.2 Spray application technique 

The number of nematodes found on the Petri dishes without surrounding water (Z) was 

significantly affected by application technique (F2.61 = 25.77, P < 0.000001). Z was 

significantly lower for the row application system (0.23 cm
-2

) as compared with the 

reference technique (1.69 cm
-2

) and the air support system (1.68 cm
-2

).  

The effect of spray application technique on N, S and F depended on nematode species (Fig. 

7.9-7.11). Spraying with the row application system resulted in a higher number of droplet 

spots containing S. feltiae as compared with the reference spray technique (Fig. 7.9). Fewer 

                                                      
10 10000 pixels² ~ 0.0165 cm² 
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nematode droplet spots were counted after spraying S. carpocapsae with an air support 

system (Fig. 7.9). The row application system delivered nematodes (both species) in smaller 

sized droplet spots than with the air support system (Fig. 7.10). Compared with the 

reference technique, the row application system resulted in a significant decrease in F with 

S. carpocapsae (Fig. 7.11). 

 

Fig. 7.9 Number of droplet spots containing one or more nematodes (N, cm
-2

 ) (mean ± SE) for different spray 

application techniques as measured with different nematode species. Bars carrying the same letter are not 

significantly different (P<0.05). 

 

Fig.7.10 Size of droplet spots containing one or more nematodes (S, pixels²) (mean ± SE) for different spray 

application techniques as measured with different nematode species. Bars carrying the same letter are not 

significantly different (P<0.05). 10000 pixels² ~ 0.0165 cm² 
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Fig. 7.11 Surface fraction covered with droplet spots containing one or more nematodes (F, %) (mean ± SE)  for 

different spray application techniques as measured with different nematode species. Bars carrying the same 

letter are not significantly different (P<0.05). 

 

7.4 DISCUSSION 

The experiments clearly demonstrated the effect of spray application technique on the 

deposition and spray pattern of EPN. The application with commonly used standard spray 

boom equipment resulted in relatively low nematode deposition at the cabbage and 

cauliflower foot. The plants were young but their foliage already sheltered the nematode 

spray significantly; approximately 40% of the applied nematodes did not reach the foot of 

the plants. Changing nozzle type did not affect the deposition results, except for the TwinJet 

nozzle. A spray boom equipped with these dual fan nozzles delivered significantly fewer EPN 

at the foot of the cauliflower as compared with the flat fan nozzle. The more vertical 

orientation of the cauliflower leaves, compared to the more variable orientation of the 

savoy cabbage leaves, are probably responsible for the more pronounced differences in 

deposition after spraying with these nozzles in cauliflower. A TwinJet nozzle produces two 

angled spray cones oriented 60° forward and backward, while a flat fan nozzle has only one 

spray cone vertically directed to the ground. Based on these deposition results one can 

conclude that the vertical oriented spray cone penetrated the cauliflower plants better. The 

spray of the two angled spray cones of the TwinJet nozzle was intercepted better by the 

plants, resulting in higher deposits on the crop and consequently lower spray deposits on the 
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ground. This finding is in agreement with other studies (Elliott and Mann, 1997; Wolf TM and 

Caldwell BC, 2004; Jensen, 2007) and confirms the theory that droplets on an angled 

trajectory will more likely be retained on vertical surfaces (Gossen et al., 2008).  

The use of an air support system or a row application system improved nematode deposition 

at the foot of the savoy cabbage.  Although the difference in nematode deposition was not 

significantly different, a tendency to increased EPN deposition was also observed at the 

cauliflower foot. On average, nematode deposition was 12% higher after using the air 

support system. The row application system resulted on an average 15% increase of 

deposited nematodes. 

After spraying leek with a standard boom, a low nematode deposition was measured in the 

leek shaft. With this technique, only 7.3 EPN cm
-2

 reached the transition zone in the leek 

shaft. The air support system did not significantly increase the deposition, although a slight 

improvement was observed. 

With the standard boom spray application technique, relative nematode deposition on the 

bottom side of the savoy cabbage leaves was 27.20%, while only 2.64% of the applied 

nematodes reached the bottom side of the cauliflower leaves. Based on visual observations, 

it can be concluded that the young cauliflower leaves were much more difficult to wet than 

the young savoy cabbage leaves. Basu et al. (2002) studied the adhesion of water droplets 

on cauliflower and cabbage. Water droplets showed higher adhesion on cabbage leaves than 

on cauliflower leaves. Neither nozzle type nor application technique affected nematode 

deposition at the bottom side of the savoy cabbage or cauliflower leaves. 

Overall, no differences in nematode deposition were found at different sampling positions 

along the spray boom, thus an even nematode distribution was obtained underneath the 5-

nozzle spray boom. Relative deposition on the horizontal Petri dishes was significantly higher 

for the air induction nozzle as compared to the flat fan nozzle for both nematode species. 

This is probably because of the reduced rebounding effect of these droplets caused by both 

their lower speed (Nuyttens et al., 2007a; 2009) and the tendency of the air-filled droplets to 

collapse rather than rebound (Matthews, 2000). Using the TwinJet nozzle, an intermediate 

relative deposition was measured. 
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On the Petri dishes a significant number of nematodes was observed without surrounding 

water. Probably S. feltiae actively dispersed on the Petri dish to find water, while S. 

carpocapsae did not. The difference in desiccation survival strategy was reported earlier by 

Grewal (2002) in granulate formulations. S. feltiae showed desiccation avoidance behaviour, 

as they rapidly migrate out of the granules, whereas S. carpocapsae did not show any 

desiccation avoidance response (Grewal, 2002). The difference in response appears to be 

related to the foraging strategy of the nematodes. Steinernema carpocapsae is an ambusher 

that uses a ‘sit-and-wait’ strategy to find hosts, whereas S. feltiae has an intermediate 

(between ambusher and cruiser) foraging strategy (Lewis, 2002). 

The occurrence of nematodes without surrounding water confirms that nematodes do not 

interfere with the spray formation in large ISO 08 nozzles (Chapter 6). Lello et al. (1996) did 

not report about EPN deposited without water. Probably, the nematodes were always 

applied within droplets. Lello et al. (1996)  sprayed a similar S. carpocapsae suspension (2500 

EPN mL
-1

) using low output flat fan and full cone nozzles with ISO 02, 03 and 04 nozzle sizes 

and a comparable spray boom speed (3.6 km h
-1

). Further research should be conducted to 

investigate whether nematodes interfere with the spray formation in small sized ISO 02-04 

nozzles, or whether the higher number of droplets reduces the risk of applying nematodes 

without water. 

Nozzle type affected the nematode spray pattern. Air induction nozzles applied nematodes 

in fewer but larger droplets as compared with the flat fan and TwinJet nozzles. Probably, the 

coarser droplet size spectrum of the air induction nozzle (6.3.2 Droplet size and velocity 

characteristics) resulted in a different spray pattern. The Petri dish surface covered with 

nematode containing droplets was very low ranging from 13.6% for the standard flat fan 

nozzle up to 15.8% for the air induction nozzle. The air support and row application system 

were not able to improve the coverage of the Petri dish. 

 

7.5 CONCLUSION 

Entomopathogenic nematodes frequently do not reach their target sites using standard 

application techniques. Moreover, the nematodes that do reach their target are applied in 

droplets that cover only a small part of the treated surface. The use of adapted spray 
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application techniques that direct the spray to the target site are indispensable to increase 

chances for contact of EPN with their target and to result in a cost-effective and reliable 

application. Schroer et al. (2005a) stated that a better EPN distribution is not a matter of 

droplet size, but rather a matter of producing a viscous film layer. The use of a surfactant 

lowering the surface tension and a polymer increasing the viscosity improved nematode 

performance against P. xylostella significantly (Schroer and Ehlers, 2005). The performance 

of these adjuvants is, however, influenced by spray application technique (Beck et al., 2011). 
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CHAPTER 8:  

EFFECT OF SPRAY VOLUME ON THE DEPOSITION, VIABILITY AND 

INFECTIVITY OF ENTOMOPATHOGENIC NEMATODES IN A FOLIAR SPRAY 

ON VEGETABLES
11

 

 

 

 

8.1 INTRODUCTION 

The main objectives for spraying biological insecticides like EPN or chemical 

insecticides on foliage are comparable: optimizing contact with the target insect through 

optimal placement and sufficient coverage of the leaf surface (Wright et al., 2005). However, 

these objectives are more critical for EPN applications as the possibilities for the 

redistribution of the nematodes on the plant are very limited (Wright et al., 2005). This may 

result in difficulties to escape from desiccation (Begley, 1990) and ultraviolet radiation, both 

of which result in inactivation (Gaugler and Boush, 1978; Gaugler et al., 1992; Fujiie and 

Yokoyama, 1998). Spray volume can influence the amount of free water on the leaf surface 

(Lello et al., 1996) and subsequently the ability for EPN to move (Griffin et al., 2005). Lello et 

al. (1996) demonstrated that higher output nozzles give the best coverage or deposition of 

nematodes and better insect control in laboratory studies. In that study, the concentration 

of nematodes in the spray suspension was constant, which led to higher nematode 

                                                      
11

 This chapter has been compiled from: 

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

of spray volume on deposition, viability and infectivity of entomopathogenic nematodes in a foliar 

spray on vegetables. Pest Management Science, submitted. 
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application rates when spray volumes were increased. Consequently, no conclusions can be 

made from the results of Lello et al.(1996) on the effect of spray volume on the deposition of 

EPN on foliage.
 

