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The conditions for deploying entomopathogenic nematodes (EPN) in Pakistan can be harsh and the 
survival of infective juveniles (IJ) following inundative applications would be quite short. The application 
of EPN in cadavers may be appropriate because of the non-availability of industrially produced isolates. 
Therefore, in the present studies, Galleria mellonella and Tenebrio molitor were compared for invasion 
and production of IJ of Steinernema feltiae and Heterorhabditis bacteriophora. Both the nematodes caused 
100% mortality of the test insects within 6 days. The mean numbers of IJ of S. feltiae invading each G. 
mellonella, T. molitor medium and small were significantly greater (11.2, 15.2 and 11.4 IJ, respectively) 
than those of H. bacteriophora (2.8 IJ each per G. mellonella and T. molitor medium and 3 IJ per T. 
molitor small). Contrarily, there was greater emergence of IJ of H. bacteriophora than S. feltiae in all the 
treatments. The mean numbers of H. bacteriophora emerging from G. mellonella larvae were 272,600 
from T. molitor medium were 194,600 and in T. molitor small were 21,900. Whereas, emergence of the 
mean numbers of S. feltiae IJ emerging from G. mellonella were 136,000 from T. molitor medium were 
51,200 and in T. molitor small were 12,940, respectively. G. mellonella was found to be more susceptible 
host than T. molitor. Likewise, S. feltiae proved to be more aggressive than H. bacteriophora. The results 
of this study showed that greater numbers of EPN could be produced in G. mellonella than in T. molitor. 

INTRODUCTION

Entomopathogenic nematodes (EPN) are now 
established as potent biological control agents 

because the ability to mass produce them has allowed the 
development techniques of inundative application (Griffin 
et al., 2005). The mass production technique based on 
fermentation technology is an industrial process (Ehlers 
and Shapiro-Ilan, 2005). Such technologies are not yet 
available in countries like Pakistan where the use of EPN 
is in its infancy. In these countries, the development and 
use of EPN will depend initially on low technology mass 
production techniques such as use of host insects for in vivo 
production (Ehlers and Shapiro-Ilan 2005; Rahoo et al., 
2011, 2017, 2018a, b, 2019). These techniques are labour 
intensive but are feasible where labour costs are low. In 
Pakistan initial field evaluation of EPN is likely to be done 
with in vivo produced nematodes in hosts such as greater 
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wax moth (Galleria mellonella). Since G. mellonella may 
not always be available, therefore, yellow mealworm 
(Tenebrio molitor) could be an alternative host. One of the 
advantages of production of EPN in T. molitor is that it 
does not produce cocoons and retains structural integrity 
while infected by nematodes and is being commercially 
produced on large scale in many countries of the world. 
Use of T. molitor as a host for in vivo production of EPN 
in biological control has been reported by Shapiro-Ilan et 
al. (2002).

EPN are presently used against soil-dwelling 
insects attacking citrus, cranberries, turf and ornamentals 
(Georgis, 1990) and has potential for many others (Javed 
et al., 2017a, b; Iftikhar et al., 2018; Kassi et al., 2018a, 
b; Nabeel et al., 2018; Aslam et al., 2019a, b). On the 
other hand, entomopathogenic nematodes can reduce the 
incidence and severity of root-knot nematodes (Hussain 
et al., 2016; Kayani and Mukhtar, 2018; Kayani et al., 
2017, 2018; Khan et al., 2017; Mukhtar, 2018; Mukhtar 
et al., 2017a, b, 2018; Tariq-Khan et al., 2017). More than 
a dozen companies are presently producing and selling 
nematodes in the USA, Australia, Japan, and Europe 
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(Georgis and Manweiler, 1994) but these companies are 
not yet producing EPN for use in the warmer countries 
of the tropics and sub-tropics. Despite the increasing 
commercial and scientific interest in Steinernematids and 
Heterorhabditids, a universal standard infectivity assay 
has not been established. The need to evaluate nematode 
insecticidal activity in the laboratory has resulted in the 
development of a variety of assays that measure nematode 
infectivity by recording host mortality.

The number of nematodes that penetrate a host is a 
measure that has often been used to evaluate infectivity 
in bioassays. Fan and Hominick (1991) initially showed 
a significant linear correlation between nematode dose 
and number of infective juveniles (IJ) invading larvae 
of G. mellonella. Therefore, Hominick and Reid (1990) 
proposed the use of invasion efficiency (measured as the 
slope resulting from the linear regression of the number 
of established nematodes against the dose) as a direct 
measure of nematode infectivity. The assumption was that 
the nematode with the greatest efficacy against a target 
insect would have shown the highest invasion efficiency. 
However, when invasion efficiency was measured in 
insect hosts different from G. mellonella, the regression 
coefficients were low and the results were not reproducible 
(Epsky and Capinera, 1993; Mannion and Jansson, 1993). 
Hay et al. (1993) suggested that a linear model might be 
adequate to describe all nematode-host combinations. 

