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Abstract 

 

The codling moth, Cydia pomonella (L.), is a key pest in pome fruit orchards in South Africa.  In the 

past, broad spectrum insecticides were predominantly used for the local control of this moth in 

orchards.  Concerns over human safety, environmental impact, widespread dispersal of resistant 

populations of codling moth and sustainability of synthetic pesticide use have necessitated the 

development and use of alternative pest management technologies, products and programmes, such 

as the use of entomopathogenic nematodes (EPNs) for the control of codling moth.  

Entomopathogenic nematodes belonging to either Steinernematidae or Heterorhabditidae are ideal 

candidates for incorporation into the integrated pest management programme currently being 

developed for pome fruit orchards throughout South Africa with the ultimate aim of producing residue-

free fruit.  However, these lethal pathogens of insects are not exempted from governmental 

registration requirements and have therefore not yet been commercialized in South Africa.  A non-

target survey was conducted to find suitable isolates of EPNs from local soils and to test their 

effectiveness as control agents against the codling moth.  Soil samples were collected from several 

habitats and regions throughout South Africa and nematodes were recovered using the insect baiting 

technique.  All EPN isolates obtained were identified to species level using a molecular taxonomic 

approach.  Entomopathogenic nematodes were recovered from 20 of the 200 soil samples (10 %).  Of 

these, eight (40 %) yielded Steinernema spp., identified as three isolates of S. khoisanae and five 

undescribed Steinernema spp.  The other 12 (60 %) of the samples were positive for Heterorhabditis 

spp. and included six isolates of H. bacteriophora, five H. zealandica and one H. safricana.  These 

isolates were then evaluated in laboratory bioassays for their potential as microbial agents of codling 

moth under varying conditions.  A morphometric study indicated that all natural openings (mouth, anus 

and spiracles) of final instar codling moth were large enough for the infective juveniles (IJs) of all 

tested EPN species to gain entry into the larvae.  The susceptibility of final instar codling moth larvae 

and pupae to EPN isolates was assessed in the laboratory in a screening experiment.  Larvae were 

more susceptible to infection by EPNs than pupae in all screening experiments.  Heterorhabditis 

isolates caused higher levels of mortality than Steinernema isolates in all screening experiments.  The 

SF 41 isolate of H. zealandica was selected as the most promising candidate and used throughout the 

rest of the experimental studies.  The effect of concentration, temperature, incubation time and 

humidity on H. zealandica was investigated using a bioassay system that employed cocooned 
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diapausing codling moth larvae in corrugated cardboard strips.  For the concentration trial, the LD50 

and LD90 values in IJs/ml were 72 and 275, respectively.  The temperature study indicated that 

nematodes were inactive at temperatures below 15°C and died above 35°C, and maximum host 

mortality rate was recorded between 20 and 25°C.  This suggests that the successful application of 

these nematodes to be highly dependent on moderate temperatures (between 20 and 30°C) during 

field trials.  In the humidity and incubation time trial, no codling moth mortality was recorded below 50 

% RH.  Maximum codling moth mortality (89 %) was recorded at >95 % RH, with LT50 and LT95 values 

at 0.82 and 4.87 hours, respectively.  Maximum humidity should therefore be maintained for the 

duration of a nematode application in the field.  The performance of the SF 41 isolate of H. zealandica 

was investigated in four field experiments.  Factors that varied within or between treatments included 

the time of day of application, concentration of IJs and direct sunlight exposure.  As trials were 

conducted on separate days climatic factors (temperature, wind speed, humidity) therefore differed for 

each application.  A morning application of 0.5, 1 and 1.5 million IJs/tree resulted in 85, 95 and 100 % 

mortality of codling moth larvae, respectively.  Environmental conditions during this specific trial period 

were ideal for EPN activity with temperatures ranging from 16 to 25°C, almost no wind during the 

application and a very high humidity throughout.  Contrasting results were obtained for a late 

afternoon/evening nematode application with concentrations of 0.5, 1 and 1.5 million IJs/tree again 

being applied.  Disappointing low levels of mortality (average mortality below 50% for all 

concentrations) were obtained which were attributed to temperatures dropping below 14°C and high 

wind speeds (> 2 m/s) recorded throughout the trial period.  The trial indicated that nematode 

applications should not be made on cold and/or windy days.  In the trials investigating the effect of 

direct sunlight exposure on nematodes, little codling moth mortality (< 10 %) was recorded for 

treatments exposed to direct sunlight, as opposed to treatment strips that were hung in the shade 

(where up to 67 % mortality was recorded), indicating that IJs are acutely sensitive to natural sunlight.  

Nematode applications should therefore preferably be made early in the morning, in the evening or on 

cloudy days to limit exposure to direct sunlight.  An experiment investigating the use of adjuvants to 

increase spray coverage on the inner side of the bark, showed a marked variance between the use of 

only water and water with an adjuvant.  Best results were obtained with Solitaire™ (polyether-

polymethylsiloxane co-polymer/vegetable oil, Safagric, South Africa) and it is therefore advisable to 

mix an adjuvant into the nematode solution to obtain adequate spray coverage.  The study 

conclusively illustrated that under specific conditions EPNs can provide effective control of 
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overwintering codling moth.  Further work is however required to develop practical research-based 

guidelines for appropriate application technologies.  
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Opsomming 

 

Die kodlingmot, Cydia pomonella (L.), is ‘n ernstige sleutelplaag in appel- en peerboorde in Suid-

Afrika.  In die verlede is hoofsaaklik breë-spektrum insektedoders gebruik vir die beheer van hierdie 

mot in plaaslike boorde.  Kommer oor veiligheid vir die mens, impak op die omgewing, verspreiding 

van weerstandbiedende populasies van die kodlingmot en beperkte volhoubaarheid van sintetiese 

plaagdoders het die ontwikkeling en gebruik van alternatiewe plaagbeheer tegnologieë, produkte en 

programme, soos die gebruik van entomopatogeniese nematodes (EPNs) vir die beheer van 

kodlingmot, genoodsaak.  Entomopatogeniese nematodes behorende tot Steinernematidae en 

Heterorhabditidae, is ideale kandidate vir insluiting in die geïntegreerde plaagbestuur programme wat 

huidig ontwikkel word vir gebruik in boorde regdeur Suid-Afrika met die uiteindelike doel om residu-

vrye vrugte te produseer.  Hierdie dodelike patogene van insekte is nie vrygestel van die regering se 

registrasie vereistes vir plaagdoders nie en vir die rede nog nie in Suid-Afrika gekommersialiseer nie.  

‘n Algemene opname om geskikte isolate van EPNs uit plaaslike gronde te isoleer, is uitgevoer en 

hulle doeltreffendheid as beheeragente teen die kodlingmot is getoets.  Grondmonsters is van 

verskeie habitatte en streke regdeur Suid-Afrika versamel en nematodes is hieruit ge-ekstraeer met 

die gebruik van die inseklokaas tegniek.  Alle EPN isolate wat verkry is, is tot spesie-vlak 

geïdentifiseer deur toepassing van molekulêre taksonomiese tegnieke.  Entomopatogeniese 

nematodes is uit 20 van die 200 grondmonsters verkry.  Hiervan was agt (40 %) positief vir 

Steinernema spesies, naamlik drie isolate van S. khoisanae en vyf moontlike nuwe spesies (tans nog 

onbeskryf).  Die oorblywende 12 (60 %) van die grondmonsters was positief vir Heterorhabditis 

spesies, in hierdie geval ses isolate van H. bacteriophora, vyf van H. zealandica en een van H. 

safricana.  Bogenoemde isolate was almal met gebruik van biotoetse in die laboratorium ge-assesseer 

vir hul potensiaal as gepaste mikrobiese agente vir kodlingmot beheer onder verskillende 

omgewingstoestande.  ‘n Morfometriese studie het aangetoon dat alle natuurlike openinge (mond, 

anus en spirakula) van finale instar kodlingmot larwes vir al die betrokke EPN spesies se infektiewe 

larwes (ILs) groot genoeg was om kodlingmot larwes binne te dring.  Tydens die bepaling van die 

graad van vatbaarheid van finale instar kodlingmot larwes en papies vir EPN infeksie was larwes 

duidelik meer vatbaar vir infeksie as in die geval van papies, en dat Heterorhabditis isolate meer 

virulent was as die Steinernema isolate deurdat hulle hoër vlakke van mortaliteit veroorsaak het.  Die 

SF 41 isolaat van H. zealandica is as die mees belowendste isolaat vir die beheer van kodlingmot 
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geselekteer en as finale toets-isolaat vir alle verdere eksperimentele studies gebruik.  Die uitwerking 

van konsentrasie, temperatuur, inkubasie periode en humiditeit op H. zealandica is met behulp van ‘n 

bioassessering-sisteem, bestaande uit geriffelde kartonstukkies waarin oorwinterende kodlingmot 

larwers hulself in kokonne in die groefies toegespin het, ondersoek.  In die toets vir konsentrasies van 

ILs van H. zealandica, was die LD50 en LD90 72 ILs/ml en 275 ILs/ml onderskeidelik.  Die 

temperatuurstudie het getoon dat nematodes onaktief geraak het wanneer temperature tot laer as 

15°C daal, dood is by 35 °C en maksimum gasheer mortaliteit (80%) is verkry tussen 20 en 25°C.  Dit 

sal dus sinvol wees om hierdie nematodes gedurende veldproewe toe te dien wanneer temperature in 

die veld gematigd is (tussen 20 en 30°C).  Tydens die humiditeit en inkubasie-periode eksperimente, 

was geen kodlingmot mortaliteit onder 50 % RH aangeteken nie.  Maksimum kodlingmot mortaliteit (89 

%) het by >95 % RH voorgekom, met LT50 en LT95 waardes van onderskeidelik 0.82 en 4.87 uur.  

Maksimum humiditeit moet dus gedurende ‘n EPN-toediening in die veld gehandhaaf word.  Die laaste 

aspek van hierdie ondersoek was om die SF 41 isolaat van H. zealandica se potensiaal as moontlike 

beheeragent teen kodlingmotlarwes onder verskillende veldtoestande te evalueer.  Veldproewe is op 

verskillende datums en dus onder wisselende klimaatstoestande (temperatuur, windspoed, humiditeit) 

uitgevoer.  Die tyd van toediening, die hoeveelheid nematodes toegedien per boom, asook die 

hoeveelheid blootstelling van die nematodes aan direkte sonlig het tussen eksperimente verskil.  Die 

hoogste persentasie mortaliteit van kodlingmotlarwes is verkry tydens ‘n oggend bespuiting teen 

konsentrasies van 0.5, 1 en 1.5 miljoen ILs/boom, naamlik 85, 95 en 100 %.  Omgewingstoestande 

gedurende die spesifieke toets periode was ideaal vir EPN aktiwiteit gedurende bogenoemde proef 

periode met temperature wat gewissel het tussen 16 en 25°C, amper geen wind en ‘n baie hoë 

humiditeit tydens die bespuiting.  Weersprekende resultate is egter vir die laatmiddag/aand nematode 

toediening verkry met konsentrasies van 0.5, 1 en 1.5 miljoen ILs/boom wat toegedien is.  Mortaliteit 

vir kodlingmot larwes was baie laag (< 50 % vir alle konsentrasies). Hierdie swak resultate kan 

toegeskryf word aan die feit dat temperature gedurende die nag tot onder 14°C gedaal het, met ‘n 

sterk wind (> 2 m/s) tydens die betrokke eksperiment.  Dit is dus duidelik dat EPN-toedienings nie in 

winderige toestande en by lae temperature uitgevoer moet word nie.  In die proewe om die uitwerking 

van direkte sonlig op nematodes te bepaal, is omtrent geen mortaliteit (< 10 %) aangeteken in 

behandelings waar nematodes aan direkte sonlig blootgestel was nie.  In teenstelling hiermee was 

mortaliteit baie hoër vir behandelings in die skaduwee (tot 67 % kodlingmot mortaliteit is verkry).  

Hierdie bevinding dui aan dat ILs akuut sensitief is vir blootstelling aan direkte sonlig.  Nematode-

toedienings moet dus verkieslik in die oggend, in die aand of op bewolkte dae uitgevoer word om 
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sodoende direkte sonlig blootstelling van die nematodes te beperk.  Die eksperiment wat die gebruik 

van bymiddels om spuitbedekking op die binnekant van die bas-stukkies se oppervlak te verbeter 

ondersoek het, het gedui op ‘n merkwaardige verskil tussen die kontrole behandeling (skoon water) en 

die behandeling waar ‘n bymiddel by water bygevoeg is.  Beste resultate is verkry met die gebruik van 

Solitaire™ (poli-eter-polimetielsiloksaan kopolimeer/plantolie, Safagric, South Africa) en dit word 

aanbeveel dat die bymiddel toegevoeg word tot die water-nematode spuitmengsel om sodoende 

spuitbedekking te verbeter.  Hierdie studie se slotsom is dus dat die gebruik van EPNs by bepaalde 

toestande oorwinterende kodlingmotlarwes effektief kan beheer.  Verdere navorsing met betrekking tot 

die mees doeltreffende toedieningstegnologie van EPN bespuitings moet onderneem word om ‘n 

praktiese teoreties-gebasseerde handleiding op te stel wat alle toepastlike komponente tov. EPNs vir 

kodlingmot beheer sal dek. 
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CHAPTER 1 

Literature review 

 

 

 

In order to place the study of using entomopathogenic nematodes (EPNs) for the control of codling 

moth in context, it was necessary to review three distinct, but pertinent topics.  Firstly, aspects of 

codling moth origin and dispersal, host range, pest status, biology, damage, monitoring and control 

must be known.  Secondly, entomopathogenic nematode identification, host range, distribution, 

registration and biology must be reviewed.  And thirdly, the use of entomopathogenic nematodes for 

the control of codling moth, including those factors which influence their successful application, need 

to be addressed.   

 

The codling moth 

 

The moth Cydia pomonella (L.) (Lepidoptera: Tortricidae) (Figure 1) was given the vernacular name of 

‘codling moth’ by Wilkes in 1747, referring to codlings, elongated, greenish English cooking apples.  

The first definitive account of the species in the Netherlands was already published in 1635 by Jean 

Goedaerdt.  He referred to the codling moth as a ‘pear eater’ (Barnes, 1991).  From then on, and four 

centuries later, this insect is a key pest of pome fruits in orchards worldwide.   

 

 

 

 

 

 

 

 

 

Figure 1. Codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae) 
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Origin and dissemination 

 

The codling moth originated from Eurasia and has, with the cultivation of apples and pears, generally 

spread around the world through time (Barnes, 1991).  Codling moth was first reported from South 

Africa in Graaff-Reinett around 1885, when it allegedly arrived in apples carried by a tourist stopping 

over on Madeira on his way to the Cape (Lounsbury, 1898).  Several drastic initial attempts were 

made to prevent the pest from spreading throughout the country (Lounsbury, 1897).  However, the 

pest readily established itself in fruit production areas surrounding Graaff-Reinett, including Nieu-

Bethesdal and throughout the Western Cape (Lounsbury, 1899).  Attempts and regulations to further 

delay the spread of codling moth were eventually abandoned (Lounsbury, 1918).  Since then codling 

moth has become an established key pest in deciduous fruit orchards in South Africa (Giliomee and 

Riedl, 1998).   

 

Host range 

 

The codling moth is closely associated with apples, as it is not only one of its original hosts, but also 

the one most susceptible to attack (Barnes, 1991).  Pears, quinces, walnuts, apricots, plums, peaches 

and nectarines are also readily attacked by this pest (Riedl, 1983; Barnes, 1991).   

 

Pest status  

 

The codling moth is ranked as the fifth most important plant-feeding pest species in South Africa 

(Moran, 1983).  Subsequently, it was rated as the third most important crop pest in 1994 (Bell and 

McGeoch, 1996).  Presently, codling moth is still regarded as a key pest of major concern in most 

deciduous fruit orchards throughout South Africa (Pringle et al., 2003; Timm et al., 2008). 

