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Abstract
Entomopathogenic nematodes (EPNs) in the families Steinernematidae 
and Heterorhabditidae are obligate parasites of soil inhibiting insects. 
EPNs are being widely researched as promising biocontrol agents for 
a wide range of agricultural pests. It is known that strains of EPNs 
isolated from different geographical regions differ in their attributes, 
such as host-finding ability, host range, infectivity, reproduction, 
and environmental stress tolerance. A precise knowledge of these 
factors is therefore an essential pre-requisite for devising successful 
strategies to use these nematodes in biological control programmes. 
Thus, ecological characterisation of the EPN Heterorhabditis indica 
(Rhabditida: Heterorhabditidae) newly isolated and representing the 
only species of EPN reported from the island of Viti Levu, Fiji was 
carried out using Galleria mellonella larvae (L) (Pyralidae: Galleriinae) as 
hosts to allow comparisons between bioassays conducted in different 
laboratories around the world. Temperature data showed that native 
isolates of H. indica are warm-adapted nematodes with thermal range 
for infectivity between 15˚C and 35˚C and can reproduce between 
20˚C and 30˚C. They are highly virulent with LC50 values against  
G. mellonella ranging from 2.8 IJ to 3.8 IJ/larva. However, they showed 
poor desiccation tolerance and fail to infect hosts in soil with moisture 
levels below 8%. They showed a moderate level of hypoxic tolerance 
and can be stored at 15˚C for 4 months. Results also showed great 
variability within the selected native isolates of H. indica. Beneficial 
traits for selected isolates were added up to identify a superior 
candidate. The current study also suggested that the thermal niche 
breadth for infection can differ among conspecific strains of an EPN 
species. The results of this experimental study on ecological aspects 
of these native isolates of H. indica should form a basis for their 
potential use in biological control of insect pests in Fiji.

Keywords
Biology, Ecological characterisation, Fiji, Entomopathogenic nematodes.

Entomopathogenic nematodes (EPNs) species be
longing to the genera Steinernema (Travassos, 1927) 
and Heterorhabditis (Poinar, 1975) and their symbiotic 
bacteria from genera Xenorhabdus and Photorhabdus, 
respectively, are obligate parasites of soil inhibiting 
insects (Shapiro-Ilan et al., 2017). Because of the 
increasing awareness of EPN as an effective non-
chemical alternative to control insect pests, many 

surveys have been and are being carried out across 
the globe to isolate new species and/or population 
of these nematodes that are either more virulent 
and/or locally adapted to the region’s environmental 
conditions. According to Seenivasan and Sivakumar 
(2014), native EPN can be commercially viable if they 
possess high virulence against targeted pest, high 
tolerance to environmental stress (hence enhanced 
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survival and persistence), high reproductive capacity 
for mass production, longevity and increased 
storage life when commercially formulated. Hence, 
for successful use of native EPNs as biocontrol 
agents, a knowledge of their ecology is of paramount 
importance (Salame et al., 2010). Since, EPNs are 
extracted from soil samples using insect baits, only 
a few species have been isolated from natural insect 
hosts; our understanding, of their biology and ecology 
is very limited (Nguyen and Buss, 2011; Pilz et al., 
2008). Many of these isolates currently being cultured 
in laboratories around the world remain ecologically 
undescribed. Taxonomic identification of new species 
or strains or isolates should be followed by detailed 
study of their ecological traits in order to optimize their 
biocontrol potential (Koppenhöfer and Kaya, 1999) as 
they may have different ecological traits that could 
make them potentially more useful than those currently 
in use (Vinciguerra and Clausi, 2006). Superior traits 
can increase field efficacy of EPN, thus reducing the 
total overall cost for controlling the pests (Ma et al.,  
2013).

Ecological characterisation of H. indica isolated 
from different geographical regions have been 
reported previously (Ebssa et al., 2004; Iraki et al., 
2000; Karunakar et al., 1999; Ma et al., 2013; Nguyen 
et al., 2006; Noosidum et al., 2010; Shamseldean  
et al., 1996; Shapiro-Ilan et al., 2005; Shapiro-Ilan et al.,  
2014; Shapiro-Ilan et al., 2009; Walia et al., 2008; Xu 
et al., 2010; Yadav, 2012). In the present study, we 
provide the ecology of the EPN H. indica isolated 
from the island of Viti Levu, Fiji. The native isolates 
of H. indica in this study have been isolated from 
different climatic zones and diverse habitats (Kour  
et al., 2020). The isolated population of H. indica have 
shown some degree of morphometric and genetic 
variability (Kour et al., 2020). Therefore, difference 
in activities or behaviour would be expected among 
these isolates. Thus, ecological characterisation of 
native populations of H. indica was carried out to 
provide basic knowledge to develop native isolates 
of H. indica as a biological control agent for native 
insect pests listed in The Pacific Islands Pest List 
Database (https://www.spc.int/pld/). Many of these 
economically important agricultural insect pests listed 
in database have been targeted in other countries 
using EPNs with satisfactory results. In this study, 
the native isolates were characterised by determining 
their host finding ability, the effect of temperature 
on their infectivity and reproduction, the effect of 
soil moisture on their infectivity, heat tolerance, 
desiccation tolerance, hypoxia tolerance, and effect 
of storage temperature and duration on their survival. 
A precise knowledge of these factors is an essential 

pre-requisite for devising successful strategies to 
use native isolates of H. indica as biological control 
agents.