There are possibilities that Heterorhabditids (such 
as Heterorhabditis bacteriophora) may not behave in a 
similar way to Steinernematids (such as Steinernema. 
feltiae) in which case it would seem appropriate to 
evaluate both species on different hosts and at different 
host densities to establish if such considerations need 
to be addressed when seeking methods of using EPN in 
new locations (such as Pakistan). Therefore, the rationale 
for conducting the following experiments was to test the 
principle of applying EPN in cadavers.

The first objective of the study was to compare the 
invasion and mortality of larvae of G. mellonella and T. 
molitor by a single dose of 1000 IJ of S. feltiae and H. 
bacteriophora and the production of IJ from the cadavers. 
Additionally, the infection and IJ production was compared 
between two sizes of T. molitor. The second objective was 
to evaluate whether invasion and mortality of larvae of G. 
mellonella and T. molitor by the two EPN is affected by 
number of hosts when the former were exposed to a dose 
of 5000 IJ of the latter. 

MATERIALS AND METHODS

Nematode cultures
Entomopathogenic nematodes Steinernema feltiae 

and Heterorhabditis bacteriophora used in the studies were 
taken from stock cultures supplied by CABI Bioscience 
and were maintained in the laboratory at the Department 
of Agriculture, University of Reading, United Kingdom. 
The nematodes were cultured in the sixth instar larvae 
of greater wax moth, Galleria mellonella (Lepidoptera: 
Pyralidae) (Livefoods Direct Ltd. Sheffield, UK) at 
25°C. Ten G. mellonella larvae were placed on each 9 cm 
Petri dishes lined with a Whatman® No. 1 filter paper. 
The larvae in dishes were individually inoculated with 
approximately 2000 infective juveniles (IJ) of S. feltiae 
and H. bacteriophora contained in 1 mL of tap water. The 
Petri dishes were sealed with Nescofilm® sealing film 
(Azwell Inc., Osaka, Japan) and placed in an incubator at 
20°C (Dutky et al., 1964).

After incubation at 20°C for 10 days the infected G. 
mellonella larvae were taken from the Petri dishes and 
placed on modified White traps (White, 1927). After some 
days, nematodes moved from G. mellonella cadavers to the 
water. Water containing the IJ was transferred to a clean 
beaker filled with fresh tap water and the IJ were allowed 
to settle for 30 min. The supernatant was decanted, the 
beaker was refilled with fresh tap water and the process was 
repeated three times until a clean suspension was obtained. 
Excess water was discarded and nematodes were kept at 
10°C and used within 2 weeks (Kaya and Stock, 1997). IJ 
of both the nematode species were acclimatized at room 
temperature (21-23~) for an hour and their viability was 
tested under a stereomicroscope before use.

Invasion and mortality of larvae of G. mellonella and 
T. molitor by S. feltiae and H. bacteriophora and the 
production of IJ from the cadavers

Twenty last instar (sixth instar) larvae of G. mellonella 
ranging 0.25-0.35 g in weight and twenty larvae each of T. 
molitor of medium size with weights ranging 0.14-0.20 g 
and those of small size (< 0.14 g) were taken. Each larva 
was placed on filter paper in a 30 mm Petri-dish and larvae 
from each category of host were divided into two groups 
of ten. Each larva from one group was inoculated with 0.1 
mL suspension containing a mean of 1,000 IJ of S. feltiae 
while larvae of other group were inoculated individually 
with a mean of 1,000 IJ of H. bacteriophora. The dishes 
were sealed and kept in an incubator at 20°C for 24 h. 
Mortalities of G. mellonella and T. molitor were recorded 
after 24 h from each treatment. After 24 h, five insect 
larvae from each group were shifted to a freezer while 
the remaining five larvae were transferred to clean filter 
papers in Petri dishes and 0.1 mL of tap water was added 
to make the filter papers moist and labelled 1, 2, 3, 4, and 
5. The Petri-dishes of each group placed in the freezer 
were also labelled as 1, 2, 3, 4, and 5 for each treatment. 
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The mortality of the insects placed in incubator was 
recorded after 12 h till all the insect larvae were dead. The 
dead larvae were processed in White traps for nematode 
recovery (White, 1927). The insect cadavers that died 
with S. feltiae were placed on White traps after 10 days 
and those by H. bacteriophora after 16 days. Two weeks 
after incubation in the White traps the nematodes were 
harvested and quantified for both nematodes species. The 
insect carcasses in the freezer were enzymatically digested 
in pepsin solution for 2 h and were homogenized and the 
invading IJ were counted.