 

Life and seasonal cycle under local conditions 

 

Female adult moths normally deposit their eggs singly on the fruit or on the foliage near the fruit and 

occasionally also on the wood of the tree (Blomefield, 2003).  Eggs hatch after three to seven days 

and neonate larvae wander in search of fruit to attack, occasionally feeding on foliage when the 

search is prolonged.  They penetrate the skin of the fruit and feed near the surface of the fruit for a day 
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or two and then, as second instars, move toward the core of the fruit, where they feed on the 

developing seeds.  They pass through five larval instars inside the fruit and emerge after 18-40 days 

to find a hidden and dry site in which to spin their cocoon, such as beneath loose bark on trees, litter 

at the base of the trees, and in nearby woodpiles and fruit bins (Higbee et al., 2001).  The search for a 

cryptic habitat may be brief or prolonged.  In early summer cocooned larvae develop through pupae to 

adult in 1-2 weeks.  As the days shorten in late summer, larvae undergo diapause and pass the winter 

months as mature larvae and prepupae in cocoons.  Temperature is considered to be the most 

important factor influencing the phenology of codling moth (Audemard, 1991).  The rate of 

development is dependent on accumulated degree-days above a base threshold of development, 

which for codling moth is 10°C (Riedl, 1983), and comprehensively described by Blomefield (2003) for 

both the embryonic and the immature stages of codling moth under local conditions.  Heat units 

accumulated for phenology models are accumulated from a ‘biofix’ in spring, which is the first 

consistent catch of codling moth males in pheromone traps.  There may be up to four generations of 

codling moth per growing season in South Africa, depending upon the weather (Pringle et al., 2003), 

with larval feeding activity extending from August to April (Myburgh, 1980).   

 

Damage 

 

The infestation potential of codling moth in South Africa is one of the highest in the world and if left 

untreated can amount to up to 80% infestation of fruit in orchards (Myburgh, 1980).  Damage ranges 

from shallow feeding wounds, causing scarring of the fruit, to direct feeding damage to the pulp or 

seeds, or indirect contamination of the fruit by larval faeces accumulating around the entrance point 

(Figure 2) (Welter, 2008).   

 

Monitoring 

 

Continuous evaluation of codling moth population numbers and seasonal development indicates and 

predicts the potential for damage throughout the season, as well as for the subsequent season (Riedl 

et al., 1998).  For monitoring codling moth using pheromone traps, orchards are divided into blocks of 

± 2 ha.  In each of these unit blocks, 25 evenly spaced trees throughout the block are selected, 

marked and used each time that codling moth infestation is monitored.  Monitoring is done by means 

of scouting, where five fruit clusters are examined thoroughly for damage caused by codling moth; a 
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pre-thinning assessment during late November and early December; followed by a second 

assessment just before harvest from February to early April (Brown and Pringle, 2006).  Pheromone 

trapping provides an indication of codling moth activity.  However, there are a number of factors 

influencing trap performance, thereby decreasing reliability (Pringle et al., 2003).  The information thus 

gained from scouting and fruit damage assessments is very important for the accurate indication of the 

extent of a codling moth infestation in an orchard.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control 

 

Previous codling moth control measures used in South Africa were predominantly based on the use of 

broad spectrum insecticides, particularly organophosphates (Riedl et al., 1998).  Concerns over 

personal safety, environmental impact, widespread dispersal of resistant populations of codling moth 

and sustainability of synthetic pesticides has encouraged the development and use of alternative pest 

management technologies, products and programmes (Blomefield, 2003).  At present, multiple tactics 

are deployed locally, including the use of broad-spectrum insecticides, applications of specific insect 

growth regulators, attract and kill methods (limited use) and the use of pheromone-based mating 

disruption and sterile insect technique.  The latter is currently still in its developmental phase (Giliomee 

and Riedl, 1998; Riedl et al., 1998; Addison, 2005).  Insecticides remain the primary means of 

 
 
 
 
 
 
 
 
 

(a) (b)

Figure 2.  Visual damage caused by codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae) 

to pears (a) and apples (b). 
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controlling codling moth, with up to 11 different registered insecticides being used for control (Riedl et 

al., 1998). 

 

 

Entomopathogenic Nematodes 

 

 

Entomopathogenic nematodes (EPNs) of the families Steinernematidae and Heterorhabditidae are 

lethal pathogens of insects and contribute to the regulation of natural populations of insects in the soil, 

but the main interest in them is their use as inundatively applied microbial agents for augmentative 

biological control (Hazir et al., 2003).  Several studies have shown their potential as successful 

biological control agents for a wide variety of insect pests (Koppenhöfer, 2000). 

 

Identification  

 

Several technologies (including both morphological and molecular methods) are available for the 

accurate and rapid identification/diagnosis of EPN taxa.  Morphological characteristics can be used to 

distinguish between several species of Steinernema, but for Heterorhabditis a lack of differentiating 

morphological features makes this approach difficult, making molecular characterization imperative 

(Hunt, 2007).  Attributing to the necessity of using molecular methods for the identification of EPN 

species is the significant amount of environmental and host-induced morphological variation displayed 

by the nematodes (Nguyen and Smart, 1996; Hominick et al., 1997).  Several methods are available 

for acquiring DNA sequence data for use in the molecular identification of EPNs (Nguyen and Smart, 

1996; Hominick et al., 1997; Adams et al., 2007).   

 

Host range and safety 

 

Under optimum laboratory conditions, most EPN species readily infect a variety of insects.  In the field, 

however, EPNs attack a significantly narrower host range than in the laboratory, as environmental 

conditions are not always optimal, host contact sometimes uncertain and environmental or behavioural 

barriers to infection may exist (Kaya and Gaugler, 1993; Adams et al., 2007).  These nematodes are 
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adapted to the soil environment, hence their principle hosts are the soil inhabiting stages of insects.  

No significant acute or chronic toxicity to humans or other vertebrates has ever been reported, nor 

noteworthy long-term impact on non-target invertebrate populations established and to date, 

researchers have been unable to identify any safety concerns that should prevent the use of EPNs as 

biological control agents (Akhurst and Smith, 2002; Ehlers, 2005).   

 

Distribution 

 

Entomopathogenic nematodes are widespread and have been recovered from soils throughout the 

world (Kaya, 1990).  Numerous surveys have documented their dispersal in both cultivated and 

uncultivated soils as reviewed by Hominick et al. (1996) and Hominick (2002).  The only continent 

where they have not been found is in Antarctica (Griffin et al., 1990). 

 

In South Africa, the first occurrence of a Steinernema species, retrieved from the maize beetle 

Heteronychus arator (Fabricius) (=H. sanctae-helenae Blanch) in a maize field in Grahamstown, 

Eastern Cape Province, was documented in 1953 (Harrington, 1953).  Several years later, in a survey 

to obtain effective nematodes for the possible control of the African sugarcane stalk-borer, Eldana 

saccharina Walker, many isolates of both Heterorhabditis and Steinernema were found, but not 

identified to species level (Spaull, 1988; 1990; 1991).  The first identification of an EPN to species 

level was that of H. bacteriophora Poinar, 1976 from the Western Cape Province in (Grenier et al., 

1996).  In 2003 a survey was conducted documenting the occurrence of EPNs in the southwestern 

parts of South Africa.  Several isolates of Heterorhabditis were found but only one of Steinernema 

(Malan et al., 2006).  The Steinernema sp. was subsequently described as S. khoisanae Nguyen, 

Malan and Gozel, 2006 (Nguyen et al., 2006).  Another new species obtained from this survey was a 

Heterorhabditis species, recently described as H. safricana Malan, Nguyen, De Waal and Tiedt, 2008 

(Malan et al., 2008).  A survey of EPNs from Gauteng and the North West Province was also recently 

conducted from 2005-2006.  Species isolated from the survey included H. bacteriophora, H. 

zealandica Poinar, 1990 and Steinernema khoisanae (Molotsane et al., 2007). 
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Registration 

 

Entomopathogenic nematodes have been exempted from registration in many countries, as opposed 

to South Africa (Ehlers, 2005).  In an amendment of Act 18 of 1989 under the Agricultural Pests Act of 

South Africa, it is clearly stated that the introduction of exotic animals is prohibited, except on the 

authority of a permit accompanied by a full impact study (Agricultural Pest Act 36 of 1947).  As EPNs 

are not commercially available in South Africa yet, this implies that no exotic species of EPNs can be 

imported into South Africa without governmental approval.  

 

Life Cycle  

 

Steinernematids and heterorhabditids have a free-living, non-feeding, specially adapted third stage 

infective juvenile (IJ) (Figure 3) or dauer juvenile, that infects the insect host in the natural soil 

environment (Forst and Clarke, 2002)..  The IJ is ensheathed in a second-stage cuticle that is easily 

lost in steinernematids, but is retained for longer periods in heterorhabditids.  Both Steinernema and 

Heterorhabditis are mutualistically associated with, and vectors of, bacteria of the genera 

Xenorhabdus and Photorhabdus, respectively (Forst et al., 1997).  Upon infecting the insect host 

through natural openings (mouth, anus, spiracles) or thin areas of the host’s cuticle (common only in 

the heterorhabditids that gain entry by abrading the intersegmental membranes of the insect using a 

dorsal tooth), they penetrate the host’s haemocoel and release the bacterium from their intestine.  The 

bacterium then propagates and produces substances that rapidly kill the host (normally within 24-48 h) 

and protects the cadaver from colonization by other micro-organisms.  The nematode feeds on the 

bacterial cells and host tissue that have been metabolized by the bacterium developing in the first 

generation (Figure 3) and, depending on host’s size, completes 1-3 generations.  As the food 

resources in the host’s cadaver are depleted, a new generation of IJs (Figure 4) is produced and they 

emerge from the host cadaver into the soil in search of a new host (Hazir et al., 2003).  

Steinernematids and heterorhabditids differ in their mode of reproduction.  Heterorhabditids are 

hermaphroditic in the first generation and amphitic in the following generations, as opposed to every 

generation but one of all the steinernematid species, which reproduce by amphimixis (Hazir et al., 

2003; Griffin et al., 2005).  Entomopathogenic nematode species employ different foraging strategies 

to locate and infect hosts.  Ambushing nematodes nictate during foraging by raising nearly all of their 

body off the substrate by standing on their tails and attaching onto passing insects, as opposed to 
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cruising nematodes, which orientate themselves to volatile host cues released by the insect by moving 

through the soil towards the host.  Most nematode species adopt an intermediate foraging behaviour 

pattern and are known as intermediate strategists (Griffin et al., 2005)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Entire body of the first generation female of Steinernema khoisanae. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Infective juveniles of Steinernema khoisanae. 
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Obstacles in the use of entomopathogenic nematodes for codling moth control 

 

Steinernema carpocapsae was the first species of EPNs to be isolated from codling moth larvae 

(Weiser, 1955).  Subsequently, most of the research conducted on the use of EPNs for codling moth 

control up to now, has been with this species.  Other species of Steinernema and Heterorhabditis 

have also shown promise as control agents of codling moth (Lacey and Unruh, 1998).   

 

The most promising target stage for the control of codling moth with EPNs is that of the cocooned 

diapausing larvae, occurring in autumn, winter and early spring in temperate areas.  During this 

period, the entire codling moth population is overwintering under the loose bark of trees, in litter at the 

base of the trees and in nearby woodpiles and fruit bins -all sites that are environmentally favourable 

to EPNs (Lacey and Unruh, 2005).  The elimination or significant reduction of the codling moth 

population at this stage would provide complete or substantial protection to fruit early in the following 

growing season.  Lacey et al. (2005) also showed that cocooned codling moth larvae are more 

susceptible to infection by EPNs than pupae, emphasizing the importance of either targeting the 

larvae in spring before they pupate, or in autumn as they enter diapause.  Use of an EPN species that 

is efficacious against codling moth larvae is therefore desirable.   

 

Applications of EPNs have traditionally been aimed at the soil stages of insects.  Nonetheless, 

research conducted over the last two decades highlights the potential of these microbial pathogens for 

use on above-ground pests, including codling moth (Weiser, 1955; Ragaei, 1999; Arthurs et al., 2004).  

In controlling codling moth, there are, however, several unfavorable environmental conditions which 

need to be overcome for successful EPN application.  These include, amongst others, extreme 

temperatures, desiccation and ultraviolet radiation. 

 

Temperature 

 

Low prevailing temperatures during early autumn and late spring, the ideal time to apply EPNs for 

codling moth control, are one of the main obstacles to overcome for the successful control of codling 

moth (Lacey et al., 1998).  Applications should not be made late in autumn, in winter or early spring, 

as prevailing temperatures are below the threshold of activity of EPN species during these periods 
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(Lacey et al., 2005).  The infectivity of most species of EPNs decreases considerably at temperatures 

below 15°C, stressing the need to use an EPN species that is cold-hardy. 

 

Desiccation 

 

High relative humidity is required for successful EPN above-ground applications (Wright et al., 2005), 

as EPNs require a thin water film to ensure survival and maintain activity.  From the time of 

application, IJs have to enter the cryptic habitat where the diapausing larvae reside, penetrate the 

surrounding cocoon, and enter the host before the habitat dries (Lacey et al., 2006a).  It is therefore 

beneficial to select an EPN strain that has an active host-searching ability, as the nematode will locate 

and penetrate the insect quicker, permitting shorter periods of post-application wetting.  It is also 

advisable not to make applications on windy days, as wind shortens the drying time, decreasing the 

efficacy of the application (Unruh and Lacey, 2001).  Existing orchard irrigation systems and standard 

hydraulic application equipment used for the application of chemicals can be adapted and utilized to 

provide the needed moisture in the specific orchard where EPNs are to be applied.  Adjuvants can 

also be added to EPN suspensions for further improvement of efficacy by preventing moisture loss 

and thereby preventing desiccation (Koppenhöfer, 2000).   

 

UV light 

 

One of the factors which could contribute to the lack of success of above-ground applications of 

nematodes is the intolerance of IJs to ultraviolet radiation (Gaugler et al., 1992).  This can be 

overcome by either applying nematodes at dusk (Lello et al., 1996), or adding adjuvants to protect the 

nematodes from solar radiation (Ragaei, 1999).   

 

Cryptic Habitats 

 

Codling moth larvae tend to diapause under loose bark on trees, in litter at the base of trees and in 

nearby woodpiles and fruit bins.  It is therefore advisable to apply an EPN species with an active host-

searching strategy to locate and infect larvae diapausing in these cryptic habitats, and to furthermore 

penetrate the cocoon in order to reach the host.  The penetration of nematodes into cryptic habitats 

and cocoons can be further enhanced by the addition of adjuvants (Arthurs et al., 2004).  Although 
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these sites are favourable for EPN survival, as moisture can easily be maintained in these cryptic 

habitats, an EPN application could be even more directed and effective if all the codling moth larvae 

were to diapause in closer proximity in one area.  This can be achieved by using mulches in 

conjunction with EPN applications (Lacey et al., 2006b).  Mulches such as wood chips can provide an 

attractive habitat for overwintering codling moth larvae, especially in orchards where the trees have a 

smooth bark, providing fewer alternative sites for hibernacula.  Adequate post-application moisture 

can also be maintained in mulch layers to improve the activity of nematodes, creating the potential for 

recycling of IJs produced in infected larvae, and subsequent persistence of infectivity, thus further 

enhancing the eventual level of control (Lacey et al., 2005).   

 

 

Aims of the study 

 

In view of the above-mentioned literature, the aims of the study were to: 

 

1. Isolate and characterize EPNs from South African soils, particularly S. carpocapsae and/or S. 

feltiae, with the potential to serve as effective biological control agents of codling moth. 

 

2. Select the most promising EPN isolate for the control of codling moth and evaluate this isolate 

under several field-simulated conditions in laboratory bioassays. 

 

3. Evaluate the most promising EPN isolate for the control of codling moth in field applications 

under varying local environmental conditions. 
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CHAPTER 2 

The isolation and characterization of entomopathogenic nematodes (Rhabditida: 

Steinernematidae and Heterorhabditidae) from South African soils for control of 

codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae) 

 

Abstract 

 

A survey was conducted in an attempt to obtain endemic isolates of entomopathogenic nematodes 

(EPNs) particularly Steinernema carpocapsae and S. feltiae or any other EPN isolates with the 

potential to serve as effective biological control agents for codling moth.  Soil samples were collected 

from several habitats and regions throughout South Africa and nematodes recovered using the insect 

baiting technique.  All EPN isolates obtained were identified to species level using a molecular 

taxonomic approach.  Entomopathogenic nematodes were recovered from 20 of the 200 soil samples 

(10 %) collected from 2006 to 2008.  Of these, eight (40 %) included Steinernema spp., which were 

identified as three isolates of S. khoisanae and five undescribed Steinernema spp.  The other 12 

samples (60 %) contained Heterorhabditis spp. and included six isolates of H. bacteriophora, five H. 

zealandica and one H. safricana.  Neither S. carpocapsae, nor S. feltiae were recovered from the 

survey. 