In the previous experiments (Chapter 7), very low relative nematode deposition (27%) was 

measured in the leek shaft after spraying with a standard boom and a spray volume of 1095 

L ha
-1

. With the same application technique, the relative nematode deposition on the 

underside of the savoy cabbage leaves was 27%, while only 3% of the applied nematodes 

reached the underside of the cauliflower leaves. 

The aim of present study was to investigate the effect of spray volume, viz. 548, 730 and 

1095 L  ha
-1

 on the deposition, viability and infectivity of EPN against G. mellonella on savoy 

cabbage, cauliflower and leek. Leaf disks and filter paper disks, placed at different angles to 

the spray nozzle, were exposed to a nematode spray. This experimental set-up allowed to 

assess the influence of surface characteristics and spray volume on nematode deposition 

and efficacy against G. mellonella. 

 

8.2 MATERIALS AND METHODS 

8.2.1 Experimental set-up 

8.2.1.1 Steinernema feltiae 

A total of 24 leaf disks with a diameter of 3 cm were punched from leek leaves and placed in 

a clip. These disks were exposed in a 15° angle to the spray nozzle corresponding with a 

nearly vertical leaf position. To avoid deposition of nematodes on the underside of the disk, 

filter paper disks of the same size were attached to this side. To investigate the effect of 

surface characteristics of the sprayed surface on the deposition of nematodes, the underside 

of three filter paper disks was covered with a second filter paper and placed in clips as 

described above. This enabled the comparison between nematode deposition on top of a 

leek leaf and on top of a filter paper. 
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Control measurements were performed using three 3-cm filter paper disks and three 3-cm 

leek leaf disks placed in a clip at a 90° angle to the spray nozzle corresponding with a 

horizontal position. 

8.2.1.2 Steinernema carpocapsae 

Twenty-four savoy cabbage leaf disks and 24 cauliflower disks (all 3 cm in diameter) were 

punched from fully-grown leaves and placed in a clip located at a 45° angle to the spray 

nozzle. To avoid nematode deposition on the top side of the leaves, filter paper disks of the 

same size were attached to the front side of the leaf disks (Fig. 8.1). To investigate the effect 

of surface characteristics of the sprayed surface on the deposition of nematodes, the front 

side of three filter paper disks was covered with a second filter paper and placed in clips as 

described above. This enabled the comparison between the nematode deposition on the 

bottom of a savoy cabbage leaf, a cauliflower leaf and a filter paper. 

 

Fig. 8.1 Cabbage leaf disks in a clip at a 45° angle to the spray nozzle,  

covered with filter paper disks to the front side. 

 

Control measurements were performed using three filter paper disks, three savoy cabbage 

and three cauliflower leaf disks (all 3 cm in diameter) placed in a clip at a 90° angle to the 

spray nozzle corresponding with a horizontal position. 

8.2.2 Spray application 

Nematodes were applied using a greenhouse sprayer connected to a 5-nozzle spray boom 

equipped with extended range standard flat fan XR 110 08 nozzles (TeeJet, Springfield, USA) 
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(Fig. 6.2). The spray boom was mounted on a fully automated spray track (Fig. 7.3) (Foqué 

and Nuyttens, 2011), 50 cm above the clips. Spray volume was adjusted by adapting the 

speed of the spray boom from 4.0 to 8.0 km h
-1

; application rate was kept constant at 27 IJ 

cm
-2

 by adjusting the nematode concentration (Table 8.1). 

Table 8.1 Spray boom speed (km h
-1

) and nematode concentration (EPN mL
-1

) used in different spray volume     

(L ha
-1

) experiments. 

Spray volume  Spray boom speed EPN concentration in spray tank  

548 8.0 5000 

730 6.0 3750 

1095 4.0 2500 

 

Approximately 30 min before every test, two (1095 L ha
-1

), three (730  L ha
-1

) or four (548  L 

ha
-1

) packages of 50 million EPN were suspended in 10 L of water before adding them to 20 L 

water in the spray tank. Subsequently, the tank was filled to a volume of 40 L. Before every 

test, the sprayer’s pump was used during 5 min to homogenise the tank suspension and 

ensure an equal distribution of EPN in the spray tank (Chapter 5). After this homogenisation, 

a sample was taken from the top of the suspension in the spray tank. The greenhouse 

sprayer was then put into spraying mode. After one minute of stationary spraying, the spray 

boom was set into motion. The number of nematodes in the tank sample was counted under 

the dissecting microscope in three 100-µL subsamples. For every spray volume, three 

repetitions were performed. 

8.2.3 Nematode observations 

8.2.3.1 Deposition 

After spraying S. feltiae, three leek disks and three filter paper disks were removed from the 

clips placed at 15° and 90° and carefully transferred into a Petri dish filled with 3 mL water. 

After spraying S. carpocapsae, three disks of cauliflower, savoy cabbage and filter paper 

were removed from the clips placed at 45° and 90° and were put into a Petri dish filled with 

3 mL water. Just before analysis, the leaf disk was shaken through the water in the Petri dish 

to ensure nematode transfer from the leaf surface into the water. After removal of the leaf 

disk, the number of nematodes was counted under the microscope. The relative deposition 
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(RD, %) was calculated based on the theoretical maximum deposition that could be obtained 

using equation 7.3. 

8.2.3.2 Viability 

From each crop, twelve sprayed leaf disks were transferred from the clips (S. feltiae: leek 

disks placed at 15°; S. carpocapsae: cauliflower and savoy cabbage disks, both placed at 45°) 

to an empty Petri dish, keeping the sprayed side upwards. The disks were then transferred 

into an incubator at 24°C and 60% RH. After 60, 120, 180 and 240 min, three leaf disks of 

each crop were transferred into a Petri dish filled with 3 mL of water. The dishes containing 

the nematode suspension were kept refrigerated until analysis on the same day of the test. 

Just before analysis, the leaf disk was shaken through the water in the Petri dish to ensure 

nematode transfer from the leaf surface into the water. After removal of the leaf disk, the 

number of living and dead nematodes was counted under the microscope. Nematodes were 

considered dead if they did not respond to prodding. Nematode viability was calculated as 

the percentage of living nematodes. 

As a reference (0 min), nematode viability was counted in the Petri dishes containing the 

non-incubated leek disks placed at 15° and the cauliflower and savoy cabbage disks placed at 

45° that had been used for the deposition measurement. 

8.2.3.3 Infectivity 

From each crop, nine leaf disks were transferred from the clips (S. feltiae: leek disks placed 

at 15°, S. carpocapsae: cauliflower and savoy cabbage disks placed at 45°) to an empty Petri 

dish, keeping the sprayed side up. Immediately after spraying and after 120 and 240 min of 

incubation at 24°C and 60% RH, three G. mellonella third instar larvae were transferred to 

each of three Petri dishes and sealed with Parafilm to minimize evaporation. As a control, 

three G. mellonella larvae were transferred to each of three Petri dishes filled with an 

untreated leaf disk immediately after spraying and after 120 and 240 min of incubation at 

24°C and 60% RH. 

All plates were incubated at 24°C. Dead G. mellonella larvae were counted after 168 h. The 

infectivity was calculated using Schneider-Orelli’s formula (eq. 5.1) (Püntener, 1981). 
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8.2.4 Statistical analysis 

The experiments were statistically analysed using Statistica (StatSoft, Statistica 8.0., Tulsa, 

USA). For S. feltiae, relative deposition was analysed using a factorial ANOVA with volume 

(548, 730, 1095 L ha
-1

) and collector type (filter paper disk, leek leaf disk) as fixed factors 

with an interaction term. For S. carpocapsae, relative deposition was analysed using a 

factorial ANOVA with volume (548, 730, 1095 L ha
-1

) and collector type (filter paper disk, 

savoy cabbage leaf disk, cauliflower leaf disk) as fixed factors with an interaction term. 