Invasion and mortality of larvae of G. mellonella and 
T. molitor as affected by number of hosts

Three hundred and twenty late instar larvae of G. 
mellonella and 320 late instar larvae of T. molitor were 
taken and divided into two groups of 160. The larvae of 
each group were placed on filter papers in 90 mm Petri 
dishes and arranged in three treatments, which are: T1, one 
larva per Petri-dish; T2, five larvae per Petri-dish and T3, 
ten larvae per Petri-dish. There were ten replications for 
each treatment.

The larvae of first group of G. mellonella and T. 
mollitor arranged in three treatments were inoculated with 
5000 IJ of S. feltiae contained in 1 mL of water while those 
of second group were inoculated with H. bacteriophora. 
The dishes were sealed with Nescofilm and kept in an 
incubator at 20°C. The mortality of G. mellonella and 
T. molitor was recorded after 24 h and all larvae from 
each treatment were rinsed with water to remove any 
nematodes from the surface of the larvae. After rinsing, 
all Petri-dishes were cleaned and the filter papers changed, 
0.1 mL of tap water was added and the same larvae were 
returned in the same Petri-dishes and labelled properly. 
The Petri-dishes were placed again in the incubator set at 
20°C and mortalities of G. mellonella and T. molitor were 
recorded after every 24 h till 72 h. The dead larvae at the 
time of rinsing and those died on subsequent days were 
recorded and appropriately labelled before placing in a 
freezer. The cadavers were removed from the freezer and 
dissected in pepsin solution and homogenised for 30 s with 
a laboratory homogeniser. 

Statistical analysis
The data for production of S. feltiae and H. 

bacteriophora from larvae of G. mellonella and T. molitor 
were not found normally distributed and transformed to 
log 10 while data for all the other parameters were found 
normally distributed and did not require transformation. All 
the data were subjected to analysis of variance (ANOVA) 
using GenStat Package 2009 (12th edition) version 
12.1.0.3278 (www.vsni.co.uk). The means were compared 

by Fisher’s Protected Least Significant Difference Test at 
5%.

RESULTS

Mortality of larvae of G. mellonella and T. Molitor
The entomopathogenic nematode S. feltiae caused 

100% mortality of the tested insects G. mellonella and T. 
molitor within 4 days, whereas H. bacteriophora caused 
100% mortality within 6 days (Fig. 1). 

Fig. 1. Mortality of G. mellonella and T. molitor medium 
and small inoculated with 1000 IJ of S. feltiae (A) and H. 
bacteriophora (B).

Fig. 2. Numbers of IJ of S. feltiae and H. bacteriophora 
invading larvae of G. mellonella and T. molitor 24 h 
following inoculation with 1000 IJ.

Invasion of larvae of G. mellonella and T. molitor by 
nematodes

The difference in invasion of larvae of G. mellonella 
and T. molitor by the two nematode species was highly 
significant (P<0.001). Different nematode ranking was 
observed for penetration rate in both insect hosts. The 
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mean number of invading IJ of S. feltiae invading per G. 
mellonella was 11.2, T. molitor medium was 15.2 and those 
of small were 11.4. Whereas, in case of H. bacteriophora 
the mean number of IJ that invaded per G. mellonella and 
T. molitor medium was 2.8 each and a mean of 3 IJ were 
found invading T. molitor small size larvae (Fig. 2). 

Production of IJ from the insect cadavers
Production of IJ in the insect cadavers was also 

found significant between the nematode species while the 
interaction between host and species was not significant. 
There was greater emergence of IJ of H. bacteriophora 
than S. feltiae in all the treatments. The mean numbers of 
H. bacteriophora emerging from G. mellonella larvae was 
272,600, from the T. molitor medium size was 194,600 and 
in small size T. molitor was 21,900. Whereas, emergence 
of the mean numbers of S. feltiae IJ emerging from G. 
mellonella was 136,000, from the T. molitor medium size 
was 51,200 and in T. molitor small was 12,940, respectively 
(Fig. 3).

Fig. 3. Production of S. feltiae and H. bacteriophora from 
larvae of G. mellonella and T. molitor following inoculation 
with 1000 IJs for 24 h (data transformed to log 10).

