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ABSTRACT 

 

The biological control of subterranean termites (Isoptera: Rhinotermitidae; Termitidae) using 

entomopathogenic nematodes (Nematoda: Steinernematidae; Heterorhabditidae) (EPN) was 

investigated.  The desert subterranean termite Heterotermes aureus Snyder was found to be very 

susceptible to Steinernema riobrave Cabanillas, Poinar and Raulston. 

 

In laboratory bioassays S. riobrave (355, TP, 3-8b and 7-12 strains), S. carpocapsae Weiser 

(Mexican 33 strain), S. feltiae Filipjev (UK76 strain), and Heterorhabditis bacteriophora Poinar 

(HP88 strain) were all capable of infecting and killing H. aureus, Reticulitermes flavipes Kollar, 

R. virginicus Banks, Coptotermes formosanus Shiraki and Gnathamitermes perplexus Banks.  In 

sand assays, S. riobrave caused > 90% H. aureus mortality in 3 days and 100% mortality by day 

5 at 22oC.  TP strain of S. riobrave caused 75% R. flavipes mortality and 90.91% C. formosanus 

mortality in 7 days. 

 

EPNs utilizing termites as hosts produced smaller sized offspring, with the exception of S. feltiae.  

Stunted females of S. feltiae were frequently found in termite cadavers, but no progeny.  Small 

IJs of S. carpocapsae, S. riobrave and H. bacteriophora infect, reproduce and form normal size 

IJs after subsequent infection in Galleria mellonella L.  The progeny of small IJs were as 

effective as the normal size IJs, with regard to subsequent induced mortality, under the 

conditions tested. 
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In laboratory two-container choice experiments, H. aureus were repelled by EPN treated areas 

for up to 10 days at 10,000 IJs per device.  The repellency threshold was found to vary among 

nematodes species.  We hypothesis that it is the physical movement of the nematodes that repels 

the termites. 

 

Temperature is a key factor affecting nematode pathogenicity.  Temperature tolerance of the 

nematodes varied between species.  After a gradual heat adaptation process, S. riobrave and H. 

bacteriophora caused significantly higher H. aureus mortality at 32 oC compared with original 

laboratory cultured strains.  Further work may result in the contribution of commercially 

available strains with enhanced heat tolerance. 

 

Preliminary field studies confirmed EPN protection of a structure, however, termites began to re-

infest 4 weeks after the application.  Additional tests are necessary to provide more evidence 

before we can conclude nematodes as useful in the field.   
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1.1 Overview 

 

Nematodes in the families Steinernematidae and Heterorhabditidae are studied intensively by 

scientists as biological control agents of insect pests.  These nematodes are associated with 

species-specific symbiotic bacteria, Xenorhabdus spp. for Steinernema spp. and Photorhabdus 

for Heterorhabditis spp. The bacteria are gram-negative Enterobacteriaceae (Boemare et al., 

1993), which the nematodes vector while infecting the host insect.  Together nematodes and their 

bacterial symbionts are able to kill their insect hosts in a short period of time, usually 24-48 h.  

Because of their fast killing action, nematodes are considered pathogenic and therefore referred 

to as entomopathogenic nematodes (EPNs).   

 

Insects from 17 orders and 135 families have been shown to be susceptible to entomopathogenic 

nematodes in laboratory and field studies (Grewal et al., 2005), this gives the nematodes great 

potential to be used widely as control agents of various pests.  Entomopathogenic nematodes 

have a broad range of hosts, but do not parasitize vertebrates or plants.  Commercial nematode 

products are considered a reduced-risk biocontrol option and are environmentally friendly.  

These nematodes, can be applied with standard spray or irrigation systems, and can be used in 

conjunction with chemicals.  EPNs have been used in agricultural and urban settings and have 
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demonstrated to be an effective pest management tool for both agricultural and urban Integrated 

Pest Managements (IPM) systems (Shapiro-Ilan et al., 2002). 

 

Subterranean termites are major pests of wood structures and wood products globally, causing 

billions of dollars in damage.  Several of the U.S.A. pest species belong to the genera 

Heterotermes, Coptotermes and Reticulitermes.  Control of termites includes prevention 

measures and remedial actions if prevention fails (Su and Scheffrahn, 1990).  The key pest 

species in the desert of southern Arizona, New Mexico, and California is Heterotermes aureus 

(Snyder).  Current termite control relies on liquid termiticide applications which have a limited 

term protection, up to five years for each treatment, however, the impact on the environment and 

residue effects are unknown in the long-term.   

 

With the acceptance and adoption of IPM concepts and practice, environmentally sensitive 

places such as schools, child care facilities, and hospitals are seeking alternative management 

methods over conventional pesticide spray application.  Biological control methods have been 

successfully used in urban situations, providing favorable results.   

 

The aim of this study is to gain greater understanding of the nematode – termite interaction.  The 

majority of the work was focused on the desert subterranean termites H. aureus, but other key 

pest species were also examined in comparison. 
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1.2 Biological Control 

 

Biological control is defined as the reduction of pest populations by natural enemies and 

typically involves an active human role (Weeden et al., 2008).  Natural enemies of insect pests, 

also known as biological control agents, include predators, parasitoids, and pathogens.  

Entomologists generally divide biological control into two broad categories: 1) natural biological 

control, the use of a natural enemy with the same native origin of the given pest insect; and 2) 

applied biological control.  Applied biological control can also be further divided into classical 

biological control and augmentative biological control.  Classical biological control is the 

introduction of an exotic natural enemy to the target region, for control of a given pest and 

augmentative biological control is the approach that increases the quantity of the existing natural 

enemy (Ehlers, 1990).  

 

Use of EPNs in biological control can be categorized into different types as described above, 

however, the actual application of entomopathogenic nematodes is usually referred to as 

inundative release.  This refers to the release of overwhelming numbers of the mass produced 

nematodes in the expectation of achieving a rapid reduction of a pest population without 

necessarily achieving sustained control.  Just as other biological control agents, the nature of 

entomopathogenic nematodes will influence use.  Knowledge areas of importance include: 1) 

understanding of their effectiveness (or ineffectiveness) against a target insect; 2) environmental 

factors influencing their effectiveness; and 3) evaluation of their impact.   
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The effectiveness of biological control is often evaluated by the amount of economic gain that 

directly comes from the use of any natural enemy against the target pest.  Factors may influence 

this effectiveness, positively or negatively.  Many case studies show that biological control is 

very hard to predict, as the dynamic of host/enemy is sometimes elusory, therefore, deeper 

investigation of each pest/control agent interaction over a given time and environmental setting 

is often required.  In the case of entomopathogenic nematodes, there are three basic questions 

directly related to every management attempt: 1) selection of the most suitable species or 

combination of species, 2) appropriate inoculum level to be applied (dose); and 3) environment 

effects of entomopathogenic nematodes.   

 

Even though there is no report of significant acute or chronic effects to humans and other 

vertebrates, it is not accurate to claim that entomopathogenic nematode do not have an 

environmental impact (Barratt et al., 2006).  EPNs can potentially have positive and negative 

effects on biodiversity, and because of the broad host spectrum, existing none target invertebrates 

could be influenced. (Ehlers, 2003).  Natural predators and parasitoids can be affected as well, a 

reduction in the availability of host insects or indirect secondary infection may occur.  Dispersal 

and establishment of the nematodes could give nematodes longer persistence in the soil.  Strong 

(2002) estimated that heterorhabditid populations have a half-life of one month, whereas 

steinernematids usually can persist longer than one month.  Release of Steinernema scapterisci 

Nguyen and Smart by Parkman et al. (1993) for the control of mole crickets, showed that the 
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nematode remained establishment for over 5 years.  There are also reports of soil 

microorganisms and micro fauna disturbance by the nematodes’ symbiont bacteria as they 

produce a variety of metabolites that are toxic to soil bacteria and fungi (Akhurst and Smith, 

2001).  It is clearly important that before continuing with the use of inundative practices, it is 

critical to assess the environmental and ecological impacts that such release will have on the 

natural fauna. 

 

1.3 History and Taxonomic Status of Entomopathogenic Nematodes 

 

Early fossil records of insect parasitism by Mermithidae date back 120-135 million years, and 

are detailed by von Heyden 1862 (cited in Poinar, 1984; Poinar, 1994).  The earliest record of a 

nematode-insect association goes back to the 16th century when Aldrovandus (1602) described 

in his “De Animalibus Insectis” the presence of ‘worms’ emerging from grasshopper cadavers 

(Cited in Stock, 2005).  Poinar, 1983, describes the origins of Steinernema and Heterorhabditis 

dating back to the mid-Palaeozoic period, about 375 million years ago.  Based on Poinar’s 

hypothesis, Steinernema and Heterorhabditis do not share a common ancestor; they evolved 

independently with bacteria and insects.  This theory is also consistent with the evolutionary tree 

proposed by Blaxter et al. (1998).  Evidence through 18s rDNA sequence data that both insect 

parasites arose independently at least four times and that similarities in their biology are in fact a 

case of congruent evolution (Fig. 1) 

.  
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To date, there are approximately 30 nematode families in record that are associated with insects 

(Poinar, 1972), but the most important EPNs are found in the families Mermithidae, 

Allantonematidae, Heterorhabditidae and Steinernematidae (Popiel and Hominick, 1992). 

 

Mermithids are mainly studied and have been used to control aquatic insects such as mosquitoes, 

especially Romanomermis culicivorax Poinar (Poinar, 1983; Petersen, 1985) and were briefly 

commercialized in late 1970’s for use in inundative release programs.  However, after the 

introduction of Bacillus thuringiensis serovar israelensis as control agents of mosquitoes and 

black fly larvae (Tyrell et al. 1979), scientific interest in Mermithids declined.  

 

Mermithids are known to be influenced by stringent density dependent constraints, so only a 

short term reduction in the host population may be achieved, and recycling slowed down when 

too many hosts were killed (Hominick and Tingley, 1984; Poinar, 1983).  

 

Deladenus siricidicola Bedding is the most successfully used Allantonematid nematode it as a 

parasite of the European wood wasp Sirex noctilio Fabricius.  S. noctilio is an exotic pest of 

Australia and New Zealand and has caused extensive damage to pine (Pinus radiate) (Bedding, 

1984).  The female wasp deposits eggs with a symbiotic fungus that cause the death of the pine 

tree.  D. siricidicola feeds on the fungus introduced by the wood wasp and can infect the wasp 

larvae and cause sterility.  Female wasps emerge and disperse and oviposit packets of nematodes 
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and the fungus, instead of eggs (Bedding, 1984).   

Studies on Steinernematid and Heterorhabditid nematodes began with Steiner, who described the 

first entomopathogenic nematode species Steinernema kraussei Steiner in 1923.  Glaser was the 

first to cultivate the entomopathogenic nematode Steinernema glaseri Steiner in the laboratory 

(Glaser, 1931) and use them in the field against Japanese beetle with good success (Glaser, 1932).  

Many species of nematodes were discovered there after and are now commercially produced in 

mass production systems and sold in different formulations (Georgis, 1990). 

 

It is worth mentioning that a hundred laboratories in more than 60 countries are currently 

studying EPNs and their bacterial symbionts.  This research is diverse, covering the fields of 

taxonomy, phylogenetics, biogeography, biology, ecology, molecular biology, genetics and 

genetic improvement, physiology, biochemistry, behavioral ecology, formulation production, and 

application technology (Stock, 2005) 

 

Currently, the most popular genetic markers for classifying entomopathogenic nematodes are the 

28S and ITS rDNA.  These markers have been used widely for the molecularly characterized 

analysis and phylogenetic relationships (Uribe-Lorío et al., 2006; Stock and Gress, 2006).  The 

origins of Steinernema and Heterorhabditis can be traced back to the mid-Palaeozoic period 

(Poinar, 1983), about 375 million years ago.  Based on Poinar’s hypothesis, Steinernema and 

Heterorhabditis do not share a common ancestor; they evolved independently with bacteria and 

insects.   
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Figure 1.  Nematode molecular phylogenetic framework indicating invertebrate-parasitic 

associations of nematodes () and their evolutionary relationships to other nematodes. From 

Stock (2005).  AOP, algivore-omnivore-predator; B, bacterivores; EP, entomopathogen; IP, 

invertebrate parasite; PP, plant parasite; VP, vertebrate parasite. 

 

 

 

1.4 Biology of the Steinernematidae and Heterorhabditidae 

 

Three unique attributes of Steinernema and Heterorhabditis nematodes make them an interesting 

model system for study and application in biological sciences research.  First, they form a 

complex nematode- bacterium mutualistic symbiosis.  The bacteria are carried in the body of 
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nematodes and vectored into hosts (Poinar, 1990).  Second, they are insect pathogens that have a 

very broad host spectrum which includes the majority of insect orders.  Third, they can be 

cultured either in vivo or in vitro on a large scale.  Even though the two groups of nematodes can 

infect, kill and emerge as a new generation from insects in a similar way, their life cycles are 

different.  

 

Steinernematidae 

 

The non-feeding third stage infective juvenile (IJ) is the only free living stage that can survive 

outside the host for a long period, and locate and infect an insect host.  IJs have a closed mouth 

and anus, collapsed pharynx and intestine, these compacted body tissues greatly reduce the 

lumen of the digestive tract.  They also have enlarged hypodermal glands and intestinal cells 

serve as lipid reserves, these provide energy to the IJ used during host searching.  The IJs can 

remain in the environment for a long time without feeding.   

 

IJs can locate the host using a variety of cues, such as carbon dioxide (Gaugler et al., 1980) and 

host fecal components (Hajek, 2004).  Their foraging methods vary from species to species.  S. 

carpocapsae tends to search for a host near the surface of the soil by nictating, i.e. stand on their 

tails and waving back and forth for a host to pass by.  Larger nematodes, such as S. feltiae and S. 

glaseri often disperse through the soil for a host (Poinar, 1990).   
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IJs of Steinernematidae usually keep the second stage sheath (i.e. cuticle) outside the third stage 

cuticle, which provides them some protection, slowing desiccation and reducing potential 

infection by pathogens, such as fungi (Timper and Kaya, 1989).  Once IJs have located a host, 

they will enter through its natural openings i.e. mouth, anus and spiracles.   

 

The symbiotic bacteria Xenorhabdus spp. are stored in the nematode intestine, in a modified 

portion called the “bacterial receptacle” (Snyder et al., 2007).  The bacteria are released through 

the nematodes anus after they enter the insect haemocoel (Poinar, 1990).  Proliferation of 

symbiotic bacteria in the insect hemocoel prevents growth of other microbes inside the host that 

may be harmful to the nematodes.  They also provide food to the developing juveniles.  Also, the 

proliferation of the bacteria cause septicemia and kill the infected insect within 48 h.   

 

Almost all first generation J4 of Steinernema nematodes develop into amphimictic adults.  The 

exception being Steinernema hermaphroditum which has hermaphrodites in the first adult 

generation (Griffin et al., 2001). 

 

After mating, females oviposit eggs but in the later stages, the eggs hatch inside the female body 

and destroy the mother while developing.  When food is plentiful, the younger generation 

nematodes grow through J1 to J4 and turn into adults.  Depending on the size of the host and 

amount of nutrients it can provide, this cycle may occur several times.  Notably, all subsequent 

adults are smaller in body size compared to the first generation adults.  When food is depleted, J2 
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nematodes start to develop into pre-infective juveniles (pre-J3), close their mouth and keep the 

second stage cuticle, then leave the host, through body openings again, or break through as 

infective juveniles searching for new hosts. 

 

Heterorhabditidae 

The life cycle of Heterorhabditid nematodes is quite similar to that of Steinernematid nematodes 

but with a few differences: 

 

1. Symbiotic bacteria associated with heterorhabditids are Photorhabdus spp.  

 

2. While attached to the host, IJs can penetrate the outer cuticle directly into the host because 

they have a dorsal tooth (Bedding and Molyneux, 1982). 

 

3. Sometimes IJs shed the second stage sheath before or as they enter the host (Bedding and 

Molyneux, 1982). 

4. First generation IJs of Heterorhabditis develop into a hermaphroditic adult, however, 

subsequent generations of adults within in the same host produce males and females.   

 

5. Hermaphroditic adults only oviposit a portion of the eggs and the remainder develop inside the 

uterus.  In later generations, after mating, the females are completely ovoviviparous, and the eggs 

are kept inside the uterus. 
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1.5 Environmental Factors Affecting Nematode Survival and Infectivity 

 

The concept and practice of using entomopathogenic nematodes as biological control agents is 

accepted world-wide (Gaugler, 2002).  However, there are many factors affecting the virulence 

of entomopathogenic nematodes and limit application methods, including several abiotic and 

biotic factors.  Abiotic factor include: temperature, moisture, UV radiation, soil texture, soil pH, 

oxygen concentration and others.  Biotic factors involved include: microbes and soil organisms, 

nematode-host interactions and many other factors such as chemical compounds produced by a 

host insect.  Jaworska and Ropek (1994) reported that S. carpocapsae induced mortality of the 

pea and bean weevil Sitona lineatus Linnaeus was lower when larvae feeding on beans compared 

with those feeding on peas. 

 

 

Moisture 

Moisture is a central factor affecting nematode activity in soil (Kaya, 1990).  They do not survive 

rapid desiccation in laboratory experiments (Womersley, 1990; Kung et al., 1991), but, they can 

persist considerable lengths of time in dry soil, if allowed to dry out gradually (Kung et al., 

1991).  Nematodes have different responses to low moisture levels in addition to the ability of 

existing in a quiescence state.  Koppenhöfer et al. (1997) found that nematodes can use the host 

cadavers as shelter when the surrounding environment is extremely dry.   
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Another associated factor is soil texture, because nematodes travel through the water film that 

coats the interstitial spaces.  If this film becomes too thin from drought or the spaces are 

completely filled with water from excess saturation, nematode movement is restricted 

(Koppenhöfer et al., 1995).  Nematode movement is greatly limited in fine soil, thus fine 

substrates may generate low survival rates and infectivity.  However, the relationship between 

soil composition and nematode activity cannot be generalized based on current reports, due to 

many other influencing factors, such as soil pH, nutrient contents and artificial influences 

(Koppenhöfer and Fuzy, 2006). 

 

Temperature 

Ambient temperature is another factor that will greatly affect the activity of entomopathogenic 

nematodes.  Different species and/or strains of these nematodes have different temperature 

preferences and their tolerance ranges vary (Grewal, 1994).  For example, previous studies have 

demonstrated that steinernematids can survive freezing (Brown and Gaugler, 1996), and other 

studies on heterorhabditids (Griffin and Downes, 1991) show infectivity in the 6–12 °C range for 

some species of nematodes.  Considering high temperature extremes, Henneberry et al. (1996) 

reported that nematodes S. riobrave and S. carpocapsae died inside dead pink bollworm 

(Pectinophora gossypiella Saunders) Lepidoptera: Gelechiidae at temperatures above 32 °C.  

Khlibsuwan et al. (1992) reported that S. carpocapsae was able to locate a host insect and was 

unaffected by temperatures below 33 °C, but locomotion and infectivity were impaired at 35 and 
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37 °C. 

 

Biotic factors 

Both intraspecific and interspecific competitions can occur.  Natural enemies of nematodes can 

impact survival also.  Nematophagous fungi are found in a wide range of soil habitats throughout 

the world (Gray, 1988).  The two basic types are predatory or trapping fungi and endoparasitic 

fungi.  Currently, no viral or bacterial pathogens have been isolated from entomopathogenic 

nematodes.  However, bacteriaphages have been isolated from the bacterial symbionts (Poinar et 

al., 1989; Boemare et al., 1993).   