 

 

Introduction 

 

Entomopathogenic nematodes (EPNs) from the families Steinernematidae and Heterorhabditidae are 

obligate and lethal pathogens of insects.  These nematodes possess several attributes that make 

them ideal microbial biological control agents: they have a wide host range;  are less of a threat to the 

environment, humans and other vertebrates than chemical insecticides;  can be mass-produced and 

applied by conventional methods and are compatible with most chemical insecticides (Akhurst and 

Smith, 2002; Ehlers, 2005).  These biological control agents have proved to be effective against 

several important soil insects and pests that occur in cryptic habitats (Georgis and Manweiler, 1994; 
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Koppenhöfer, 2000).  Accordingly, there is an intense interest in isolating EPNs from different regions 

of the world where they are climatically suited and have the potential to control pests in that area. 

 

Entomopathogenic nematodes are commercially available in numerous countries in several 

formulations (Grewal and Peters, 2005), as opposed to South Africa, where they have not yet been 

commercialized.  Several local agricultural companies have expressed an interest in importing these 

already-formulated products from countries where they can be purchased commercially.  However, in 

an amendment of Act 18 of 1989 under the Agricultural Pests Act of South Africa, it clearly states that 

the introduction of exotic animals is prohibited, except on the authority of a permit accompanied by a 

full impact study (Agricultural Pest Act 36 of 1947).  This implies, that unlike many other countries 

where EPNs are exempted from registration requirements (Ehlers, 2005), no exotic species of EPNs 

can be imported into South Africa without government approval.  Research also suggests that 

endemic strains are climatically better adapted to the region of isolation, do not contribute to biological 

pollution by reducing endemic populations of EPNs (Ehlers, 2005) and will not negatively affect non-

target organisms (Ehlers and Hokkanen, 1996).  Subsequently, several surveys have been conducted 

internationally and locally in an attempt to isolate suitable strains of EPNs for use as biological control 

agents as part of an integrated approach to insect pest management. 

 

Entomopathogenic nematodes are widespread and have been recovered from soils throughout the 

world (Kaya, 1990).  Numerous surveys have documented their occurrence in both cultivated and 

uncultivated soils.  Hominick (et al. 1996; 2002) summarized the results of the surveys that have been 

conducted over the past decades.  The only continent where they have not been found is in Antarctica 

(Griffin et al., 1990).  In South Africa, the first occurrence of a Steinernema species was documented 

in 1953, retrieved from the maize beetle Heteronychus arator (Fabricius) (H. sanctae-helenae Blanch) 

in a maize field in Grahamstown, Eastern Cape Province (Harrington, 1953).  Several years later, in a 

survey to attain effective nematodes for the possible control of the African sugarcane stalk-borer, 

Eldana saccharina Walker, many isolates of both Heterorhabditis and Steinernema were found but not 

identified to species level (Spaull, 1988; 1990; 1991).  The first identification of an EPN to species 

level was that of H. bacteriophora Poinar, 1976, from the Western Cape Province in 1996 (Grenier et 

al., 1996).  In 2003 a survey was conducted documenting the occurrence of EPNs in the southwestern 

parts of South Africa.  Several isolates of Heterorhabditis were found, but only one species of 

Steinernema (Malan et al., 2006).  The latter Steinernema species was subsequently described as S. 
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khoisanae Nguyen, Malan and Gozel, 2006 (Nguyen et al., 2006).  Another new species obtained from 

this survey was a Heterorhabditis species, recently described as H. safricana Malan, Nguyen, De 

Waal and Tiedt, 2008 (Malan et al., 2008).  A survey of EPNs from Gauteng and the North West 

Province was also recently conducted during 2005-2006.  Species isolated from the survey included 

H. bacteriophora, H. zealandica Poinar, 1990 and Steinernema khoisanae (Molotsane et al., 2007). 

 

In the past, taxonomic identification of EPNs has not been possible and many studies failed to identify 

isolates to species level (Hominick, 2002).  Today there are several technologies (morphological and 

molecular methods) available for the accurate and rapid identification of EPN species.  Morphological 

characteristics can be used to distinguish several species of Steinernema, but for Heterorhabditis a 

lack of differentiating morphological features makes this approach difficult, making molecular 

characterization imperative (Hunt, 2007).  Attributing to the necessity of using molecular methods for 

the identification of EPN species, is the significant environmental and host-induced morphological 

variation displayed by the nematodes (Nguyen and Smart, 1996; Hominick et al., 1997).   

 

Several studies have shown the potential of EPNs as successful biological control agents of a wide 

variety of insect pests (Koppenhöfer, 2000).  Research specifically related to using EPNs for the 

control of codling moth, Cydia pomonella (L.), suggests that these nematodes are very effective if 

applied under optimal conditions (Kaya et al., 1984; Lacey and Chauvin, 1999; Lacey et al., 2000; 

Unruh and Lacey, 2001).  Codling moth is a key pest in South African orchards (Giliomee and Riedl, 

1998), leading to an infestation potential of up to 80 % if left untreated (Myburgh, 1980).  Great 

attention has been focused on managing this insect pest in local orchards.  Previously, broad 

spectrum insecticides, particularly organophosphates, were predominantly used for the control of 

codling moth (Riedl et al., 1998).  Concerns over human safety, environmental impact, widespread 

dispersal of resistant populations of codling moth and sustainability of synthetic pesticides has 

encouraged the development and use of alternative pest management technologies, products and 

programmes (Blomefield, 2003) including the use of EPNs.  Steinernema carpocapsae (Weiser, 1955) 

Wouts, Mráček, Gerdin & Bedding, 1982 and S. feltiae (Filipjev, 1934) Wouts, Mráček, Gerdin & 

Bedding, 1982  appear to be the most efficacious of the nematodes evaluated so far in other countries 

(Lacey et al., 2000).  Under optimal conditions, over 95 % control of codling moth larvae has been 

reported using these species (Kaya et al., 1984).  However, neither of these species has been 

reported from local soils.  It should be noted that the aim of the study was not to investigate the 
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biogeographic distribution of EPNs throughout South Africa, but rather a random survey in an attempt 

to obtain endemic isolates of particularly S. carpocapsae and S. feltiae, or any other isolates with the 

potential to serve as effective biological control agents for codling moth in orchards throughout South 

Africa.   

 

 

Materials and Methods 

 

Soil samples 

 

Soil samples were collected from both disturbed and undisturbed soils randomly throughout different 

regions and habitats in South Africa from February 2006 until February 2008.  Each soil sample of 

approximately 2 kg comprised three sub-samples taken at a depth of up to 20 cm in an area of 3 m2.  

Samples were placed in polyethylene bags to minimize dehydration, and transported in an insulated 

cooler to the laboratory at Stellenbosch University. 

 

Nematode recovery 

 

The field-collected soil samples were initially stored at room temperature in the laboratory and 

processed within the first week of collection.  The insect baiting technique was used to recover the 

nematodes from the soil samples as described below (Bedding and Akhurst, 1975).  The sub-samples 

were thoroughly mixed and two 1L plastic containers were each filled with 900 ml of soil.  Five larvae 

of Galleria mellonella (L.) and/or Tenebrio molitor (L.) were placed on the soil surface of each 

container, covered with a lid and placed in a growth chamber for 5-7 days at 25°C.  Thereafter, dead 

larvae were removed, rinsed with filtered water and placed on a moistened filter paper in a Petri dish 

(30 mm x 10 mm).  After 2-3 days in the Petri dish, larvae showing signs of infection by EPNs (Poinar, 

1990) were placed on a modified White trap (White, 1927) for the collection of emerging infective 

juveniles (IJs).  The modified White trap consisted of the bottom of a Petri dish (85 mm diameter) 

placed in a glass Petri dish (140 mm diameter) (Figure 1).  The G. mellonella or T. molitor cadavers 

were placed on a moist piece of filter paper (80 mm diameter) in the plastic Petri dish’s bottom.  The 
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outer glass Petri dish was filled with 20 ml filtered water, into which IJs crawled soon after emerging 

from insect cadavers.  Infective juveniles were harvested during the first week of emergence.   

 

 

 

Figure 1. A modified White trap consisting of a Petri dish dish (85 mm diameter) placed in a glass 

Petri dish (140 mm diameter). 

 

 

Storage of nematodes 

 

Infective juveniles harvested from White traps were stored horizontal in 50 ml filtered water in vented 

160 ml culture flasks.  Flasks were shaken weekly for aeration and kept in the dark at 14°C in a 

climate chamber.  Isolates were recycled every four months through either G. mellonella or T. molitor 

larvae (Kaya and Stock, 1997).   

 

Nematode identification using molecular methods 

 

DNA was extracted from a single first-generation female for Steinernema (Figure 2) and a 

hermaphrodite for Heterorhabditis.  For each isolate, the specimen was cut into smaller pieces using a 

syringe needle, in a 0.5 ml microcentrifuge tube containing 27 µl of Lysis buffer (500 mM MgCl2, 10 

mM DTT, 4.5 % Tween 20, 0.1 % gelatin) and 3 µl of proteinase K (600 µg/ml).  After freezing the 

tubes for 1 h at -80°C, they were incubated at 65°C for 1 h and then at 95°C for 10 min.  The tubes 
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were then centrifuged at 12 000 rpm for 2 min, the supernatant removed (top 20 µl) and added to new 

0.5 ml microcentrifuge tubes.  This DNA suspension was kept at -20°C till further use.   

 

 

 

Figure 2. First generation entomopathogenic nematodes in Tenebrio molitor larvae used for DNA 

extraction. 

 

 

The internal transcribed spacer (ITS) region was amplified by the polymerase chain reaction (PCR) for 

genomic analysis using Vrain et al.’s (1992) external primers (18S forward primer 5’ TTG ATT ACG 

TCC CTG CCC TTT 3’; 26S reverse primer 5’ TTT CAC TCG CCG TTA CTA AGG 3’).  Each PCR 

reaction contained 2.5 µl 10 x PCR buffer, 1 µl of dNTP mixture (10 mM each), 1 µl of 10 pM forward 

primer, 1 µl of 10 pM reverse primer, 1.5 µl MgCl2 (50 mM), 0.25 µl of Taq DNA polymerase (5 U µl-1), 

15 µl of distilled water and 2.5 µl of the DNA suspension from the DNA extraction serving as template 

DNA in a final reaction volume of 25 µl.  The PCR reaction was performed in a thermocycler 

(GeneAmp 2720) with a cycling profile suggested by Nguyen et al. (2004): 1 cycle of 94°C for 7 min 

followed by 35 cycles of 94°C for 60 s, 50°C for 60 s and 72°C for 60 s.  The final step was 72°C for 

10 min.  For Heterorhabditis spp. the annealing temperature was lowered to 45°C (Nguyen, 2007). 

 

Products resulting from the PCR were purified with a QIAquick PCR purification kit (Qiagen Inc., Santa 

Clarita, CA, USA).  Purified DNA was sequenced in both directions, using aforementioned primers on 

an automated sequencer (ABI 3100), at the Department of Genetics, University of Stellenbosch, South 

Africa, using BigDye 3.1 chemistry (PE Applied Biosystems).  BioEdit version 7.0.4 (Hall, 1999) was 
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used for sequence editing, verifying base calls and obtaining a consensus sequence (using both the 

18S and 26S sequence if possible).  The final sequence obtained was aligned with EPN sequences in 

Genbank using BLAST comparison for species verification (Nguyen, 2007).  All consensus sequences 

were deposited in Genbank.  The BLAST-based tool, ‘BLAST 2 SEQUENCES’ (Tatusova and 

Madden, 1999) was used to calculate the percentage of similarity of each isolate for each species to a 

model type sequence.  For Heterorhabditis, the following sequences were used for comparison for 

each species, namely: H. bacteriophora AY321477 (Nguyen et al., 2004); H. zealandica AY321481 

(Nguyen et al., 2004) and H. safricana EF488006 (Malan et al., 2008).  For S. khoisanae the 

sequence reported by Nguyen et al. (2006) DQ314287 was used for comparison. 

 

 

Results 

 

Entomopathogenic nematodes were recovered from 20 (10 %) of the 200 soil samples collected from 

February 2006 until February 2008 from different geographic regions and habitats throughout South 

Africa (Table 1).  DNA sequence analysis revealed that of the 20 isolates, eight steinernematid (40 %) 

and 12 heterorhabditid (60 %) isolates were recovered.  Of the 12 heterorhabditids, six were H. 

bacteriophora, five H. zealandica and one H. safricana.  Three of the eight steinernematids were 

identified as S. khoisanae and the other five isolates of Steinernema were depicted as possible new 

undescribed species.  For quick identification, sequences generated for each isolate were individually 

matched and aligned with sequences available in GenBank and have been deposited in GenBank 

(see Table 1 for accession numbers).   
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Table1. Sampling variables for soil sample collection throughout Southern Africa. 

 
Species Genbank 

Accession 
Number 

Isolate no. Latitude Longitude Nearest town, Province Habitat 

Heterorhabditis bacteriophora EU716332 J1 34º01’S 20º13’E Bonnievale, Western Cape Disturbed soil 

H. bacteriophora EU700310 J22 34º01’S 20º13’E Bonnievale, Western Cape Disturbed soil 

H. bacteriophora EU716331 J84 33º51’S 18º58’E Simondium, Western Cape Undisturbed soil 

H. bacteriophora EU716333 J91 33º58’S 18º56’E Jonkershoek, Western Cape Undisturbed soil 

H. bacteriophora EU716334 J154 34º03’S 20º33’E Swellendam, Western Cape Undisturbed soil 

H. bacteriophora EU716335 J172 33º56'S 18º52’E Stellenbosch, Western Cape Disturbed soil 

Heterorhabditis safricana EU716336 J131 32º44’S 19º02’E Citrusdal, Western Cape Undisturbed soil 

Heterorhabditis  zealandica EU722436 J34 34º04’S 23º01’E Brenton on Sea, Western Cape Undisturbed soil 

H. zealandica EU727164 J36 34º04’S 23º01’E Brenton on Sea, Western Cape Disturbed soil 

H. zealandica EU727165 J37 32º02’S 22º59’E Belvidere, Western Cape Disturbed soil 

H. zealandica EU727166 J92 33º58’S 18º55’E Jonkershoek, Western Cape Undisturbed soil 

H. zealandica EU727167 J182 33º55’S 18º41’E Kuilsrivier, Western Cape Disturbed soil 

Steinernema khoisanae EU727168 J17 34º01’S 20º13’E Bonnievale, Western Cape Undisturbed soil 

S. khoisanae EU727169 J29 32º51’S 19º06’E Citrusdal, Western Cape Undisturbed soil 

S. khoisanae EU727170 J106 28º44’S 28º54’E Harrismith, Free State Undisturbed soil 

Steinernema sp. EU729352 J12 33º55’S 18º52’E Knysna, Western Cape Undisturbed soil 

Steinernema sp. FJ175378 J69 33º31’S 19º14’E Wolseley, Western Cape Disturbed soil 

Steinernema sp. EU729353 J112 28º44’S 28º54’E Harrismith, Free State Undisturbed soil 

Steinernema sp. FJ175379 J194 34º02’S 24º55’E Jeffrey’s Bay, Eastern Cape Undisturbed soil 

Steinernema sp. EU754718 J196 33º56’S 25º01’E Jeffrey’s Bay, Eastern Cape  Undisturbed soil 
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Quick identifications for all isolates were confirmed with the ‘BLAST 2 SEQUENCES’ process in 

GenBank.  The following results were obtained for Heterorhabditis: the percentages of similarity of the 

isolates J1, J22, J84, J91, J154 and J172 and the sequence for H. bacteriophora (AY321477) were 

100, 99, 98, 99, 99 and 99 %, respectively.  For the isolate J131 and the sequence for H. safricana 

(EF488006), a 99 % similarity was calculated.  The isolates J34, J36, J37, J92 and J182 were all 99 % 

similar to the H. zealandica (AY321481) sequence.  For Steinernema, the percentage similarity of the 

isolates J17, J29 and J106 to the sequence for S. khoisanae (DQ314287) was 99, 98 and 97 %.  All 

results obtained for all isolates confirm quick identification results of isolates to species level. 