Relative viability of S. feltiae was analysed using a factorial ANOVA with volume (548, 730, 

1095 L ha
-1

) and time (0, 60, 120, 180, 240 min) as fixed factors with an interaction term. The 

effect of spray volume on the infectivity of both S. feltiae and S. carpocapsae immediately 

after spraying, was analysed using a one-way ANOVA. The effect of incubation time and 

spray volume was studied using a factorial ANOVA. 

Significant differences were assessed by Tukey’s post hoc test, except in those cases where 

the Tukey’s post hoc test was not sensitive enough to detect the differences indicated by the 

factorial ANOVA. In those cases, a Duncan test was used instead. A P-value < 0.05 was 

considered to be statistically significant. 

The effect of spray volume on the number living nematodes was analysed using a Kruskal-

Wallis test for every sampling time separately. 

 

8.3 RESULTS 

8.3.1 Deposition 

8.3.1.1 Steinernema feltiae 

Relative deposition of S. feltiae observed on the horizontally-positioned
12

 control filter paper 

and leek disks was not influenced by the spray volume (F2,47 = 0.049, P = 0.9519), nor by the 

collector type (F1,47 = 0.083, P = 0.7751). On average, 56 ± 16 % relative deposition was 

measured on these horizontally-positioned collectors. 

                                                      
12  90° angle to the spray nozzle 
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Spray volume (F2,45 = 6.27, P = 0.003969) and collector type (filter paper, leek leaf) (F1,45 = 

11.79, P = 0.001291)  significantly affected relative deposition on filter paper and leek leaf 

disks placed at a 15° angle (Fig. 8.2). Increasing spray volume did not significantly affect 

relative deposition on the filter paper disks placed at 15°, but did decrease nematode 

deposition on leek leaf disks. Spraying with a volume of 1095 L ha
-1

 resulted in a lower 

nematode deposition on leek leaf disks compared with filter paper disks; this difference was 

not observed for the lower spray volumes. 

 

Figure 8.2 Relative deposition of Steinernema feltiae (%) (mean ± SE) on different collector types exposed in a 

15° angle to the spray nozzle, after spraying different spray volumes (L ha
-1

). Bars carrying the same letter are 

not statistically different (P<0.05). 

8.3.1.2 Steinernema carpocapsae 

Collector type (F2,70 = 13.71, P = 0.000009) and spray volume (F2,70 = 3.66, P = 0.0308) 

significantly influenced relative deposition of S. carpocapsae on the horizontally-positioned 

collectors (Fig. 8.3). Spraying a spray volume of 548 and 730 L ha
-1

 resulted in greater 

nematode deposition on filter paper disks compared with savoy and cauliflower leaf disks. 

Nematode deposition on filter paper disks decreased significantly after spraying a spray 

volume of 1095 L ha
-1

, although relative deposition was still higher compared with 

deposition on savoy cabbage leaf disks. No significant effect of spray volume nor collector 

type was observed on the relative deposition of S. carpocapsae on the horizontally-

positioned cauliflower and savoy cabbage leaf disks (Fig. 8.3). 
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Figure 8.3 Relative deposition of Steinernema carpocapsae (%) (mean ± SE) on different collector types exposed 

in a 90° angle to the spray nozzle, after spraying different spray volumes (L ha
-1

). Bars carrying the same letter 

are not statistically different (P<0.05). 

 

Relative deposition on the underside of the 45° angled collectors was significantly influenced 

by collector type (F2,69 = 9.92, P = 0.000163) but not by spray volume (F2,69 = 0.84, P = 

0.4361). On the cauliflower leaf disks and the filter paper disks, a similar relative deposition 

was measured (2%). A significantly higher deposition (4%) was observed on the savoy 

cabbage leaf disks. 

8.3.2 Viability 

Relative viability of S. feltiae decreased significantly (F4,120 = 125.16, P < 0.000001) during 

incubation, viz. from 99.94% immediately after spraying to 16.63% after 240 min of 

incubation (Fig. 8.4). Spray volume did not affect relative viability (F2,120 = 1.33, P = 0.2662). 

The number of living S. feltiae nematodes observed on the leek disks varied on average from 

3 to 59, depending on incubation time and spray volume (Table 8.2). After 60 min of 

incubation a significant lower number of living S. feltiae nematodes was observed on the 

control disks after spraying 1095 L ha
-1

 compared with 548 L ha
-1

. 

Due to the low number of S. carpocapsae deposited on the savoy cabbage and cauliflower 

leaves, no statistical analysis could be conducted on the viability observations. The number 

of living S. carpocapsae varied on average from 0 to 4 on the cauliflower leaf disks (Table 
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8.3) and from 0 to 9 on the savoy cabbage leaf disks (Table 8.4). No significant effect of spray 

volume was found on the number of living nematodes. 

 

Figure 8.4 Relative viability (%) (mean ± SE) of Steinernema feltiae sprayed with different volumes (L ha
-1

) on 

leek leaf disks after different incubation times at 24°C and 60% RH. 

 

 

Table 8.2 Number of living Steinernema feltiae (mean ± SE) observed on leek leaf disks after spraying with 

different volumes (L ha
-1

) and incubation time (min) at 24°C and 60% RH. Means followed by the same letter are 

not statistically different (P<0.05). Analysis was performed for every incubation time separately. 

Incubation time 

Spray volume 

548 730 1095 

0 59 ± 6 b 46 ± 5 ab 32 ± 3 a 

60 21 ± 4 d 10 ± 2 cd 9 ± 3 c 

120 11 ± 4 e 10 ± 3 e 5 ± 1 e 

180 8 ± 3 f 3 ± 1 f 3 ± 1 f 

240 9 ± 3 g 6 ± 2 g 3 ± 1 g 
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Table 8.3 Number of living Steinernema carpocapsae (mean ± SE) observed on cauliflower leaf disks after 

spraying with different volumes (L ha
-1

) and incubation (min) at 24°C and 60% RH. 

Incubation time 

Spray volume 

548 730 1095 

0 2 ± 0 3 ± 1 4 ± 2 

60 3 ± 1 0 1 ± 1 

120 0 0 1 ± 0 

180 0 0 0 

240 0 0 0 

 

Table 8.4 Number of living Steinernema carpocapsae (mean ± SE) observed on savoy cabbage leaf disks after 

spraying with different spray (L ha
-1

) and incubation (min) at 24°C and 60% RH. 

Incubation time 

Spray volume 

548 730 1095 

0 8 ± 1 9 ± 2 6 ± 2 

60 6 ± 2 5 ± 1 3 ± 1 

120 3 ± 1 3 ± 1 3 ± 1 

180 0 0 2 ± 1 

240 0 0 1 ± 1 

 

8.3.3 Infectivity 

Infectivity of S. feltiae on leek leaf disks was significantly affected by spray volume (F2,60 = 

10.90, P = 0.000092), incubation time (F2,60 = 16.54, P = 0.000002) and the interaction spray 

volume*incubation time (F4,60 = 2.94, P = 0.0277) (Fig. 8.5). Without incubation (incubation 

time = 0 min), a comparable infectivity was observed for all spray volumes (89.93 ± 15.03%). 

After 4h of incubation, a significantly greater infectivity was observed for the 1095 L ha
-1

 

treatment, compared with the 548 L ha
-1 

treatment (Fig. 8.5). 

The infectivity of S. carpocapsae on savoy cabbage was significantly influenced by spray 

volume (F2,54 = 6.57, P = 0.002793) and the interaction spray volume*incubation time (F4,54 = 
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3.39, P = 0.01516) (Fig. 8.6). Incubation during 240 min significantly decreased infectivity 

after spraying with the lowest spray volume (548 L ha
-1

). 

Spray volume (F2,72 = 6.04, P = 0.003758) also significantly affected infectivity of S. 

carpocapsae on cauliflower. Infectivity increased significantly with spray volume. Infectivity 

was significantly higher for the 1095 L ha
-1

 treatment (33.60 ± 7.13%), compared with the 

lowest spray volume treatment (548 L ha
-1

) (7.56 ± 3.31%). Incubation time did not 

significantly affect infectivity (F2,72 = 0.5762, P = 0.5646). 

 

Fig. 8.5 Infectivity (%) (mean ± SE) of Steinernema feltiae sprayed on leek leaf disks with different spray volumes 

(L ha
-1

), after incubation at 24°C and 60% RH. Bars carrying the same letter are not statistically different 

(P<0.05). 