 

 

1.6 Termite Biology 

Termites are a group of social insects belonging to the order of Isoptera.  Evolutionary evidence 

from transitional species Mastotermes darwiniensis show that termites arose from highly 

modified, social, wood eating cockroaches.  Termites usually feed on material with cellulose 

content, including dead plant material, and animal waste (Pearce, 1998). Currently, there are 

about 2,800 recognized termite species divided into seven families (Engel and Krishna, 2004).  

10% of the estimated 4,000 species are of economic importance as pests in agriculture, forestry, 

and urban situations as they can cause damage to manmade wooden structures and wood 

products (Myles, 2004).  The economically important species in North America can be classified 

into three ecological groups: dampwood termites, drywood termites, and subterranean termites.  
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The damage to wooden structures attributed to termites is significant and can exceed $ 3 billion 

annually, although estimates vary considerably by region (Su and Scheffrahn, 1990).  

Subterranean termites account for at least 80% of the losses; drywood termites account for less 

than 20% (Su and Scheffrahn, 1990).  Subterranean species differ from dampwood and drywood 

species in that they require contact with either soil or moisture.  Several major termite pest 

species belong to the genera Heterotermes, Coptotermes and Reticulitermes (Isoptera: 

Rhinotermitidae).   

 

One distinctive difference that separates termites from other social insects is that these insects 

have both a king and queen present in the colony as reproductive s.  A typical subterranean 

termite colony consists of three castes: reproductives, workers, and soldiers.   

 

Workers and larvae comprise the majority of the population, and undertake all the physical labor, 

such as building nests, foraging, cleaning, brood care etc.  They also feed all other dependent 

castes, including the larvae, nymphs, soldiers and reproductives.   

 

Soldiers of Heterotermes, Coptotermes and Reticulitermes have only one mission, to defend the 

colony with their specialized mandibles.   They develop from nymphs, larvae, or workers as 

required by the colony.  

 

There are two types of reproductive phenotypes inside a termite colony.  The primary 
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reproductive female, or the queen comes from the dealated swarmer.  The secondary 

reproductive phenotype may come from un-flown alates, nymphs or workers.   

 

1.7 Heterotermes aureus (Snyder) and Control Methods 

 

Heterotermes aureus (Snyder) is also known as the “desert subterranean termite”.  Its distribution 

is solely restricted to the Sonoran desert covering southern Arizona and southern California in 

USA.  Based on the termite’s gut symbiotic relationships, H. aureus is grouped in the lower 

termite group, it is one-piece nesters, that is, they nest in one piece of wood that serves as nest 

and food at the same time (Abe 1987); it has cellulose-digesting flagellates and bacteria inside 

the hind gut.  The size of H. aureus colony still remains undetermined.  Baker and Haverty (2007) 

gave an estimation of foraging populations from 64,913 to 307,284 termites per colony by using 

the Lincoln Index, with a maximum foraging distance of 65 meters. 

 

H. aureus is less moisture dependent compared to other subterranean termites.  It can attack dry 

sound wood readily by building sheltering mud tubes to the potential food source.  In southern 

Arizona, H. aureus can tolerate the heat, so it is capable of inhabiting the hottest driest areas of 

the Sonoran desert (Baker and Marchosky, 2005).   

 

Management of termites consists of prevention and treatment.  For subterranean termites, the 

options are liquid termiticides or a baiting program.  Liquid termiticide applications have been 
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the standard in the industry for decades and consist of rodding, trenching, and sub-slab 

application of liquid termiticide around the infected home.  Baiting systems have been 

introduced into the market place within the last 10 years.  They require monitoring of a cellulose 

bait matrix that the termites feed on and die.   

 

1.8 Biological Control of Subterranean Termites 

 

With the prohibition of several synthetic termiticides, and the establishment of IPM in structural 

environments, people are seeking new termite control agents.  Biological control is one of the 

more environmentally acceptable alternatives.  However, use of biological control agents against 

termites is still very limited and research is needed to establish which biocontrol agent is 

effective under which parameters. 

 

Termites have predators and parasitoids.  Many vertebrates will take termites as food when 

available.  There are a number of different invertebrates which prey on termites, ants being the 

biggest group.  But these predators mainly preyed on alates or foraging workers (Logan et al., 

1990).  Certain species of the family Phoridae (Diptera) are parasitic on termites.  However, 

manipulating these groups of organisms is difficult, and most of them are opportunistic and will 

not have the potential of being used as control agents (Culliney and Grace, 2000).   

 

Research into the use of viruses and protozoa as control agents against termites is very scarce 



 

 

39 

(Gibbs et al., 1970; Jafri et al., 1976).  The only two potentially promising groups of termite 

pathogens are nematodes and fungi.  Fungi may be most effectively used in termite baits and can 

be transferred among nest-mates in the termite colony (Jones, et al,. 1996; Wright et al., 2000; 

2002; 2004).  

 

Fungi associated with termites have gained interest in recent years.  Most studies have been 

focused on two species, Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae 

(Metschnikoff) Sorokin (Hyphomycetales) (Sun et al., 2002; Wright et al., 2005).  Wright et al. 

patented Paecilomyces spp. for subterranean termite control (Wright et al., 2005).  As shown in 

experiments, Paecilomyces strains are non-repellent and transferable (Wright et al., 2005).  

Several laboratory studies have examined the efficacy of B. bassiana and M. anisopliae against 

subterranean termites.  Different strains of these fungi have generated varied results depending 

on the termites species tested.  Generally, both fungi can kill termites relatively rapidly.  Some of 

the early work was reviewed by Culliney and Grace (2000).  Leong (1966) demonstrated that 40 

minutes or longer exposure of termites to the fungus M. anisopliae caused 100% mortality to C. 

formosanus within 24 h.  In most laboratory studies, Reticulitermes spp. and Coptotermes spp. 

suffered 100% mortality from the two fungi in 2 to 6 days.  In laboratory colonies, while carrying 

low number of spores, infected termite workers can spread spores to the colony, even when the 

dead were walled-off by nest mates to prevent the dispersal of conidia in the colony.  These 

results showed that the two fungi have great potential in causing epizootics within natural 

subterranean colonies.  However, only a few field studies have been reported.  Wright et al. 
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(2005) tested M. anisopliae on alates.  Swarmers were attracted to inoculated areas with black-

lights.  Treated areas were 2 by 2 m and dusted with conidia of M. anisopliae at a concentration 

of 1 X 1011 spores per square meter.  Alates were collected and brought back to the laboratory for 

mortality assessment.  After 3 day, alate mortality from the treated area reached over 90%, and 

up to 100% by day 5, whereas the non-infected alates had only 35% mortality in day 3, and 65% 

by day 5.  Work by Lai (1977) introduced both fungi into the field colony, but failed to suppress 

C. formosanus activities even using a high concentration.  Lai et al. (1982) found that using 

different strains of the fungi M. anisopliae was more pathogenic than B. bassiana in conidial 

suspensions topically applied to C. formosanus colonies. 

 

Osbrink et al. (2001) isolated several naturally occurring bacteria from C. formosanus and tested 

one species – Serratia marcescens Bizio.  In forced exposure experiments, one strain of this 

bacterium killed 100% C. formosanus by day 19.  But no subsequent laboratory or field trials 

have been published on using this bacterium as a control agent. 

 

Entomopathogenic nematode and subterranean termite interactions 

Entomopathogenic nematodes and subterranean termites can thrive in similar environments and a 

few nematode species have been found in naturally infected termites.  Nguyen and Smart (1994) 

isolated an entomopathogenic nematode Neosteinernema longicurvicauda Nguyen and Smart 

(Rhabditida: Steinernematidae) from a naturally infected subterranean termite, Reticulitermes 

flavipes (Kollar).  Carta and Osbrink (2005) described Rhabditis rainai n. sp. (Nematoda: 
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Rhabditida) associated with C. formosanus.  

 

These findings have led researchers to further study termite-nematode interaction and test the 

ability of these nematode species to infect and kill termites.  Early work was performed by Reese 

(1971) and Fuiji (1975) on attempts to infecting C. formosanus with C. carpocapsae.  Myles 

(2002) listed five nematodes as pathogens of termites, S. carpocapsae, S. feltiae, Neosteinernema 

longicurvicauda Nguyen & Smart, one Rhabditis spp. and one Heterorhabditis spp.  Poinar 

(1979) reported susceptibility of certain Coptotermes, Nasutitermes and Termes (Termitidae) 

species to S. carpocapsae (Weiser).  Bedding and Stanfield (1981) reported that large colonies of 

the Australian genus Mastotermes could be killed using Heterorhabditis sp. by injecting 

Heterorhabditis spp. directly into the infested eucalyptus trunks. 

 

In spite of these findings, control of subterranean termites with nematodes has a history of 

limited success; one of the reasons is the very behavior of the termites.  Studies of Wilson-Rich 

et al. (2007) found increased vibratory display (bobing) behavior and allogrooming of 

Zootermopsis angusticollis as well as two other novel behaviors, abdominal tip-raising and self-

scratching when exposed to nematodes.  Both Reese (1971) and Fuiji (1975) failed to suppress C. 

formosanus due to the fact that infected termites were being successfully walled off by nest 

mates to protect the colony.  Although the potential for nematodes to control termites exists, the 

biology, ecology and physiology of these EPN-termite interactions needs to be further 

investigated in the laboratory.  Additional field work is needed to evaluate EPN efficacy against 
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different termites under various conditions to provide more accurate guideline to the biological 

control of termites with EPN. 

 

1.9 Goals of this Study 

 

The goal of this study was to obtain a deeper understanding of nematode-termite interactions and 

further evaluate the potential obstacles of using EPN as control agent as an alternative in current 

termite management practices.   

 

Specific objectives were: 

 

1. To assess infection rates of several nematodes species, S. carpocapsae, S. feltiae, S. riobrave 

and H. bacteriophora infecting a selection of subterranean termites species with a special focus 

on the desert subterranean termite H. aureus, a key pest in southern Arizona and California.  We 

speculate that nematode species and/or strains from semiarid areas would be a more effective 

pathogen of desert termite species.  

 

2. To assess optimal inoculum concentration to establish a guide for future consideration of 

nematodes as biological control agent in IPM of desert termites.   

 

3. To study termite responses to nematodes, and nematode adaptations to the small host termites. 
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4. To evaluate the effect of abiotic factors such as temperature effects on selected nematodes 

species/strains to select for tolerant strains. 
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CHAPTER 2  

GENERAL MATERIALS AND METHODS 

 

List of studied organisms  

 

Nematode species and isolates 

Nematode family Nematode species Strains Source 

Steinernema riobrave 

Cabanillas, Poinar and 

Raulston 

355,  3-8b, 7-

12, TP  

David Shapiro-Ilan 

Steinernema carpocapsae 

Weiser 

Mexican 33 David Shapiro-Ilan 

Steinernematidae 

Steinernema feltiae Filipjev UK76 David Shapiro-Ilan 

Heterorhabditidae Heterorhabditis 

bacteriophora Poinar 

HP88 David Shapiro-Ilan 
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Termites species 

Termite Family Termite species Source 

Heterotermes aureus Snyder 

 

Santa Rita Experimental 

Range, University of Arizona 

Reticulitermes flavipes Kollar 

 

Brian Forschler (University of 

Georgia, Athens, GA) 

Reticulitermes virginicus Banks   

 

Brian Forschler (University of 

Georgia, Athens, GA) 

Rhinotermitidae 

Coptotermes formosanus Shiraki 

 

Xingping Hu (Auburn 

University, Auburn, AL) 

Termitidae Gnathamitermes perplexus Banks 

 

Santa Rita Experimental 

Range, University of Arizona 

 

Other insects 

Insect family Insect species Source 

Pyralidae Galleria mellonella Linnaeus 

 

 

 

All laboratory experiments were repeated 3 times in order to confirm trends, unless otherwise 

stated in the experimental chapters.  Unless stated otherwise, data from tests repeated in time 

were not lumped before analysis.  In general the data presented in this thesis is from the third 
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repeated experimental run.  

 

2.1 In vivo Production of Entomopathogenic Nematodes 

 

Nematodes considered in this study were obtained from stored cultures maintained in the 

laboratory in distilled water suspension at 15 C.  Before use, they were acclimated for 4 hs at 

room temperature (22 oC).  The nematode suspensions were adjusted to approximately 200 

nematodes per ml of distilled water then pipetted onto the surface of one Whatman Grade 3 filter 

paper (Whatman ® 1003 042) in an upside down 50x9 mm petri dish (Falcon ® 35 1006).  Then, 

the rest of the filter paper was dampened with distilled water.  Ten last instar Galleria mellonella 

(Lepdioptera:  Pyrallidae) were placed into the petri dish.  The petri dish was then sealed with 

Parafilm ® (Pechiney Plastic Packaging Company, Chicago, IL, USA) and incubated at 27 oC for 

5 days.  Dead larvae were then transferred to modified White traps (Kaya and Stock, 1997) for 

harvesting of infective juvenile. 

 

To prevent fungal contamination during nematode infection, G. mellonella larvae were surface 

sterilized before nematode infection.  Briefly, G. mellonella were dipped in 60 oC water for 20 

seconds, then rinsed in 10% hypochlorite solution for 10 seconds followed by second a rinse in 

cold, distilled water for an additional 10 seconds.  This process is referred to as “conditioning”.  

Additionally, nematodes were also washed in 0.1% methylbenzethonium chloride then rinsed in 

clean, cold, distilled water before application to the infection dishes. 
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2.1.1 Modified White Trap 

 

The modified White trap was constructed according to procedures described by Kaya and Stock 

(1997).  Briefly, a 9 cm petri dish was as a platform to place dead insects.  This dish was placed 

inside a 150 x25 mm petri dish (BD Falcon ®) as a collecting platform.  One piece of Whatman 

Grade 3 filter paper was placed on the platform and allowed to reach into the water covering the 

bottom of the larger petri dish.  G. mellonella cadavers were transferred from the inoculation 

dishes and placed on the filter paper with the insect head facing the top of the platform dish and 

tails hanging down the filter paper ramp leading to the water.  Traps were incubated at 22 oC.  

Nematodes started to exit from the cadaver after 7 to 12 days post infection 

 

Emerging IJs were collected and transferred into 250 ml beakers and distilled water added to fill 

the beaker.  The suspension was allowed to settle for 45 minutes, then the top decanted leaving 

the nematode sediment at the bottom of the beaker.  This rinsing process was repeated several 

times until the final upper fluid was clear.  Nematodes were then poured into 200 ml culture 

flasks and filled with 80 ml nematode suspension for storage and experimental use.   

 

Modified, small, White traps were used to collect IJs emerged from termite cadavers.  The 

construction was similar to that explained in section 2.1.1 but considerably smaller petri dishes.  

A 5 cm petri dish (Falcon ® 35 1006) was placed inside a 9 cm petri dish, and the platform was 

one piece of Whatman grade 3 filter paper (Whatman ® 1003 042). 
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2.2 Nematode Storage  

 

Nematodes were stored as water suspensions at 15oC.  The concentration of IJs was kept under 

4,000 per ml of water.  Culture flasks (175 cm2 Flask, BD ventilated flask) with ventilated lids 

were used to store nematodes; they were stored laying flat with 40% filled to ensure the depth of 

water does not exceed 1 cm.  Nematodes considered for bioassays were stored for no more than 

two weeks.  Long-term storage IJs were occasionally stored in 0.1% formalin solution to 

discourage fungal growth. 

 

2.3 Isolation of Symbiont Bacteria  

 

Symbiont bacteria Xenorhabdus nematophila Thomas and Poinar and Photorhabdus luminescens 

Thomas and Poinar was obtained from the haemolymph of G. mellonella infected with IJs of H. 

bacteriophora HP88 strain and S. carpocapsae Mexican 33 strain, respectively.  Dead G. 

mellonella larvae were surface-sterilized in 95% ethanol (Kaya and Stock, 1997), allowed to dry 

in sterilized airflow cabinet for 2 min. Larvae were opened dorsum with sterile needles and 

scissors, a loop-full of the oozing haemolymph was streaked onto nutrient agar plates (BioLog 

Nutrient Agar, BioLog Inc. Hayward, CA, USA).  The agar plates, sealed with Parafilm 

(Pechiney Plastic Packaging Company, Chicago, IL, USA), were incubated at 28 °C in the dark 

for 24 h, when single colony of bacterium was selected and streaked onto new plates of nutrient 

agar.  Sub-culturing was continued until colonies of uniform size and morphology were obtained.  
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2.4 Maintenance of Insect Cultures 

 

2.4.1 Termite Colonies 

Heterorhabditis aureus and G. perplexus were collected from the University of Arizona Santa 

Rita Experimental Range located in Green Valley, AZ, (31.90° N 110.90° W Elevation 984m).  

Termites were collected using a station consisting of PVC pipe 15 cm high and 15 cm in 

diameter, topped with a 20x20x4 cm brick; three corrugated cardboard rolls, 7-cm dia. X 8-cm 

tall (0.04 x 1.0-m strip of CR 30 x 250 B-flute SF cardboard, Tucson Container Corp, Tucson, 

Arizona) centered with ash wood were placed in each station in direct contact with the soil (Plate 

1).  Foraging termites were attracted to the buried corrugated cardboard rolls.  The PVC pipe was 

buried approximately 2.5 cm under the surface.  All stations were observed at 7-day intervals.  

Infested rolls were brought to the laboratory and stored in complete darkness at 21-22oC, 90% 

relative humidity. 

 

Reticulitermes flavipes and R. virginicus were collected from Whitehall forest in Athens, GA.  

Pine logs were taken from a wood pile and placed at areas that were known to have great termite 

activity in Whitehall forest.  Logs were inspected once a month and infested logs were taken 

back to the laboratory.  Termites were removed and transferred to culture boxes containing small 

pieces of pine wood and paper towel, and were maintained in complete darkness at 25 oC, 75-80 

% relative humidity.   
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Coptotermes formosanus were collected from field sites in central Alabama (Auburn and Opelika, 

Lee County) by using cardboard rolls installed inside underground open-bottom plastic bucket 

traps (18 cm high by 15 cm diameter).  Cardboard rolls harboring termites were brought to the 

laboratory and maintained in clear plastic boxes (26 by 10 by 9 cm) at 24 oC. Termites were 

extracted by gently brushing or tapping them out of the rolls into plastic storage containers (18 

by 14 by 9 cm) containing moistened pieces of No. 1 Whatman filter papers (courtesy of Dr. X. 

Hu from Auburn University) 

 

Plate 1.  Subterranean termite collection trap.  Three cardboard rolls in PVC pipe toped with 

brick. 
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Plate 2.  close-up of a subterranean termite collection trap.  Single card board roll centered with 

wood. 

 

 

 

 

 

 

 

 

 

 

 

 

Field collected termites were reared in an incubator at 22 oC for no longer than one month.   

Termites were brought back to the laboratory in collection card board rolls.  Once in the 

laboratory, the card board rolls were opened carefully and the two layers were separated to let all 

the termites out to a collection pan.  After counting, the termites were transferred into rearing 

buckets which consisted of solid white 20.3 by 15.3-cm plastic buckets with a lid.  Five cm of 

sterilized native soil mixed with 2 ml of sterilized water was placed on the bottom of each bucket.  