 

The two hundred habitats from which the soils were collected can be classified broadly as disturbed 

and undisturbed soils.  One hundred soil samples were collected from each of the two types of 

habitats.  The disturbed habitats included cultivated soils used for agriculture and home/public 

gardens, as opposed to undisturbed soils consisting of pine forest soils, grasslands, marsh and 

riverine habitats.  Seven isolates pertaining to four different EPN species, H. bacteriophora, H. 

safricana, H. zealandica and S. khoisanae, were isolated from disturbed soils.  Eleven isolates, 

including Heterorhabditis bacteriophora, H. safricana, S. khoisanae and three isolates of Steinernema 

sp. were obtained from undisturbed soils. 

 

In evaluating overall diversity in this sampling effort, H. bacteriophora was the most ubiquitous EPN, 

followed by H. zealandica, S. khoisanae and H. safricana.  Heterorhabditis bacteriophora was indeed 

recovered from both disturbed and undisturbed soils. 

 

 

Discussion 

 

The aim of the present study, being to obtain particularly S. carpocapsae and S. feltiae or any other 

endemic isolate with the potential to serve as effective biological control agents of codling moth in 

South African orchards, was partially achieved.  Several EPN species were isolated, however S. 

carpocapsae and S. feltiae were not amongst those.  This is unfortunate as according to other studies, 

these two species appear to be the most efficacious of all the species evaluated up to now for the 
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control of codling moth (Kaya et al., 1984; Lacey and Unruh, 1998; Lacey and Chauvin, 1999; Lacey 

et al., 2000; Vega et al., 2000; Unruh and Lacey., 2001; Cossentine et al., 2002; Lacey et al., 2005; 

Lacey et al., 2006).  Both these species are known to be widely distributed and it was therefore 

surprising that neither of the two species were recovered from South African soils.  Their broad 

distribution may be attributed to their extensive host range, documented by Peters (1996), allowing 

them to follow a generalist life strategy.  Steinernema carpocapsae and S. feltiae are said to favour 

more temperate climatic regions and have previously been isolated from both cultivated and 

undisturbed soil samples from several countries.  As South Africa has a temperate climate and soil 

samples were taken from several varying habitats, it was surprising to find that these two species were 

not recovered.  Most surprising is the fact that S. feltiae was not recovered, as this species is the most 

widespread steinernematid with an almost cosmopolitan distribution (Hominick, 2002).  Using a 

different sampling approach might give a different view on the distribution and occurrence of these 

species in South Africa, and should therefore be considered for future studies. 

 

Steinernematids are generally recovered more often than heterorhabditids during non-targeted 

surveys (Hominick, 2002).  Previous work in South Africa also found Steinernema to be more 

prevalent than Heterorhabditis (Spaull, 1990; 1991; Molotsane et al., 2007).  However, contrasting 

results were obtained in the present study.  Heterorhabditids were more common than 

steinernematids.  These results mirror those obtained from a random survey conducted in the 

southwestern parts of South Africa, where Malan et al. (2006) also found Heterorhabditis to be the 

dominant genus.   

 

Of the heterorhabditids recovered from the present survey, H. bacteriophora and H. zealandica were 

most often recovered.  The high rates of recovery of H. bacteriophora and H. zealandica implies that 

these species are probably highly efficient survivors and their distribution most likely occurs by both 

active (hosts) and passive (wind, water and human activity) means (Hominick, 2002).   

 

For H. bacteriophora the high level of recovery was expected as this species has previously been 

shown to occur commonly throughout South Africa, as well as globally (Grenier et al., 1996; Hominick, 

2002; Malan et al., 2006; Molotsane et al., 2007).  Heterorhabditis bacteriophora has been 

commercialized by many companies with the aim of controlling various insect pests.  This is attributed 

to the wide host range of this species (Nguyen and Hunt, 2007), including codling moth.  Even though 
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S. carpocapsae and S. feltiae are typically used for codling moth control, other species, such as H. 

bacteriophora, should not be disregarded.  For example, H. bacteriophora has a very good host-

finding ability, even better than S. carpocapsae (Choo et al., 1989), and is also known to be very 

virulent against other lepidopterans (De Doucet et al., 1999).  The good results obtained by Lacey and 

Unruh (Lacey et al., 1998) in testing H. bacteriophora against codling moth in laboratory bioassays is 

also indicative of the potential of this species. 

 

Furthermore, all three recovered Heterorhabditis species are known to be relatively small regarding 

body length (H. bacteriophora= 588 (512-671) µm, H. safricana= 600 (550-676) µm and H. 

zealandica= 685 (570-740) µm) (Poinar, 1990; Malan et al., 2008).  This is an advantage for the 

commercial application of these nematodes, as nematode size influences the extent of damage 

inflicted to the nematodes due to pressure differentials in spray systems during application.  It has 

been suggested that smaller nematode species are less affected by these physical operating stress 

factors (Shapiro-Ilan et al., 2006).  Very high spray system operating pressures are required to obtain 

adequate levels of coverage, as required for a successful EPN application for codling moth.  It will 

therefore be better to use smaller EPN species, such as those mentioned above (Fife et al., 2003).   

 

Heterorhabditis zealandica does not have as wide a distribution as H. bacteriophora.  The species was 

originally found in New Zealand and has since been reported from South Africa, Lithuania, Russia, 

Australia and the USA (Florida and South Carolina) (Nguyen et al., 2007).  Locally, a survey 

conducted in the southwestern parts of South Africa by Malan et al. (Malan et al., 2006) only 

recovered one isolate of H. zealandica.  This specific isolate was noted as being a new record of this 

species from South African soils.  In the current survey however, several isolates of H. zealandica 

were recovered from both cultivated and undisturbed soil samples.  In a recent laboratory bioassay for 

the selection of an endemic EPN isolate from South African soils to be used for the treatment of 

codling moth infested fruit bins, several isolates (40) were evaluated.  The most successful isolate was 

the SF 41 isolate of H. zealandica (Malan and Addison, 2008).  This suggests that this species could 

hold great potential as a possible microbial control agent of codling moth and should be further 

investigated. 

 

Heterorhabditis safricana was only recently described by Malan et al. (2008).  Very little is yet known 

about this species regarding it’s distribution, virulence and host range, as no studies have been 
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conducted on this new species.  It was originally isolated from a peach orchard in the Western Cape 

Province, South Africa.  The recovery of H. safricana from Citrusdal in the Western Cape in the 

present study is only the second international record of the species and further investigation of this 

species regarding host range and distribution is required. 

 

Of the steinernematids, S. khoisanae was recovered most often from both disturbed and undisturbed 

soil samples.  This species was originally obtained and described from the Western Cape Province, 

South Africa (Nguyen et al., 2007).  Since then, S. khoisanae has been reported from the North West 

Province and again several times from the Cape Province (Malan et al., 2006; Molotsane et al., 2007).  

In this study three of the five S. khoisanae isolates were recovered from the Western Cape Province, 

one form the Free State and one from the Eastern Cape Province.  Malan et al. (2006) suggested that 

although the large body length of the IJs of S. khoisanae [1075 (904-1214) µm] could be problematic 

regarding aspects of production and application, they could have other special characteristics which 

might justify their commercialization, such as desiccation tolerance.  Desiccation is thought to be the 

key factor influencing nematode efficacy on foliage (Glazer et al., 1992).  Desiccation survival of 

nematodes varies markedly between isolates and species (Glazer, 1992) and it is therefore essential 

not to disregard some species only because of their morphological traits.   

 

Even though endemic isolates of S. carpocapsae and S. feltiae were not isolated, in view of the 

above-mentioned arguments, the use of the other recovered isolates of different EPN species for the 

control of codling moth should not be overlooked.  Future work should therefore be aimed at 

investigating the potential of the recovered isolates for the control of codling moth under varying 

conditions in laboratory bioassays.   
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CHAPTER 3 

 
Laboratory bioassays of South African entomopathogenic nematodes for control of 

codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae) 

 

Abstract 

 

Several entomopathogenic nematode (EPN) isolates recovered from South African soils were 

evaluated for their potential as microbial agents for the control of codling moth.  A morphometric study 

was undertaken, which indicated that all natural openings (mouth, anus and spiracles) of final instar 

codling moth were wide enough for all tested EPN species (Heterorhabditis bacteriophora, H. 

safricana, H. zealandica and Steinernema khoisanae) to gain entry into larvae.  The susceptibility of 

final instar codling moth larvae and pupae to EPN isolates was assessed in the laboratory in a 

screening experiment at a concentration of 200 infective juveniles (IJs)/insect and again in a selective 

screening at 100 IJs/insect.  Larvae were more susceptible to infection by EPNs than pupae in both 

screenings.  For the initial screening experiment, the Heterorhabditis isolates caused mortalities 

ranging from 71-90 % as opposed to Steinernema isolates where mortality ranged from 38-81 %.  

Similar results were obtained from the selective screening, using the seven most promising EPN 

isolates, identified from the initial screening.  There were no significant differences among the top five 

isolates with mortality ranging from 58-77 %.  The SF 41 isolate of H. zealandica was selected as the 

most promising isolate for codling moth control and was used as the test isolate for the rest of the 

study.  The effect of concentration, temperature, incubation time and humidity for SF 41 H. zealandica 

was investigated using a bioassay system that employed cocooned diapausing codling moth larvae in 

cardboard strips.  The LD50 and LD90 values in IJs/ml were 72 and 275, respectively.  Nematodes were 

inactive at temperatures below 15°C and dead above 35°C.  Maximum codling moth mortality due to 

nematode infection was recorded between 20-25°C.  No codling moth mortality was recorded below 

50 % RH, and maximum codling moth mortality (89 %) was recorded at >95 % RH, with LT50 and LT95 

values at 0.82 and 4.87 hours, respectively.  Our results indicate good potential of endemic isolates of 

EPNs, especially H. zealandica, for codling moth control under a variety of environmental conditions. 
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Introduction 

 

Codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae) is a worldwide pest of apple and pear 

(Barnes, 1991).  In South Africa, the infestation potential of this key pest in pome fruit orchards is one 

of the highest in the world, with up to four generations occurring per growing season (Lounsbury, 

1898; Giliomee and Riedl, 1998; Pringle et al., 2003).  Previous codling moth control measures used 

in South Africa were based predominantly on the use of broad spectrum insecticides, particularly 

organophosphates (Riedl et al., 1998).  Concerns for human safety, environmental impact, widespread 

dispersal of resistant populations of codling moth and sustainability of synthetic pesticides has 

encouraged the development and use of alternative pest management technologies, products and 

programmes (Blomefield, 2003).  Despite certain limitations, the use of pheromone-based mating 

disruption is currently widely used (Barnes, 1991; Pringle et al., 2003).  Low population levels are a 

prerequisite for successful mating disruption (Vickers and Rothschild, 1991).  Supplemental control 

with selective interventions will not only be beneficial to the success of mating disruption, but also to 

other control methods such as the sterile insect technique, which is still in its developmental phase in 

South Africa (Pringle et al., 2003; Addison, 2005).   

 

Entomopathogens are ideal candidates to be incorporated into the integrated control strategy currently 

being developed locally for codling moth control.  They will not only be complimentary to the density-

dependent control measures mentioned above, but also help to conserve natural control factors and 

biodiversity in the orchard agroecosystems (Lacey and Shapiro-Ilan, 2003; Pringle et al., 2003).  

Several entomopathogens have been reported from codling moth, including the codling moth 

granulosis virus, bacteria, several fungal species and entomopathogenic nematodes (EPNs) (Cross et 

al., 1999).  Of these, EPNs in the families Steinernematidae and Heterorhabditidae have shown great 

promise as control agents of codling moth (Lacey and Unruh, 1998) and several other insect pests 

(Koppenhöfer, 2000).  The ideal life stage to target for codling moth control is the diapausing larvae, 

occurring in late summer, through winter, till early spring.  The elimination or significant reduction of 

the codling moth population at this stage would provide complete or substantial protection to fruit early 

in the following growing season, as the diapausing larvae represent the entire codling moth population 

(Lacey and Unruh, 2005).  Chemical sprays are not effective at reaching and eliminating this stage, as 

during this period diapausing larvae reside in cryptic habitats such as under loose bark on trees, in 
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litter at the base of trees and in nearby woodpiles and fruit bins, thus hampering spray efficiency.  

Similar to the soil environment, cryptic habitats are also regarded as favourable habitats for use of 

EPNs.  Like soil, they buffer the nematodes against environmental extremes, but also have less 

limiting factors than soil, and can easily be manipulated to the advantage of the nematode 

(Koppenhöfer, 2000).   

 

Steinernema carpocapsae (Weiser, 1955) Wouts, Mráček, Gerdin & Bedding, 1982 was originally 

isolated from codling moth larvae (Weiser, 1955).  Subsequently, up to now most of the research 

conducted worldwide on the use of EPNs for codling moth control has been with this species.  Besides 

S. carpocapsae, other species of both Steinernema and Heterorhabditis have also shown promise as 

control agents of codling moth, including S. feltiae (Filipjev, 1934) Wouts, Mráček, Gerdin & Bedding, 

1982, S. riobrave Cabanillas, Poinar & Raulston, 1994 and H. bacteriophora Poinar, 1976 (Kaya et al., 

1984; Lacey and Unruh, 1998; Lacey et al., 2000; Unruh and Lacey, 2001).  Steinernema 

carpocapsae and S. feltiae appear to be the most efficacious of the nematodes evaluated so far 

(Lacey et al., 2000).  Neither of these species has been reported from local soils. These nematodes 

are not exempted from local registration as control agents, as is the case in many other countries 

(Ehlers, 2005).  In an amendment of Act 18 of 1989 under the Agricultural Pests Act of South Africa, it 

is clearly stated that the introduction of exotic animals is prohibited, except on the authority of a permit 

accompanied by an impact study (Agricultural Pest Act 36 of 1947).  Due to this restriction, it was 

therefore desirable to isolate and characterize endemic isolates of EPNs from South African soils (as 

described in Chapter 2) and to evaluate their efficacy against both codling moth larvae and pupae, first 

in the laboratory and later in the field.   

 

Besides efficacy of the specific isolate to codling moth larvae, several other factors can also contribute 

to the success or failure of an EPN application, including environmental, physiological and behavioural 

attributes.  Determining the effect of these factors specifically regarding the endemic isolate SF 41 

(EU699436) of H. zealandica Poinar 1976 (Malan and Addison, 2008a) in the laboratory prior to field 

applications was therefore required to ensure application success,  should the isolate be applied in the 

field in future.  A morphometric study was undertaken to determine possible entry points of different 

nematode species into codling moth larvae.  Temperature is known to have a profound effect on 

nematode activity and the effect of different temperatures (typical of temperatures recorded in 

orchards) on nematode performance was therefore determined.  Humidity contributes directly to 
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nematode desiccation rate and was therefore also investigated in the study.  The number of 

nematodes required to obtain satisfactory levels of codling moth control is not only a cost factor, but 

could influence the proportion of codling moth killed by EPNs and a concentration trial was therefore 

also included in the study.   

 

 

Materials and Methods 

 

Source of nematodes 

 

Entomopathogenic nematode species/strains were obtained from both the University of Stellenbosch’s 

EPN collection and a local sampling survey (as described in Chapter 2) and are listed in Table 1.  

Infective juveniles (IJs) of the different nematode isolates were produced in Galleria mellonella (L.) 

and/or Tenebrio molitor (L.) at room temperature, harvested and quantified, using the procedures 

described by Kaya and Stock (1997).  Nematodes were stored horizontally in 150 ml of filtered water 

in vented 500 ml culture flasks at 14°C, shaken weekly for aeration and used within one month after 

harvesting for the initial screenings.  Formulated H. zealandica SF41 (Malan et al., 2006), obtained 

from a commercial company, were used for all other bioassays.   

 

Table 1.  Entomopathogenic nematode species, isolate numbers and Genbank accession numbers. 