 

Fig. 8.6 Infectivity (%) (mean ± SE) of Steinernema carpocapsae sprayed on savoy cabbage leaf disks with 

different spray volumes (L ha
-1

), after incubation at 24°C and 60% RH. Bars carrying the same letter are not 

statistically different (P<0.05). 
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8.4 DISCUSSION 

The above described experiments have shown that spray volume clearly affects deposition 

and infectivity of foliar sprayed EPN, depending on the crop type and leaf angle. The 

deposition of S. feltiae on horizontally-positioned leek disks and filter paper disks was 

similar, and was not affected by spray volume. On average, 56% relative deposition was 

measured on these horizontal collectors. This indicates that almost half of the applied 

nematodes could not be captured and retained by the collectors. The application of foliar 

sprays is a complex process that occurs in several steps: after spray atomization, the droplets 

travel to the plant surface where they can impact on leaves and be retained (Reichard et al., 

1998). The loss of nematodes on horizontal leek and filter paper disks can be attributed to 

either the impact or the retention on the surface, or both. Droplet capture increases with 

increasing droplet size and droplet velocity relative to the obstacle (Matthews, 2000). Very 

small droplets almost exactly follow the curved paths of the air molecules flowing around 

the encountered obstacle. In contrast, big droplets are too slow to move from their initial 

path when the air changes direction and they collide with the obstacle (Spillman, 1984). 

Upon droplet impact with the leaf disk, it may deposit on the surface, bounce or splash 

(Caviezel et al., 2008). Whether a droplet is retained or reflected by the plant surface is a 

function of the properties of the spray solution (surface tension and viscosity), the droplet 

characteristics (droplet size and velocity), the surface morphology (degree of pubescence, 

venation, fine structure) and the chemistry of surface functional groups of the target 

surface. In this experiment, half of the nematodes were lost due to the failure to collect 

small droplets during impact or to the loss of large droplets because of rebounding and 

splashing after impact, or both. 

Spray volume significantly affected the deposition of S. feltiae on the leek disks placed at 

15°. Only 23% of the applied nematodes were recovered on the leek disks after spraying 

with a spray volume of 1095 L ha
-1

. The high loss of nematodes could be attributed to the 

low capture efficacy of the leek disks, to the poor retention and adhesion of the nematode 

containing droplets, or to both. The efficacy of droplet capture depends upon the position of 

the target surface to the droplets. Droplet capture is highest when the target is 

perpendicular to the droplet trajectory (Spillman, 1984). Decreasing spray boom speed to 

obtain higher spray volumes probably resulted in more vertically orientated droplet 
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trajectories, leading to smaller impact angles with the leek disks. Once a droplet is retained 

after impact, it is likely to be immobile unless either the leaf surface is accelerated strongly 

(conditions not prevailing in the laboratory) or the surface becomes saturated so that run-off 

occurs. The latter happens when the contact areas of the droplets overlap (Spillman, 1984). 

The high spray volume probably caused run-off from the leek disks. 

The spray volume had no effect on the filter paper disks placed at 15°. The absorbing 

capacity of filter paper most probably reduced or eliminated the run-off compared with the 

leek disks. Droplets are also more likely to bounce of a smooth surface than from a rough 

one (Spillman, 1984). However, at 548 and 730 L ha
-1

, no significant decrease in nematode 

deposition on leek disks was found as compared with filter paper disks. Differences in 

bouncing therefore probably had less influence on deposition than run-off. 

In contrast with S. feltiae, spray volume influenced deposition of S. carpocapsae on 

horizontally positioned filter paper disks. A significant decrease in nematode deposition was 

observed at 1095 L ha
-1

. This difference can only be attributed to the difference in nematode 

product used. Results described in previous chapter prove that S. carpocapsae is distributed 

in more numerous but smaller droplets (Fig 7.9 and 7.10). We assume that these small 

droplets were more difficult to be captured by the filter paper disks. Increasing the spray 

volume resulted in higher droplet densities, which contained a higher percentage of droplets 

filled with nematodes than with the low spray volume application. This can explain the lower 

nematode deposition of S. carpocapsae at 1095 L ha
-1

. 

Deposition on the upper side of horizontal cauliflower and cabbage disks was not influenced 

by spray volume, but was on average lower than on the filter paper disks, except for the 

highest spray volume. Cabbage leaves possess very low affinity for water (Basu et al., 2002), 

which probably resulted in a higher number of spray drops rebounding, as compared with 

filter paper disks. 

Very low nematode deposition was measured on the underside of the disks placed at 45°. 

Spray volume did not influence the deposition of S. carpocapsae; however, differences in 

deposition were observed on different collector types. The surface protuberances of savoy 

cabbage clearly had a higher capture efficiency for the small air carried droplets, which are 

the only droplets able to reach the bottom side of the disks (Spillman, 1984). 
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Exposure of S. feltiae on leek resulted in a rapid decline in viability from 99.94 ± 2.19% to 

36.80 ± 3.61% during the first hour after application. After that period, viability decreased 

moderately and eventually stabilized after 180 min. Lowering spray volume did not adversely 

affect the survival of the nematodes on the leek disk. 

The greater deposition of S. feltiae on the leek disks with the low volume application (548 L 

ha
-1

) did not result in higher infectivity. On the contrary, infectivity of the nematodes applied 

with this volume decreased with increasing exposure time, while this was not the case in the 

highest volume. Although the number of living nematodes observed after 240 min of 

exposure was not significantly different between the low volume application and the high 

volume application, a greater infectivity was obtained in the latter application. The higher 

number of droplets deposited on the leek disks in the high volume application probably 

stimulated the nematodes’ movement and consequently enhanced infectivity. 

Despite the low deposition of S. carpocapsae on the underside of the savoy cabbage disks, 

high infectivity was obtained against G. mellonella. Using the lowest spray volume, infectivity 

decreased with increasing exposure time, while infectivity was not affected by exposure 

time when a spray volume of 730 L ha
-1

 or more was used. Despite the absence of living 

nematodes observed on the cauliflower disks after 240 min, infection of larvae was still 

obtained. We therefore assume that nematode viability was underestimated. The 

nematodes exposed to desiccation stress were probably unable to resume activity 

immediately after rehydration (Barrett, 1991; Womersley et al., 1998; Wharton and Aalders, 

1999) and therefore were wrongly counted as dead nematodes. Glazer (1992) observed that 

movement of S. carpocapsae on bean leaves ceased after 45-60 min of exposure at 60% RH 

whilst the nematode body shrank. However, nematode pathogenicity remained almost 

unaltered up to 4h of exposure, resulting in 75% mortality of Spodoptera littoralis larvae. 

This observation supports the assumption of desiccation stress. 

 

8.5 CONCLUSION 

These experiments have proven that spray volume is an important parameter when applying 

EPN because it can affect nematode infectivity. Since the morphology of the investigated 
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plants can affect the influence of spray volume on both deposition and infectivity, future 

research should investigate the effect of spray volume in the field. 

The use of adjuvants that lower the surface tension and enhance binding properties are 

recommended to improve nematode efficacy, especially when they are applied on waxy 

surfaces such as cabbage plants (Beck, unpublished results) (Schroer et al., 2005a). Spray 

volume will probably influence the effect of these adjuvants. This should also be investigated 

further. 
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CHAPTER 9: GENERAL CONCLUSIONS, RECOMMENDATIONS AND 

FUTURE RESEARCH 

 

 

 

Entomopathogenic nematodes are exceptionally safe biocontrol agents (Ehlers, 

2005). Since the first use of the EPN against grubs of the Japanese beetle (Glaser and Farrell, 

1935), not even minor damages caused to the environment have been recorded (Ehlers, 

2005). Application of EPN is safe to the user, production personnel and to the consumers of 

agriculture products treated with them (Ehlers and Hokkanen (1996) cited by Ehlers (2005)). 

The benefits of using EPN compared with those of broad spectrum insecticides are various 

and important: reduced impact on non-target insects, safety for applicators, no re-entry 

interval and no risk of resistance. Unfortunately, nematodes are underutilized in pest control 

programmes because these benefits are less apparent when simply comparing efficacy and 

labour costs (Grewal et al., 2005). 

As reviewed in Chapter 3, laboratory experiments investigated the possible detrimental 

effects of application equipment and resulted in some rules of thumb to be considered, e.g., 

spray liquid temperature, nozzle size and pressure. Field experiments comparing different 

application techniques, proved that the delivery of nematodes as close as possible to the 

target pest is one of the key factors determining the success of pest control.  

The aim of this dissertation was to enhance the knowledge on the effect of spray application 

technique on EPN applied in vegetables. The spray application process was screened 

systematically for its detrimental or efficacy reducing effects. Research was started by 

investigating two important aspects of the spray application process, i.e., agitation (Chapter 

5) and spray formation (Chapter 6) and was carried on into more practical oriented 

experiments using three model pests in vegetables (Chapter 7 and 8). The nematode species 

were selected on the basis of their suitability to control the particular insect; the position of 
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deposition measurements was identified on the basis of the occurrence of the pest (Chapter 

4). 

The most important conclusions based on the studies performed in this dissertation are 

discussed using several key questions. 