A new card board roll, as used in the field collection, was placed on top of the soil, and then the 
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termites were put inside the bucket.  Buckets were placed in a Percival Incubator (Percival 

Scientific Inc, Model I-36LL, Perry, Iowa, USA) set at 22 oC with 90% relative humidity in total 

darkness. 

 

The collection stations are taken from the field and housed separately in the laboratory 

incubators.  Previous marking studies by Baker (Paul Baker, personal communication) have 

shown that selecting stations far apart may not guarantee that the termites are from a separate 

colony.  Some stations right next to one another have been shown to be generically separate, 

while others taken from stations quite remote from one-another turned out to be genetically the 

same.  It was impossible to confirm each time if the stations were related or not, but termites 

from multiple stations were used in the same experiment.  Comparing to R. flavipes and C. 

formosanus, which can have up to two million individuals in one colony, H. aureus colonies are 

very small.  Baker and Haverty (2007) estimated that a typical H. aureus colony has a foraging 

population between 64,913 to 313,251.  We did not run comparison tests specifically comparing 

different colonies. 
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Plate 3.  A cut-away view of a termite rearing bucket.  A cardboard roll was placed on top of 5cm 

of sterilized soil, in a solid white bucket.  
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2.4.2 Galleria mellonella 

 

Galleria mellonella were reared in lidded plastic boxes (2000 ml, 7 1/2 x 6 x 3 ¾ inch Nalgene® 

plastic utility boxes).   

 

The food source provided was a homogenous mixture of the ingredients listed below: 

200 g whole wheat cereal 

50 g yeast 

100 ml glycerol 

50 ml honey 

 

All ingredients were mixed together thoroughly and 30 mg of G. mellonella eggs, approximately 

1000 eggs were placed on top of the mixture and incubated at 28 oC.  After 5 to 6 weeks, late 

instar worms were ready for use.  A small number of larvae were allowed to pupate and lay eggs 

inside the box.  The eggs were periodically removed and placed on fresh media.  Collected larvae 

were stored at 15 oC for no longer than 2 weeks. 

 

2.5 Termite Infection in Bioassays 

 

Termites were infected with different nematodes in either single petri dishes or multiple various 

sizes of petri dishes connected with clear tubing.  The substrate used in the petri dishes was 
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either filter paper or sand. 

 

2.5.1 Filter Paper 

 

Single pieces of Whatman Grade 3 filter paper (Whatman ® 1003 042) were placed in 50x9 mm 

petri dishes (Falcon ® 35 1006).  IJs were acclimated at 22 oC for 4 h before being pipetted onto 

the surface of the filter paper.  Ten termite workers, plus one soldier were placed into the petri 

dish to be assayed.  In natural termite colonies worker:soldier ratio is 9:1.  Sometimes the 

numbers of soldiers as a percentage of the colony can be up to 12% when the colony is regularly 

under attack.  The plates were incubated at 22 oC, and control treatments were run concurrently 

receiving only 1 ml of distilled water with termites.  Termites would feed on the filter paper if 

they were confined to the bioassay for longer time periods.  The longest duration of this petri 

dish bioassay was 14 days and control groups had a 100% survival rate. 

 

2.5.2 Sand  

 

Ten grams of dry, autoclaved sand was placed in each petri dish.  All sand used in the 

experiments was sifted to 0.2 to 0.5 mm particle size (QUIKRETE® Premium Play Sand® (No. 

1113), Atlanta, GA, USA).  Moisture content was corrected to 10% (w/w) by adding distilled 

water.  Termites were introduced into the petri dish after nematode applications.  Control 

treatments received only water and termites. 
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2.5.3 Multi Petri Dish 

 

Two deep petri dishes, 65mm x 15mm (Rodac® plate, Falcon ™), were connected with 15 cm 

long clear tubing (Tygon® Chemfluor® PFA tubing) (Plate 4).  Petri dishes were filled with 40 g 

of sand.  Infective juvenile (IJ) nematodes were acclimated at 22 oC for 4 h, and then pipetted 

into the petri dishes at various dosages in 1.0 ml of water, per petri dish.  Control treatments 

received water only.  The moisture level was corrected to 10% w/w.  Dishes received 100 worker 

termites with five soldiers each and were incubated at 22 oC.  At the end of the 14-day bioassay, 

termites were removed from the petri dish, dead or alive.  Termite mortality was recorded, and 

then the termites were rinsed and dissected.  
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Plate 4.  AB choice test unit used to monitor the repellency effects of nematodes on Heterotermes 

aureus. 

 

 

 

2.6 Assessment of Nematode Establishment 

 

All insects (live and dead) in these experiments were dissected to assess nematode penetration 

and/or establishment.  Dissections were performed under dissecting microscope (Leica MZ75) at 

between 100 and 500 X magnification (magnification range from 6.3X to 50X with 10X 

objectives (Leica MZ75 manual). 

 

Termites were removed from the experimental arenas, and rinsed in distilled water if the outer 
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cuticle was still intact, and then dissected in quarter-strength Ringer’s solution in appropriate size 

petri dishes.  Mangled termite cadavers were very delicate and dissected directly to avoid lost of 

contents.   

 

The following information was recorded for each insect dissected: 

 

1) insect mortality 

2) numbers of nematodes found inside the termite cadaver 

3) developmental stage of nematodes found inside the cadavers 

4) any other observations or abnormal findings such as termite behavior after infected by 

nematodes 

 

Galleria mellonella dissection 

 

The larvae were pulled apart at the head-thorax juncture; head capsules were crushed and all 

contents from the head examined.  The body was opened with a scalpel and tweezers, the tissues 

inside were scraped out from the cuticle for further examination. 

 

Termite dissection 

 

When pulling gently the head and body in opposite directions, the gut would attach to the head 
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and separate from the abdomen.   All body sections were crushed and separated for examination.  

In many occasions, the termites were decapitated inside the bioassay arena, sometimes only a 

head capsule was found due to the rapid decomposition rate or cannibalism.  In these cases, all 

the remaining cadavers were collect out from the experimental petri dish and transferred for 

dissection.  Moving nematodes were easily detected inside the termite cadaver, and the 

information recorded. 

 

2.7 Extraction of Nematodes from Sand Medium and Field Soil Sample 

 

Sand media used in laboratory petri dishes assays and field soil samples were baited with G. 

mellonella to confirm EPN presence and persistence. 

 

2.7.1 Laboratory Conditions 

 

After each experiment, the sand media from the experiment was baited with live G. mellonella.  3 

to 5 late instar larvae were placed into the petri dishes (50x9 mm petri dish, Falcon ® 35 1006) 

and incubated at 22oC for 5 days.  Dead insects were dissected as described above for EPN 

infection to confirm EPN presence / absence in the medium after the testing period.  Generally, 

the numbers of nematodes infecting and the developmental stages found was recorded. 

 

 



 

 

60 

2.7.2 Field Conditions 

 

Before and after each field experiment, soil samples from each field station were brought back to 

the laboratory to be tested for the presence of naturally occurring nematodes and persistence of 

the EPNs after field application. 

 

Soil samples were taken from 4 spots around each chosen station and down to 10 cm below the 

station site before field experiments.  Soil mixtures brought back to the laboratory, were placed 

in large petri dishes (150 x25 mm petri dish, BD Falcon ®) with 5 to 10 last instar G. mellonella 

larvae then incubated at 22oC for 5 days.  All bait larvae were dissected to confirm there is no 

EPNs from the soil sample that could impair the experiment.  Generally, the numbers of 

nematodes infecting and the developmental stages found was recorded. 

 

After field experiments, soil samples were taken from all stations and then baited with G. 

mellonella in the laboratory using the same method described above.  All dead insects were 

dissected to confirm the cause of death was EPN infection.   

. 

2.8 Evaluation of IJ size 

 

The total body length of IJs were measured to assess the effect of the small insect host on 

nematode size.  For this purpose a sample of IJs emerging from the cadavers were measured 
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individually using a stage micrometer at 500 X magnification with a dissecting scope (Leica 

MZ75).  The divisions of the eyepiece scale were calibrated, for each objective against the 10 μm 

divisions of a micrometer slide.  Nematodes were heat killed in 60 to 65oC water and then placed 

on glass slides immediately for the greatest overall body length measurement.   

 

2.9 Soil Texture and Residue Analysis  

Soil sample from the University of Arizona Santa Rita Experimental Range were tested to 

establish texture using standard Bouyoucos Method (Calgon-Hydrometer). 

 

All field experimental stations were tested for chemical residue before nematode application 

because the selected field plots were involved in experiments evaluating commercial termiticides.   

 

All chemical analysis were performed by the analytical laboratory located at the Maricopa 

Agricultural Center using a Hewlett Packard GC Model 5890 equipped with an electron capture 

detector and a Hewlett Packard 7673 autosampler for chlorpyrifos, fipronil, and bifenthrin. These 

compounds were analyzed using a Zebron ZB-1 capillary column 15 m x 0.053 mm with 1.5-um 

dimethyl polysiloxane coating. The injection port temperature was 250 oC, the detector was 300 

oC and oven temperature was set at 235 oC for fipronil and bifenthrin and 215 oC for chlorpyrifos 

samples. The carrier gas was helium at a rate of 5-10 ml/min.  

 

Fipronil, bifenthrin and chlorpyrifos samples were extracted from 5-10 gm of soil in 20 ml 
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aliquots of 1:1 hexane/acetone by shaking for 15 minutes. The suspension was centrifuged at 

2000 rpm for 20 minutes and decanted into 50 ml volumetric flasks. This procedure was repeated 

twice again with 10 ml aliquots of 1:1 hexane/acetone. The combined extracts were adjusted to a 

final volume of 50 mls with 1:1 hexane/acetone. A portion of the sample was transferred to the 

autosampler for analysis by GC-ECD. Analytical standards for bifenthrin, fipronil, and 

chlorpyrifos were obtained from Chemservice (Catalog #: PS-2003, PS-2136, PS-674 

respectively). 

 

Imidacloprid samples were analyzed with a waters HPLC system equipped with a 2487 detector, 

WISP 710 autosampler and 510 pump with a Lichrosphere 5 Select column, 5um particle size, 

4.00 mm x 25 cm column and a mobile phase of acetonitrile:water (20:80). Imidacloprid was 

detected at a wavelength of 270 nm. 

 

Imidacloprid was triple extracted from 5-10 g soil with various solutions of acetonitrile. The first 

and second extracts utilized a 9:1 solution of acetonitrile:0.01 M CaCl2
.2H2O and water, 

respectively. The third extract was a 3 h reflux in 100% acetonitrile. The three extracts were 

combined and adjusted to a volume of 10 ml. A portion of this extract was transferred to a vial 

for analysis with the HPLC. Analytical standards of imidacloprid were obtained from 

Chemservice (Catalog #: PS-2086) 
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2.10 Reagents, Solutions Considered in these Studies 

 

Ringer’s solution 

Ringer’s solution is utilized as a diluent for preparing suspensions in bacteriological and 

nematological studies. Cite here source of Ringer solution. 

  

Quarter-strength Ringer’s solution is isotonic with bacteria and thus prevents them from being 

subjected to osmotic shock or from being osmotically damaged when they are removed from 

their customary environment. It is also more physiologically suitable for sensitive 

microorganisms than physiological saline.  

 

Preparation 

Quarter-strength Ringer’s solution is prepared by dissolving 1 Merck quarter-strength Ringer’s 

tablet in 500 ml neutral deionized water. Sterilize in the autoclave (15 min at 121 °C). 

pH: 6.9 ± 0.1 at 25 °C.  

 

Composition / tablet (g) 

Ammonium chloride 0.4; sodium hydrogencarbonate 0.005; calcium chloride-2-hydrate 0.040; 

potassium chloride 0.0525; sodium chloride 1.125. 
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2.11 Statistical Analysis 

 

Analysis of variance (ANOVA) was considered to test for significant differences among 

treatment means.  Mortality data were transformed (arcsine of the square root) prior to ANOVA.  

The Student-Newman-Keuls test was used to partition means into significant ranges when a 

significant F value was determined by ANOVA.  The 5% level of probability was used in all 

statistical tests.  The statistical software program CoStat (Version 6.311) was used for statistical 

analyses.   

 

Several survival parameters were measured to analyze the relationships among risk of mortality 

due to nematode infection, temperature and nematode species.  These parameters included the 

time course of survival (the survival distribution), median survival time (LT50 and the relative 

hazard ratios of death.  The median survival time (LT50) and the statistical comparison of the 

time course of mortality within and between treatments were analyzed with the Breslow statistic 

(Kaplan-Meier survival test; SPSS 16.0.0, 2007).  In addition, a Cox proportional regression 

analysis was performed by including in the model the variables temperature and nematode 

species.  Because temperature and nematode species were significant independent predicators of 

termite survival, each of the temperature and nematode species treatments was analyzed 

separately. 
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CHAPTER 3 

EFFICACY OF ENTOMOPATHOGENIC NEMATODES AGAINST TERMITES 

 

The efficacy of steinernematid and heterorhabditid nematodes against termites has been 

investigated in several countries.  For example, Poinar (1979) assessed the susceptibility of certain 

three termite genera, Coptotermes, Nasutitermes and Termes (Termitidae) to S. carpocapsae and 

found S. carpocapsae could effectively kill termites in the laboratory situation.  Bedding and 

Stanfield (1981) reported that large colonies of the Australian termite Mastotermes darwiniensis 

Froggatt could be killed using Heterorhabditis spp. by injecting Heterorhabditis spp. directly 

into the eucalypt trunks in which M. darwiniensis foragers were active. 

 

Poinar and Georgis (1989) obtained the highest mortality data (≥ 80%) observed until now, when 

they consider S. carpocapsae and H. bacteriophora applications against various Reticulitermes 

spp.  These experiments were conducted in the laboratory considering high nematode 

concentrations and ensuring appropriate moisture levels.  In another study, by Wang et al. (2002) 

the efficacy of S. carpocapsae (Breton), S. riobrave (TX), H. bacteriophora (HP88), and H. 

indica Poinar, Kanunakar, and David (Coimbatore) were assessed against two termite species R. 

flavipes and C. formosanus (Shiraki).  Wang et al. found that the virulence of the nematodes for 

R. flabipes was H. indica > H. bacteriophora > S. carpocapsae > S. riobrave.  The virulence of 

the nematodes for C. formosanus was H. indica and H. bacteriophora > S. carpocapsae and S. 

riobrave in laboratory experiments.  
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Currently, previous laboratory studies have shown EPN effectiveness against subterranean 

termites in the laboratory but only little information is known on comparing the pathogenicity of 

EPN species and strains at different concentrations, development of EPN in the termite, recycling 

potential of the EPNs using termite as a host and etc.  Additionally, we are particularly interested 

in the management of Arizona pest termite H. aureus with EPN, but there is no information on 

evaluating different EPNs on H. aureus and termite responses to EPN.  Choosing the right EPN 

for the control is the key factor for a successful management program as desert in the southern 

Arizona is a very peculiar environment.   

 

In this study, we assessed the efficacy of nematode S. riobrave, S. carpocapsae, S. feltiae and H. 

bacteriophora species in the following termites: Reticulitermes spp. (Rhinotermitidae), 

Heterotermes aureus (Rhinotermitidae), and Gnathamitermes perplexus (Termitidae).  Specific 

goals of this research were: 

 

1) Assess virulence of different nematodes species in Heterotermes aureus.  Considering 

different inoculum concentrations 

 

2) Comparison of the virulence of different nematode species in different termite species.  

Considering different inoculum concentrations 

 

While Reticulitermes spp. and Heterotermes spp. share many similarities in their biology, subtle 
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differences in their behavior exist (Potter, 2004).  Unlike other termites, Heterotermes spp. 

construct free hanging drop-tubes and are described as skittish by pest management professionals 

and researchers.  Reticulitermes spp. generally build nests below the soil surface, while H. 

aureus often construct nests in wood.  Gnathamitermes perplexus is a higher termite 

(distinguished by having bacteria in their gut, rather than protozoa) and build above-ground 

earthen sheets that cover the cellulose source they consume. 

 

For comparison reasons, Arizona native pest species H. aureus along with three other species of 

termites were chosen for this study: G. perplexus, R. flavipes and R. virginicus.  G. perplexus is 

not considered a pest species, but is often found coexisting with H. aureus in natural habitat and 

urban areas.   

 

3.1 Assessment of EPN Virulence to H. aureus 

 

3.1.1 Filter Paper Assays 

 

Materials and methods 

 

Heterotermes aureus workers were exposed to all four species of EPNs: S. riobrave, S. 

carpocapsae, S. feltiae and H. bacteriophora in filter paper bioassays as described in section 

2.5.1.  Using a nematode dose rate referenced in Wang et al. (2002), EPNs were applied at a 
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concentration of 800 infective juveniles/ml; 1 ml of inoculum/petri dish.  Ten termite workers 

were added to each dish, the dishes were then incubated in complete darkness at 22oC.  Five petri 

dishes were used for each nematode species.    

 

Termites were observed every 24 h after initial exposure to nematodes and for a total of 5 days.  

At each observation interval a single petri dish was removed and data recorded.  This was a 

destructive test to investigate the infection rate, so one dish was destructively sampled per day. 

 

Termite mortality was recorded, and dead termites were rinsed three times in de-ionized water 

and dissected in quarter-strength Ringer’s solution under a stereo microscope.  The number of 

nematodes observed in each termite were counted and the developmental stage recorded.  

 

Results 

 

All four nematode species can infect and kill H. aureus.  S. carpocapsae caused >90% mortality 

after 2 days and 100% mortality at day 3.  S. carpocapsae caused the highest total termite 

mortality over the 5 day period, followed by S. feltiae and H. bacteriophora, then S. riobrave.  

There was no further increase in mortality caused by any of the nematodes beyond 4 days.   

 

After 4 days of incubation, S. carpocapsae and H. bacteriophora were found to infect at 

significantly higher levels (higher numbers of nematodes infecting insects), compared with S. 
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feltiae and S. riobrave (no statistical separation), (Fig. 2; F = 6.28; df = 3, 36; P = 0.001).  After 

5 days of incubation, S. carpocapsae had significantly higher infection levels compared with all 

other species (Fig. 2; F = 5.75; df = 3, 36; P = 0.002).  All nematode species appeared to be able 

to utilize the host and begin developing. 

 

No mortality occurred in any of the control treatments in this section.  
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Figure 2.  Infection of Heterotermes aureus by Steinernema carpocapsae, S. riobrave, S. feltiae 

and Heterorhabditis bacteriophora. The termites were exposed to entomopathogenic nematodes 

on a filter paper medium for a 5-day period, incubated at 22oC.  Nematodes were applied as 800 

infective juveniles, per petri dish.  Bars indicate the standard errors of the means. 
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3.1.2 Sand Assays 

 

Materials and methods 

 

H. aureus workers were exposed to four nematode species applied at four dose levels, using sand 

as a medium as described in section 2.5.2.  Termites were incubated with EPNs for either 48 h or 

72 h to test EPN pathogenicity at two exposure times.  S. riobrave, S. carpocapsae, S. feltiae and 

H. bacteriophora IJs were pipetted into the petri dishes at doses of 100, 200, 400 and 800 IJ/ ml 

of water, per petri dish to establish a dose response relationship.  The moisture levels previously 

established as favorable were used (10% w/w).  Dishes received 10 worker termites each and 

were incubated at 22 oC.  Five replicate petri dishes were assembled for each nematode species, 

concentration and incubation time combination.   

 

Termites were dissected after 48 h or 72 h.  Termite mortality, number of infecting nematodes in 

each termite, and developmental stage of the nematodes was recorded (as previously described).  