 

Species Isolate no. Genbank accession 
numbers 

Heterorhabditis bacteriophora J1 EU716332 

H. bacteriophora J22 EU700310 

H. bacteriophora J84 EU716331 

H. bacteriophora J91 EU716333 

H. bacteriophora J154 EU716334 

H. bacteriophora J172 EU716335 

Heterorhabditis safricana J131 EU716336 

H. zealandica J34 EU722436 

H. zealandica J36 EU727164 

H. zealandica J37 EU727165 

H. zealandica SF41 EU699436 

H. zealandica J92 EU727166 
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Species Isolate no. Genbank accession 
numbers 

H. zealandica J182 EU727167 

Heterorhabditis sp. J21 *Not yet available 

Steinernema khoisanae J17 EU727168 

S. khoisanae J29 EU727169 

S. khoisanae J106 EU727170 

Steinernema sp. J12 EU729352 

Steinernema sp. J69 FJ175378 

Steinernema sp. J112 EU729353 

Steinernema sp. J194 FJ175379 

Steinernema sp. J196 EU754718 

* Isolate J21’s sequence is not yet available in Genbank 

 

Source of insects  

 

The late instar codling moth larvae and pupae used for screening were obtained from the Deciduous 

Fruit Producers Trust’s Sterile Insect Release Codling Moth Rearing Facility in Stellenbosch, South 

Africa.  Laboratory-reared diapausing codling moth larvae [photoperiod of 10:14 (L:D), 25°C, 60 % RH] 

were used for all other bioassays to avoid pupation over the test period.  The diapausing larval stage 

is considered most suitable to target in field trials.  Tenebrio molitor larvae were laboratory reared in 

plastic containers on fine wheat bran, supplemented with Cerelac Nestle™ regular baby cereal for 

vitamins.  In addition, fruit and vegetable peels topped the diet to add moisture.  The larvae were 

regularly harvested, mixed with untreated wood shavings and kept at 4ºC until needed.  Galleria 

mellonella larvae were reared on a diet of five parts brown bread flour, five parts baby cereal, two 

parts wheat germ, two parts yeast, two parts glycerine and one part honey, all mixed together and a 

beeswax comb was finally added to the diet (Woodring and Kaya, 1988). 

 

Morphometric study 

 

Twenty final instar codling moth larvae were examined by means of a stereo microscope (Wild M8) to 

determine which of the natural openings (mouth, anus or spiracles) were suitable for entry of IJs of 

different EPN species isolated in the survey as listed in Table 2.  Measurements obtained by means of 

a standardized eye piece micrometer for each natural opening were compared to the maximum body 

diameter of the investigated EPN species to determine which openings give possible access by the 
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nematodes into the insect.  To determine if particular EPN species could gain access via the spiracles 

to the tracheae, the diameter of the spiracles on the first eight abdominal segments (A1-8) were 

measured.  The maximum width of the larval mouth opening equals that of the labrum.  The width of 

the labrum was thus measured to determine whether EPNs could enter the alimentary system via the 

mouth opening.  As the maximum opening of the anus corresponds with the diameter of the voided 

frass pellets, frass pellets were collected from penultimate and final instar larvae and measured to 

determine if IJs could gain access to the alimentary system via the anus. 

 

Initial screening 

 

To determine the effectiveness of the EPN isolates (Table 1) against both codling moth larvae and 

pupae, multiwell plates (24 wells, 1.8 cm² per well) were used for an initial screening.  Filter paper 

disks (13 mm diameter) were added to 12 of the 24 wells of each of the plates and distributed to limit 

the possible movement of nematodes between wells.  Nematodes were inoculated onto the disks at a 

pre-determined concentration of 200 IJs/50µl (Navon and Ascher, 2000).  Thereafter, either a single 

final instar codling moth larva or pupa was added to each of the 12 wells.  The cover of the bioassay 

plates were fitted with a piece of glass and kept secure with a rubber band to confine insects to their 

wells.  The plates were placed in plastic containers, lined with moistened paper towel and covered 

with a lid to ensure high humidity (95 % RH).  Four plates were used for each isolate being tested.  

Two of these plates contained diapausing larvae and the other two pupae. Two control plates 

containing final instar larvae and pupae, respectively, were also prepared.  Control plates were 

inoculated with filtered water instead of nematodes.  The plastic containers with the trays were placed 

in an incubator kept at 25°C in the dark.  Plates were removed after 48 h to assess mortality, and 

infection was confirmed by dissecting the dead insects in Ringer’s Solution. 

 

Selective screening 

 

The same protocol as used for the initial screening was followed, using only the seven most promising 

isolates.  A predetermined concentration of 100 IJs/50µl, as proposed by Bedding et al. (1983), was 

used to assess host susceptibility at a lower concentration.  
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Bioassay protocol 

 

The bioassay system used for all laboratory experimentation was similar to that designed by Lacey 

and Unruh (1998).  Double-fluted corrugated cardboard was used as the cells provided a tight, dark 

pupation site to simulate the natural cryptic habitats in which codling moth larvae spin their cocoons.  

Cardboard strips (8 x 1.9 cm) were cut and placed in a 9 cm diameter Petri dish lined with number 1 

Whatman filter paper.  Cardboard strips were perforated with a tailor’s pattern marker with 

approximately 75 holes (<0.5 mm diameter) on each side to allow passage of IJs.  Twenty diapausing 

larvae were placed in each Petri dish, kept at room temperature and allowed to spin cocoons in the 

cells of the cardboard over a 24 h period.  Petri dishes were returned to a 4°C chamber for two to 

three days preceding the trial.  Petri dishes were removed from storage on the morning of tests and 1 

ml of filtered water was added to the filter paper in each dish.  Just prior to applying the nematodes, 

strips were turned over on the filter paper to expose the moistened side.  Nematode concentration was 

adjusted prior to inoculation (Glazer and Lewis, 2000).  Infective juveniles were used within 1-2 weeks 

after harvesting.  Nematodes were inoculated onto the surface of each cardboard strip in a final 

volume of 1 ml and the IJ-suspension was evenly distributed with a plastic bacterial spreader over the 

entire strip-surface.  All assays were conducted at 25°C, except for the temperature trial.  Dishes were 

covered with the lids of Petri dishes and placed in a plastic container lined with moistened paper towel 

to maintain moisture (95 % RH) throughout the test period of six days in the growth chamber.  After 

incubation, the cardboard strips were opened and the mortality rate of the codling moth larvae was 

assessed.  Subsequently, dead larvae were dissected in Ringer’s Solution to confirm nematode 

infection. 

 

Infective juvenile concentration 

 

The aim of this experiment was to determine the optimal concentration of H. zealandica (SF 41) IJs to 

be used for further laboratory testing.  Using the bioassay protocol as described above, different 

concentrations were evaluated.  Assays were conducted using 0, 80, 160, 240, 320, 480 and 640 

IJs/ml/strip (0, 5, 10, 15, 20, 30 and 40 IJs/cm2).  Each treatment was repeated four times, with a fifth 

strip -treated with water- serving as a handling control. 
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Effect of temperature on mortality  

 

The effect of seven different temperatures which can be expected in an orchard during an application 

(10, 15, 20, 25, 30, 35 and 40°C) on the larvicidal activity of H. zealandica (SF 41) was studied, using 

the bioassay protocol as described above.  A concentration of 10 IJs/cm² was used. Inocula for this 

experiment were acclimated at each of the different temperatures 24 h before inoculation.  Each 

treatment was repeated three times, with a fourth strip treated with water serving as a handling 

control. 

 

Effect of incubation time and humidity on mortality 

 

The effect of humidity on the ability of H. zealandica (SF 41) to find and infect diapausing codling moth 

larvae was examined, using a modified protocol to the bioassay system described above.  The 

experiment differed from established protocol as follows.  Instead of sealing the Petri dishes and 

placing them in a closed container, the strips were placed in humidity chambers, or confined 

environments.  Saturated solutions in humidity chambers or closed environments were used to 

achieve 25 % (potassium acetate), 50 % (humidity in growth chamber), 75 % (sodium chloride) and 

>95 % RH (closed plastic container lined with moistened tissue paper) (Winston and Bates, 1960).  

Nine cardboard strips, for each of the four humidity treatments, were prepared and inoculated with 

nematodes at a concentration of 10 IJs/cm².  A tenth strip served as a control treatment, inoculated 

with water and incubated in the relevant chamber for 0, 1, 1.5, 2.25, 3.75, 5.06, 7.59, 11.39, 17.08 and 

25 h.  After each incubation period one treated strip was removed from each of the 

chambers/containers, separated and the larvae removed.  The larvae were then rinsed to remove 

surface nematodes and placed in Petri dishes lined with moistened filter paper to allow nematode-

development for another five days.  Mortality was assessed and thereafter dead larvae were dissected 

in Ringer’s Solution to confirm infection.  The trial was then repeated only at >95 % RH at different 

time intervals to further study the effect of length of incubation.  Three cardboard strips for each 

incubation period were again treated with 10 IJs/cm² and incubated in closed plastic containers lined 

with moistened tissue paper for <1, 1, 2, 3, 4, 6, or 8 h and control strips inoculated with water were 

again set up for the trial. 
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Data analysis 

 

All statistical analyses were performed using the data analysis software system Statistica 8.0 (Statsoft 

Inc., Tulsa OK, USA, 2007).  Data obtained from the screening, temperature and concentration 

experiments were analyzed using one-way ANOVA.  Bootstrap analysis was used for residuals 

obtained that were not normally distributed (Efron and Tibshirani, 1993).  To analyze the data obtained 

from the trial evaluating the effect of incubation time and humidity on infectivity, a generalized linear 

regression was used.  For the second part of the analysis, mortality as a function of humidity was 

analyzed by one-way ANOVA, with post-hoc comparisons of means, using Bonferroni’s method.  To 

statistically evaluate the concentration experiment and also the experiment examining the effect of 

incubation time on mortality, specifically at >95 % RH, a Probit analysis was conducted using Polo PC 

(LeOra Software, 1987).   

 

 

Results 

 

Morphometric study 

 

Measurements of the natural openings (mouth, anus and spiracles) of final instar codling moth larvae 

are summarized in Table 2.  Spiracles, all similar in shape, are situated laterally in pairs on the caudal 

margin of the respective abdominal segments A1-8.  The spiracular, mouth and anus measurements 

were compared to the maximum body diameter of the four different nematode species used in this 

study (Table 3).  From these measurements, it was evident that the diameter of all eight spiracles were 

large enough to allow the studied EPN species to gain entry into the codling moth larvae.  The 

diameter of both the mouth and anus would also allow for easy access of IJs of all four nematode 

species into codling moth larvae. 
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Table 2.  Morphometrics of final instar Cydia pomonella neonate larvae (n=20).   

 

Natural opening Mean size ± sd (range) (µm) 

Spiracle T1 153.8 ± 9.9 (123.1-184.6) 

Spiracle A1 132.3 ± 17.6 (123.1-184.6) 

Spriacle A2 124.6 ± 6.9 (123.1-153.8) 

Spiracle A3 126.2 ± 17.0 (92.3-184.6) 

Spiracle A4 124.6 ± 15.7 (92.3-184.6) 

Spiracle A5 124.6 ± 6.9 (123.1-153.8) 

Spiracle A6 124.6 ± 6.9 (123.1-153.8) 

Spiracle A7 132.3 ± 17.6 (123.1-184.6) 

Spiracle A8 153.8 ± 14.1 (123.1-184.6) 

Labium’s diam. 1270.8 ± 59.1 (1169.2-1384.6) 

Frass pellet’s diam. 124.6 ± 23.4 (92.3-153.8) 

 

Table 3.  Morphometrics of the different entomopathogenic nematode species used in this study.   

 

Nematode species Max. body diam. (range) (µm) Reference 

Heterorhabditis bacteriophora 23 (18-31) (Poinar, 1990) 

Heterorhabditis safricana 21 (18-23) (Malan et al., 2008b) 

Heterorhabditis zealandica 27 (22-30) (Poinar, 1990) 

Steinernema khoisanae 36 (32-39) (Nguyen et al., 2006) 

 

Initial screening 

 

No significant differences in larvicidal activity were detected among the 22 isolates tested, except for 

isolate J112, that differed significantly from the other isolates (F=12.516; df=21,22; P<0.01).  The other 

isolates were all very effective in killing larvae, with mortality ranging from 91-100 %, with only three of 

these isolates (J36, J69 and J106) not causing 100 % larval mortality.  In comparison to larvae, pupae 

were generally less susceptible to infection by the EPN isolates tested.  There were also no significant 

differences among isolates when comparing mortality of pupae, except again for the J112, which 

differed significantly from the other isolates in causing a much lower mortality (F=2.2168; df=21,22; 

P=0.04).  Mortality of pupae varied between 16-79 %.  A total of ten isolates caused mortality higher 

than 60 %.  When the recorded mortality for both larvae and pupae were combined, no significant 

difference was detected between the isolates, except for J112, which differed significantly (F=3.5674; 

df=21,22; P<0.01) (Fig. 1). The Heterorhabditis isolates caused mortalities (larvae and pupae 
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combined) ranging from 70.83 % to 89.58 % as opposed to the Steinernema isolates, where mortality 

ranged from 37.50 % to 81.25 %.   

 

Fig. 1. Mean percentage mortality (95 % Confidence Interval) recorded for both codling moth larvae and pupae in an initial
screening experiment, using various isolates (details listed in Table 1) at a concentration of 200 IJs/insect.  Different
lettering above vertical bars indicate significant differences (one-way ANOVA; F=3.5674; df=21,22; P<0.01).
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Selective screening 

 

Similar results to the initial screening were obtained for the selective screening.  Codling moth larvae 

were again very susceptible to five of the seven selected EPN isolates.  Pupae were likewise less 

susceptible than larvae to infection by EPNs.  There were no significant differences among five of the 

selected isolates (J22, J84, J182, J34 and SF41), however they differed significantly from isolates J91 

and J21 when considering larvicidal activity (F=2031.3; df=6,7; P<0.001), but not when considering 

pupal mortality (F=2.6788; df=6,7; P=0.11).  When the mortality recorded for both larvae and pupae 

were combined, similar significant differences between isolates J21 and J91 and the remaining 

isolates were evident (F=21.601; df=6,7; P<0.01).  Again, there were no significant differences among 

the remaining isolates (Fig. 2). 
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Fig. 2. Mean percentage mortality (95 % Confidence Interval) recorded for both codling moth larvae and pupae in a
selective screening experiment, using isolates at a concentration of 100 IJs/insect.  Different lettering above vertical
bars indicate significant differences (one-way ANOVA; F=21.601; df=6,7; P<0.01).
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Infective juvenile concentration  

 

At 160 IJs/ml (10 IJs/cm²), more than 80 % of the larvae were infected and killed by EPNs (Fig. 3).  

Statistical analysis of variance indicated a significant difference between the percentage mortality 

observed at 80, 160, 480 and 640 IJs/ml and the remaining concentrations (F=29.82; df=6,21; 

P<0.0001).  Handling control mortality using water as inoculum was 0 %.  The regression of probit 

mortality on the log of concentration for the four replicates was the same (χ2=6.26; df=4; P=0.18).  The 

regression equation for the combined data was Y=1.06 + 2.193[X], where Y= probit mortality and 

X=log(concentration).  The LD50 and LD90 values in IJs/ml (and fiducial limits) were 71.70 (32.17-

103.80) and 275.32 (206.39-444.75), respectively.   
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Fig. 3. Mean percentage mortality (95 % Confidence Interval) recorded for diapausing codling moth larvae after
exposure to various concentrations of IJs of Heterorhabditis zealandica (SF41). Different lettering above vertical
bars indicates significant differences (one-way ANOVA; F=29.82; df=6,21; P<0.0001).
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Effect of temperature on mortality 

 

Nematodes were inactive at temperatures below 15°C and dead above 35°C.  Results recorded at 

these temperatures were therefore not included in the data analysis. The final analysis suggested that 

the percentage larvae killed by nematodes at the four different temperatures differed significantly 

(F=5.49; df=3,12; P=0.013).  Bonferroni comparisons revealed that there were no significant 

differences in the mean larval mortality calculated for 20°C (80 %) and 25°C (78 %).  These were also 

the highest observed mortalities (Fig. 4).  Control mortality using water as inoculum was 0 % at all 

temperatures tested. 