Fig. 4. Invasion of G. mellonella and T. molitor larvae by 
IJ of S. feltiae and H. bacteriophora following exposure to 
5000 nematodes over a 24 h period.

Invasion and mortality of G. mellonella and T. molitor 
larvae as affected by number of hosts

The effects of host, nematode species and treatments 
were highly significant (P<0.001). Similarly, the 

interaction between host and nematode species was also 
highly significant. G. mellonella was found to be more 
susceptible host than T. molitor. Likewise, S. feltiae proved 
to be more aggressive than H. bacteriophora (Fig. 4). 
As regards treatments, maximum average number of IJ 
penetrated the treatment where single host was exposed 
to the nematodes followed by the treatment with ten hosts. 
Minimum number of average IJs penetrated the treatment 
with five hosts per Petri plate (Fig. 5). 

Fig. 5. Individual invasion of G. mellonella and T. molitor 
larvae by IJ of S. feltiae and H. bacteriophora following 
exposure to 5000 IJ in cohorts of 1, 5 and 10 larvae per 
dish.

Fig. 6. Mean invasion of G. mellonella and T. molitor 
larvae by IJ of S. feltiae and H. bacteriophora following 
exposure to 5000 IJ in cohorts of 1, 5 and 10 larvae per 
dish.

The interaction among host, species and treatments 
was significant (P<0.005). The invasion of S. feltiae on G. 
mellonella was higher than that of T. molitor as compared 
to H. bacteriophora particularly in treatment where 1 G. 
mellonella and T. molitor were exposed to IJ excepting 
T. molitor with H. bacteriophora. The individual average 
penetration in each treatment in each host with both the 
nematode species is given in Figure 6.

DISCUSSION

The objective of firs part of the study was to determine 
the invasion of nematodes into two different hosts and the 
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numbers of IJ recovered. Additionally, the infection and IJ 
production was compared between two sizes of T. molitor. 
S. feltiae caused 100% mortality of the smaller T. molitor 
larvae within two days as compared to G. mellonella and 
medium sized T. molitor larvae. Possibly this was due 
to the fact that the small larvae of T. molitor had less 
resistance than the G. mellonella and medium sized larvae 
since their mortality was delayed up to 4th day. On the 
other hand, 100% mortality of G. mellonella was achieved 
by H. bacteriophora after two days which suggested 
high susceptibility to that species. The small larvae of 
T. molitor showed 100% mortality up to the 6th day. The 
possible reason was that the IJ of H. bacteriophora took 
more time to locate and penetrate the larvae of T. molitor. 
In case of medium sized T. molitor, the larvae exhibited 
100% mortality after the 5th day due to easy location and 
penetration of the IJ of H. bacteriophora. More S. feltiae IJ 
penetrated into the hosts as compared to H. bacteriophora. 
Perhaps because being larger in size, S. feltiae IJ are more 
active and possess more energy and hence succeed to 
penetrate into the host. Contrarily, the production of H. 
bacteriophora was comparatively more than S. feltiae. This 
was due to the fact that the life cycle of H. bacteriophora 
is hermaphroditic (Selvan et al., 1993; Woodring and 
Kaya, 1988). The production of H. bacteriophora differed 
among different hosts with G. mellonella showing the 
highest production while in case of small T. molitor the 
production was less (Fig. 3). It was also observed that the 
reproduction of IJ from H. bacteriophora was greater than 
S. feltiae in all the three host larvae (Fig. 3). The reason of 
more production may be the life cycle of H. bacteriophora. 
According to Poinar, entomopathogenic nematodes can be 
reared by in vivo methods, with yields of 100,000-200,000 
infective juveniles per G. mellonella larva (Poinar, 1979). 
According to Woodring and Kaya (1988), up to 350,000 
H. bacteriophora infective juveniles have been harvested 
from one last instar G. mellonella larva. Average production 
is much less, in the order of 30,000 to 50,000 IJ per insect. 
In this experiment approximately similar numbers of IJ 
were obtained for H. bacteriophora; however, such great 
numbers were not attained for S. feltiae IJ (Fig. 3). The 
body size of the host definitely affects the total number of 
IJ developing inside the cadavers. The hosts used in the 
Experiment 1 differed in their weights which significantly 
affected the production. 

The results of second part of study suggested that 
T. molitor may not be a good host for the infection by 
entomopathogenic nematodes. Mealworms are not natural 
hosts of entomopathogenic nematodes since they live in 
very different habitats and it is unlikely that they come 
in contact in the environment. Mealworms have a hard, 
smooth cuticle with shallow segments (relative to some 

soil dwelling insect larvae) which could be a barrier to 
infection, impeding penetration by both nematode species. 
Secondly, mealworms are comparatively more active 
than G. mellonella and thus could avoid infection by 
entomopathogenic nematodes. 