 

Results 

 

The termite mortality caused by different nematodes varied significantly according to species 

(Fig. 3a; F = 89.14; df = 3, 64; P < 0.001) and concentration (Fig. 3a; F = 8.83; df = 3, 64; P < 

0.001).  S. riobrave caused the highest mortality at all concentrations followed by S. carpocapsae.  
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S. feltiae and H. bacteriophora (no separation) caused the lowest mortality.  After 48 h 

incubation, concentrations 800 and 400 (no separation) nematodes per petri dish resulted in 

significantly greater mortality compared to 200 and 100 rates.  Nematode species by 

concentration interaction was not significant (F = 0.88; df = 9, 64; P = 0.549). 

 

At 72 h, mortality caused by different nematodes varied significantly according to species (Fig. 

3b; F = 371.78; df = 3, 64; P < 0.001) and concentration (Fig. 3b; F = 20.59; df = 3, 64; P < 

0.001).  S. riobrave caused the highest mortality at all concentrations followed by S. carpocapsae.  

S. feltiae and H. bacteriophora (no separation) caused the lowest mortality.  After 72 h 

incubation, 800 nematodes per petri dish resulted in the greatest mortality, followed by 400 and 

200 (no separation); the100 rate caused the lowest mortality.  Nematode species by concentration 

interaction was significant (F = 5.22; df = 9, 64; P < 0.001).  The relationship between nematode 

species and termite mortality varies according to concentration.   

 

Nematode effects were therefore analyzed separately for each nematode concentration rate.  S. 

riobrave mortality data indicated no significant differences between concentrations applied (F = 

1.00; df = 3, 16; P = 0.418).  S. carpocapsae mortality data indicated a significant difference 

between concentrations (F = 15.26; df = 3, 16; P < 0.001), the 800 and 400 rates causing the 

highest mortality, 400 and 200 causing an intermediate level and 100 rate causing the lowest 

mortality level.  S. feltiae mortality data indicated no significant differences between 

concentrations applied (F = 1.60; df = 3, 16; P = 0.227).  H. bacteriophora mortality data 



 

 

73 

indicated a significant difference between concentrations (F = 17.75; df = 3, 16; P < 0.001), the 

800 rate causing the highest mortality, 400, 200 and 100 rates causing the lowest mortality levels. 

 

Similarly, nematode concentration effects were analyzed separately for each nematode species.  

Mortality data for the highest EPN concentration showed significant differences between 

nematode species applied (F = 33.31; df = 3, 16; P < 0.001).  S. riobrave showing the highest 

mortality, followed by S. carpocapsae and H. bacteriophora (no separation); S. feltiae, causing 

the lowest mortality.  Mortality data caused by the 400 infective juveniles per Petri dish 

concentration indicated significant differences between nematode species applied (F = 72.21; df 

= 3, 16; P < 0.001).  S. riobrave showing the highest mortality, followed by S. carpocapsae, then 

S. feltiae and H. bacteriophora (no separation), causing the lowest mortality.  Mortality data 

caused by the 200 infective juveniles per Petri dish concentration indicated significant 

differences between nematode species applied (F = 173.87; df = 3, 16; P < 0.001).  S. riobrave 

showing the highest mortality, followed by S. carpocapsae, then S. feltiae, and lastly H. 

bacteriophora.  Mortality data caused by the 100 infective juveniles per Petri dish concentration 

indicated significant differences between nematode species applied (F = 580.58; df = 3, 16; P < 

0.001).  S. riobrave showing the highest mortality, followed by S. carpocapsae, S. feltiae, and H. 

bacteriophora (no separation).   

 

Three-way ANOVA of mortality data indicated significant differences caused by different 

nematode species (F = 366.24; df = 3, 128; P < 0.001), nematode concentration (F = 24.23; df = 
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3, 128; P = 0.001) and incubation time (F = 64.51; df = 1, 128; P < 0.001).  The separation of 

means was confirmed, indicating greater mortality after 72 h compared with 48 h.  S. riobrave 

caused the greatest mortality followed by S. carpocapsae, then S. feltiae and H. bacteriophora 

(no separation).  The 800 nematodes per petri dish concentration caused the highest mortality, 

followed by 400, then 200 and 100 (no separation). 

 

Three-way ANOVA of mortality data also indicated significant interactions between incubation 

time and nematode species (F = 18.20; df = 3, 128; P < 0.001) and incubation time, nematodes 

species, and concentration (F = 3.27; df = 9, 128; P = 0.001).  No significant interactions were 

established for incubation time and concentration (F = 2.00; df = 3, 128; P = 0.115), or nematode 

species and concentration (F = 1.65; df = 9, 128; P = 0.107).  The relationship between nematode 

species and termite mortality varies according to incubation time and nematode concentration. 
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Figure 3.  Mortality of Heterotermes aureus after exposure to different concentrations of 

Steinernema carpocapsae, S. riobrave, S. feltiae and Heterorhabditis bacteriophora.  The 

termites were exposed to entomopathogenic nematodes on a sand medium incubated at 22oC.  

Nematodes were applied as 100, 200, 400, or 800 infective juveniles, per petri dish.   
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b. Incubated for 72 hours 
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There were significant differences between the infection levels (mean number of nematodes 

infecting termites) of different nematodes after 48 h (Fig. 4a; F = 81.05; df = 3, 784; P < 0.001) 

and between concentrations (Fig. 4a; F = 15.95; df = 3, 784; P < 0.001).  S. riobrave caused the 

highest mortality.  S. feltiae, S. carpocapsae, H. bacteriophora (no separation) had significantly 

lower infection levels.  After 48 h incubation, 800 and 400 (no separation) nematodes per petri 

dish concentrations resulted in significantly greater infection levels compared to 200 and 100 

rates.  Nematode species by concentration interaction was significant (F = 6.85; df = 9, 784; P < 

0.001).  The relationship between nematode species and infection levels within termites varies 

according to concentration. 



 

 

77 

There were significant differences between the infection levels of different nematodes after 72 h 

(Fig. 4b; F = 122.72; df = 3, 784; P < 0.001) and between nematode concentrations (Fig. 4b; F = 

30; df = 3, 784; P < 0.001).  S. riobrave caused the highest infection levels followed by S. 

carpocapsae and S. feltiae (no separation).  H. bacteriophora caused the lowest infection levels.  

After 72 h incubation, 800 nematodes per petri dish resulted in the greatest infection levels; 

followed by 400; 200 and 100 rates (no separation) caused the lowest levels of infection.  

Nematode species by concentration interaction was significant (F = 7.76; df = 9, 784; P < 0.001).  

This is indicating again that the relationship between nematode species and infection levels 

varies according to nematode concentration. 

 

Three-way ANOVA of infection data indicated significant differences caused by different 

nematode species (F = 206.10; df = 3, 1568; P < 0.001), nematode concentration (F = 44.59; df 

= 3, 1568; P < 0.001) and incubation time (F = 21.50; df = 1, 1568; P < 0.001).  The separation 

of means was confirmed, indicating greater infection after 72 h compared with 48 h.  S. riobrave 

caused the greatest infection followed by S. carpocapsae and S. feltiae (no separation), then H. 

bacteriophora.  The 800 nematodes per petri dish concentration caused the highest infection, 

followed by 400, then 200 and 100 (no separation).   

 

Three-way ANOVA of infection data also indicated significant interactions between 

concentration and nematode species (F = 14.74; df = 9, 1568; P < 0.001) and incubation time, 

and nematodes species (F = 4.64; df = 3, 1568; P = 0.003).  No significant interactions were 
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established for incubation time and concentration (F = 1.73; df = 3, 1568; P = 0.158), or for 

nematode species, incubation time and concentration (F = 0.26; df = 9, 1568; P = 0.985).  The 

relationship between nematode species and infection levels within termites varies according to 

concentration and incubation period. 

 

No mortality in control treatments occurred in any of the experiments reported in this section.  
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Figure 4.  Infection of Heterotermes aureus by Steinernema carpocapsae, S. riobrave, S. feltiae 

and Heterorhabditis bacteriophora.  The termites were exposed to different concentrations of 

entomopathogenic nematodes on a sand medium incubated at 22 oC.  Bars indicate the standard 

errors of the means.  Nematodes were applied as 100, 200, 400, or 800 infective juveniles, per 

petri dish.   
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b. Incubated for 72 hours 
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3.2 Comparative Infectivity of Different Termites Species by Different EPN Species 

 

Materials and methods 

 

Ten workers of H. aureus, G. perplexus, R. flavipes and R.virginicus were introduced into sand 

filled petri dishes as described previously.  Each nematode species was compared separately, and 

each of the four nematode species were pipetted into petri dishes at 800 infective juveniles in 1.0 

ml of water.  Five replicate petri dishes were constructed for each nematode species and termite 

species combination.   
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Termites were dissected after 48 h at 22 oC.  Termite mortality, number of infecting nematodes in 

each termite, and developmental stage of the nematodes was recorded as before.  

 

Results  

 

An overall analysis showed significant differences in mortality levels caused by the different 

nematodes (Fig. 5; F = 28.62; df = 3, 64; P < 0.001) and susceptibility of the different termite 

species (Fig. 5; F = 26.77; df = 3, 64; P < 0.001).  S. riobrave caused the highest mortality, 

followed by S. carpocapsae and S. feltiae (no separation), then H. bacteriophora.  G. perplexus 

and H. aureus (no separation) incurred the highest mortality; R. flavipes and R. virginicus (no 

separation) the lowest.  There was a significant interaction between nematode species and termite 

species (F = 7.01; df = 9, 64; P < 0.001).  The relationship between nematode species and termite 

mortality varies according to termite species. 

 

An overall analysis showed significant differences in infection levels caused by the different 

nematodes (Fig. 6; F = 52.50; df = 3, 784; P < 0.001) and between the different termite species 

(Fig. 6; F = 33.94; df = 3, 784; P < 0.001).  S. riobrave caused the highest levels of infection, 

followed by S. carpocapsae, then S. feltiae and H. bacteriophora (no separation).  G. perplexus 

incurred the highest infection levels followed by H. aureus, R. flavipes, and then R. virginicus.  

There was a significant interaction between nematode species and termite species (F = 19.34; df 

= 9, 784; P < 0.001).  The relationship between nematode species and infection levels within 
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termites varies according to termite species. 

 

The mortality and infection data for individual termite species were analyzed separately.  H. 

aureus mortality data indicated significant differences between nematode species (F = 22.09; df 

= 3, 16; P < 0.001).  S. riobrave was the most virulent, followed by S. carpocapsae, then S. 

feltiae and H. bacteriophora (no separation).  G. perplexus mortality data indicated significant 

differences between nematode species (F = 10.28; df = 3, 16; P < 0.001).  S. riobrave and S. 

carpocapsae were the most virulent (no separation), followed by S. feltiae and H. bacteriophora 

(no separation).  R. flavipes mortality data indicated significant differences between nematode 

species (F = 6.13; df = 3, 16; P = 0.005).  S. riobrave and S. carpocapsae were the most virulent 

(no statistical separation) followed by S. carpocapsae, H. bacteriophora and S. feltiae (no 

separation).  R. virginicus mortality data indicated no significant differences between nematode 

species (F = 1.46; df = 3, 16; P = 0.261).  The mortality of R. virginicus caused by the nematodes 

was extremely low (<5%). 

 

Heterotermes aureus infection data indicated significant differences between nematode species 

(F = 25.24; df = 3, 196; P < 0.001).  S. riobrave was the most infective, followed by S. 

carpocapsae, S. feltiae and H. bacteriophora (no separation).  G. perplexus infection data 

indicated significant differences between nematode species (F = 39.11; df = 3, 196; P < 0.001).  

S. riobrave was the most infective, followed by S. carpocapsae, then S. feltiae and H. 

bacteriophora (no separation).  R. flavipes infection data indicated significant differences 



 

 

83 

between nematode species (F = 4.12; df = 3, 196; P = 0.007).  S. carpocapsae was the most 

infective, followed by S. riobrave, H. bacteriophora and S. feltiae (no separation).  R. virginicus 

infection data indicated no significant differences between nematode species (F = 1.27; df = 3, 

196; P = 0.285).   

 

The mortality and infection data for individual nematode species were analyzed separately.  S. 

riobrave induced significantly different mortality in different termite species (F = 23.06; df = 3, 

16; P < 0.001).  G. perplexus and H. aureus (no separation) were the most susceptible, followed 

by R. flavipes and R. virginicus (no separation).  S. carpocapsae also induced significantly 

different mortality in different termite species (F = 45.62; df = 3, 16; P < 0.001).  G. perplexus, 

was the most susceptible, followed by. H. aureus and R. flavipes (no separation) and least 

susceptible was R. virginicus.  There was no significant difference in mortality levels caused by S. 

feltiae (F = 2.57; df = 3, 16; P = 0.090), or H. bacteriophora (F = 0.97; df = 3, 16; P = 0.428).   

 

S. riobrave infection was significantly different in different termite species (F = 36.05; df = 3, 

196; P < 0.001).  G. perplexus was the most susceptible termite species, followed by H. aureus, 

then R. flavipes and R. virginicus (no separation).  S. carpocapsae also induced significantly 

different mortality in different termite species (F = 8.04; df = 3, 196; P < 0.001).  G. perplexus 

and R. flavipes (no separation) were the most susceptible, followed by H. aureus and R. 

virginicus (no separation).  There was no significant difference in mortality levels caused by S. 

feltiae (F = 1.03; df = 3, 196; P = 0.377), or H. bacteriophora (F = 2.10; df = 3, 196; P = 0.100).   
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All nematode species were observed to develop to fourth-stage juveniles, pre-adult stages or 

adults in all termite species with the exception of R. virginicus.  Only S. riobrave developed at all 

in R. virginicus.   

 

No mortality in control treatments occurred in any of the experiments reported in this section. 
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Figure 5.  Mortality of Heterotermes aureus, Gnathamitermes perplexus, Reticulitermes flavipes, 

and R. virginicus after exposure to Steinernema carpocapsae, S. riobrave, S. feltiae and 

Heterorhabditis bacteriophora.  The termites were exposed to entomopathogenic nematodes on a 

sand medium for a 48 hour period, incubated at 22 oC.  Nematodes were applied as 800 infective 

juveniles, per petri dish.  Means separation is indicated by a, b and c groups; termite species were 

assessed independently.   
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Figure 6.  Infection of Heterotermes aureus, Gnathamitermes perplexus, Reticulitermes flavipes, 

and R. virginicus by Steinernema carpocapsae, S. riobrave, S. feltiae and Heterorhabditis 

bacteriophora. The termites were exposed to EPN on a sand medium for a 48 hour period, 

incubated at 22 oC.  Bars indicate the standard errors of the means.  Nematodes were applied as 

800IJ/petri dish.  Means separation is indicated by a, b and c groups; termite species were 

assessed independently.   
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3.3 Discussion and Conclusions  

 

In laboratory bioassays Steinernema riobrave (355 strain), S. carpocapsae (Mexican 33 strain), S. 

feltiae (UK76 strain), and Heterorhabditis bacteriophora (HP88 strain) were all capable of 

infecting and killing three termite species, Heterotermes aureus, Gnathamitermes perplexus, and 

Reticulitermes flavipes in laboratory sand assays.  S. riobrave and S. feltiae caused low levels of 

Reticulitermes virginicus, mortality under the same conditions.  At 22 oC, significant mortality 

(≥80%) of worker H. aureus and G. perplexus was caused by S. riobrave, in sand assays 

 

All nematode species were observed to develop to fourth-stage juveniles, pre-adult stages or 

adults in all termite species with the exception of R. virginicus.  Only S. riobrave developed in R. 

virginicus.  Nematode concentration and incubation time had significant effects on the mortality 

of worker H. aureus.  S. carpocapsae caused the highest H. aureus mortality levels in filter paper 

assays, whereas S. riobrave consistently generated the highest infection levels and mortality of H. 

aureus in sand assays.  

 

The filter paper assays showed a clear infection advantage for S. carpocapsae.  When 

considering foraging strategy, S. carpocapsae is classed as an ambushing nematode (Grewal et 

al., 1994), which nictates (stands on it’s tail and waves most of it’s body off the surface of the 

substrate) readily, and is most effective at infecting highly mobile insects.  H. aureus is an active 

termite and when forced onto the surface of a two-dimensional media, is very susceptible to 
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infection by S. carpocapsae.  The other nematodes species applied are categorized as either 

intermediate (S. riobrave and S. feltiae) or cruising (H. bacteriophora) nematodes.  Intermediate 

and cruising species are expected to be more effective than ambushers against more sedentary 

hosts, and those that live below the soil surface (Huey and Pianka, 1981; Bell, 1991).  S. 

carpocapsae has been observed to cause high mortality of workers and soldiers of Heterotermes 

tenuis Hagen (S. B. Alves, personal communication).  Nematodes were applied onto corrugated 

cardboard (surface infection).  When forced onto the surface of a medium, S. carpocapsae 

appears to be highly infective of both Heterotermes species tested. 

 

Subsequent assays were conducted in a three-dimensional sand medium, and S. riobrave was 

clearly the most infectious and virulent of the nematodes tested.  Weeks and Baker (2004) also 

confirm poor S. carpocapsae and H. bacteriophora virulence using H. aureus as the target host 

in three dimensional media.  Considering all the nematodes tested against all the termite species, 

S. riobrave is the overall most infective and virulent nematode, followed by S. carpocapsae.  

Among the four termites, the two desert species: G. perplexus and H. aureus are the most 

susceptible species to nematode infection.  R. virginicus was the least susceptible.  Only S. 

riobrave developed at all in R. virginicus indicating that the other nematode species tested, were 

not able to utilize the host for successful reproduction under the experimental conditions. 

 

Termites infected with H. bacteriophora appeared red in color.  S. feltiae nematodes developed 

into pygmy females, as described by Gouge and Hague (1995), in all species of termites.  Further 
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experiments will be undertaken, to establish extensive pathogen development information.  The 

termites were often recovered as decapitated cadavers.  A few termites were found covered with 

saprophytic fungal hyphae, although S. carpocapsae and S. riobrave appeared to develop 

normally within the hyphae covered cadavers. 

 

Termites were seen to approach parasitized cadavers on several occasions.  They touched the 

cadavers with their antennae, but did not appear to be strongly repelled, nor were they seen to 

move cadavers.  Epsky and Capinera (1988) reported that Reticulitermes tibialis (Banks) is able 

to detect and avoid S. feltiae.  Further studies will be undertaken applying higher nematode 

concentrations in an attempt to invoke this behavioral response. 