Fig. 4. Mean percentage mortality (95 % Confidence Interval) recorded for diapausing codling moth larvae after
exposure to Heterorhabditis zealandica (SF41) at various temperatures. Different lettering above vertical bars indicates
significant differences (one-way ANOVA; F=5,49; df=3,12; P=0.013).
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Effect of incubation time and humidity on mortality 

 

Multiple linear regression analysis indicated only humidity as a significant prediction variable, but not 

time (Table 1).  Bootstrap showed codling moth mortality recorded at >95 % RH was significantly 

higher than at any of the other tested humidities (25, 50 and 75 % RH) (F=28.25; df=3,32; P<0.0001) 

(Fig. 5). 

 

Table 4.  Multiple linear regression analysis investigating the influence of humidity and time 

(independent variables) on the codling moth mortality ratio (dependent variable) caused by the 

Heterorhabditis zealandica (SF 41) isolate. 

 

 df MS F P 

Intercept 1 0.813 8.144 0.007 

Time 1 0.105 1.051 0.313 

Humidity 1 2.887 28.937 0.000 

Error 33 0.100   

 

Fig. 5. Mean percentage mortality (95% Confidence Interval) recorded for diapausing codling moth larvae after exposure
to Heterorhabditis zealandica (SF41) at different humidity regimes. Different lettering above vertical bars indicates
significant differences (one-way ANOVA; F=28.25; df=3,32; P<0.0001).
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The second part of the trial investigated the effect of incubation time on mortality specifically at >95 % 

RH.  The regression of probit mortality on the log of time for the three replicates was identical (χ2=7.07; 

df=4; P=0.132).  The regression equation was Y=5.187 + 2.119[X], where Y= probit mortality and 

X=log(time in hours).  The LT50 and LT95 values in hours (and fiducial limits) were 0.82 (0.58-1.06) and 

4.87 (3.63-7.28), respectively.  The sharpest increase in mortality was between < 1 h and 3 h after 
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incubation, but a steady increase in mortality was observed for each incremental increase thereafter 

(Fig. 6).  The mortality observed after 6 h of incubation was very nearly as high as observed after 24 h 

in > 95 % RH.  The mortality of codling moth larvae using H. zealandica at 25°C, 10 IJs/cm² and 

incubation at >95 % RH for 24h, was 100 %.   

 

 

Fig. 6. The effect of incubation time at >95 % RH on the average percentage codling moth larval 

mortality recorded after exposure to Heterorhabditis zealandica (SF41).   

 

 

Discussion 

 

Morphological characteristics of a host insect in relation to that of the nematodes are often overlooked 

when investigating the susceptibility of an insect to EPN infection.  Several soil-inhabiting insect pests 

have developed a series of behavioural, morphological and physiological barriers to infection by EPNs 

during co-evolution (Koppenhöfer et al., 2007).  Codling moth is a foliar pest, thus eliminating co-

evolutionary adaptations with soil-inhabiting EPN species.  The measured diameters of all natural 

openings, which include the mouth, spiracular and anus were more than wide enough for all four 

tested species of EPNs to gain easy access into codling moth larvae.  Results obtained from the initial 
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screenings proved that both codling moth larvae and pupae were susceptible to most of the nematode 

isolates tested, and that larvae were more susceptible than pupae to nematode infection.  Similar 

results were obtained by Lacey et al. (2005).  The Heterorhabditis spp. proved to be more effective 

than the S. khoisanae isolates examined.  This can possibly either be ascribed to morphometric 

differences in the Heterorhabditis spp. having smaller maximum body diameter compared to S. 

khoisanae, thus gaining easier access through the natural openings of the insect or that 

Heterorhabditis can enter directly through thin parts of the host’s cuticle by using a dorsal tooth 

(whereas in Steinernema the dorsal tooth is absent).   

 

Several nematode isolates that were able to cause high levels of mortality under controlled conditions 

in the initial screening to both codling moth larvae and pupae were identified.  As a next step these 

isolates should be tested with additional bioassays and evaluated under field conditions to investigate 

their potential for incorporation into a biological control programme.  Several isolates of both H. 

zealandica and H. bacteriophora, in particular, caused consistently high levels of mortality for both 

larvae and pupae.  However, no significant differences could be detected amongst the tested isolates 

and the suggested concentration of 100 IJs/insect (Bedding et al., 1983) was therefore used.  Two of 

the isolates (J21 and J91) proved to cause significantly lower levels of mortality in this subsequent 

experiment.   

 

In selecting SF 41 as the most promising isolate for codling moth control, other biological factors in 

previous research were taken into consideration (Malan and Addison, 2008).  At least four EPN 

isolates from the current survey were identified as possible candidates for the control of codling moth 

and future work should be aimed at evaluating these isolates under different conditions.  In related 

studies elsewhere, varying concentrations and bioassay techniques were used for the control of 

diapausing codling moth in fruit bins, field applications and laboratory experimentation (Kaya et al., 

1984; Lacey and Unruh, 1998; Lacey and Chauvin, 1999; Unruh and Lacey, 2001; Lacey et al., 2005; 

Lacey et al., 2006).  However, the two species (S. carpocapsae and S. feltiae) which proved to be 

most effective from these studies have not been isolated from South African soils yet (Chapter 2). 

 

There was a definite positive relationship between the concentration of IJs inoculated onto the host 

insect and the proportion of mortality recorded.  In order to evaluate other factors such as 

temperature-development or moisture effects, whilst achieving kill, the concentration of 160 IJs/ml (10 
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IJs/cm²) was selected for further laboratory bioassays.  Previous bioassays used to evaluate S. 

carpocapsae, S. riobrave and H. bacteriophora for codling moth control also used the concentration of 

10 IJs/cm² for all cardboard bioassays (Lacey and Unruh, 1998), indicating comparable results with 

the H. zealandica SF 41 isolate.  The LD90-value of 275 IJs/ml is a good indication of the concentration 

of IJs to be applied in field trials in order to attain satisfactory levels of control. 

 

Low prevailing temperatures during early autumn and late spring, the ideal time to apply EPNs for 

codling moth control, is one of the main obstacles to overcome for successful control of codling moth 

(Lacey et al., 1998) as temperature affects both host finding and infection by EPNs.  In this study, 

maximum IJ activity observed at temperatures between 20-25°C was similar to previous reports 

investigating EPN activity over similar ranges of temperature (Lacey and Unruh, 1998; Vega et al., 

2000).  Nematode performance was poor at temperatures below 20°C, as nematodes become inactive 

at low temperatures (<10-15°C).  At temperatures above 35°C, no IJ activity was recorded as 

nematodes are inactivated at higher temperatures (>30-40°C) (Koppenhöfer, 2000).  During the trial 

period, It would therefore be best to apply nematodes in the field when prevailing temperatures range 

between 20-25°C. 

 

Moisture is a major factor influencing nematode survival, host location and subsequent infection.  In 

the case of codling moth, high relative humidity is required for a successful EPN foliar application 

(Wright et al., 2005), as EPNs require a thin water film to ensure survival and maintain activity.  

Results obtained from experimentation in this and a previous study (Lacey and Unruh, 1998) indicated 

that humidity affects codling moth larval mortality directly and that humidity should be maintained at 

>95 % RH to attain satisfactory levels of infection.  Heterorhabditis zealandica is also more susceptible 

to desiccation than most steinernematids (Surrey and Wharton, 1995), emphasizing the need to 

maintain high levels of humidity to ensure a successful application.   

 

The time span for maintaining high humidity is also crucial.  When applying nematodes in the field for 

the control of diapausing codling moth larvae, they need to enter the cryptic habitat where the larvae 

reside and penetrate the surrounding cocoon and host before the habitat becomes desiccated (Lacey 

et al., 2006).  For humidity to be maintained above 95 % RH, as required for nematodes to locate and 

infect larvae, at least five hours under optimal conditions are needed to achieve close to 95 % 

mortality.  However, in the field, other factors such as wind can also influence the desiccation of 
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nematodes and it is therefore advisable to maintain high moisture levels for a longer period of time to 

achieve optimum kill.  Previous work conducted with S. carpocapsae indicated that incubation for 

more than 3 h in high humidity was needed to attain 50 % codling moth larval mortality (Lacey and 

Unruh, 1998).  In this study, using H. zealandica, only 82 min. of incubation at >95 % RH was needed 

to kill 50 % of the codling moth larvae.   

 

In conclusion, based on this study, it is therefore recommended that H. zealandica isolate SF41 

EU699436 be used for the control of diapausing codling moth larvae in either spring or autumn as part 

of an integrated pest management programme in South African apple and pear orchards.  

Temperatures should ideally be between 20-25°C and high levels of humidity (>95 % RH) should be 

maintained for at least four hours during field applications of IJs.  Further investigation of the optimum 

conditions before and during applications is needed to ensure successful EPN field applications under 

local conditions.  The proportion mortality is likely to be lower in the field, since EPNs will not 

necessarily be in such close proximity to codling moth larvae as in laboratory bioassays.   
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CHAPTER 4 

Evaluation of a South African isolate of Heterorhabditis zealandica (Rhabditida: 

Heterorhabditidae) for the control of codling moth, Cydia pomonella (L.) (Lepidoptera: 

Tortricidae) in field applications 

 

Abstract 

 

Infection of cocooned codling moth larvae Cydia pomonella (L.) by the entomopathogenic nematode 

(EPN) Heterorhabditis zealandica, isolate SF 41, was studied in four field experiments.  Factors that 

varied within or between treatments included the time of day of application, concentration of infective 

juveniles (IJs) and direct sunlight exposure.  Trials were conducted on separate days so that climatic 

factors (temperature, wind speed and humidity) differed for each application.  Applications during a 

morning application of 0.5, 1 and 1.5 million IJs/tree resulted 85, 95 and 100 % mortality, respectively.  

Environmental conditions were ideal for EPN activity during the trial period with temperatures ranging 

from 16 to 25°C, almost no wind during the application and a very high humidity throughout.  

Contrasting results were obtained for an evening application, whereby 0.5, 1 and 1.5 million IJs/tree 

were once again applied.  Very low levels of mortality (average mortality below 50% for all 

concentrations) were obtained.  This can be attributed to temperatures dropping below 14°C and high 

wind speeds (> 2 m/s) recorded throughout the trial period.  In the trials investigating the effect of 

direct sunlight exposure on nematodes, almost no mortality (< 10 %) was recorded for treatments 

exposed to direct sunlight, as opposed to treatment strips that were hung in the shade (where up to 67 

% mortality was recorded).  An experiment investigating the use of adjuvants to increase spray 

coverage on the inner side of bark, showed a marked variance between the use of only water and 

water with an adjuvant.  Best results were obtained with Solitaire™ (polyether-polymethylsiloxane co-

polymer/vegetable oil, Safagric, South Africa).  Both trials investigating the effect of direct exposure of 

nematodes to sunlight indicated that IJs are acutely sensitive to natural sunlight.  Our results indicate 

that the successful application of isolate SF 41 H. zealandica is highly dependent on moderate 

temperatures (between 20 and 30°C) during the trial period.  Applications should not be made on 

windy days.  Maximum humidity should be maintained for the duration of the application, however run-

off should be prevented.  It will be beneficial to mix an adjuvant into the nematode solution.  Nematode 
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applications should preferably be made early in the morning, in the evening or on cloudy days to limit 

direct sunlight exposure.   

 

 

Introduction 

 

The codling moth, Cydia pomonella (L.), originated from Eurasia and has over time, along with the 

cultivation of apples and pears, generally spread around the world to become a global pest (Barnes, 

1991).  Codling moth was first reported from South Africa in Graaff-Reinet around 1885 (Lounsbury, 

1898).  Since then, codling moth has become a key pest in deciduous fruit orchards in South Africa 

(Giliomee and Riedl, 1998).   

 

Previously, broad spectrum insecticides, particularly organophosphates, were predominantly used for 

the control of codling moth in local orchards (Riedl et al., 1998).  Concerns for human safety, 

environmental impact, widespread dispersal of resistant populations of codling moth and sustainability 

of synthetic pesticides has necessitated the development and use of alternative pest management 

technologies, products and programmes (Blomefield, 2003).  An integrated approach to codling moth 

control is currently deployed in local orchards.  Multiple tactics are integrated into this strategy, 

including broad-spectrum insecticides, applications of specific insect growth regulators, attract and kill 

methods (limited use), the use of pheromone-based mating disruption and sterile insect technique, the 

latter still in its developmental phase (Giliomee and Riedl, 1998; Riedl et al., 1998; Addison, 2005).  

Insecticides, however, remain the primary means of controlling codling moth, with up to 11 different 

registered insecticides directed at codling moth control (Riedl et al., 1998).   

 

In South Africa, up to four generations of codling moth occur per growing season (Pringle et al., 2003), 

leading to an infestation potential of up to 80 % if left untreated (Myburgh, 1980).  Female moths 

deposit their eggs singly on the fruit, leaves and occasionally on the bark of the trees.  Neonate larvae 

hatch from these eggs and wander in search of fruit to attack.  When found, larvae penetrate the skin 

of the fruit, feeding first near the surface and then, as second instars, move toward the core of the 

fruit, where they feed on the developing seeds.  They pass through five larval instars inside the fruit 

and emerge to find a sheltered and dry site in which to spin their cocoon.  These sites can be under 
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loose bark on trees, in litter at the base of trees or in nearby woodpiles and fruit bins.  As days shorten 

in late summer, larvae undergo diapause and pass the winter months as mature larvae and prepupae 

in cocoons in these cryptic habitats.  Overwintering larvae thus represent the entire codling moth 

population.  Their significant reduction or elimination at this stage would thus protect fruit against their 

attack early in the subsequent growing season (Lacey et al., 2006).  In South Africa, no interventions 

are currently employed for the control of these overwintering larvae.  Entomopathogenic nematodes 

(EPNs) are ideal candidates for incorporation into this window period of control, as they will not only 

be complimentary to current density-dependent control measures employed, but also help conserve 

natural control factors and biodiversity in the orchard agro-ecosystem (Lacey and Shapiro-Ilan, 2003; 

Pringle et al., 2003).   

 

Cryptic habitats, as mentioned above, may also provide favourable environmental conditions for 

biological control agents (Begley, 1990; Lacey et al., 2000).  Very consistent and efficacious results 

with EPNs targeting certain pests in cryptic habitats have been obtained (Begley, 1990) because, like 

soil (the natural habitat of EPNs), these habitats also buffer the nematodes against environmental 

extremes.  There are also less limiting biological factors above-ground as opposed to infection or 

predation of nematodes by certain phages, bacteria, protozoans, nematophagous fungi, predacious 

mites etc. in the soil (Kaya, 2002).  Furthermore, unfavourable environmental conditions which can 

occur above ground, such as low moisture levels, extreme temperatures and ultraviolet radiation 

during applications, can be manipulated by several means, to the advantage of the nematode 

(Koppenhöfer, 2000), such as the addition of adjuvants.  Significant effort has been focused on the 

development and use of these adjuvants, some of which retard moisture loss or block solar radiation. 

Nematode persistence and activity often benefit from the addition of such adjuvants (Lacey et al., 

2006), and therefore warrants further investigation.   

 

Natural infections of cocooned codling moth larvae located near the base of the trees with, most 

notably Steinernema carpocapsae (Weiser, 1955) Wouts, Mráček, Gerdin & Bedding, 1982, have 

been reported in both Europe and North America (Weiser, 1955; Lacey et al., 2000).  Several studies 

in other countries, with numerous species of EPNs, have shown that, if applied under optimal 

conditions, these nematodes can be effective control agents of diapausing codling moth larvae in 

orchards (Kaya et al., 1984; Lacey and Chauvin, 1999; Lacey et al., 2000; Unruh and Lacey, 2001).  

Steinernema carpocapsae and S. feltiae (Filipjev, 1934) Wouts, Mráček, Gerdin & Bedding, 1982, 
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appear to be the most efficacious of the EPN species evaluated so far (Lacey et al., 2000).  Under 

optimal conditions, over 95 % control of codling moth larvae has been reported using these EPN 

species (Kaya et al., 1984).  However, neither of these species have been reported from local soils.  