 

9.1 CAN AGITATION AFFECT NEMATODE EFFICACY? 

Hydraulic agitation of the nematode suspension, which is indispensable to keep the 

nematodes suspended (Peters and Backes, 2003; Wright et al., 2005; Schroer et al., 2005a), 

can affect nematode efficacy in several ways. Nematodes can be damaged in the commonly 

used hydraulic agitation systems due to numerous passes through the sprayer’s pump 

(Nilsson and Gripwall, 1999; Łączyński et al., 2007). While Łączyński et al. (2007) suggested 

that both mechanical damage and temperature increase are responsible for damage to H. 

bacteriophora, this study showed that damage to S. carpocapsae is caused indirectly by the 

high temperatures in the spray tank, rather than directly by the passage through the pump. 

As confirmed by, e.g., Wright et al. (2005) and Fife et al. (2007) the centrifugal pump causes 

a fast temperature increase in the nematode suspension and should therefore not be used 

to apply EPN. The diaphragm pump, however, generates a much slower temperature 

increase and is therefore better suited to agitate a nematode suspension. Still, attention 

should be paid to the temperature increase in the spray tank, especially at the end of the 

application when only a small amount of spray liquid remains and temperature can rise very 

fast. Large spray volumes can provide a heat sink in the spray tank, moderating temperature 

rise (Wright et al., 2005; Fife et al., 2007), hydraulic sprayers should therefore only be used 

to apply large volumes of nematode suspensions. Preparing slightly higher volumes of 

nematode suspensions than actually needed, can prevent very low spray liquid volumes and 

hot nematodes suspensions at the end of the application; this could be recommended to 

growers applying EPN with hydraulic sprayers. 

Current and former research provide evidence that nematode damage is strongly related to 

the temperature of the spray liquid in the spray tank. Unfortunately, it is impossible to 

define a single critical temperature as a rule of thumb for growers, since this temperature 

depends on the nematode species (Glazer et al., 1993; Glazer, 1996; Shapiro-Ilan et al., 1996; 



General conclusions, recommendations and future work 

105 

 

Somasekhar et al., 2002; Grewal, 2002) and, most probably also on the rate of temperature 

increase (Fife et al., 2007). 

Former research focused on the possible detrimental effects of agitation on EPN, this 

research, however, reveals two other possible bottlenecks. Current results emphasize the 

importance of checking spray application systems before use for possible loss of nematodes 

in the spray system and for the capacity of the agitation system to keep the nematodes 

suspended.  

In general, the experiments clearly demonstrated that systems developed to agitate a 

chemical solution are not always suited to agitate a nematode suspension and therefore can 

reduce efficacy of EPN applications. 

 

9.2 ARE NEMATODES APPLIED UNIFORMLY BENEATH A NOZZLE AND A SPRAY BOOM? 

This research was the first to report on the volumetric distribution of EPN in a spray. The 

remarkable difference between nematode distribution and the distribution of a chemical 

substance underneath the deflector nozzle draws the attention. Spray applications with a 

single deflector nozzle can result in an uneven nematode distribution and hence in a bad 

application. Additional research is recommended to investigate the distribution beneath 

nozzles used for applications with a single nozzle like those using spray lances. 

An acceptable variation in number of nematodes deposited beneath a spray boom was 

observed, even if the distribution beneath a single nozzle was aggregated in the centre of 

the spray. Aiming at an overlap of spray fans produced by individual nozzles in order to 

achieve a uniform distribution in chemical applications also appears to be a valid strategy to 

obtain a uniform distribution of EPN. 

 

9.3 HOW ARE NEMATODES DISTRIBUTED IN DROPLETS PRODUCED BY SPRAY NOZZLES? 

While the number of EPN deposited across the spray boom is more or less uniform, the 

distribution of the nematodes within the deposited droplets clearly is not. The non-uniform 

distribution within droplets results in a poor coverage of the sprayed surfaces. In this 
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research, a maximum coverage of only 16% of a Petri dish surface was observed after 

spraying 27 EPN cm
-2

 at 1095 L ha
-1

. This result shows that EPN applications on foliage will 

need suitable adjuvants to increase the chances for contact between the nematode and the 

target pest. These adjuvants should lower the surface tension of the liquid, producing a 

viscous film layer on the leaf instead of separate droplets. In the past, a formulation with a 

surfactant (0.3% Rimulgan) and a polymer (0.3% xanthan gum) decreased spray liquid run-

off and raised EPN efficacy against diamondback moth larvae on cabbage (Schroer et al., 

2005a). The authors observed that after spraying with these formulation EPN could move 

freely on the foliage; while sprayed in water, the nematodes were captured in droplets 

(Schroer et al., 2005a). The impact of adjuvants on nematode efficacy is, however, 

dependent on several interacting factors including insect characteristics (e.g., feeding 

habitat, intensity of movement on substrate), host plant (e.g., waxy or non-waxy surface) 

and method of application (Mason et al., 1998a; Beck et al., 2011). The interaction between 

adjuvant and application method should therefore be tested in the field on a specific crop 

and pest. 

Nozzle type clearly affects the nematode spray pattern. Nozzles producing coarser sprays 

deposit nematodes in a more aggregated pattern, and in less, but larger, droplets. Currently, 

it is not clear whether differences in spray pattern significantly influence insect control in the 

field or not. This should be investigated further. 

 

9.4 HOW EFFICIENTLY CAN STANDARD SPRAY EQUIPMENT DEPOSIT EPN IN A LEEK SHAFT, AT 

THE CABBAGE FOOT OR AT THE UNDERSIDE OF CABBAGE LEAVES? 

The number of nematodes deposited on leaves or soil depends on the number of nematode-

containing droplets reaching their target and remaining on it after impact. Overall, the 

experiments showed that a standard spray application technique using a spray boom, is not 

suited to apply nematodes at the cabbage foot, the underside of cabbage leaves or in a leek 

shaft since large losses of nematodes occur.  

However, the experiments described in Chapter 7 showed that adaptations to the spray 

application technique, like the use of air assistance or a row application system, can enhance 

the number of nematodes reaching the cabbage foot of young cabbage plants. Reaching 
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thrips in the leek shaft or caterpillars on the underside of cabbage leaves seems very difficult 

even with the adjusted spray application techniques tested. To avoid high nematode losses 

during these applications and hence improve nematode efficacy, other adaptations to the 

spray application technique should be tested. It might be possible to optimize deposition of 

nematodes in a leek shaft by band spray application techniques. Adjustments to the row 

application system or the use of droplegs to reach the underside of cabbage leaves are 

worth being tested. 

 

9.5 CAN SPRAY VOLUME AFFECT NEMATODE EFFICACY IN FOLIAR APPLICATIONS? 

In the past, information on the effect of spray volume on nematode efficacy in foliar 

applications was restricted to case-studies (e.g., Kaya (1986), Wardlow et al. (2001), Georgis 

et al. (2006)). This first in-depth study on the subject showed an important effect of spray 

volume on the efficacy of foliar applied nematodes. Higher spray volume led to higher 

nematode losses due to run-off and bouncing droplets. However, the low number of the 

captured nematodes resulted in higher nematode infectivity. More in depth research is 

necessary on the behaviour of nematodes in droplets desiccating on a leaf surface in the 

presence of the target insect. Several questions arise. Are the nematodes able to escape 

from desiccating droplets? How far can they move on the leaf surface? The answers to these 

questions could help to select optimum droplet characteristics and hence nozzle size and 

spray pressure. 

Spray volume will possibly influence the effect of adjuvants recommended for foliar EPN 

applications. Future research should investigate the effect of spray volume on the infectivity 

of EPN and the possible interaction between spray volume and adjuvants in field crops. 

 

9.6 GENERAL CONCLUSION AND RECOMMENDATIONS 

The results of this research confirm that the technique used for the spray application can 

have severe efficacy reducing effects on EPN thereby reducing their efficacy. These effects 

can be observed in the different steps of the application process and vary from nematode 
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death, loss of nematodes and problems to keep the nematodes suspended in the spray tank 

to difficulties to reach the target pest and covering the target site evenly. 

These results allow me to appeal for a clear and detailed description of the application 

technique used in all future research papers on the subject. Additionally, sampling of the 

nematode suspension in the spray tank before and after every application and an evaluation 

of the nematode distribution on the target is recommended. 

The application of chemical insecticides is known to be very inefficient since only small 

amounts of the applied product reaches the insect, but eventually results in acceptable pest 

control due to the high persistence of the chemicals. Entomopathogenic nematodes, 

however, have low persistence on exposed surfaces and are currently too expensive to be 

applied in excessive amounts. More research is therefore badly needed to develop new or 

adjusted spray equipment or other application techniques which can deliver nematodes 

more efficiently at their target site in large field applications. Due to differences in pest 

habitats and crops treated with EPN, no general spray application technique will be able to 

meet all the needs. Consequently, farmers will not be able to spray EPN efficiently without 

professional help from advisors. 