 

Steinernema riobrave successfully killed more than 80% of H. aureus and G. perplexus.  Both 

desert termites are highly active explorers.  The workers of both species were observed to tunnel 

to a much greater extent compared to either Reticulitermes species.  R. virginicus was the least 

active and a consistent survivor.  Wang et al. (2002) found that S. riobrave had no detectable 

effect on R. flavipes even at a high concentration rate of 2,000 nematodes per termite.  Similarly, 

we find R. flavipes and particularly R. virginicus to be relatively poor targets.  After 72 h all 

concentrations of S. riobrave caused greater than 95% H. aureus mortality, indicating that further 

studies should follow to establish whether this species may be a useful biocontrol agent of H. 

aureus under field conditions.  H. aureus is a desert termite, and S. riobrave was first isolated 

from the semi-arid Lower Rio Grande Valley, TX (Raulston et al., 1992).  S. riobrave was found 
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to be very effective against both desert termite species tested.  Solomon et al. (1999) 

demonstrated that a S. feltiae isolate from Israel’s Negev Desert was better adapted for 

desiccation tolerance than an isolate from Germany.  Hazir et al. (2001) compared characteristics 

of five geographically isolated strains of S. feltiae, and concluded that significant variation 

occurred between them.  It seams likely that further comparative field tests may conclude that 

nematodes isolated from arid or semi-arid areas may prove better biocontrol agents of desert 

adapted pest species. 
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CHAPTER 4 

NEMATODES FITNESS AMD RECYCLING POTENTIAL 

CULTURED IN HETEROTERMES AUREUS 

 

All four previously tested nematode species, S. riobrave (355 strain), S. carpocapsae (Mexican 

33 strain), S. feltiae (UK76 strain) and H. bacteriophora (HP88 strain) were shown to 

successfully infect and kill H. aureus under laboratory conditions.  However, to be an effective 

control agent, the nematodes should ideally be able to reproduce and the emerging offspring 

should be able to infect more termites.  Knowledge of the recycling potential of these nematodes, 

would give us a better understanding of how they would persist in the environment.  When using 

termites as a host, we noticed size variations of the IJ emerging from dead cadaver.  This IJ body 

alteration could be the results of poor nutrition provided by the termites.  Whether these small IJs 

are capable of infect and finish life cycle in termites is crucial to the successful recycling of EPN. 

 

The objectives covered in this section include: 

 

1) Investigate nematode morphometric variation when termites are used as a host as opposed to G. 

mellonella.  Small size hosts may limit the potential for nematodes to recycle in termites.  

 

2) Investigate the recycling capacity of nematodes in termites and subsequent infectivity of 

nematode progeny. 
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3) Investigate EPN life cycle using termite H. aureus as a host. 

  

4.1 Morphometric Analysis of Infective Juvenile Nematodes Emerging from Different Hosts 

 

Materials and methods 

 

Infection arena was constructed from 50x9 mm petri dishes (Falcon ® 35 1006) with either 

Whatman Grade 3 filter paper or 10 grams autoclaved 0.2-0.5mm particle size sand as described 

in section 2.5.1 and 2.5.2.  Nematodes were acclimated at 22 oC for 4 h, and then pipetted onto 

the surface of the filter paper or the surface of the sand.  Nematodes were applied at 2000 

infective juveniles to ensure 100% termite mortality.  IJs were applied in 1.0 ml of water, per 

petri dish to bring the final moisture to 10% weight by weight.  10 termite workers were then 

introduced to petri dishes with either filter paper or sand, and placed in complete darkness at 22 

oC.  

 

Termites were observed every 12 h after initial exposure, for a period of 120 h.  Dead termites 

showing signs of nematode infection were transferred to modified mini White traps for infective 

juvenile collection, as described in section 2.1.1.   

 

The initial total body length measurement of each nematode IJs from the stock culture were 

shown in table 1. 



 

 

93 

Table 1.  Stock culture infective juvenile lengths were recorded (n=20), species description 

ranges are included.  

 

Nematode species Stock culture IJ 

length (μm) ± SE 

Species description 

ranges (μm) 

Reference 

S. riobrave 611.6 ± 5.4 561-701  Cabanillas et al. 1994 

S. carpocapsae 553.8 ± 7.3 438-650  Poinar, 1990 

S. feltiae 850.0 ± 12.0 750-950  Wouts, 1980 

H. bacteriophora 559.7 ± 6.0 520-600  Poinar, 1976 

 

 

Results 

 

Three EPN species, S. carpocapsae, S. riobrave and H. bacteriophora successfully reproduced in 

H. aureus and had offspring that exited the cadaver spontaneously.  No progeny were produced 

by S. feltiae.   

 

Dissection of the termites demonstrated that S. feltiae can develop inside the termite, but only to 

a smaller size form of female adult, the “pygmy” female.  This was first observed by Solveig 

Haukeland in 1993 (personal communication), and investigated further by Gouge and Hague 

(Gouge and Hague, 1995).  They describe similar small size S. feltiae adults found in Bradysia 
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paupera larva.  The greatest number of nematodes entered single termites was nine and all 

developed into different stages. 

 

Only one cycle occurred in the host termites and the total emerging IJs were analyzed in these 

tests, so smaller IJs are not from secondary cycles within the insects.  S. carpocapsae progeny 

formed two distinct size groups, as shown in figure 7.  The average total body length for the 

small size groups is 299.5 μm (S.E. 4.8), the average total body length for the large (normal size) 

group is 545.6 μm (S.E. 6.0).  Observation of the female adults developing inside the termites 

indicated various sized females, I hypothesize that the smaller adults produced the smaller IJs.  

The development of the smaller size adults could be the results of limited nutritional resources, 

perhaps IJs initially entering the insect were able to develop to larger sizes and those infecting 

subsequently lacked components needed to support larger growth. 
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Figure 7.  The length of Steinernema carpocapsae infective juveniles (µm) and their frequency of occurrence in 60 

measured IJs. The ratio of small IJs to normal size IJs was 2.5:1. 
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Using termites as a host S. riobrave and H. bacteriophora produced smaller IJs compared to the original stock cultured 
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IJs.  The averages of the small IJs produced are 362.2 μm (S.E. 6.9) and 420.1 μm (S.E. 5.0) 

respectively. 

 

The small S. feltiae females appearing inside termites may be due to the small size of termites 

(2.0 mg average individual body weight, comparing to G. mellonella: 177 mg average individual 

body weight); and/or lack of sufficient nutrition, and time to develop. Nematodes developing 

into small adults suggest that they become adapted to the limited resource environment.   

 

It was noted that not all infected termites produced IJs.  Some termites were contaminated with 

fungi and could not be retrieved from infection dishes for IJ harvesting.  Even the termite 

cadavers transferred to White traps decomposed rapidly and often did not remain intact long 

enough for nematode development to be completed. 

 

4.2 Comparative Length of Infective Juvenile Nematodes from Different Hosts 

 

Materials and methods 

 

Both sand and filter paper based infection arenas were constructed as described in 4.1.  IJs were 

used as inoculate, sequentially, as indicated below.  Harvested IJs were divided for measurement, 

and relative efficacy testing in termites.  The IJ morphometrics were compared for the groups 

listed below: 



 

 

97 

 

Group A: The original laboratory nematode stock culture, reared on G. mellonella for more than 

6 culturing cycles. 

Group B: Group A nematodes are used to infect H. aureus workers.  The emerging nematodes 

form group B. 

Group C: Group B nematodes harvested from H. aureus were used to infect G. mellonella, 

following the standard culturing reproduction procedures.  Once IJs exited the G. 

mellonella cadaver, they were collected, and form group C. 

Group D: Group C IJs were allowed to infect G. mellonella for a second time.  The IJs harvested 

from G. mellonella form group D.   

  

The total IJ body length was measured using a microscope graticule, for each group, 20 

nematodes were measured (Table 2). 
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Results 

 

Table 2.  Mean total body length of nematodes measured from Group A-D. 

 

 

Mean body length of IJs (μm) ± SE 

 

            

  Nematode 

 

 

Source of IJs 
S. carpocapsae S. riobrave H. bacteriophora 

Initial IJs from stock 

cultures 

(Group A) 

553.75 ± 7.3 611.60 ± 5.4 559.65 ± 6.1 

IJs harvested from termites  

(Group B) 

299.50 ± 

4.8 

545.55 ± 

6.0 
362.20 ± 6.9 420.10 ± 5.0 

IJs harvested from  

G. mellonella 

(Group C) 

548.50 ± 

6.3 
-- 367.35 ± 6.2 433.2 ± 5.2 

IJs harvested from  

G. mellonella 

(Group D) 

555.55 ± 

5.9 
-- 610.00 ± 7.5 561.15 ± 5.1 
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Figure 8.  Mean body length of Steinernema carpocapsae IJs (μm) measured from groups A-D.  

The two distinct IJ sized produced in group B are separated.  Bars indicate standard errors of 

means. 
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Figure 9.  Mean body length of Steinernema riobrave IJs (μm) measured from groups A-D.  Bars 

indicate standard errors of means. 
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Figure 10.  Mean body length of Heterorhabditis bacteriophora IJs (μm) measured from groups 

A-D.  Bars indicate standard errors of means. 
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After culturing nematodes in different hosts, the IJ lengths were significantly different.  S. 

carpocapsae (F=339.99; df=4, 95; P<0.001); S. riobrave (F=470.07; df=3, 76; P<0.001); H. 

bacteriophora (F=208.67; df=3, 76; P<0.001).  A proportion of S. carpocapsae IJs (Fig 8) 

emerging from termites were significantly smaller than those emerging from G. mellonella.  IJs 

of S. riobrave and H. bacteriophora were significantly smaller when emerging from termites and 

the first emergence from G. mellonella after infection by small IJs from termites. 
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When developing inside a small host, such as H. aureus, nematodes became site adapted to 

produce smaller adults and progeny.  Also, when the small IJs develop inside a normal, nutrition 

rich host, they are able to adapt again to maximize the benefit of the favorable condition, and 

develop into regular size individuals.  However, this “recovery” process may take 1 to 2 cycles 

through a suitable host.  This has also been observed by Shapiro-Ilan (personal communication). 

 

According to our observations, all small S. carpocapsae IJs develop, reproduce and form normal 

size IJs when developing subsequently in G. mellonella (in group C), but S. riobrave and H. 

bacteriophora showed a more gradual recovery in size that needed 2 infection cycles in G. 

mellonella.  During the multiple repeated experimental runs, it was observed that very 

occasionally a normal sized IJ appeared in Group C, but the instances were very rare.  The reason 

for this delayed recovery of IJ size is unclear.  Stress will induce over or under expression of 

certain genes in an organism; the delayed recovery of nematodes could be a result of this.  Future 

molecular experiments might give the answer to this by comparing possible differently expressed 

gene in the IJs from group A, B, C and D.   

 

4.3 Subsequent Infection Efficacy of Nematodes 

 

Materials and methods 

 

All IJs produced from both the termite and G. mellonella cadavers were collected for a 
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comparative infectivity study.   

 

Individual nematodes of S. carpocapsae in Group B were hand-picked under the microscope 

with an eyelash mounted on the end of a dissecting needle.  Small and large IJs were divided 

with this technique and managed separately.  

 

Because there are only limited numbers of small S. carpocapsae IJs produced in Group B, they 

were used to confirm relative infectivity of IJs in H. aureus; this was repeated twice during 

different time periods, involving two different batches of nematodes.   The process was too time 

consuming to repeat a third time.  Termite workers were infected with 10 IJs, large and small, in 

sand.  Dead insects were dissected to confirm that nematodes were the lethal factor and their 

development was noted.  Sand bioassays (as described in section 2.5.2) were also used to test the 

efficacy of nematodes acquired from Group C and D, each dish received 800 IJs in 1 ml of 

distilled water and 10 termites.  Control dishes received water and termites only.  All dishes were 

incubated at 22 oC, in complete darkness for either 48 h or 72 h.  Each nematode species, group 

and time combination was replicated 5 times.  Termite mortality was recorded after designated 

times of 48 h or 72 h.  All termites were dissected and the number of IJs and developmental 

progress recorded.  
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Results 

 

All tested IJs were pathogenic to G. mellonella and H. aureus.  No control mortality was 

recorded.   

 

The termite mortality caused by progeny of small size S. carpocapsae was not significantly 

different to that of normal size IJs (F = 0.16; df = 1, 32; P = 0.693), but mortality varied 

significantly according to exposure time (F = 29.66; df = 1, 32; P < 0.001).  This indicates that 

progeny of small IJs of S. carpocapsae are comparably effective to the normal size IJs, under the 

conditions tested.   

 

The termite mortality caused by the different groups of S. riobrave was not significantly different 

(F = 1.20; df = 1, 16; P = 0.289), but mortality did vary significantly according to exposure time 

(F = 7.19; df = 1, 16; P = 0.016).  The termite mortality caused by the different groups of H. 

bacteriophora was not significantly different (F = 0.21; df = 1, 16; P = 0.654) but did also vary 

significantly according to exposure time (F = 30.49; df = 1, 16; P < 0.001).  This indicates that 

virulence of small size IJs is comparable to the “recovered” normal size IJs, under the conditions 

tested.   

 

Each nematode species was analyzed separately and there were no significant differences 

between groups with respect to induced mortality, except S. riobrave at 72 h.   
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At 48 h there was no significant difference in termite mortality caused by S. riobrave groups 

ACD (F = 0.73; df = 2, 12; P = 0.503); S. carpocapsae groups ACD (F = 2.17; df = 2, 12; P = 

0.157); or H. bacteriophora groups ACD (F = 0.5; df = 2, 12; P = 0.619) (Fig. 11).   

 

After 72 h S. riobrave groups A and C did show significant differences in termite mortality (F = 

5.49; df = 2, 12 P = 0.020), group A caused higher mortality compared with group C (Fig. 12); 

there was no significant difference in termite mortality caused by S. carpocapsae groups ACD (F 

= 1.84e-5; df = 2, 12; P = 1); H. bacteriophora groups ACD (F = 1.98; df = 2, 12; P = 0.181). 
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Figure 11.  Heterotermes aureus mortality after 48 h, caused by nematode IJs collected from 

different host rearing groups.  Bars indicate standard errors of means.  Groups with different 

letters above bars indicate significantly difference. 
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Figure 12.  Heterotermes aureus mortality after 72 h, caused by nematode IJs collected from 

different host rearing groups.  Bars indicate standard errors of means.  Groups with different 

letters above bars indicate significantly difference. 
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4.4 Discussion and Conclusions  

 

The nematode species tested only completed one generation inside H. aureus.  Probably this is 

due to the small size of termites, the rapid decomposition of cadavers, and/or the limited 

nutrition available.  The occurrence of stunted nematodes is probably a result of host limitations 
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also.  In a more favorable host, the undersized IJs can infect and develop to normal sized adults 

and subsequent IJs, within two cycles.  The formation of “pygmy” females by S. feltiae was first 

observed by Solveig Haukeland in 1993 (personal communication), and investigated further by 

Gouge and Hague (1995), who published a report.  They describe similar small size S. feltiae 

adults found in Bradysia paupera Tuomikoski larva.  Steinernema feltiae as well as several other 

steinernematid species are known to form pygmy females (Steinernema weiseri, Mracek, Sturhan, 

and Reid 2003; Steinernema cubana, Mracek, Hernandez, and Boemare 1994).  Small IJs of S. 

feltiae have also been reported by Gouge and Hague (1995) and Nielsen and Philipsen (2004). 

 

Undersized entomopathogenic nematodes in other taxonomic groups have also been reported by 

researchers: Gordon et al. (1982) found smaller mermithids in heavily infested hosts; Mondet et 

al. (1980) reported that the size of mermithids was related to host size.    

 

Hazir et al. (2001) found that incubation temperature affected the length of emerging 

steinernematid IJs.  For all isolates tested, the longest infective juveniles were recovered at the 

lowest temperature (8 °C) and the shortest were at the highest temperature (23 °C).  They 

concluded that temperature can influence the body length of IJs.  Additionally, Nguyen and 

Smart (1995) observed that when steinernematids and heterorhabditids were reared in G. 

mellonella larvae at 25 °C, there was a negative linear relationship between the body length of 

the IJs and the time of harvest.  They suggest that nutritional quality affects body length. 
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When developing inside a small host, such as H. aureus, nematodes appear to become host 

adapted, and produce smaller adults and progeny.  Also, when the small IJs develop inside an 

optimal, nutrition rich host, such as G. mellonella, they are able to adapt again to maximize the 

benefit of the favorable condition, and develop into regular size individuals.  However, this size 

“recovery” takes a minimum of two cycles through a suitable host.  This could be the results of 

Maternity effect, as the small IJs developed into small females in a unsuitable host, their progeny 

were “imprinted” by the female to stay at a smaller size until the host changed to a more 

favorable insect in a stable manner, i.e. after more than one generations. 

 

According to our observations, all small S. carpocapsae IJs develop, reproduce and form normal 

sized IJs when developing subsequently in G. mellonella (in group C), but S. riobrave and H. 

bacteriophora showed a more gradual recovery in size that needed two infection cycles in G. 

mellonella.  During the repeated experimental runs, it was observed that very occasionally an IJ 

appeared in Group C that was the same size as the stock culture IJs, but the instances were very 

rare.  

 

Costa et al. (2007) reported smaller IJs of S. riobrave and S. carpocapsae produced from 

Alphitobius diaperinus (Panzer) (Coleoptera : Tenebrionidae).  It is interesting to note however, 

that only S. carpocapsae appears to form two distinctly sized groups of IJs in our experiments.   

 

As previously established by Yu et al. (2006), S. riobrave was again the most effective nematode 



 

 

110 

at causing H. aureus mortality.  As expected, higher levels of mortality occurred after 72 h, 

compared with 48 h.  However, S. riobrave Groups C and D (those IJs which had been 

previously reared in H. aureus then subsequently in G. mellonella) showed a reduction in 

efficacy compared with stock cultures reared in G. mellonella only (Group A).  The difference 

was not apparent after 48 h, and did not occur with the other nematode species tested.  There is a 

fitness cost caused by rearing the nematodes in termites that affects the longevity of the host 

seeking period, infection, or pathogenicity.  As Group D S. riobrave performed better than Group 

C, we might assume that efficacy as well as IJ size recovers once the nematode is reared in a 

larger host such as G. mellonella.  

 

Under the laboratory conditions tested, little difference in efficacy was observed between IJs 

reared in different hosts.  However, this assumption should not indicate that the same could be 

expected under field conditions.  It would be interesting to observe what happens as the 

nematodes reproduce within a termite colony.  Infective juvenile body-length change, is an 

indication of adaptation, and even the smaller IJs have the same pathogenicity against termites.  

Certainly the nematodes applied can produce viable offspring capable of infecting more termites, 

but the potential to continue recycling might diminish over time due to reduced IJ numbers 

production.  The data was not presented here, but it was observed that far fewer IJs were 

produced in termites, even equivalent mg of termites compared to G. mellonella.   

 

Further evaluation of small IJs in group B’s efficacy on termites would give us more information 
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on their recycling potential in the field.  If the majority of the IJs produced from termites would 

be small size ones, the success of a EPN-termite control program would reply on the efficacy of 

the smaller IJs and additional EPN release.  Other insects in the same area with the termites 

could serve as secondary hosts, which may be a suitable host for the IJs to propagate.  

 

Molecular study would also be valuable in assisting explain why there is delayed recovery of S. 

riobrave and H. bacteriophora.  When an organism is under stress, in this case, small host size 

and low nutrition, some of the genes will be over expressed or under expressed.  Finding the 

differentially expressed gene and modify it artificially could create EPN strains that suitable for 

small insect management.  
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CHAPTER 5 

DOSE RESPONSE RELATIONSHIP AND REPELLENCY TESTS 

 

Termites can detect the presence of EPN and respond to them (Epsky and Capinera, 1988; Wang 

et al., 2002).  High numbers of nematodes in certain areas will repel the termites from entering 

that region for a certain length of time.  Experiments were conducted in the laboratory to test the 

responses of the termites to EPN at various concentrations.  Subsequent infection experiments 

were based on the established repellency thresholds specific to the nematode species. 

 

The objectives covered in this section are as follows: 

 

1) Establish the concentration at which selected nematode species have a repellent effect on H. 

aureus. 