Entomopathogenic nematodes are not exempted from registration in South Africa as is the case in 

many other countries (Ehlers, 2005).  It was therefore desirable to obtain and identify endemic EPNs 

(as described in Chapter 2), to evaluate them for the effective control of codling moth in laboratory 

bioassays (as described in Chapter 3) and to evaluate their field performance and efficacy.   

 

Optimizing field application technology and field performance of the promising isolates specifically 

related to codling moth is of utmost importance to ensure successful future applications.  Here, the 

utility of an endemic EPN isolate of Heterorhabditis zealandica Poinar, 1990 (SF 41 isolate, EU 

699436) is investigated as a biological control agent of diapausing codling moth larvae in field 

applications under local conditions.  Our previous laboratory bioassays have shown that final instar 

codling moth larvae were very susceptible to the SF 41 isolate of H. zealandica and other tested 

isolates (Chapter 3).  The objective of this study was to investigate the effect of application rate on 

codling moth mortality and whether extrinsic abiotic factors such as temperature, wind, relative 

humidity, direct sunlight and the addition of adjuvants had any effect on nematodes being applied in 

the field.  These are the first field experiments in South African orchards to evaluate the performance 

of an endemic EPN isolate for the control of codling moth.   

 

 

Materials and Methods 

 

Source of nematodes and spraying equipment 

 

All experiments were conducted using the formulated isolate SF 41 of H. zealandica, originally isolated 

from a soil sample collected underneath a yellowwood tree in Baviaanskloof near Patensie, South 

Africa (Malan et al., 2006) and selected as the most promising isolate for the control of codling moth in 

previous laboratory bioassays (Malan and Addison, 2008).  The isolate was mass reared and 

formulated by a private company for field applications.  Infective juvenile concentrations for field 

applications were quantified in the laboratory in filtered water, using procedures described by Kaya 
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and Stock (1997), one hour before field application for each of the trials.  The adjuvant Solitaire™ was 

mixed into the solution at the recommended dosage of 1 ml/ℓ water.  All applications were made using 

shoulder pump sprayers (Dal Degan, Italy).  Nematode solutions were transported to the field in these 

sprayers.  The contents were continuously agitated throughout the application period to aerate the 

suspension and prevent sedimentation. 

 

Source of codling moth larvae and use as sentinels  

 

Codling moth eggs and diet were obtained from the Deciduous Fruit Producers Trust’s Sterile Insect 

Release Codling Moth Rearing Facility in Stellenbosch, South Africa.  From these eggs, larvae were 

reared on an artificial diet under diapausing conditions [photoperiod 10:14 (L:D), 25°C, 60 % RH].  

Final instar diapausing codling moth larvae were used for experimentation to avoid pupation over the 

test period and also because it is the life stage that will eventually be targeted in field control 

programmes.   

 

Adjuvants 

 

Adjuvants were tested in the laboratory for any negative effects on nematodes.  Two hundred infective 

juveniles (IJs) were suspended in the recommended concentration of Solitaire™ (polyether-

polymethylsiloxane co-polymer / vegetable oil (EW); Safagric, South Africa at 1 ml/ℓ) and Nu-Film-17™ 

(di-1-p Menthene (EC); Miller Chemicals, South Africa at 1.2 ml/ℓ) in 2 cm diameter watch glasses.  A 

control treatment was prepared by immersing nematodes in filtered water only.  Nematode survival 

was determined by counting the number of live nematodes at the start of the trial and again after 24 h.  

Nematodes not responding when prodded were recorded as dead. 

 

A field experiment was conducted to determine whether the addition of an adjuvant increased overall 

spray efficacy.  For each of the adjuvants tested (Solitaire™ and Nu-Film-17™), ten trees were 

sprayed, using shoulder pump-sprayers, with a solution containing the applicable adjuvant at the 

recommended concentration and the Yellow Fluorescent Pigment© (400 g/ℓ, EC) (South Australian 

Research and Development Institute) at 2 ℓ/100 ℓ water (Furness, 2008) until thoroughly wet, but just 

before run-off.  A control treatment containing only water and Yellow Fluorescent Pigment© was 

included in the trial.  Trees were left to dry for 24 h after application and 21 pieces of bark per adjuvant 
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treatment were then removed from treated trees and taken back to the laboratory for analysis using 

fluorometry, photomicrography and digital image analysis.  The side of the bark which faces outwards 

was ignored, as spray deposition on the inner side of the bark attached to the trunk is more relevant 

as this is where larvae reside during winter periods.  Pieces of bark were illuminated under a labino 

midlight and digital photos were taken with a Canon EOS40 camera, while quantative image analyses 

were performed with Image-Pro Plus software (Brink et al., 2004). 

 

Cardboard strips containing diapausing codling moth larvae 

 

The cardboard strips containing diapausing larvae used in all field applications were similar to the 

bioassay system designed by Lacey and Unruh (1998).  Double-fluted corrugated cardboard was used 

as the cells provided a tight, dark place simulating the natural cryptic habitats in which larvae spin their 

cocoons.  Cardboard strips (8 x 1.9 cm) were cut and placed in 9 cm diameter Petri dishes.  

Cardboard strips were perforated, using a tailor’s pattern marker with approximately 75 holes (<0.5 

mm diameter) on each side to allow passage of IJs.  Twenty diapausing larvae were placed in each 

Petri dish at room temperature and allowed to spin cocoons in the cells of the cardboard over a 24 h 

period in well-lit conditions to encourage larvae to enter the flutes.  Petri dishes were returned to a 4°C 

chamber for 1-2 days until used in the field trial.  

 

Weather data 

 

Weather data (specifically wind speeds) were downloaded from the Helderberg Weather Station in 

Stellenbosch for each trial date (Trial 1: 28/02/2008; Trial 2: 13/03/2008; Trial 3: 23/04/2008 and Trial 

4: 14/05/2008).  Hobo® H8 Pro Series data loggers (Onset Computer Corporation, Massachusetts) 

were placed on the scaffold branches of a tree in the in the middle of the orchard to monitor 

temperature and humidity on the day of each field application. 

 

Experimental orchard layout 

 

All field trials were conducted in a Forelle pear orchard on the experimental farm Welgevallen in 

Stellenbosch, South Africa.  A completely randomized design was used for the experimental layout.  
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Four treatment rows, each containing eight trees, with three buffer trees between each treated tree 

and two buffer rows separating treatment rows, were used.   

 

Morning application 

 

The objective of the first trial was to investigate the effect of three different IJ concentrations (0.5, 1 

and 1.5 million IJs/tree) on codling moth mortality.  The fourth treatment was a control treatment, 

where water was applied without nematodes.  The trial was conducted early in the morning, just after 

sunrise, in late summer of 28 February 2008.  On the day of the trial, one cardboard strip (prepared as 

described above) was tied to the trunk of each of the 32 treatment trees in such a way that the strip 

was shielded from direct sunlight.  One hour before nematode treatment applications, the orchard’s 

micro-irrigation system was turned on to increase the overall humidity in the orchard block and trees 

were thoroughly wetted with water using backpack sprayers.  The four treatments were applied 

immediately thereafter.  The cardboard strip and the area surrounding the strip were lightly misted 

every 30 minutes after the application for six consecutive hours, taking care to minimize the run-off of 

water containing nematodes.  Cardboard strips were then removed from the trees and taken to the 

laboratory for assessment.  Larvae were removed from the strips, rinsed to remove surface 

nematodes and placed in 9 cm diameter Petri dishes lined with a moistened number 1 Whatman filter 

paper.  Petri dishes were covered and placed in a plastic container lined with a moistened paper towel 

to maintain high moisture (>95 % RH) throughout the remaining period in an incubator.  Here, the Petri 

dishes were kept at 25°C for five days in the dark.  After incubation, larval mortality was recorded and 

dead larvae were dissected in Ringer’s Solution to confirm nematode infection. 

 

Evening application 

 

The second trial was designed to evaluate the effect of three different IJ concentrations (0.5, 1 and 1.5 

million IJs/tree) applied at sunset in late summer on 13 March 2008.  A fourth treatment served as a 

control treatment, where water was applied without nematodes.  On the day of the trial, a cardboard 

strip containing 20 diapausing larvae was tied to the trunk of each of the 32 treatment trees.  The 

orchard’s micro-irrigation system was turned on 1 h before nematode applications to increase the 

overall humidity in the orchard and in addition trees were thoroughly soaked with water, using 

backpack-sprayers.  Treatments were applied directly afterwards.  Following application, trees were 
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lightly misted every 30 minutes for two hours.  Cardboard strips were removed from trees the following 

morning and taken back to the laboratory for analysis, as described above.   

 

Sun/shade application 

 

The aim of the third and fourth trials was to determine whether direct sunlight exposure had an effect 

on the ability of the nematodes to infect and kill codling moth larvae. Trials were conducted on 

separate days in the afternoon in early autumn (23 April 2008 and 14 May 2008).  Both trials differed 

from the previous two trials in that only one nematode concentration (1 million IJs/tree) was applied to 

all treatment trees.  A control treatment similar to the previous two trials was also included for each 

trial, applying water without nematodes.  On the day of each trial, two cardboard strips containing 20 

diapausing larvae were tied to the trunk of each experimental tree.  One cardboard strip was placed 

on the side of the tree in such a way that it was directly exposed to sunlight, as opposed to the other 

strip that was placed on the opposite side of the tree, where it was in the shade during the trial period.  

Treatment applications were commenced around midday for each of the trials.  Commencing roughly 

30 minutes after application of nematodes, trees were lightly misted with water for six hours, taking 

care to minimize run-off (and presumably thereby minimizing the rinsing off of nematodes).  Cardboard 

strips were then removed from trees and taken back to the laboratory for analysis, as previously 

described. 

 

Effect of temperature 

 

To clearly illustrate the effect of temperature on the mortality recorded for each trial, the average 

percentage mortality obtained for each of the trials was calculated (only for treatments using 1 million 

IJs/tree) and compared to the temperatures recorded during applications (excluding cardboard strips 

that were directly exposed to sunlight in the two sun/shade trials). 

 

Data analysis 

 

All statistical analyses were performed using the data analysis software system Statistica 8.0 (Statsoft 

Inc., Tulsa OK, USA, 2007).  Bootstrap analysis was used for residuals that were not normally 

distributed (Efron and Tibshirani, 1993).  Control treatments were not included in statistical data 
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analysis for any of the trials.  Results obtained from the adjuvant trial and both the morning and 

evening applications were analyzed using one-way ANOVA.  Repeated measures ANOVA was used 

to analyze the results of trials investigating the effect of direct sunlight on nematodes, as both the 

exposed and the shaded strip were attached to the same tree.  The two sun/shade trials were 

analyzed separately from each other.  The residuals in both the sun/shade trials were not distributed 

normally and the analyses were repeated with a Wilcoxon matched pairs test for each or the trials, 

which confirmed significant differences (Maritz, 2008).  Bootstrap analysis was also used to confirm 

the findings.   

 

 

Results 

 

Adjuvants 

 

The addition of adjuvants did not affect nematode survival. No nematode mortality was recorded after 

exposing 200 IJs to solutions containing adjuvants at the above-mentioned recommended 

concentrations for the 24 h period in the laboratory.  After analysis of the field experiment, it was 

evident that the addition of an adjuvant will not make a significant difference to overall spray coverage 

on the inner side of the bark facing the trunk, where larvae tend to spin their cocoons (F=1.6117; 

df=2,60; P=0.208).  However, by means of visual assessments spray deposition varied markedly 

between the three treatments and the addition of Solitaire™ seemed to be the best recommendation 

for addition to future formulations for foliar applications aimed at codling moth. 
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Fig. 1. Quantative spray deposition in percentage (95 % Confidence Interval) recorded on the inner
surface of pieces of bark facing tree trunks, after exposure to applications of Solitaire, Nu-Film-17 and a
control treatment (water) during the adjuvant trial (one-way ANOVA; F=1.6117; df=2,60; P=0.208). 

Control Solitaire Nu-Film-17

Treatment

6

7

8

9

10

%
 A

re
a

a

a

a

 

 

Morning application 

 

During the morning of field application on 28 February 2008 temperatures were moderate, ranging 

from approximately 16 to 25°C with almost no wind during the initial treatment application and a 

stronger wind towards the end of the trial period (Figure 2).  Temperatures during the specific hour of 

application ranged between 16 and 25°C.  Mean percentage mortality recorded for all three nematode 

treatments (0.5, 1 and 1.5 million IJs/tree) were 85, 95 and 100 % respectively (Figure 3).  Control 

mortality recorded for the larvae in cardboard strips on the trees sprayed with water was insignificant 

(F=5.87; df=2,21; P<0.0001).  Larval infectivity and subsequent mortality recorded for nematode 

applications at 0.5 and 1 million IJs/tree differed significantly from applications at 1.5 million IJs/tree, 

however large variations for applications at 0.5 million IJs/tree were recorded.   

 



 68

 

 
Fig. 2. Temperature, relative humidity (dotted line) and wind speed recorded during the morning application trial period on 28 

February 2008 at Welgevallen Experimental Farm in Stellenbosch. 

 

Fig. 3. Mean percentage mortality  (95 % conf idence interv al) recorded f or diapausing codling moth larv ae af ter
exposure to three dif f erent concentrations of  Heterorhabditis zealandica (SF41) during a morning f ield application
on 28 February  2008. Dif f erent lettering abov e v ertical bars indicate signif icant dif f erences (one-way  ANOVA;
 F=5.87; df =2,21; P<0.0001). 
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Evening application 

 

Notable temperature fluctuations were recorded during the evening field application on 13 March 

2008.  Temperatures were above 20°C during the first hour of treatment applications at dusk and then 

gradually dropped to 14°C.  Wind speeds higher than 2 m/s were recorded throughout the trial period 

(Figure 4).  The average mortality rate recorded for all of the treatments was below 40 %.  Mean 
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percentage mortality recorded with nematode applications at 0.5 million IJs/tree (3.96 %) differed 

significantly from the applications with 1 (49.6 %) and 1.5 million IJs/tree (56.73 %) (Figure 5).  There 

was no significant difference between using 1 and 1.5 million IJs/tree (F=5.93; df=2,21; P=0.009).  

Almost no mortality was recorded for the control treatment.   

 

 

 

Fig. 4. Temperature, relative humidity (dotted line) and wind speed recorded during the evening application trial period at 

Welgevallen Experimental Farm in Stellenbosch on 13 March 2008. 

 

 

Fig. 5. Mean percentage mortality  (95% Conf idence Interv als) recorded f or diapausing codling moth larv ae af ter
exposure to three dif f erent concentrations of  Heterorhabditis zealandica (SF41) during an ev ening f ield
application on 13 March 2008. Dif f erent lettering abov e v ertical bars indicate signif icant dif f erences (one-way
ANOVA; F=5.93; df =2,21; P=0.009).
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Sun/shade trials  

 

For the second sun/shade field trial (Trial 1), moderate temperatures ranging from 21 to 31°C with 

almost no wind (<2 m/s) (Figure 6) were recorded throughout the entire trial period.  In the second trial 

(Trial 2), however, extremely high temperatures were recorded (42°C maximum) with a strong wind 

(>2 m/s) during treatment applications (Figure 8).  Even though all cardboard strips were thoroughly 

moistened before EPN applications in both trials, cardboard strips exposed to direct sunlight dried out 

very quickly, as opposed to the shaded strips, which seemed to maintain moisture better.  On 

assessment, some of the codling moth larvae in exposed cardboard strips had died of other causes 

than EPN infection, but the mortality rates for these larvae were still not significant and therefore not 

included in the data analysis.  The mean mortalities recorded in Trial 1 for cardboard strips exposed to 

direct sunlight (9 %) and cardboard strips in the shade (67 %) differed significantly from each other 

(F=62.38; df=1,23; P<0.0001) (Figure 7).  In trial 2 the average mortality in the sun was 1 % and 21 % 

in the shade, thus also differing significantly (F=11.332; df=1,23; P<0.0001) from each other (Figure 

9).  Residuals were not normally distributed for either of the two trials and analyses were repeated with 

the Wilcoxon matched pairs test, which confirmed the significant difference in mortality (Trial 1: 

T=6.00; Z=4.11; P<0.0001; Trial 2: T=0.00; Z=2.9348; P=0.0033). 
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Sun/Shade Trial 1 

 

 

 

Fig. 6. Temperature, relative humidity (dotted line) and wind speed recorded during the first sun/shade trial period on 23 April 

2008 at Welgevallen Experimental Farm in Stellenbosch (Trial 1). 