Entomopathogenic nematodes could be very useful components in IPM programmes. By 1 

January 2014, all European growers will have to implement the general principles of IPM. 

Member states have to describe in their National Action Plan how they intend to ensure that 

the eight general principles as set out in Annex III of the framework directive, will be 

implemented by all professional users (European Commission, 2009b). Principle 4  

‘Sustainable biological, physical and other non-chemical methods must be preferred to 

chemical methods if they provide satisfactory pest control’ proves the urgent need for  

financial support funding scientific research on the effect of application and formulation 

technology on biocontrol agents like EPN. 
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Summary – Damage caused to entomopathogenic nematodes by spray application is generally assessed by observing the viability of
the infective juveniles under the microscope. To improve the quality and speed of this observation we developed an image processing
technique and tested the efficacy of acetic acid and sodium chloride as chemical stimulants. Because of the lower standard error on
the results obtained (0.7 vs 1.7), sodium chloride was eventually selected for all subsequent observations. The viability as observed
with the image processing technique rose significantly with the time after the nematodes were suspended in water; however, viability
as observed under the microscope was not influenced by the time. These differences can be attributed to the difference in type of
stimulant (mechanical vs chemical) used. After nematodes had been in suspension for 3.5 h, the viability as measured using the image
processing system was still significantly lower than the viability as measured under the microscope. This difference did not disappear
after 24 h at 4, 15 or 24◦C. Maintaining nematodes for 24 h at 35◦C significantly decreased the viability to 5.9% (microscope) or 11.0%
(image processing technique). The decrease in viability as observed with the image processing system corresponded better with the
decrease in infectivity (i.e., 13.8%). Our results support further use of the image processing technique, not only to observe the viability
of entomopathogenic nematodes but also to count the mobile or total number of nematodes of any species.

Keywords – chemical stimulus, counting, entomopathogenic nematodes, pathogenicity.

Entomopathogenic nematodes within the families
Steinernematidae and Heterorhabditidae are effective bio-
logical control agents of soil-inhabiting insects (Griffin et
al., 2005). Important attributes of these nematodes include
the ease of mass production of infective juveniles (IJ) and
their ability to be formulated in a partially desiccated state
that provides several months of shelf life at room tem-
perature (Gaugler, 1997). Among the entomopathogenic
nematodes, Steinernema carpocapsae is one of the most
studied, versatile and widely available species (Gaugler,
1997).

∗ Corresponding author, e-mail: eva.brusselman@ilvo.vlaanderen.be

In practice, spray application equipment used to apply
entomopathogenic nematodes is the same as that used for
the application of chemical pesticides. However, the ne-
matodes can experience a variety of physical stresses dur-
ing their passage through the spray system. Understand-
ing the effects of the different physical phenomena within
such a system is important to identify the equipment char-
acteristics and operating conditions that are least detri-
mental to the nematodes (Shapiro-Ilan et al., 2006). Re-
cently, the effect of pressure differentials on the viabil-
ity and infectivity of entomopathogenic nematodes was
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studied (Fife et al., 2003). Fife et al. (2005) also tested
the viability of the nematodes after passage through hy-
draulic nozzles, whereas Łączyński et al. (2006, 2007) in-
vestigated the effect of agitation, temperature of the spray
liquid, nematode concentration and air injection on the vi-
ability of Heterorhabditis bacteriophora.

Damage caused by spray application is generally as-
sessed by observing the viability of the nematodes under
the microscope; nematodes are considered dead if they do
not respond to prodding (Klein & Georgis, 1994; Nilsson
& Gripwall, 1998; Fife et al., 2003, 2005; Łączyński et
al., 2006, 2007). However, this strategy is time consuming
and does not always allow a clear cut decision. To improve
the quality and the speed of the observation we developed
an image processing technique. Since prodding is incom-
patible with this technique, two chemicals (acetic acid and
sodium chloride) were tested for their ability to excite the
nematodes during the observation. Based on preliminary
experiments, it was considered that the time the nema-
todes remained suspended in water and the temperature
at which the nematodes were maintained may have an ef-
fect on viability measurements using the image process-
ing system. Moreover, for entomopathogenic nematodes
to be effective they should not only be viable, they should
also be infective. Therefore, the specific objectives of this
study were: i) to investigate the effect of the addition of a
solution of acetic acid or sodium chloride on the viability
of IJ as observed under the microscope or using the im-
age processing technique; ii) to evaluate the effect of both
time and temperature on the viability of IJ in nematode
suspensions in water as observed with both techniques;

and iii) to correlate the viability of IJ as observed using
both techniques with the infectivity of the IJ.

Materials and methods

The conditions of the experiments are summarised in
Table 1.

NEMATODES

The first four experiments were performed using a
suspension of S. carpocapsae (Nemasys; produced by
Becker Underwood, Littlehampton, UK, and distributed
by Biobest, Westerlo, Belgium) at a concentration of
1048 ± 166 IJ ml−1. The suspension was used after it had
been stored in the dark at room temperature during 3 (Ex-
periment 1), 4 (Experiment 2) or 5 months (Experiments 3
and 4). For each repetition of Experiment 5 a new suspen-
sion of S. carpocapsae was prepared at a concentration of
ca 1000 IJ ml−1.

IMAGE PROCESSING SYSTEM

Based on image quality and maximum resolution, a
single lens reflex (SLR) camera (D100 6 mega pixel,
Nikon, Melville, NY, USA) equipped with a macro lens
(Micro-Nikkor 60 mm f/2.8D, Nikon) was selected out
of four different techniques compared in preliminary
observations. The three other techniques tested were
a compound microscope in combination with an SLR
camera, a stereo microscope with a charge-coupled device
camera and a stereo microscope with a SLR camera.

Table 1. Overview of the experiments comparing different measuring techniques to estimate viability of Steinernema carpocapsae with
or without addition of stimulants.

Experiment Measuring technique Solution added Volume of solution added (μl) Measuring time (min)

1 Image processing a.a. 0, 50, 100, 200 1, 2, 5
2 Image processing s.c. 100 0*, 1, 2, 3, 10
3 Image processing a.a. 0/50 2/1

Microscope a.a. 0/50 after IPM/after IPM
4 Image processing s.c. 0/100 2/3

Microscope s.c. 0/100 after IPM/after IPM
5 Image processing s.c. 100 3

Microscope – – –

Corresponding data in each row are in bold. Measuring time is expressed as time after addition of the solution or as time after placement
of droplet on the Petri dish (for volume of solution added = 0 μl). a.a., acetic acid solution (vinegar, Blauwe Hand, 7◦); s.c., sodium
chloride solution (0.1 g ml−1); IPM, image processing technique measurement.
* Control measurement before the addition of the s.c.
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The camera was mounted at the appropriate distance
above a glass plate on which a Petri dish containing the
nematode suspension was placed. The use of the macro
lens enabled droplets to be visualised with a maximum
volume of 500 μl. A high-frequency ring lamp (CV-R11
(OP-27454), Keyence, Osaka, Japan) radiating a neutral
white colour was mounted under the glass plate allowing
the IJ to be distinguished individually.

Using the time lapse function of the camera, a sequence
of five images at 2 s intervals was taken of a 200 μl sub-
sample of the nematode suspension under observation.
The images were analysed using the freeware program
ImageJ (Rasband, 2008). They were converted into 8-bit
pictures and put together in a stack (ImageJ can display
multiple spatially or temporally related images in a sin-
gle window; these image sets are called stacks). Display-
ing the five images in sequence enabled mobile and non-
mobile nematodes to be distinguished and enabled the
separation of overlapping mobile nematodes. The recog-
nition of non-mobile overlapping nematodes was based
on the angles occurring in the nematode cluster. It was as-
sumed that unnatural sharp angles could only be created
by overlapping nematodes. With the ImageJ plug-in ‘Cell
counter’ the nematodes were counted by manually click-
ing on every IJ after selecting the mobile or non-mobile
label.

VIABILITY

In all experiments the viability of the nematodes was
calculated using following formula:

Viability (%) = (L/T ) × 100,

where L is the number of living nematodes. When ob-
served under the microscope the nematodes were con-
sidered dead if they did not respond to prodding; when
observed using the image processing technique, the ne-
matodes were considered dead if they did not respond to
chemical stimulation. T is the total number of nematodes,
counted either under the microscope or using the image
processing technique.

STIMULANTS

To ensure that all viable nematodes were counted as
such, non-mobile nematodes were either mechanically
prodded or chemically stimulated with acetic acid or
sodium chloride.