 

2) Investigate termite mortality caused by nematodes at different concentrations above and below 

the established repellency concentration. 

 

Four nematode species, S. riobrave (355 strain), S. carpocapsae (Mexican 33 strain), S. feltiae 

(UK76 strain) and H. bacteriophora (HP88 strain) were used in the studies.   
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5.1 Repellency Effects of Nematodes on Heterotermes aureus 

 

Materials and methods 

 

Deep petri dishes were connected with clear tubing near the base, as described in chapter 2.5.3.  

Nematodes were applied to sand media at 1,000, 2,000, 4,000, 6,000, 8,000 and 10,000 

individuals per unit to the B dish and water content corrected to 10 % weight by weight; control 

treatments and A dishes received water only to create a 10% w/w moisture level.  100 termite 

workers were placed into the A dish.  Termites from different colonies were used in the 

experiments.   Termites from different colonies were not mixed in the same dish. 

 

Each nematode concentration was replicated 5 times.  All experimental units were incubated at 

22 oC and checked daily for 14 days.  Termite movement into B dishes was recorded.  

Subsequently, all units were disassembled, and termite mortality recorded.  The dishes were 

baited separately with G. mellonella to determine nematode presence.  

 

Results 

 

In control units, termites traveled from the A dish into the B dish within 12 h.  Termites were 

evenly distributed between the two petri dishes for the rest of the experimental period. 
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Repellency was confirmed when no termites enter the B dishes.  Termites were repelled from 

entering the nematode treated dishes (B) at 6,000 IJs per unit, irrespective of nematode species 

applied.  S. riobrave, S. feltiae and H. bacteriophora caused repellency at 4,000 IJs per unit, 

while S. carpocapsae nematodes required the higher dose rate to induce a repellency effect.  

When termites enter the B dishes, a gallery tunnel originating from the tubing-dish connection 

can be observed.  The longest repellency period recorded, lasted 10 days and was caused by S. 

riobrave and H. bacteriophora both at the 10,000 IJs per unit, dose rate.  Repellency varied 

between nematode species, concentration and over time as well.  Dead termites were seen after 3 

days at 2,000 and 4,000 dose levels in both A and B dishes.  At higher nematode dose rates, the 

nematodes actually moved through the tubing into the A dishes, and dead termites were observed 

both after and before they physically entered the nematode treated dish.   

  

No repellency occurred in control treatments, and an overall analysis indicated a significant 

difference in repellency effects among nematode species (F = 11.58; df = 3, 122; P < 0.001) and 

significant differences among nematode concentrations (F = 124.72; df = 6,112; P < 0.001).  It 

also indicated a significant interaction between nematodes species and nematode concentrations 

(F = 2.38; df = 18,122; P = 0.003).  Therefore, data for each individual nematode and 

concentration level were analyzed separately. 
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Table 3.  Analysis of variance of Heterotermes aureus repellency periods (days). 

 

Source of Variation F df P 

    

Concentration 124.72 6,112 <0.001 

Species 11.58 3,112 <0.001 

Concentration x Species 2.38 18,112 0.003 

Concentration 124.72 6,112 <0.001 

0 -- -- -- 

1,000 -- -- -- 

2,000 -- -- -- 

4,000 10.23 3,16 <0.001 

6,000 6.76 3,16 0.004 

8,000 0.66 3,16 0.59 

10,000 0.94 3,16 0.444 

Species 11.58 3,112 <0.001 

S. riobrave 46.13 6,28 <0.001 

S. carpocapsae 52.09 6,28 <0.001 

S. feltiae 19.38 6,28 <0.001 

H. bacteriophora 34.22 6,28 <0.001 
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Figure 13.  Days of termite repellency caused by IJ doses 0, 1000, 2000, 4000, 6000, 8000, and 

10000 IJs per unit.  Bars indicate standard errors of means.  Groups with different letters are 

significantly different.   
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No mortality occurred in control treatments.  S. riobrave caused the highest termite mortality 

among the four nematode species tested, followed by S. carpocapsae, S. feltiae and H. 

bacteriophora (F = 436.58; df = 3, 96; P < 0.001), this is consistent with prior mortality tests.   
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Table 4.  Analysis of variance of transformed Heterotermes aureus mortality data. 

 

Source of Variation F df P 

    

Concentration 3.52 5,96 0.006 

Species 436.58 3,96 <0.001 

Concentration X Species 3.77 15,96 <0.001 

Concentration 3.52 5,96 0.006 

1,000 120.01 3,16 <0.001 

2,000 71.71 3,16 <0.001 

4,000 46.84 3,16 <0.001 

6,000 65.8 3,16 <0.001 

8,000 44.16 3,16 <0.00 

10,000 184.42 3,16 <0.001 

Species 436.58 3,96 <0.001 

S. riobrave 1.69 5,24 0.174 

S. carpocapsae 5.25 5,24 0.002 

S. feltiae 6.04 5,24 <0.001 

H. bacteriophora 3.86 5,24 0.01 
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Termite mortality after 14 days is presented in figure 14.   

 

Dead G. mellonella were recovered after baiting the experimental media of treated units with G. 

mellonella.  No infected G. mellonella were recovered from control units.  Dead cadavers were 

dissection to confirm the presence of nematodes; this provided that the nematodes successfully 

migrated from the inoculation dish (B) to the untreated dish (A). 

 

Analysis of both termite repellency and mortality data showed a significant interaction between 

nematode species and nematode concentration.  It’s difficult to determine which factors are 

causing the termite repellency, certainly chemicals produced by the IJs will vary by species, and 

amounts will vary by dose.  But another theory is that it may be the movement of the IJs in the 

media that may repel the termites.  Different nematode species have very different foraging 

patterns and this is also affected by nematode dose to some extent. 

 

Mortality interaction may be due to the relative correlation between IJ size and termite size.  IJ 

size is not a limiting factor if the IJs are entering a much larger host under low dose infection 

conditions.  But, larger IJs must compete for space to a larger extent when infecting a termite.  

Dose levels will have a significant effect even at relatively low levels. 
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Figure 14.  Termite mortality caused by IJ doses of 0, 1000, 2000, 4000, 6000, 8000, and 10000 

IJs per unit.  Bars indicate standard errors of means.  Groups with different letters are 

significantly different.   
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5.2 Comparative Mortality “Repellency” versus “Optimal Infection” Dose  

   

Materials and methods 

 

Two EPN dose levels for each species were chosen for further study.  The dose levels used are 

levels above and below the repellency threshold level based on the results previously presented 

(section 5.1., table 3). 

 

Table 5.  Dose levels of nematode IJs above and below repellency level. 

 

 

 

 

 

 

The same deep petri dishes, connected with clear tubing described in chapter 2.5.3., were used in 

this study.  Three replicate dishes for each IJ dose and nematode species combination were 

prepared as in experiment described in section 5.1.  H. aureus were taken at random from 

different colonies, as before.  Each dish received 100 workers, and was inoculated with 

nematodes for a mortality comparison assessment.  Incubation periods ran for 3, 7, and 10 days.  

Dead termites were counted at the end of each incubation period and dissected. 

  Repellency threshold (a) IJs per dish 

S. carpocapsae 4000 < a < 6000 

S. riobrave 2000 < a < 4000 

S. feltiae 2000 < a < 4000 

H. bacteriophora 2000 < a < 4000 
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At this point it had been shown that the lower dose rate tested of each EPN species will not repel 

termites, and the higher dose rate will. So the purpose was to assess termite mortality at 3, 7, and 

10 days (this is the longest they were repelled in the experiments presented in section 5.1.).   

 

 

Results 

 

Termites suffered significantly higher mortality when treated with the lower (non-repellent) dose 

rate, compared with the higher rate repellent doses of S. carpocapsae (F = 4.53; df = 1,16; P = 

0.049) and S. riobrave (F = 5.86; df = 1,16; P = 0.028); however, there was no significant effects 

observed for nematodes S. feltiae (F = 0.21; df = 1,16; P = 0.656) and H. bacteriophora (F = 

0.032; df = 1,16; P = 0.860). 
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Figure 15.  Percentage termite mortality caused by Steinernema carpocapsae applied below and 

above established repellency inducing doses.  Bars indicate standard errors of means.  Groups 

with different letters are significantly different.   
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Figure 16.  Percentage termite mortality caused by Steinernema riobrave applied below and 

above established repellency inducing doses.  Bars indicate standard errors of means.  Groups 

with different letters are significantly different.   
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Figure 17.  Percentage termite mortality caused by Steinernema feltiae applied below and above 

established repellency inducing doses.  Bars indicate standard errors of means.  Groups with 

different letters are significantly different.   
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Figure 18.  Percentage termite mortality caused by Heterorhabditis bacteriophora applied below 

and above established repellency inducing doses.  Bars indicate standard errors of means.  

Groups with different letters are significantly different.   
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5.3 Investigation of Termite Repellency  

 

Materials and methods 

 

In the same petri dish setting as previously described in section 5.1., 100 termites were 

introduced into petri dish A, and B sides were inoculated with the following: 

 

Dead nematodes 

 

2000, 4000, 6000, or 8000 IJs of each nematode species were heat killed in 60 oC distilled water 

and then pipetted into the dish.  Moisture content was corrected to 10% w/w then incubated at 22 

oC for 7 days.  Termite movement was monitored and survivors were extracted and counted after 

7 days.  Control treatments received water only.  Each nematode-concentration combination was 

repeated 3 times.  

 

Results 

 

There was no termite repellency caused by either treatment.  Termites tunneled into side B dishes 

within 12 h and remained evenly distributed between the two sides for the entire testing period.   

 

Termites exposed to dead nematodes incurred no significant mortality; only 8 deaths out of 4800 
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total termites introduced (F = 1.01; df = 12,40; P = 0.454).   

 

5.4 Discussion and Conclusions  

 

In laboratory two-container choice experiments, high concentrations of nematodes have a strong 

repellency effect on termites.  H. aureus were repelled by S. riobrave, S. feltiae, S. carpocapsae 

and H. bacteriophora treated areas for up to 10 days at 10,000 IJs per device (250 IJs per gram 

of soil).  Both S. riobrave and H. bacteriophora caused the longest repellency effects on H. 

aureus.  The repellency threshold was found to vary among nematodes species.  The cruising 

species H. bacteriophora could migrate through the connecting tubing (15 cm) into the untreated 

side of the device within 24 hours.  At high concentration levels, dead termites were found in the 

untreated side before they entered the nematode inoculated area, as the nematodes dispersed 

rapidly throughout the experimental device.  However, none of the nematodes tested eliminated 

termites in the two-container test.  Mauldin and Beal (1989) found that S. carpocapsae repelled 

R. flavipes, but did not cause significant R. flavipes mortality even when the nematodes were 

applied at 80,000 nematodes per device.  In the study undertaken by Wang et al. (2002), H. 

indica repelled R. flavipes for up to 17 days at 16,000 nematodes per device, or 362 nematodes 

/cm3.  They also reported similar repellency effects in two-container choice tests while 

nematodes were added into the device one week after termites were introduced.   
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Termite avoidance may be due to the physical movement of the live nematodes, as dead IJs of S. 

riobrave, S. carpocapsae, S. feltiae and H. bacteriophora failed to deter termites from entering 

treated dishes.  Future investigations on the possible cause of avoidance may include tests where 

nematodes are sealed in a petri dish for 24 or 48 hours, then killed in situ before connecting the 

dish to connection tubing and another dish of termites.  If there is a volatile chemical produced 

by the living nematodes causing the repellency, termites might not enter the nematode inoculated 

dish for a short period of time after initial connection.   

 

Direct exposure with the termites directly is the only way for EPNs to infect the termites.  In 

laboratory conditions, treatment concentrations lower than the repellency threshold caused 

higher termite mortality.  However, when applying nematodes under field, conditions, 

environmental factors and termite responses would greatly affect nematode survival and 

infection.  Inundative release of the nematodes would probably stop termite foraging in a treated 

area, but unpredictable nematode recycling and rapid reproduction of termite workers would 

make structural protection hard to foresee.  Future field experiments should test EPNs applied at 

various concentrations and application frequencies around structures.  It is unclear that this 

would be a cost-efficient termite management plan. 
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CHAPTER 6 

THE EFFECT OF TEMPERATURE ON THE EFFICACY AND  

PERSISTENCE OF NEMATODES 

 

Temperature is known to influence the efficacy of EPN as biological control agents.  It has direct 

effects on infection rates, reproductive success, migration activity, etc. 

 

The objectives covered in this section were as follows: 

 

1) Determine how infection rates and termite mortality changes as a result of temperature. 

 

2) To assess if nematode temperature adaptability inducible for termite infection. 

 

 

6.1 Nematode Development in Heterotermes aureus at Different Temperatures  

 

Materials and methods 

 

Infective juveniles of S. riobrave, S. carpocapsae, S. feltiae and H. bacteriophora were 

acclimated at 22 oC for 4 h then pipetted onto a sand medium as described in section 2.5.2, at a 

dose of 800 IJs per petri dish.  Five replicates were constructed for each nematode species and 
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temperature combination.  Temperatures tested were 20, 22, 26, 29, 32 and 35 oC (± 0.1oC).  

Each petri dish then received 10 termite H. aureus workers.  Dishes and termites were adjusted 

to the designated experimental temperature for 30 minutes before nematode application.  Termite 

mortality was recorded at 24 h intervals for 3 days.  All termites were removed from the petri 

dishes at the end of the experiment and dissected.  The number of nematodes and developmental 

stages were recorded. 

 

To determine the effect of temperature on the virulence of nematodes, we estimated the median 

survival time (LT50) and statistically compared the survival distributions of the termites treated 

with different temperature and nematodes species.  The data was subjected to survival analysis 

(SPSS 16.0.0, 2007).  In addition, a Cox proportional hazard regression analysis was performed 

by including temperature and nematode species as variables.  Each temperature and nematode 

species treatment were analyzed separately.   

 

The hazard ratio in survival analysis is the effect of an explanatory variable on the hazard or risk 

of an event (Altman, 2007).  Hazard ratio is an estimate of relative risk or event.  In our case, the 

“event” was evaluated as “death of a termite”.   

 

Results 

 

An overall analysis indicated that temperature (Wald statistic = 67.3, df = 5, P < 0.001)   and 
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nematode species (Wald statistic = 352.5, df = 3, P < 0.001) were significant predicators of 

termite survival (Cox proportional hazard regression; SPSS 16.0.0 2007). The effect of each of 

two variables is discussed below (Fig. 19 and 20). 

 

Figure 19.  Cumulative percent survival of H. aureus exposed to different entomopathogenic 

nematodes (S. riobrave, S. carpocapsae, H. bacteriophora, and S. feltiae) over time while 

controlling for the effect of temperature.  
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Figure 20.  Cumulative percent survival of Heterotermes aureus, incubated at different 

temperatures (20, 22, 26, 29, 32, and 35oC) over time while controlling for the effect of 

nematode species.   

 

 

 

Termites differed in their hazard ratio of death caused by different nematode species.  H. 

bacteriophora was used as the reference, as it was the least pathogenic.  S. riobrave had a hazard 

ratio of death that was 16.2 times higher (Wald statistic = 166.8, df = 1, 95% CI 10.6-24.6, P < 

0.001) than H. bacteriophora.  S. carpocapsae had a hazard ratio of death that was 4.0 times 

higher (Wald statistic = 36.6, df = 1, 95% CI 2.54-6.28, P < 0.001) than H. bacteriophora.  S. 
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feltiae had only 1.17 times higher hazard ratio of death (Wald statistic = 0.3, df = 1, 95% CI 0.68-

2.02, P = 0.57) comparing to H. bacteriophora.  

 

Temperature is another independent and significant predicator of termite survivorship (Wald 

statistic = 67.3, df = 5, P < 0.001). Because nematode virulence was different at all tested 

temperatures, each nematode was analyzed separately. 

 

Steinernema riobrave has the highest virulence at 29oC, using 35oC as reference, termites had a 

hazard ratio of death that was 4.6 times higher (Wald statistic = 29.2, df = 1, 95% CI 2.65-8.04, P 

< 0.001) followed by 26oC and 22oC (table 7).  
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Table 6.  Median survival time (LT50) and significance in survival distributions for Heterotermes 

aureus inoculated with S. riobrave at different temperature settings.  Survivorship was followed 

for three days.  NS denotes no significant difference.  --denotes an LT50 estimate that is beyond 

the last time frame of the census period.  LT50 values followed by different letters denote their 

significant group in the pair-wise comparison of survival distributions (P < 0.05, Survival 

analysis, Kaplan-Meier, SPSS 2007). 

 
Temperature (oC) Estimate LT50 of 

treated 
Estimate LT50 of 
control 

Percent survival 
after 3 days 

20 2 ± 0.152b > 3 18 
22 2 ± 0.112a > 3 0 
26 2 ± 0.125a > 3 0 
29 2 ± 0.097a > 3 0 
32 2 ± 0.162b > 3 26 
35 --c > 3 66 
overall P <0.001 NS  
 
 
S. carpocapsae, S. feltiae and H. bacteriophora killed significantly less termites compared to S. 

riobrave and none of the temperature treatments achieved 50% mortality, therefore, there is no 

LT50 estimate.  None of the three nematodes incubated at any of the temperatures caused 50% 

mortality.  However, termites treated at different temperature differed in their hazard ratio of 

death. 

 

S. carpocapsae and S. feltiae applied at 22oC caused the highest ratio of death compared with 

other temperatures, while H. bacteriophora applied at 26oC caused the highest ratio of death. 



 

 

135 

Table 7.  Hazard ratio of death caused by Steinernema riobrave, S. carpocapsae, S. feltiae and 

Heterorhabditis bacteriophora applied at different temperatures.  Different letters in the hazard 

ratio of death column denotes their significant group in the pair-wise comparison of survival 

distributions (P < 0.05, Survival analysis, Kaplan-Meier, SPSS 2007). 

 

S. riobrave S. carpocapsae S. feltiae H. bacteriophora Temperat
ure oC 

Hazard 
ratio of 
death 

95% CI Hazard 
ratio of 
death 

95% CI Hazard 
ratio of 
death 

95% CI Hazard 
ratio of 
death 

95% CI 

20 2.861a 1.624-
5.040 

7.529a 2.23-
25.34 

6.31E+
04a 

0-
1.02E84 

4.38E+
04ab 

0-
8.16E75 

22 3.791a 2.181-
6.589 

9.357a 2.82-
31.08 

8.91E+
04a 

0-
1.44E84 

5.11E+0
4ab 

0-
9.51E75 

26 3.947a 2.272-
6.859 

8.907a 2.67-
29.67 

3.62E+
04a 

0-
5.56E83 

8.22E+
04a 

0-
1.53E76 

29 4.618a 2.652-
8.042 

3.797b 1.06-
13.61 

1.76E+
04a 

0-
2.85E83 

2.13E+
04ab 

0-
3.97E75 

32 2.870a 1.614-
5.104 

1.328b 0.30-
5.94 

8.70E+
03a 

0-
1.43E83 

7.09E+
03ab 

0-
1.33E75 

35 --b -- --b -- --a -- --b -- 
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Figure 21.  Survival distribution of Heterotermes aureus exposed to Steinernema riobrave at 

different temperatures (20, 22, 26, 29, 32, and 35 oC). 
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Figure 22.  Survival distribution of Heterotermes aureus exposed to Steinernema carpocapsae at 

different temperatures (20, 22, 26, 29, 32, and 35oC).  
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Figure 23.  Survival distribution of Heterotermes aureus exposed to Heterorhabditis 

bacteriophora at different temperatures (20, 22, 26, 29, 32, and 35oC). 
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Figure 24.  Survival distribution of Heterotermes aureus exposed to Steinernema feltiae at 

different temperatures (20, 22, 26, 29, 32, and 35oC). 
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An overall analysis of the number of nematodes infecting termites showed a significant 

interaction between nematode species and temperature (F = 11.52; df = 15, 1176; P < 0.001), 

therefore, infection data for each nematode species were analyzed separately.  S. riobrave 

infection data indicated a significant difference between temperatures (F = 18.43; df = 5, 294; P 

< 0.001).  This species was most infective at 29 oC, followed by 22 oC, 26 oC, 20 oC and 32 oC 

(with no separation).  Nematodes placed at 35 oC had the least activity.  S. carpocapsae infection 

data indicated significant differences between temperatures (F = 6.38; df = 5, 294; P < 0.001).  