 

Fig. 7. Mean percentage mortality  (95% Conf idence Interv al) recorded in trial 1 of  the sun/shade experiment on
23 April 2008 f or diapausing codling moth larv ae in strips either exposed to direct sunlight, or kept in the shade
af ter exposure to 1 million inf ectiv e juv eniles of  Heterorhabditis zealandica  (SF41) per tree. Dif f erent lettering
abov e v ertical bars indicate signif icant dif f erences (repeated-measures ANOVA;  F=62.38; df =1,23; P<0.0001 ).

Sun Shade
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 M
or

ta
lit

y

a

b

 

Tem
perature (°C

) 

Time (h)

%
 R

el
at

iv
e 

H
um

id
ity

 
W

in
d 

Sp
ee

d 
(m

/s
) 



 72

Sun/Shade Trial 2 

 

 

 

Fig. 8. Temperature, relative humidity (dotted line) and wind speed recorded during the second sun/shade trial period on 14 

May 2008 at Welgevallen Experimental Farm in Stellenbosch (Trial 2). 

 

Fig. 9. Mean percentage mortality  (95% Conf idence Interv al) recorded in trial 2 of  the sun/shade trial on 14 May
2008 f or diapausing codling moth larv ae in strips either exposed to direct sunlight, or kept in the shade af ter
exposure to 1 million inf ectiv e juv eniles of  Heterorhabditis zealandica (SF41) per tree. Dif f erent lettering abov e
v ertical bars indicate signif icant dif f erences (repeated-measures ANOVA; F=11.332; df =1,23; P<0.0001 ).

Sun Shade
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

M
or

ta
lit

y

a

b

 

 

Tem
perature (°C

) 
%

 R
el

at
iv

e 
H

um
id

ity
 

W
in

d 
Sp

ee
d 

(m
/s

) 

Time (h)



 73

Effect of temperature 

 

The average mortality calculated for each trial (only for treatments using 1 million IJs/tree) was 100 % 

for the morning trial, 53 % for the evening trial, 67 % for the first sun/shade trial and 21 % for the 

second sun/shade trial (exposed strips for the sun/shade trials were not included in the calculation). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. The effect of temperature on mortality of codling moth larvae after exposure to Heterorhabditis zealandica (SF 41) at a 

concentration of 1 million IJs/tree.  Data show (A) temperature ranges during post-application and (B) average mortality 

recorded for codling moth larvae in cardboard strips for the morning (28 February 2008), evening (13 March) and both 

sun/shade field trials (23 April and 14 May 2008) (strips exposed to direct sunlight excluded).   
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Discussion 

 

The study indicated that EPNs have specific requirements for field applications.  It is important to 

investigate the aspects related to the specific insect pest being targeted beforehand.  This will 

eventually enable an operational protocol to be formulated for implementation by growers under local 

conditions.  For codling moth control using EPNs, the main obstacles to overcome for application in 

the field are extreme temperatures and desiccation of IJs before they have reached and penetrated 

their host’s cocoon and entered into the insect (Lacey et al., 2006).  Results obtained from this study 

strongly stress the importance of these factors in local orchard environments.   

 

The four field trials in this study could not be compared statistically because they occurred on different 

days and under different environmental conditions.  However, it was apparent that both climatic and 

operational factors contributed directly to the success rate of an application.  These variables included 

temperature, wind and the effect it had on cardboard-strip moisture, relative humidity, sunlight 

exposure and nematode concentration.   

 

We suggest that the high levels of mortality observed for the 1 million IJs/tree-application in the 

morning trial and the first sun/shade trial can be attributed to the mean temperatures recorded during 

the first six hours after nematode applications.  For both trials, these temperatures were within the 

optimal thermal niche breadth previously determined for the activity of the SF 41 isolate of H. 

zealandica in a laboratory bioassay (Chapter 3).  Temperatures recorded during the evening trial were 

much lower, with minimum temperatures dropping below 15°C.  It was recognized that IJs generally 

become sluggish at low temperatures (<10-15°C) (Koppenhöfer, 2000) and thus explained the low 

levels of mortality obtained in this specific trial.  At higher temperatures (>30-40°C) nematodes 

become inactive and exposure to temperatures above 40°C is lethal to most nematode species 

(Koppenhöfer, 2000), specifically proven for the SF 41 H. zealandica isolate with laboratory bioassays 

(Chapter 3).  The maximum temperature recorded during the second sun/shade trial was 42°C and 

even the mean temperature was above 35°C during this trial, and therefore the low levels of mortality 

recorded in the second sun/shade trial can be ascribed to extreme prevailing temperatures.  This 

suggests that applications should be made when temperatures are moderate, ranging from 20 to 

30°C.   
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Considering the phenology of codling moth, nematode applications should be conducted in autumn or 

in early spring, when fruit have been harvested and the entire population of codling moth has 

accumulated as cocooned diapausing larvae (Unruh and Lacey, 2001).  South Africa has a temperate 

climate, with average autumn and spring temperatures above the temperature threshold for EPN 

activity.  Moderately warm temperatures are also sometimes recorded during winter months, 

lengthening the window period of codling moth control, using EPNs in South Africa.  Screenings 

conducted using the SF 41 isolate indicated that larvae were more susceptible to infection by EPNs 

than pupae, stressing the need to either spray nematodes in autumn or early spring before larvae 

pupate (Chapter 3; Lacey et al., 2006).   

 

Unruh and Lacey (2001) noted that higher wind speeds during field applications shorten drying time of 

cardboard strips.  As moisture is a necessity for IJ survival (nematodes require a thin water film to 

maintain activity), a high relative humidity (>95 % RH) is therefore fundamental to a successful foliar 

EPN application (Wright et al., 2005).  This suggests that higher wind speeds (> 2m/s) are detrimental 

to the success of an EPN application.  Our observations during the trials were consistent with this 

hypothesis, as lower levels of mortality were obtained in the trials during which higher wind speeds 

were recorded. Mean temperatures recorded for the morning, evening and first sun/shade trial were all 

within the limits of the active thermal niche breadth (15-30°C) previously established for the SF 41 

isolate of H. zealandica (Chapter 3), which would suggest that satisfactory levels of mortality could be 

expected.  However, average mortalities recorded for each trial differed substantially and lowest 

mortalities were documented in trials where wind speeds were high and relative humidity was low.  

This implies that nematode applications should preferably not be made on very windy days.  Unruh 

and Lacey (2001) also mentioned that higher wind speeds lower temperature through evaporative 

cooling, which could be detrimental to the application as well.   

 

Desiccation is considered to be the key factor influencing nematode efficacy for a foliar application 

(Glazer et al., 1992) and in several studies attempts have been made to overcome this limiting factor, 

for example by the addition of adjuvants.  The use of adjuvants in aqueous nematode suspensions 

have shown increased spray deposition, prolonged survival of nematodes by extending the presence 

of free water and thereby activity on IJs leading to improved control compared to water alone 

(Webster, 1973; Glazer, 1992; Koppenhöfer, 2000; Arthurs et al., 2004).  Furthermore, adjuvants can 
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be used to enhance penetration and reduce hydrophobicity and enhance penetration into cracks and 

crevices (Unruh and Lacey, 2001).  The present study showed no significant difference between the 

treatments where adjuvants were added to the formulation and the control treatment (water only).  

However, there was a marked difference and the conclusive recommendation is still that an adjuvant 

should be added to nematode solutions used for foliar applications.  Solitaire™ seems to be a suitable 

product for this purpose, as it contains natural oil which retards evaporation after application, thereby 

limiting quick desiccation of IJs.  Furthermore, the product is based on organo-modified siloxane 

technology (Solitaire™ active ingredient: polyether-polymethylsiloxane co-polymer), which promotes 

spray-drop spreading behaviour.   

 

The overall humidity in the orchard during the infection period is critical in maximizing nematode 

efficacy (Unruh and Lacey, 2001).  Wetting and subsequent prevailing humidity and available free 

water consist of two components: initial wetting of hydroponic or hidden surfaces (pre-wetting) and 

maintenance of a moist environment (post-wetting) (Unruh and Lacey, 2001).  Smiths (1996) 

suggested that dehydration directly after nematode application was one of the most important mortality 

factors.  Laboratory bioassays conducted with the SF 41 isolate of H. zealandica indicated that 

humidity should be maintained above 95 % RH for at least five hours to achieve optimum kill (Chapter 

3).  Satisfactory levels of kill were obtained for the morning application in our study and we suggest 

that one of the complimentary factors to the success of the trial was the high relative humidity (99 % 

RH) recorded at the time of nematode application.  A high relative humidity (96 % RH) was also 

recorded for the evening application at the time of nematode application.  However, as previously 

mentioned, temperatures recorded during the trial were not conducive to EPN activity and very low 

levels of mortality were subsequently obtained.  Rather low average relative humidities were recorded 

in both the sun/shade trials (trial 1: 40 % RH; trial 2: 27 % RH) and subsequent low levels of mortality 

were recorded for both trials.  Kaya (1984) also observed that low humidity during the day was 

detrimental to nematode survival.   

 

Gaugler and Boush (1978) showed that IJs are acutely sensitive to natural sunlight as ultraviolet 

radiation is detrimental to EPNs.  Our findings in both the sun/shade trials were similar to their 

observations.  In the sun/shade trials, almost no mortality (<10 %) was recorded in either trials for 

strips exposed to direct sunlight, as opposed to strips that were hung in the shade (where up to 67 % 
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mortality was recorded).  To ensure nematode survival, it is suggested that nematodes should be 

applied in the evening, early morning hours or on cloudy days to prevent exposure to direct sunlight.   

 

An application rate of 1 million IJs/tree of S. carpocapsae can provide a mortality rate of up to 100 % 

for codling moth if temperature remains between 20 and 30°C and nematodes are kept moist (Kaya et 

al., 1984; Lacey et al., 1998).  One of the variables required to attain satisfactory levels of control is 

the specific species of nematode being applied (Lacey et al., 2000).  Comparable results were 

obtained with the SF 41 isolate of H. zealandica in the morning and evening trial, where the effect of 

three different concentrations (0.5, 1 and 1.5 mil. IJs/tree) was investigated.  Previous laboratory 

bioassays with the SF 41 isolate (Chapter 3) indicated that there was a positive relationship between 

the concentration of IJs and the proportion of mortality recorded.  The same correlation was evident in 

the field applications, as higher levels of mortality were recorded for the 1.5 million IJs/tree treatments, 

as opposed to using 1 and 1.5 million IJs/tree.  An application rate of 1 million IJs/tree of H. zealandica 

provided 95 % codling moth control during the morning application (environmental conditions were 

ideal during the trial period), which is satisfactory control and therefore this is the recommended 

dosage for future applications.   

 

In conclusion, the study illustrated that the successful application of EPNs is highly dependent on 

optimum application requirements.  Should these requirements not be met during an application, it is 

inevitable that the control of codling moth will fail.  The SF 41 isolate of H. zealandica can provide 

effective control of overwintering codling moth under specific optimum conditions.  Temperatures 

required for a successful nematode application range between 20 and 30°C to ensure IJ activity.  

Applications should not be made on very windy days (> 2m/s).  Adequate moisture should be created 

by pre-wetting trees, and maintained thereafter for at least five hours after nematode application.  

Further improvement in nematode activity in cryptic habitats is possible by the use of adjuvants.  

Nematode applications should preferably be made early in the morning, in the evening or on cloudy 

days to limit exposure to direct sunlight.  An application rate of 1 million IJs/tree should effectively 

control codling moth.  Our study indicates that in spite of the suitability of an EPN isolate to a targeted 

pest, the application will fail if (a) field conditions are not conducive to ensuring the activity of IJs and 

(b) the application is not delivered in a manner that enables access to, and infection of the cocooning 

larvae.  The technical aspects of EPN application have not yet been investigated in South Africa and 
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future work should be directed at developing research-based guidelines for specific application 

technology that embraces all operational and logistic conditions within a specific operating system.  

This will ensure effective nematode applications in local orchards to lower codling moth population 

numbers, and increase its acceptance and eventual application by growers. 
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CHAPTER 5 

Conclusion 

 

The overall aim of this study was to contribute towards the control of codling moth, Cydia pomonella 

(L.) (Lepidoptera: Tortricidae) in South African orchards, by evaluating the use of entomopathogenic 

nematodes (EPNs) (Rhabditida: Steinernematidae and Heterorhabditidae) as biological control agents 

of codling moth under local conditions.  The study was aimed specifically, firstly at isolating and 

characterizing EPNs with the potential to serve as effective biological control agents of codling moth 

from South African soils, particularly Steinernema carpocapsae and S. feltiae.  Secondly, to select the 

most promising EPN isolate for the control of codling moth and to evaluate this isolate as a formulated 

commercial product under several field-simulated conditions in laboratory bioassays.  And thirdly, to 

evaluate the most promising EPN isolate for the control of codling moth in field applications under 

varying local environmental conditions. 

 

1. Isolation and characterization of entomopathogenic nematodes from South African soils for 

control of codling moth 

 

Several different EPN species were recovered.  Steinernema carpocapsae and S. feltiae were not 

amongst these.  The isolated species included: Heterorhabditis bacteriophora, H. safricana, H. 

zealandica, S. khoisanae and several undescribed Steinernema spp.  These isolates may possess 

alternative attributes to S. carpocapsae and S. feltiae, which could make them suitable candidates for 

codling moth control, and should therefore not be disregarded.  Chapter 2 explained the soil sampling 

technique which was implemented in an attempt to isolate these EPNs from different habitats and 

regions throughout South Africa and accompanying EPN extraction technique and subsequent 

molecular identification of isolates to species level using molecular methods.  All consensus 

sequences were deposited into Genbank and are therefore available to other researchers for use in 

related future molecular studies.  The results obtained from this survey contribute greatly to the field of 

Entomopathogenic Nematology in South Africa regarding the geographical distribution of EPNs, as 

few local surveys have been undertaken in which recovered isolates were identified to species level.  

Furthermore, the recovered isolates provided us with test isolates for the remainder of the study.  It is 

advisable that future surveys aimed at recovering specifically S. feltiae and S. carpocapsae from local 

soils, should be more directed by possibly implementing a different sampling approach. 
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2.  Laboratory bioassays of South African entomopathogenic nematodes for control of codling 

moth 

 

The aim of the second part of the study was to select the most promising isolate from the isolates 

recovered from the above-mentioned survey, in regard to their potential efficacy against codling moth.  

The selected isolate SF 41, H. zealandica (EU699436), was subsequently evaluated under controlled 

conditions in the laboratory in order to study specific behavioural, environmental and physiological 

attributes which might contribute to its eventual field-performance.  Results obtained from these 

laboratory experiments in Chapter 3 gave a clear indication of the required field conditions when 

applying these nematodes for codling moth control.  Temperatures should ideally range between 20-

25°C and high levels of humidity (>95 % RH) should be maintained for at least four hours during field 

applications of nematodes.  The bioassay protocol and screening method used for most experiments 

was explained in Chapter 3.  The overall aim of Chapter 3 was successfully met, in that the most 

promising isolate was identified and evaluated under varying conditions in the laboratory for codling 

moth control. 

 

3.  Evaluation of a South African isolate of Heterorhabditis zealandica for the control of codling 

moth in field applications 

 

The final objective of the study of evaluating formulated isolate SF41, H. zealandica, under field 

conditions in Chapter 4 was successfully achieved.  As expected from results obtained in Chapter 3, 

the successful application of SF 41 in the field was dependent on optimum environmental conditions 

and application methods.  Field temperatures between 20 and 30°C ensured EPN activity, 

accompanied by adequate moisture maintenance at, prior and post nematode applications, limited/no 

exposure to direct sunlight and a concentration of 1 million nematodes/tree.  The addition of adjuvants 

proved to be beneficial to the application method.  Future work should be directed at the technical 

aspects of an EPN application, as this has not yet been investigated under local conditions.   

 

The conclusive results from this study are of both practical and theoretical importance and indicate 

that local isolates of EPNs hold great promise when applied under optimum conditions as effective 

biological control agents of codling moth.   
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