Acetic acid

Experiment 1 studied the effect of various volumes of
a commercial solution of acetic acid (vinegar, Blauwe
Hand, 7◦) on the viability of IJ as measured using the
image processing system. Three volumes, 50, 100 or
200 μl, were added to 200-μl droplets of a thoroughly
mixed nematode suspension. Nematode viability was
measured 1, 2 and 5 min after the addition of the acetic
acid. A 200 μl suspension of untreated nematodes was
used as control. Each measurement was performed three
times, using a new droplet from the same suspension.

Sodium chloride

The effect of a sodium chloride solution on the viability
of nematodes as measured with the image processing
system was studied in Experiment 2. In this experiment,
100 μl of a solution of sodium chloride (0.1 g ml−1) was
added to 200 μl droplets of a thoroughly mixed nematode
suspension. The viability was measured immediately
(control) and 1, 2, 3 and 10 min after the addition of
the sodium chloride. This experiment was repeated four
times, using a new droplet from the same suspension.

MICROSCOPIC OBSERVATION VS IMAGE PROCESSING

TECHNIQUE

Experiments 3 and 4 compared the viability of IJ as
observed under the microscope with the viability deter-
mined with the image processing system. The first part
of the experimental protocol was similar for both experi-
ments. A 200 μl droplet of a thoroughly mixed nematode
suspension was transferred to a Petri dish placed under
the camera; the IJ were allowed to sediment for 2 min.
At the end of the period the viability of IJ was determined
with the image processing system. Subsequently, the same
observations were made on the same droplet under the mi-
croscope. Thereafter, either 50 μl of an acetic acid solu-
tion (Experiment 3) or 100 μl of a sodium chloride solu-
tion (Experiment 4) were added to the droplet. The sam-
ples were again put under the image processing system
and pictures were taken 1 min (Experiment 3) or 3 min
(Experiment 4) after the addition of the chemical. Imme-
diately afterwards, the same droplet was observed again
under the microscope. Each experiment was repeated nine
times, using nine different droplets taken from the same
nematode suspension.

Vol. 12(1), 2010 107



E. Brusselman et al.

EFFECT OF TIME AND TEMPERATURE ON NEMATODE

VIABILITY AND INFECTIVITY

Based on the results of the experiments described
above, a protocol to measure the viability was developed
and used in Experiment 5. Droplets (200 μl) of a thor-
oughly mixed nematode suspension were transferred to a
Petri dish under the camera. Two min later, 100 μl of a
sodium chloride solution (0.1 g ml−1) was added. Three
min after addition, five pictures were taken at 2 s inter-
vals.

In Experiment 5 the nematode viability was observed
30, 90, 150 and 210 min after suspending the nematode
formulation in water at 15◦C (Experiment 5a) or 24◦C
(Experiment 5b, day 1) and during further preservation
at the corresponding temperatures. After the last mea-
surement in Experiment 5b, the nematode suspension was
stored at 4, 15, 24 or 35◦C. After 24 h (day 2) the via-
bility was observed under the microscope and using the
image processing system. To restrict temperature change
in the suspension, samples were thermally isolated dur-
ing the observations. The temperature of the suspension
was measured before each assessment using a tempera-
ture probe (Omega Engineering, Stamford, CT, USA).

The observations were followed by a one-on-one sand-
well bioassay (Fife et al., 2003). For each treatment,
24 randomly selected IJ were transferred individually
along with 120 μl water into a single plate well (24-
well tissue culture plate, IWAKI) containing 2 g river
sand. One Galleria mellonella larva was added to each
well; subsequently, the plate was sealed with Parafilm
to minimise moisture loss. All plates were incubated at
24◦C. The dead G. mellonella larvae were counted after
168 h. The infectivity was calculated using the Schneider-
Orelli’s formula (Püntener, 1981). Experiment 5a was
repeated three times; Experiment 5b was repeated four
times. All viability observations were performed on three
200 μl subsamples per nematode sample.

STATISTICAL ANALYSIS

The data were statistically analysed using Sigmastat
(Sigmastat for Windows Version 3.10; Systat Software,
San Jose, CA, USA). Data on viability of IJ were arcsine
transformed. The viability of nematodes from Experiment
1 was analysed by a two-way repeated measures ANOVA
with droplet number as subject and the added volume of
the acetic acid (0, 50, 100 or 200 μl) and the time after ad-
dition (1, 2 or 5 min) as fixed factors with an interaction
term. The viability of nematodes obtained in Experiment

2 was analysed in a one-way repeated measures ANOVA
with the droplet number as subject and the time after ad-
dition of the sodium chloride (0, 1, 2, 3 or 10 min) as
a fixed factor. Experiments 3 and 4 were analysed as in
Experiment 1. For both experiments a two-way repeated
measures ANOVA was used with droplet number as sub-
ject and measurement technique (microscope or image
processing system) and the addition of acetic acid (Exper-
iment 3) or sodium chloride (Experiment 4) as fixed fac-
tors with an interaction term. The viability data observed
in Experiment 5a and 5b after different dissolution times
were analysed using a two-way ANOVA with subsample
and dissolution time as fixed factors with an interaction
term. The viability data obtained in Experiment 5a and 5b
after 210 min of dissolution time were compared using a
t-test. The effect of preservation temperature on the via-
bility and infectivity data in Experiment 5b (day 2) was
analysed by a two-way ANOVA with subsample and tem-
perature as fixed factor with an interaction term. The via-
bility data observed using both techniques were compared
at each temperature using a t-test. A Spearman rank order
correlation was used to analyse the correlation between
the viability as measured under the microscope, the via-
bility as observed using the image processing technique
and infectivity data in Experiment 5b. Significant differ-
ences were assessed by the Holm-Sidak test. A P value
< 0.05 was considered to be statistically significant.

Results

STIMULANTS

Both the volume of acetic acid added and observation
time affected the measured viability of the IJ (Fig. 1). One
and 2 min after addition of the stimulant, this viability in-
creased significantly when compared with the control, ir-
respective of the volume. However, when measured 5 min
after addition the measured viability had decreased. Af-
ter the addition of sodium chloride the nematode viability
increased significantly at all observations (Table 2).

MICROSCOPIC VS IMAGE PROCESSING TECHNIQUE

Overall, the observed number of nematodes did not dif-
fer using the microscope or the image processing tech-
nique after adding any of the stimulants. Before adding
either of the stimulants, the viability as observed with
the image processing technique was significantly lower
than the viability as observed under the microscope (Ta-
bles 3, 4). The addition of either chemical decreased the
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Fig. 1. Viability (observed mean ± SE) of Steinernema carpocapsae infective juveniles as observed with the image processing system as
a function of the time after addition and the volume of acetic acid solution added (Experiment 1). For the control treatment, time after
addition should be interpreted as time after droplet placement. Viabilities measured after the addition of a certain volume of acetic acid
or at a given time followed by the same lower and upper case letter, respectively, are not significantly different; n = 3.

Table 2. Viability (observed mean ± SE) of Steinernema
carpocapsae infective juveniles as measured with the image
processing system as a function of the time after addition of a
solution of sodium chloride (0.1 g ml−1) (Experiment 2).

Time (min)* Viability (%)

0** 70.1 ± 9.7 a
1 98.1 ± 1.3 b
2 97.3 ± 0.8 b
3 96.6 ± 0.6 b

10 93.1 ± 1.2 b

Means followed by the same letter are not significantly different
(P < 0.05); n = 4.
* Time after addition of sodium chloride solution.
** Control (without addition of sodium chloride).

viability as measured under the microscope but increased
the viability as measured using the image processing sys-
tem. As a result of adding the stimulants the difference
between the viability measured by both methods was not
significant anymore.

EFFECT OF TIME AND TEMPERATURE ON NEMATODE

VIABILITY AND INFECTIVITY

During observations at day 1 the measured temper-
atures of the suspension kept at 15◦C and 24◦C were
15.7 ± 0.0◦C and 22.7 ± 0.2◦C, respectively. At day 2
the measured temperatures of the suspensions maintained

Table 3. Viability (observed mean ± SE) of Steinernema
carpocapsae infective juveniles as measured by two different
techniques observed before and after addition of a solution of
acetic acid (vinegar, Blauwe Hand, 7◦; Experiment 3).

Technique Before addition After addition

Microscope 97.4 ± 0.5 aA 94.8 ± 0.4 bA
Image processing 63.3 ± 2.5 aB 91.6 ± 1.7 bA

Means in each row and in each column followed by the
same lower case and upper case letter, respectively, are not
significantly different (P < 0.05); n = 9.

Table 4. Viability (observed mean ± SE) of Steinernema car-
pocapsae infective juveniles as measured by two different tech-
niques observed before and after addition of a solution of sodium
chloride (0.1 g ml−1) (Experiment 4).