The infectivity of S. feltiae was better than H. 
bacteriophora in the insect hosts, extremely low 
penetration rates of H. bacteriophora were detected 
(Fig. 4). Similar low rates were recorded by Grewal et 
al. (1994b) with G. mellonella on filter paper in dishes. 
The lower penetration into G. mellonella and T. molitor 
larvae can be partly explained by nematode behaviour. S. 
feltiae invaded both insect hosts with higher numbers than 
H. bacteriophora. The observed levels of penetration are 
similar to the ones reported by other investigators (Fan 
and Hominick, 1991; Epsky and Capinera, 1993; Selvan 
et al., 1993; Grewal et al., 1994a, b). As a sample of 1000 
nematodes was exposed to only one insect for a rather 
long time, it is possible that, following the invasion of 
the first nematodes, many avoided penetration into host 
that had already been infected. The results of first part of 
the study support the use of penetration rate to compare 
the infectivity of entomopathogenic nematodes. Further 
studies are necessary to clarify the relationship between 
nematode penetration and host mortality. At present, 
invasion measures are useful tools in infectivity studies. 

Invasion of G. mellonella was greater than that of T. 
molitor suggesting that G. mellonella is more susceptible 
than T. molitor possibly because it has a softer cuticle 
enabling easier penetration of the body (Fig. 4). Also, 
the larvae of G. mellonella are not as active as those of 
T. molitor, so there is an opportunity for the nematodes to 
have a longer period of time to gain entry when the larvae 
are motionless. The invasion by S. feltiae was greater 
than H. bacteriophora. This might be due to the relatively 
larger size of S. feltiae which confers an advantage in 
invading a host. When two species of insects of the same 
biomass (consisting of different numbers of individuals 
i.e. larvae of G. mellonella and T. molitor) are available in 
the same environment, the greatest number of the IJ of S. 
feltiae penetrated the G. mellonella larvae as compared to 
T. molitor. In the same experimental conditions, the lowest 
numbers of IJ of H. bacteriophora penetrated T. molitor as 
compared to G. mellonella. Infection of a particular insect 
species by H. bacteriophora was the greatest in the case of 
G. mellonella caterpillars, smaller for T. molitor. 

In the earlier studies, it was found that infection of 
particular insects by entomopathogenic nematodes is 
influenced by the host’s individual resistance (Bednarek, 
1986), the size of the insects and their natural openings 
(Mracek and Ruzicka, 1990) or the host biomass (Wojcik, 
1986). The results show a slight difference in the intensity 
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of infection of T. molitor by both species of nematodes. The 
intensity of infection of those small T. molitor with small 
natural openings by S. feltiae, whose invasive larvae are 
bigger than H. bacteriophora, was lower; on the other hand, 
the biomass of the hosts of different insect species does 
not have a crucial importance in the intensity of infection 
of particular individuals. H. bacteriophora infected G. 
mellonella with greater intensity than T. molitor. The studies 
conducted so far point out differentiated susceptibility of 
particular insect species to infection by entomopathogenic 
nematodes, butterflies being more susceptible, cockchafers 
less, while the Diptera, Homopterons and Orthopterans 
the least (Bedding et al., 1983; Dutky, 1959; Laumond 
et al., 1979; Molyneux et al., 1983; Morris, 1985; Kreft 
and Skrypek, 2002), ladybird larvae, earth-worms and 
snails are resistant to infection by Steinernema spp. and 
Heterorhabditis spp. (Capinera et al., 1982; Poinar, 1979). 

CONCLUSIONS

The conditions for deploying EPN in Pakistan can 
be harsh and it is likely that the survival of IJ following 
inundative applications would be quite short. The concept 
of applying EPN while still in the insect host cadaver 
has an attraction, particularly as the in vivo system of 
mass production is likely to be the principal means of 
production at least in the short-term. The application of 
EPN in cadavers may be appropriate in Pakistan because 
of the non-availability of industrially produced isolates. 
The selection of host insect for in vivo mass production 
depends on a number of factors. Ease of production 
is the one and G. mellonella can be readily cultured on 
artificial diet which has long been used by nematologists 
for laboratory rearing of EPN species. Size of larvae is 
also a factor as the G. mellonella larvae are relatively 
large weighing 0.2-0.4g. The results of the present study 
show that greater numbers of EPN could be produced in 
G. mellonella than Tenebrio molitor. 
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