Nematodes were most infective at 20 oC, followed by 22 oC, 26 oC, 29 oC (with no separation).  

Nematodes placed at 32 oC and 35 oC had the least activity.  S. feltiae infection data indicated no 

significant difference between temperatures (F = 2.19; df = 5, 294; P = 0.55).  However, there 

was a non-significant trend showing most infectivity occurred at 22oC, and there was no 

infectivity 35oC.  H. bacteriophora infection data indicated significant difference between 

temperatures (F = 4.00; df = 5, 294; P = 0.002).  This species was most infective at 26 oC, 

followed by 22 oC.  Nematodes placed at 20 oC, 29 oC, 32 oC and 35 oC had the least activity 

(with no separation).   

 

Steinernema riobrave is a high temperature tolerant nematode and generated the highest levels of 

infection at 29 oC, but infection levels were low above 32 oC.  Accordingly, termites 

demonstrated the highest survival rate at 35 oC.  Gouge et al. (1999) reported a similar finding, 

where the number of infecting nematodes rapidly declined at 36 oC.   
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No control mortality was recorded for all the different temperature settings.  

 

 

Figure 25.  Mean number of nematodes infecting Heterotermes aureus at different temperatures.  

Groups with different letters are significantly different.  Bars indicate standard errors of means.   
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6.2 Nematode Temperature Adaptation 

 

Materials and methods 

 

All four nematode species were cultured in G. mellonella.  With each successive increase in 

incubation temperature the nematodes were cycled 5 times.  More specifically, the emergence of 

IJs, and re-infection of G. mellonella occurred 5 times at each temperature, before the resulting 

IJs were used to infect G. mellonella at a higher temperature.  The incubation temperature was 

increased 4 times (26, 28, 30 and 32 oC) using standard laboratory culture procedures.  After this 

high temperature adaptation period, 800 IJs of each species were pipetted onto sand and used in a 

bioassay test as described in section 2.5.2.  The dishes were incubated with 10 workers of H. 

aureus at 32 oC or 35 oC for 72 h.  Replication was 5 fold.  Termite mortality was recorded after 

72 h and all individuals were dissected to assess nematode infection levels and development.  

 

Results 

 

Steinernema carpocapsae and S. feltiae failed to complete a life cycle at and above 32 oC.  No 

offspring exited from dead G. mellonella.  Thus, S. riobrave and H. bacteriophora were used in 

the bioassay after a total of 20 cycles with an increasing incubation temperature.   
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Figure 26.  Percent Heterotermes aureus mortality after 72 hours of exposure to Steinernema 

riobrave or Heterorhabditis bacteriophora, at 22, 32 and 35 oC. 
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Overall analysis of mortality data indicated a significant interaction between nematode species 

and temperature (F = 8.68; df = 1,32; P = 0.006) as well as nematode species and heat adaptation 

(F = 5.17; df = 1,32; P = 0.03).  Therefore, termite mortality data for each nematode species 

were analyzed separately.   
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Heat adapted S. riobrave caused significantly higher mortality compared to original (non-adapted) 

IJ data, both at 32 oC (F = 26.73; df = 1,8; P <0.001) and 35 oC (F = 10.91; df = 1,8; P = 0.01), 

but not at 22 oC (F = 1.77; df = 1,8; P = 0.2).  Heat adapted H. bacteriophora caused 

significantly higher mortality compared to original IJs at 32 oC (F = 6.32; df = 1,8; P = 0.03) but 

not at 35 oC (F = 2.53; df = 1,8; P = 0.15) and 22 oC (F = 1.84; df = 1,8; P = 0.16)  . 

 

Figure 27.  Mean number ± SE of Steinernema riobrave or Heterorhabditis bacteriophora 

infecting Heterotermes aureus after 72 hours of exposure, at 32 or 35 oC. 
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Overall analysis of infection data indicated a significant interaction between nematode species 

and temperature (F = 14.99; df = 1,392; P < 0.001), as well as nematode species and heat 

adaptation (F = 21.19; df = 1,392; P < 0.001).  Therefore, infection data for each nematode 

species were analyzed separately.  Heat adapted S. riobrave IJs had a significant higher infection 

rate compared to non-adapted IJs at 32 oC (F = 6.06; df = 1,98; P = 0.016) and 35 oC (F = 28.69; 

df = 1,98; P < 0.001).  H. bacteriophora IJ infection showed no differences at either 32 oC (F = 

1.96; df = 1,98; P = 0.17) or 35 oC (F = 2.76; df = 1,98; P = 0.10). 

 

6.3 Discussion and Conclusions  

 

Temperature is a key factor affecting nematode pathogenicity (Molyneux, 1986; Kung et al., 

1991).  Temperature tolerance of the nematodes varied between species.  Gouge et al. (1999) 

suggested that temperature, nematode species and host insect, all significantly affect the number 

of infective juveniles infecting host insects.  Entomopathogenic nematode species have well-

defined thermal niches (Grewal et al., 1994).  Some species, such as S. glaseri have broad 

reproductive thermal niches (12-32 oC ) whereas others, such as S. carpocapsae are narrower 

(10-20 °C) (Grewal et al., 1994).  Some species, such as S. riobrave are heat adapted (Grewal et 

al., 1994), whereas others, such as S. feltiae are adapted to cooler environments (Hominick and 

Briscoe, 1990; Wright, 1992; Grewal et al., 1994).  Generally, nematodes can enter low 

temperature quiescence and recover from it when conditions become favorable.  Studies have 
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shown that cold temperature causes loss of ability to infect a host (Hominick and Reid, 1990).  In 

cold temperature, trehalose accumulates in the nematodes at different levels (Jagdale and Grewal, 

2003).  Jagdale and Grewal suggested that trehalose accumulation is not only a cold associated 

phenomenon but is a general response of nematodes to thermal stress.  However, the extent of 

enhanced thermal stress tolerance conferred by the accumulated trehalose differs with nematode 

species.  Cold temperature selection can improve nematode virulence, establishment, and 

reproduction (Grewal et al., 1996).  If trehalose and carbohydrate metabolism were related with 

thermal stress as speculated by Jagdale and Grewal (2003), further investigation should measure 

the trehalose content in heat induced IJs for comparison with normal laboratory cultured IJs. 

 

Hot temperatures can greatly reduce nematode mobility and reproduction (Kaya, 1990; Grewal et 

al., 1994).  It also influences a variety of nematode fitness factors including lipid reserve, 

proteins and carbohydrates (Selvan et al., 1993).  Henneberry et al. (1996) reported large 

numbers of dead nematodes inside the pink bollworm (P. gossypiella) at above 32.3 oC.  Genetic 

selection of heat tolerant nematodes has been attempted by various researchers in different ways.  

Shapiro et al., (1997) crossed the heat tolerant IS5 strain of H. bacteriophora with the 

commercial HP88 strain, and successfully obtained progeny that has strong virulence at 32 oC, 

but storage at 10 oC rapidly killed the progeny.  Ehlers et al. (2005), exposed IJs to high 

temperatures (37.8 and 39.6 oC), surviving IJs produced offspring in G. mellonella.  As a result, 

the mean tolerated high temperature for the inbred lines ranged between 38.3 and 39.3 oC.  

Hashmi et al. (1998), successfully transferred a heat shock protein generating gene, from 
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Caenorhabditis elegans Maupas into H. bacteriophora and the survival of the transgenic 

nematode after a heat treatment at 40 oC for 1 h increased from 3 to 90%.  

 

It is not easy to judge the potential of heat tolerance selection breeding from our study, but the 

results indicate some potential.  We have not yet determined how long the selected progeny will 

survive at high temperatures, but after the gradual heat adaptation process, S. riobrave and H. 

bacteriophora caused significantly higher H. aureus mortality at 32 oC compared with original 

laboratory cultured strain.  Further work may result in the contribution of commercially available 

strains with enhanced heat tolerance. 

 

Further study on symbiont bacteria activity at different temperatures would help to explain the 

low activity of nematodes at high temperatures.  If the symbiont cannot survive the high 

temperature, EPNs would have no food to finish life cycle and causing termite mortality.  The 

physical movement of EPNs should also be observed to determine if locomotion of the IJs is 

another possible factor affecting the low efficacy of EPN at high temperatures.   
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CHAPTER 7 

PRELIMINARY FIELD EVALUATION OF ENTOMOPATHOGENIC NEMATODES  

AGAINST HETEROTERMES AUREUS 

 

All four previously tested nematode species: S. riobrave (355 strain), S. carpocapsae (Mexican 

33 strain), S. feltiae (UK76 strain) and H. bacteriophora (HP88 strain) can successfully infect 

and kill the termite H. aureus under laboratory conditions.  Tests in the natural environment 

would give a better understanding of their potential to be used as biological control agents 

against the subterranean termite H. aureus in the desert southwest.  

 

The objectives covered in this section are as follows: 

 

1) Investigate S. carpocapsae potential ability to suppress H. aureus in field colonies. 

 

2) Investigate nematode persistence in the desert environment after application as a biological 

control agent against H. aureus colonies. 
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7.1 Field Evaluation Study 

 

Materials and methods 

 

The field site used was located on the University of Arizona, Santa Rita Experimental Range, in 

which monitoring termite stations were chosen based on the previously utilized study area.  The 

study area and monitoring stations are described in chapter 2.4.  Monitoring stations were 

selected based on the presence of H. aureus continuously for the past six months.  Of the 

available stations with termites, 23 stations were selected at random for treatment including a 

control treatment.  

 

Soil samples were taken immediately around the stations and analyzed for soil texture, as soil 

texture is known to affect nematode movement in the soil (Koppenhöfer, 2006).  Soil samples 

were then subjected to chemical analysis to determine if low level pesticides could be detected 

(described in chapter 2.11) and samples were baited with G. mellonella to determine if there were 

any natural nematode populations in the area.   

 

Once the stations were determined to have termites, one roll of the three internal station rolls was 

taken for evaluation in the laboratory.   
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Plate 5.  Internal view of an infested termite collection trap. 
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Plate 6.  An infested cardboard roll retracted from termite station after one month (left) and a 

new roll (right). 

 

 

 

 

Pretreatment counts were made and thus estimates of the remaining colonies in each station 

could be determined.  Termites were held in rearing buckets (as described in chapter 2.8) and 

placed back in the original stations with new cardboard rolls, within 24 h.  Each station was 

allowed to reestablish for 72 h before treatment.  Treatments consisted of commercial S. 
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carpocapsae, (Millenium®, Becker Underwood) applied in the field at one million (low) and 

two million (high) per square foot, applied in a distilled water suspension.  Control stations 

received only water.  Applications were made 72 h after termites had been released back into the 

original station by pouring the suspension directly beneath the station.  Post treatment samples 

were taken at 1, 2, and 4 weeks after application.  Evaluations consisted of removing 1 of the 3 

cardboard rolls and counting the termites under laboratory conditions.  Eight randomly selected 

stations were treated with high concentration, 8 with low concentrations and the rest served as 

untreated control stations. 

 

Analysis of variance was used to determine significant differences between numbers of termites 

from treated, versus untreated stations.  The numbers of termites were transformed [Square root 

(x)] to stabilize the variances.  Tests were run for all sampling periods. 

 

Results 

 

The soil was found to be sandy loam.  Chemical residue tests confirmed there was no chemical 

compound residuals which could affect termites or nematodes.  Baiting soil samples with G. 

mellonella did not yield any dead larva, which indicated that there were no entomopathogenic 

nematodes in the soil around the stations. 

 

Field studies demonstrated that the station could be protected from termite invasion with 
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nematodes at 1 million per square foot for at least 4 weeks.  

 

Figure 28.  Mean number of Heterotermes aureus obtained from stations treated with 

Steinernema carpocapsae.  The low treatment rate was 1 million nematodes per square foot; the 

high treatment rate was 2 million nematodes per square foot.  Bars indicate standard errors of 

means. 
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Table 8.  Mean number of Heterotermes aureus obtained from stations treated with Steinernema 

carpocapsae. Different letters following each number denotes their significant grouping.  

 

Post treatment 
Treatment 

Pretreatment 1 week 2 week  4 week 

Control 748 (293)a 320 (215)a 979 (410)a 577 (155)a 

Low 421 (377)a 0 (0)b 5 (3.3)b 37 (15.7)b 

High 838 (365)a 2 (2.25)b 0 (0)b 19 (7)b 

F 0.253 7.855 15.66 32.58 

df 2,17 2,17 2,17 2,17 

P 0.779 0.003 <0.001 <0.001 

 

Visible differences were also apparent between treated and control stations.  The control stations 

continue to have many gallery openings directly beneath the cardboard, and wood.  When lifted 

up, termite workers could be seen retreating into the galleries from the surface of the soil.  

Treated stations had no tunnel openings under the cardboard roll and the only living termites 

were found inside the center wood core of the roll.  These termites were probably in the wood 

core at the time of treatment and remained in the wood until the sample was lifted. 

 

Due to the limitation of available termite stations and nematodes, only S. carpocapsae could be 

tested in the field.  The results presented here were a one-time observation/experiment, so data 
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should be taken with care as many variables may have been missed or would change over time 

and at different locations.  However, we do consider that we have developed a viable 

experimental method useful for future investigation. 

 

7.2 Discussion and Conclusions  

 

The idea of using nematodes against subterranean termites has been visited several times 

(Culliney and Grace, 2000; Epsky and Capinera, 1988; Mauldin and Beal, 1989) and results have 

varied.  The most apparent difficulty is termite avoidance.  Epsky and Capinera (1988) reported 

that R. tibialis would avoid nematode inoculated areas both in the laboratory, and in field tests.  

When applied in field baiting stations, Epsky and Capinera (1988) found that termites exploited 

gaps around the treated area to attack the bait.  One nematode treatment, only provided 2-3 

weeks of protection to field stations.  Other studies have shown positive suppression of termites 

in the laboratory but poor or ineffective colony elimination in the field for R. flavipes (Mauldin 

and Beal, 1989) and C. formosanus (Tamashiro, 1976).  The most successful management of 

termite using EPNs in the field was not subterranean termite, but a drywood termite.  

Danthanarayana and Vitarana (1987) reported complete control of the live-wood tea termite 

Glyptotermes dilatatus using Heterorhabditis Spp.  For subterranean termites, Bedding and 

Stanfield (1981) reported that large colonies of the Australian genus Mastotermes could be killed 

using Heterorhabditis spp. directly injected into infested eucalypt trunks.  Aside from repellency 

effects, many other factors influence nematode effectiveness in the field.  These include various 



 

 

156 

soil characteristics and chemical properties, such as soil texture, moisture, temperature, 

compaction due to agricultural operation and etc.  Biotic factors such as intraspecies competition, 

limited recycling potential and other soil organisms could be involved as well (Gaugler, 1988; 

Kaya, 1990; Koppenhöfer et al., 1995).  EPN persistence in the soil could greatly affect their 

ability to suppress subterranean termites.  In a hot and dry desert environment such as southern 

Arizona, amount of viable EPNs applied in the field are decreasing rapidly.  When live EPN 

numbers dropped below the repelling threshold,  termites will come back to the established 

foraging site again.   

 

Field stations in our study were protected by nematode applications for several weeks; termites 

began to re-infest after 4 weeks.  This is similar to the results of Epsky and Capinera (1988).  

Demonstrated protection of a wooden structure or wood product from termite infestation would 

need to be repeated several times in space and in time, before we can conclude nematodes as 

useful in the field.   
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CHAPTER 8 

EFFICACY OF THREE NOVEL STRAINS OF STEINERNEMA RIOBRAVE  

AGAINST SUBTERRANEAN TERMITES 

 

Strain 355 of the entomopathogenic nematode S. riobrave has proven to be an effective control 

agent of the subterranean termite H. aureus under laboratory conditions (Yu et al., 2006); 

however, it is not as effective at killing termites R. flavipes or C. formosanus.  Three new strains 

of R. riobrave were provided for efficacy testing by David Shapiro-Ilan, USDA Agricultural 

Research Service, South Atlantic Area, South East Fruit and Tree Nut Research Unit.  These 

strains were field collected and tested highly pathogenic against citrus root weevil Diaprepes 

abbreviatus L. by Stuart et al. (2004) comparing to other field strains and the old 355 strain. 

Shapiro-Ilan tested these strains for their efficacy against pecan weevil and achieve greater 

mortality comparing to other S. riobrave strains tested (Personal communication with Shaprio-

Ilan).  So our goal was to assess the new strains on three major pest termite species in the US: H. 

aureus, R. flavipes and C. formosanus.  Because C. formosanus was not present in Arizona, we 

were waiting for the USDA material transfer agreement and received the termites and EPNs at a 

late date.  So, this study is reported here as a separate section. 

 

The objective covered in this section was as follow: 

 

To investigate the relative virulence of S. riobrave (strain 355), and three new S. riobrave strains 
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(3-8b, 7-12, and TP) as biocontrol agents of H. aureus, R. flavipes and C. formosanus 

 

8.1 Efficacy Study 

 

Materials and methods 

Three new strains of S. riobrave: strain 3-8b, strain 7-12, and strain TP were compared in 

efficacy tests to the previously studied 355 strain.  The four S. riobrave strains were applied to 

three subterranean termite species: H. aureus, R. flavipes, and C. formosanus in assay tests as 

described in 2.5.2, using a dose of 800 IJs per petri dish.  Termite mortality was recorded every 

day, for 7 days. 

 

All termite-nematode combinations were replicated 5-times and this experiment was repeated 

twice in time.  Corrected mortality was calculated based on Abbott (1925). 

 

Results 

 

An overall analysis of mortality data indicated a significant interaction between S. riobrave 

strains and termite species (F = 9.57; df = 6, 48; P < 0.001).  The mortality data for each 

individual termite species and nematode strain were therefore analyzed separately. 

 

Heterotermes aureus was very susceptible to all the S. riobrave strains, and termites in all 
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nematode treatments were dead after 4 days.  Lower dose rates could be applied in the future in 

order to compare the virulence of different strains against H. aureus.  R. flavipes mortality data 

indicated significant differences among nematode strains (F = 27.4; df = 3, 16; P < 0.001).  The 

TP strain caused significantly higher mortality compared to the other three strains (no separation).  

Similarly, TP strain also caused significantly higher mortality of C. formosanus (F = 14.4; df = 3, 

16; P<0.001).   