Technique Before addition After addition

Microscope 95.1 ± 0.4 aA 92.9 ± 0.3 bA
Image processing 79.6 ± 2.0 aB 92.4 ± 0.7 bA

Means in each row and in each column followed by the
same lower case and upper case letter, respectively, are not
significantly different (P < 0.05); n = 9.

at 4, 15, 24 and 35◦C were 6.1 ± 0.3◦C, 15.4 ± 0.2◦C,
23.0 ± 0.4◦C and 30.1 ± 0.6◦C, respectively.

After suspending the nematodes in water for 30-210
min at 15◦C or 24◦C, the average viability as measured
under the microscope was 99.0 ± 0.5% (15◦C) and
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Fig. 2. Viability (observed mean ± SE) of Steinernema carpocapsae infective juveniles as observed with the image processing system
after different dissolution times (Experiment 5) at 15 and 24◦C together with the logarithmic regressions on the observed viabilities
and their corresponding R2 values.

98.9 ± 0.6% (24◦C). There was no correlation between
the viability and time of storage. When using the image
processing system, the average viability ranged from
86.2 ± 5.6% (15◦C) and 88.0 ± 8.6% (24◦C) 30 min
after suspending the nematodes to 97.1 ± 0.6% (15◦C)
and 97.6 ± 1.1% (24◦C) after 210 min. A logarithmic
regression curve could be fitted to the viability data as
a function of time after suspending nematodes, with R2

equalling 0.94 and 0.98 at 15◦C and 24◦C, respectively
(Fig. 2). After 210 min and at both temperatures, the
viability as observed with the image processing system
was significantly lower than the viability measured under
the microscope. This difference was also observed after
24 h at 15 or 24◦C (Fig. 3).

Keeping the nematodes for 24 h at 4, 15 or 24◦C did
not affect the viability as measured by both techniques.
By contrast, storage for 24 h at 35◦C significantly de-
creased the viability by 5.9% (microscope) or 11.0% (im-
age processing system) compared with the respective vi-
ability observed after preservation at 24◦C. There was
no difference in viability measured by both techniques
(Fig. 3).

Fig. 3. Viability (observed mean ± SE) of Steinernema car-
pocapsae infective juveniles as observed with different tech-
niques 24 h after dissolution and preservation at different tem-
peratures. Mean viabilities followed by the same letter are not
significantly different.
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Due to the high variability of the infectivity, the
desired power for the statistical analysis was not reached.
Therefore, we could not find any significant effect of 24 h
storage at different temperatures. However, maintaining
the nematodes for 24 h at 35◦C resulted in a decrease of
infectivity averaging 13.8% (compared with storage for
24 h at 24◦C).

A significant correlation between the viability deter-
mined with the image processing system (R2 = 0.68;
P = 0.00471) and the viability as observed under the mi-
croscope (R2 = 0.70; P = 0.00352) with the infectivity
was found.

Discussion

In the field, entomopathogenic nematodes are applied
as a spray using regular equipment. However, this equip-
ment is not developed specifically for the application of
living organisms and can be detrimental to the nematodes
(Wright et al., 2005). To evaluate detrimental effects, the
viability as observed under the microscope is generally
used as an indicator (e.g., Fife et al., 2003, 2005). Via-
bility is estimated by observing the movement of the ne-
matodes, after prodding if necessary, but this is labour in-
tensive. An image processing system might improve the
quality and speed of this observation.

Image processing techniques were applied earlier to
study the movement of nematodes by video capture (Pol-
lock & Samoiloff, 1976; Burr et al., 1990; Anderson et al.,
1997) or digital image processing (Dusenbery, 1985a, b;
McCallum & Dusenbery, 1992; Dhawan et al., 1999).
These studies focused on measuring the responses of the
free-living nematodes Panagrellus redivivus, Mermis ni-
grescens and Caenorhabditis elegans to different kinds of
stimuli. Feng et al. (2004) developed a tracking and imag-
ing system for the automated analysis of the morphology
and behaviour of C. elegans and Lu et al. (2005) used fluo-
rescence imaging technology for counting females of the
plant-parasitic nematode Heterodera glycines. Recently,
Zhou and Baek (2006) devised an image-based system for
quantitatively characterising and identifying nematodes
based on locomotion patterns. Obviously, image process-
ing has the potential to be implemented to measure viabil-
ity through mobility.

Preliminary experiments using our image processing
system demonstrated the need for a stimulating substance
to assure reproducible observations. Earlier, Ishibashi et
al. (1987) showed that 10-50 ppm oxamyl stimulated the
movement of S. carpocapsae for more than 2 days at room

temperature. The same author also successfully used juice
from kale or aloe to activate the entomopathogenic ne-
matode. Since mechanical stimulation of the nematodes
is incompatible with the image processing system, we
tested the efficacy of easily available solutions such as
acetic acid and sodium chloride as chemical stimulants.
Our study showed an activating effect of acetic acid dur-
ing the first 2 min after its addition; thereafter the viability
decreased. It can reasonably be assumed that beyond this
initial period the chemical became toxic to the nematodes.
Steinernema carpocapsae was also stimulated by sodium
chloride; nematode viability increased shortly after its ad-
dition which caused a hyperosmotic environment. Little
is known about the ability of nematodes to avoid areas of
too high or too low osmotic pressure. Prot (1978) reported
that second-stage juveniles of Meloidogyne javanica mi-
grated away from areas of high salt concentration. In C.
elegans, a pair of amphid neurons (ASH) is known to be
involved in osmotic avoidance (Bargmann & Mori, 1997).
We assume that S. carpocapsae tried to avoid the hyper-
osmotic environment, resulting in the increase in move-
ment and corresponding viability. The addition of sodium
chloride did not cause any toxic effect during subsequent
observations.

Nematode viability as assessed using the two tech-
niques was found to be the same using either stimulant.
However, we selected sodium chloride for all the follow-
ing observations because of the lower standard error on
the results obtained with the image processing system
(0.7) compared with the standard error on the results after
the addition of the acetic acid (1.7).

We did not find a correlation between the viability as
observed under the microscope and the time after sus-
pending the nematodes. However, the viability as ob-
served with the image processing technique rose signifi-
cantly with time; a logarithmic regression curve could be
fitted to these latter data. The difference in the observed
viability can be attributed to the difference in type of stim-
ulant (mechanical vs chemical) used. Mechanical stimuli
are sensed by the nematode via its mechanosensory neu-
rons (ALM, AVM, PLM, PVM), except for ‘nose’ touch.
These neurons are microtubule touch cells and sense
touch along the entire length of their dendrites (Kaplan &
Horvitz, 1993). The avoidance of chemicals like sodium
chloride is mediated by the ASH neuron (Bargmann &
Mori, 1997). To increase their shelf life entomopathogenic
nematodes are frequently formulated in an anhydrobiotic
state (Grewal, 2000). When anhydrobiotic nematodes are
immersed in water they do not resume activity immedi-
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ately but undergo a period of apparent inactivity referred
to as the lag phase (Wharton et al., 1985; Barrett, 1991;
Womersley et al., 1998). We assume that the formulated
S. carpocapsae were unable to sense the high salt concen-
trations during lag phase. By contrast, mechanical stimuli
were apparently sensed. The logarithmic rise in viability
as observed with the image processing system with time
after suspending the nematodes can be attributed to the
variation in length of the lag phase period of the individ-
ual nematodes.

After nematodes had been in suspension for 3.5 h, the
viability as measured using the image processing system
was still significantly lower than the viability as measured
under the microscope. This difference did not disappear
after 24 h at 4, 15 or 24◦C. Based on this experiment
we can conclude that on average 2.4% of the viable
IJ in the batch were unable to sense the hyperosmotic
environment. The degree of difference might depend on
nematode species, batch or age. Future research should
reveal the real influences.

For entomopathogenic nematodes to be effective they
should not only be viable, they should also be infective.
Both measuring techniques showed a detrimental effect on
the viability of S. carpocapsae after 24 h storage at 35◦C.
The decrease in viability as observed with the image
processing system corresponded better with the decrease
in infectivity than the decrease in viability as observed
under the microscope. Based on the measurements at
all storage temperatures, a comparable correlation was
found between both measuring techniques of the viability
with infectivity. These results are promising and support
further use of the image processing technique.

The image processing system was developed to opti-
mise the observation of the viability of S. carpocapsae.
However, a similar system can easily be developed by any
researcher to count mobile nematodes or total number of
nematodes of other species.

With the technique described herein, an observation
of one nematode sample takes approximately 20 min.
This time could be reduced to half by automating the
nematode count. Future research will therefore focus on
the development of image processing software that can
distinguish mobile from non-mobile nematodes.
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