 

Analysis comparing strains gave the following results.  All four strains caused significantly 

different mortality levels among termite species, H. aureus was the most susceptible, followed by 

C. formosanus, and R. flavipes was the least susceptible among the three.  355 strain (F = 88.7; 

df = 2, 12; P<0.001), TP strain (F = 15.7; df = 2, 12; P<0.001), 3-8b strain (F = 172.9; df = 2, 12; 

P<0.001), 7-12 strain (F = 172.6; df = 2, 12; P<0.001). 
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Figure 29.  Corrected percent termite mortality after exposure to different strains of Steinernema 

riobrave, after 7 days.  Groups with different letters are significantly different.  Bars indicate 

standard errors of means. 
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A Cox proportional regression model showed that S. riobrave strain was a significant and 

independent predicator of termite survival.  Different termite species showed significant 

variation of susceptibility to S. riobrave.  The effect of each of these two variables is discussed, 

below. 
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All tested H. aureus termites were dead after 5 days of incubation with S. riobrave, regardless of 

which strain.  Nematode strain was the most important predicator of termite survival (Wald 

statistic = 26.1, df = 4, P < 0.001).  Termites exposed to355, TP, 3-8b and 7-12 strains of S. 

riobrave had 176.94 (Wald statistic = 25.8, df = 1, P < 0.001); 166.3 (Wald statistic = 25.3, df = 1, 

P < 0.001); 150.4 (Wald statistic = 24.2, df = 1, P < 0.001); and 164.2 (Wald statistic = 25.0, df = 

1, P < 0.001) times the hazard ratio of death of the controls, respectively. 

 

Median survival time (LT50) of H. aureus inoculated with different strains of S. riobrave are 

presented in table 9, as well as percent survival on day 7 post-exposure. 

Nematode strain was the most important predicator of R. flavipes survival (Wald statistic = 43.6, 

df = 4, P < 0.001).  Termites exposed to 355, TP, 3-8b and 7-12 strains of S. riobrave had 3.16 

(Wald statistic = 5.8, df = 1, P = 0.016); 10.11 (Wald statistic = 27.5, df = 1, P < 0.001); 3.2 

(Wald statistic = 6.0, df = 1, P = 0.014); and 3.0 (Wald statistic = 5.1, df = 1, P = 0.023) times the 

hazard ratio of death of the controls, respectively. 

 

Median survival time (LT50) of R. flavipes inoculated with different strains of S. riobrave are 

presented in table 9, as well as percent survival on day 7 post-exposure. 

 

Nematode strain was the most important predicator of C. formosanus survival (Wald statistic = 

38.0, df = 4, P < 0.001).  Termites exposed to 355, TP, 3-8b and 7-12 strains of S. riobrave had 

6.1 (Wald statistic = 18.4 df = 1, P < 0.001); 10.9 (Wald statistic = 24.4, df = 1, P < 0.001); 2.2 
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(Wald statistic = 14.7, df = 1, P < 0.001); and 6.0 (Wald statistic = 17.9, df = 1, P < 0.001) times 

the hazard ratio of death of the controls, respectively. 

 

Median survival time (LT50) of C. formosanus inoculated with different strains of S. riobrave are 

presented in table 9, as well as percent survival on day 7 post-exposure. 

 

Figure 30.  Survival distributions for control and nematode-exposed Heterotermes aureus. 
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Figure 31.  Survival distributions for control and nematode-exposed Reticulitermes flavipes. 
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Figure 32.  Survival distributions for control and nematode-exposed Coptotermes formosanus. 
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Table 9.  Survivorship of termites. Median (± SEM) survival time (LT50) in days.  Percent survival 7 days post exposure 

and significance of overall comparison of survival distributions across nematode strains.  “>” indicated that the LT50 

extended beyond the census period. Letter following LT50 denotes to their significant groups. 

 

strain  

 control 355 TP 3-8b 7-12 P 

H. aureus LT50 >7b 2.0 ± 0.12a 2.0 ± 0.10a 2.0 ± 0.16a 2.0 ± 0.18a <0.001 

 percent survival 88% 0% 0% 0% 0%  

R. flavipes LT50 >7c >7b 4.0 ± 0.41a >7b >7b <0.001 

 percent survival 88% 68% 22% 68% 70%  

C. formosanus LT50 >7c 5 ± 0.7b 4.0 ± 0.4a  6b 5 ± 1.2b <0.001 

 percent survival 86% 42% 8% 50% 44%  
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8.2 Discussion and Conclusions   

 

Different strains of the same nematode can have a different virulence against a certain pest 

(Hazir et al., 2001).  The TP strain of S. riobrave caused much higher mortality of R. flavipes and 

C. formosanus compared with the 355, 3-8 and 7-12 strain of S. riobrave.  H. aureus are very 

susceptible to all strains of S. riobrave.  In laboratory tests, 90% of H. aureus died in 3 days and 

all died by day 5.   

 

Laboratory screening of strains with various traits has been used to help select the most suitable 

candidate for biological control (Shapiro and McCoy, 2000; Shapiro-Ilan et al., 2003).  Shapiro-

Ilan et al. (2003), concluded that Agriotos, All and Sal strains of S. carpocapsae may be the best 

choice for control of pecan weevil Curculio caryae, Horn when desiccation tolerance is required.  

When moisture levels are not low (<10% w/w), the Mexican strain maybe generate the best 

control. 

 

Stuart et al. (2004) reported that different strains of S. riobrave have significant virulence 

variations.  In laboratory assays, a mixture of 10 different strains of S. riobrave caused 45.7% 

more root weevil (Diaprepes abbreviatus Linneaus), mortality than the least virulence one strain 

(355 strain).  Stuart et al. (2004) hypothesized that the genetic variation of the mixed strain 

treatment probably provided a greater array of adaptations for locating and penetrating insects 

and overcoming their immune system.  In our study, TP strain of S. riobrave killed 55.45% more 
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R. flavipes than the 7-12 strain, and 47.73% more C. formosanus compared to the least virulent 

3-8b strain.   

 

All these strains of S. riobrave were originally from Rio Grande Valley near Weslaco, TX and 

Reynosa, Mexico and TP strain is from the same collection site as 3-8b.  However, the insect 

mortality caused by these strains was significant different.  This confirms the theory that local 

populations of EPNs can be genetically heterogeneous and variable for important biological traits 

(Somasekhar et al., 2002).  Stuart et al. (2004), obtained the 355 strain of S. riobrave from a 

commercial source and found it to be the least pathogenic among all ten strains tested.  The 

researchers hypothesized that this poor performance of the 355 strain could be due to the 

commercial production process and formulation.  However, in our experiments, there was no 

difference between the commercial 355 strain and the laboratory 255 strain, as far as causing H. 

aureus, R. flavipes and C. formosanus mortality under laboratory conditions.  Both long-term 

laboratory culture, and mass in vitro production of the EPN may lead to deterioration of traits 

important to fitness (Wang and Grewal, 2002).  Although, we didn’t find significant correlations 

between laboratory in vivo rearing of the nematodes and insect mortality levels, a longer testing 

period might reveal a connection. 

 

Different EPN strains have variation in longevity, virulence, persistence and tolerance to factors 

such as heat and desiccation (Stuart et al., 2004; Shapiro et al., 2003; 2006).  New strains of 

nematodes can provide additional resources; extensive investigation is needed to compare 
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different stains under field conditions.  Scientists and commercial producers should also keep 

isolating, and studying new strains of EPN for use in future control programs.  
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CHAPTER 9 

FINAL CONCLUSIONS 

 

Entomopathogenic nematodes in the families Steinernematidae and Heterorhabditidae have been 

studied extensively since 1930, after Rudolf William Glaser first discovered the great potential of 

these organisms as biological control agents of insect pests.  Research studies on the EPNs and 

their symbiont bacteria have extended from classic pest control investigations, to molecular 

manipulation.  Hundreds of laboratories in over 60 countries are exploring the possibilities to use 

EPNs more efficiently as environmental friendly alternatives to chemical insecticides (Gaugler, 

2002).  With the development of in vitro production and storage formulations that extend shelf-

life and allow transportation, commercial production and augmentative applications of IJs have 

been studied for many years, and are achieving reliable management of various pest species, in a 

variety of settings, such as citrus orchards, golf courses and home gardens. 

 

The experiments undertaken here investigated the efficacy of steinernematid and heterorhabditid 

nematodes (Rhabditida) applied to R. flavipes, R. virginicus, H. aureus, G. perplexes and C. 

formosanus with an emphasis on the Arizona pest species, H. aureus.  The subterranean termite 

species chosen have differing behavioral habits and temperature preferences.  Almost all have 

great economic importance as pests and have served as study subjects used to evaluate 

alternative control methods to chemical termiticides.  Chemical pesticides are the most 

predominantly used termite treatment option.  However, the use of alternative methods that 
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emphasize least-toxic and non-chemical applications are frequently requested, and prospects for 

the development and public acceptance of alternative termite controls are improving.   

 

In laboratory bioassays four EPN species, Steinernema riobrave (355 strain), S. carpocapsae 

(Mexican 33 strain), S. feltiae (UK76 strain), and Heterorhabditis bacteriophora (HP88 strain) 

infected and killed the desert subterranean termite, Heterotermes aureus.  H. aureus was found to 

be most susceptible to S. riobrave (355 strain).  S. riobrave caused > 95% H. aureus mortality in 

laboratory sand assay in 72 h.  S. carpocapsae, S. riobrave and H. bacteriophora successfully 

reproduced in H. aureus and IJs exited termite cadavers successfully.  However, due to the small 

size of termite individuals, only one generation occurred within the host and S. riobrave, S. 

carpocapsae and H. bacteriophora developed stunted female nematodes inside the termite.  

Stunted S. feltiae females were found inside the host but no progeny were produced.  S. feltiae is 

known to produce small IJs when infecting small sized hosts such as Sciaridae larvae (Gouge 

and Hague, 1995) and Nielsen and Philipsen (2004).  However, S. feltiae did not produce any 

viable offspring in this study, probably due to the tiny size of the termite hosts.  

 

IJs of S. carpocapsae formed two distinct size groups.  The average total body length for the 

smaller group was 299.5 μm (S.E. 4.8), the average total body length for the larger group was 

545.6 μm (S.E. 6.0).  Small S. carpocapsae IJs infect, reproduce and form normal size IJs after 

subsequent infection in G. mellonella.  S. riobrave and H. bacteriophora showed a more gradual 

recovery in IJ size that needed two infection cycles in G. mellonella.  In termite mortality tests, 
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the small IJs of S. carpocapsae are comparably effective to the normal size IJs, under the 

conditions tested.  After 72 h S. riobrave IJs from stock cultures (reared in G. mellonella) caused 

higher termite mortality compared with IJs cycled through termites then G. mellonella, then 

applied to termites.  Our speculation was when nutrition is limited, EPNs tends to produce 

smaller IJs instead of normal size IJs.  An explanation for this is that they have to ensure 

sufficient numbers of progeny to complete their life cycle and to ensure future propagation.  

Perhaps if fewer normal sized offspring were produced, they would diminish rapidly over time in 

the environment due to the vulnerability of nematodes to environmental factors such as heat, UV 

light, drought etc.  Another explanation could be that if the EPNS are going to continue 

encountering small size hosts like termites, smaller IJ body size might give them an advantage to 

use the small hosts.  Overall, it’s possible that limited resources are still enough to support 

reproduction.  S. feltiae is the largest among the four EPNs we tested and it was not able to 

complete its life cycle in termites; this would be an example of nematode site adaptation.  

Nguyen and Smart (1995) observed an unidentified strain of S. feltiae that showed a negative 

linear relationship between the body length of IJs and harvest time. On the 1st day of harvest the 

IJs averaged 914 mm but by the 15th day of harvest they averaged 794 mm.  They also suggested 

that IJs obtained from in vitro culture should not be used for identification as they can 

demonstrate drastically different morphometrics. 

 

Body size has long been considered one of the most important life history character of an 

organism, because it influences nearly every aspect of the biology of the organism (Calder, 1984).  
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Body size is plastic: it can change in response to different environmental conditions (Davidowitz 

et al., 2003).  In general, individuals that develop at higher temperatures are generally smaller 

than those that develop at lower temperatures (Atkinson 1994), and well-fed organisms are 

typically larger than those fed a poor-quality diet (Chapman 1998).  However, despite the long 

interest and research work in the ecology and evolution of body size, little is know about the 

physiological and developmental mechanisms that govern the transfer of environmental signals 

to body size variation (Stern, 2001).  We hypothesized that the IJ size alteration is the result of 

limited nutrition provided by termite host.  Further study could focus on finding the genetic basis 

of this change. 

 

Similarly to H. aureus, the eastern subterranean termite R. flavipes was also most susceptible to S. 

riobrave (TP strain), followed by S. carpocapsae (Mexican 33 strain).  When tested against the 

Formosan termite, S. riobrave TP strain caused 50% mortality of C. formosanus in laboratory 

tests in 7 days.   

 

Different nematode species and strains appear to have adapted to their original microhabitats, for 

example, S. riobrave 355 strain, was originally isolated from semiarid soil in Texas and was 

found to have significantly higher virulence against desert termite species, H. aureus and G. 

perplex compared with other subterranean nematodes tested, R. flavipes and C. formosanus.  

Previous studies by Hazir et al. (2001) concluded that characteristics of S. feltiae have significant 

variation among isolates from different geographic locations.  They found that tropical isolates 
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were not as pathogenic as subtropical and Mediterranean isolates.  Additionally, tropical isolates 

had significantly less establishment in G. mellonella and number of IJs produced at low 

temperatures, 8 oC and 10 oC compared to other isolates.  This could be caused by the loss of 

cold temperature tolerance in the tropical environment.  Poinar (1992) noted that IJs of S. feltiae 

isolated from Mycetophila fungorum (Diptera: Mycetophilidae) were much shorter than other 

described strains while still within the normal size range.  Although steinernematid and 

heterorhabditid species can live on many insects in the laboratory and have been applied to many 

different environments, it is hard to ascertain the natural host limitations of each strain.  Inundate 

releases of nematodes in the field, results in exposure to new potential hosts, which may give rise 

to nematodes with new traits and adaptations to new conditions, such as enhanced cold or heat 

tolerance.  Studies on Steinernema abbasi Elawad, Ahmad and Reid, Steinernema tami Luc, 

Nguyen, Reid and Spiridonov, S. carpocapsae, S. feltiae and S. glaseri have revealed that the 

optimum temperature and moisture requirement for their infectivity and survival varys from 

species to species (Karunakar et al., 1999; Ganguly and Gavas, 2004a;b; Hussaini et al. 2004) 

which may be related to the climatic origin of the nematode where it is isolated. 

 

All three nematodes that completed their life cycle in H. aureus, (S .riobrave, S. carpocapsae 

and H. bacteriophora) had an accelerated development at 22 oC in laboratory tests.  But 

nematodes can only complete one generation inside H. aureus.  The termite cadavers decompose 

very rapidly, about 10 to 25% of collected cadavers disintegrated before nematode IJs could 

emerge from them.  Fungal hyphae could sometimes be found growing on dead termites.  
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Laboratory manipulation may have caused some injury to the delicate cadavers during transfer 

onto White traps.  Limited numbers of IJs were produced from each infected termite, this could 

be a limitation when using nematodes in the field to control these insects.  When applied against 

many target pests EPN have the potential to continue recycling, although this may occur to some 

extent in termites, IJs in the soil might be expected to diminish overtime more quickly.  However, 

repeated applications would still provide ongoing termite mortality.   

 

The occurrence of stunted nematodes is a direct result of host limitations.  In our studies, 

comparatively low production could be due to the difference in host size, host suitability and 

nematode species.  Variability of host quality impacts have been documented by Barbercheck 

(1993).  Studies have indicated that the choice of host species is of significant importance 

affecting nematode offspring production (Blinova and Ivanova, 1987; Shapiro-Ilan et al., 2005).  

Research involving in vitro production of nematodes, has shown that media nutrition affects 

nematode fitness at a bi-trophic level (Han et al., 1992; Yang et al., 1997; Yoo et al., 2000; Abu 

Hatab and Gaugler, 2001; Gil et al., 2002).  For example, lipid source and quantity in artificial 

media affected heterorhabditid development rate and yield (Yoo et al., 2000; Abu Hatab and 

Gaugler, 2001).   

 

In a more favorable host, the undersized IJs can infect and develop to normal sized adults and 

subsequent IJs, within one to two cycles.  Nematodes alter their body size under various 

conditions.  Small IJs of S. carpocapsae and S. feltiae have been repeatedly reported by many 
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scientists (Alikhan et al., 1985; Gouge and Hague, 1995; Nielsen and Philipsen, 2004).  Alikhan 

et al. (1985) proposed that S. carpocapsae produce fewer, smaller, and more energetic IJs at low 

parental population densities, but a greater number of larger but less energetic juveniles, at high 

parental population densities.  Costa et al (2007) reported smaller IJs of S. riobrave and S. 

carpocapsae produced from Alphitobius diaperinus (Coleoptera : Tenebrionidae).  They 

concluded that host species-specific characteristics, such as physiology, size, and body weight—

this being treated as a “resource” for the parasite—can provoke considerable morphological 

changes in these populations. 

 

Nematode species/strain, temperature and host response have all been found to significantly 

affect virulence and infection levels of the EPN in our study.  Yang et al. (1998) showed that cold 

temperature adaptation of S. feltiae can be induced temporarily following a gradient of 25, 20, 15, 

10 oC.  Cold temperature selected S. feltiae IJ had 10-19% higher infection rates compared with 

original cultures.  Additionally, the time needed for infection was shorten by 5 days at 10 oC 

comparing to the original 35.2 days with original IJs.  Similarly, in our study, heat selected S. 

riobrave had a 45% higher IJ infection rate at 32 oC after a selection gradient of 26, 28, 30 and 

32 oC.    

 

Considering the combination of all these factors, control of subterranean termites in a desert 

region such as southern Arizona with EPNs needs additional field evaluation before 

recommendations can be made.  Laboratory studies established results showing repellency 
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effects and reduced virulence of EPNs in high temperature areas.  Both issues should be 

considered when determining a suitable EPN species/strain as a biocontrol agent of subterranean 

termites in a specific region.   

 

Currently, research on biological control agents of subterranean termites has focused on the use 

of fungal agents, but results vary and are hard to predict (Culliney and Grace, 2000).  Termites 

can pick up B. bassiana conidia in a bait station and transfer them to nestmates (Grace and 

Zoberi, 1993).  Laboratory experiments using B. bassiana and M. against C. formosanus 

achieved complete mortality in 15 days (Delate et al., 1995).  However, the use of fungi as 

pathogens is compromised by many factors including lack of cost-effective methods for mass 

production, slow mode of action, and the need for high levels of humidity (Federici, 1990; 

McCoy, 1990).  Steinernematids and heterorhabditids are readily available from many 

commercial sources and are non-restricted pesticide products.  This makes them a suitable option 

to consider as part of an integrated pest management program.  Some countries have very limited 

tools available for use against termites, e.g. Canada, where there are almost no effective products 

registered.  Nematodes may be considered in these situations as well as in any situation where 

environmental stewardship is a priority.  In Guelph, Ontario, scientists have surveyed and begun 

treating properties with combinations of S. carpocapsae, H. bacteriophora and other EPNs to 

eradicate termites (Tim Myles, personal communication).  However, population reduction of 

termites around structures may be a more attainable goal for these biological agents, as opposed 

to complete elimination from structures.  
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With advances in genetic engineering and wide field screening, nematodes with novel, or 

enhanced traits will be found, developed or engineered.  Novel strains, and species with unique 

characteristics are being isolated all over the world every year.  I expect that entomopathogenic 

nematodes will continue to be a critical area of research in the field of biological control.   
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