Materials and methods

Koppenhöfer and Kaya (1999) outlined simple 
experiments that can serve as model for ecological 
studies. Their recommendations on standard eco
logical experiments were followed primarily for 
bioassays of the native isolates of H. indica in this 
study. Suggestions made by other researchers such 
as Shapiro-Ilan et al. (2005), Gungor et al. (2006), 
Salame et al. (2010), Ma et al. (2013), and Zadji et al. 
(2014) were incorporated as applicable.

Nematodes, host insect, and soil

Culture of all the 35 isolates obtained during the 
survey of Viti Levu was maintained separately under 
laboratory conditions. Keeping isolates separately 
prevented their contamination with other isolates and 
preserved their genetic diversity (Kaya and Gaugler, 
1993). All isolates were reared in last-instar of the host 
insect, G. mellonella at 25°C. IJ were harvested three 
to 5 days after their first emergence from the cadaver 
and were stored at 15°C as aqueous suspensions 
(in distilled water) in 750 ml tissue culture flasks 
for no longer than 6 days. Prior to testing, IJ were 
washed with distilled water and their viability was 
determined by microscopic examination (Agudelo-
Silva et al., 1987). The viability was determined by 
counting the live nematodes under the microscope. 
If sample has more than 95% live nematode it was 
used in experiment. The concentration of IJ required 
in each bioassay was estimated from the mean 
of ten subsamples (1 ml) from each nematode 
suspension and final concentration was adjusted by 
volumetric dilutions. Since the extended laboratory 
culture of EPNs in the absence of outbreeding 
can be deleterious (Kaya and Gaugler, 1993), the 
strains used were kept in culture for less than five 
generations (Selvan et al., 1994; Shapiro et al., 1996). 
Also, to ensure production of IJ with good biological 
activity and virulence, the population was maintained 
by trapping the first emerging IJ and using them for 
initiating the next generation of IJ (Lindegren et al., 
1993). The last instar of G. mellonella with average 
weight of 0.2 g to 0.3 g was used as test insect.  
G. mellonella is universally preferred experimental 
host insect for EPNs. Hence, its use allows com
parisons between bioassays conducted in different 
laboratories around the world (Grewal et al., 1999). 
Except for single dose screening assays, use of soil 
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was preferred over tissue paper in infectivity assays. 
Hence, soil with sandy loamy texture (73% sand, 10% 
silt, 17% clay) with 1.3% organic matter was used in 
bioassays.

Single-dose screening assay

A single-dose screening assays was conducted for 
all 35 nematode isolates to test their relative virulence 
against G. mellonella and to select the three top 
ranked isolates for further ecological characterisation. 
For single-dose screening assay, a 5.5-cm Petri dish 
was lined with a moistened filter paper. Approximately 
50 IJ were transferred to each Petri dish to which five 
Galleria larvae were added. The host mortality and 
time duration to death were recorded. Based on mean 
time until death and mean proportional mortality, the 
three most virulent isolates were selected for further 
ecological characterisation.

Foraging strategies and host finding 
ability

Three experiments were conducted to determine the 
type of foraging and host finding strategy used by 
native isolates of H. indica. In the first experiment, a 
100-mm Petri dish was lined with a moistened filter 
paper and sprinkled with 0.2 g of sand particles. 
Approximately, 100 IJ were transferred to each Petri 
dish, and the behaviour of the IJ was monitored for 10 
min using a dissecting microscope at × 50 (Gungor 
et al., 2006). There were five replicates per isolate. 
A second experiment was conducted to evaluate 
the response of IJ to the host volatile cues. The 
experiment was conducted as described by Shapiro-
Ilan et al. (2005). A 100-mm Petri dish was filled with 
2% agar. Two 1000 µl pipette tips were inserted in the 
lid of Petri dish on the opposite side to each other. On 
a treatment plate, a G. mellonella larva was placed 
in one pipette tip and the other tip was left empty. 
In control plates, both tips were left empty. The Petri 
dish was sealed with paraffin film and was left for 
1 hr to build the host cue gradient. After an hour, 
approximately 2000 IJ were placed on a small piece 
of filter paper positioned in the centre of the agar plate 
through a hole in the cover. After 2 hr, the number of IJ 
found in a 1 cm diameter circle under each pipette tip 
was recorded. Host-seeking ability was estimated as 
percentage of IJ found under the pipette tip with the 
host relative to the total number of IJ found under the 
host plus those found under the empty pipette tip. In 
control plates, none of the pipette tip had insect host 
and one side was randomly designated the host side 
for calculation purposes. There were five replicates 

for each isolate. In the third experiment, the ability of 
the IJ to find and infect a sedentary host at different 
soil depths was determined (Raja et al., 2011). The soil 
column bioassay was used to study the ability of the 
IJ to find hosts and calculating the invasion efficiency 
at different depths. A plastic tube of 11.5 cm height 
was filled with sandy loam soil up to 10.5 cm. A  
G. mellonella larva was constrained between the two 
layers of aluminium mesh that did not allow the larva 
to crawl. The aluminium mesh was placed at 0, 2, 5, 
or 10 cm soil depth, and 100 IJ in 1 ml of distilled 
water were added on the surface of each column. 
There were five replicates per isolate. After 2 days 
the columns were disassembled and the dead larvae 
were dissected and pepsin-digested to determine 
the number of nematodes that had penetrated into 
the body cavity of the host (Koppenhöfer and Fuzy, 
2003). For pepsin digestion, the dissected cadaver 
was placed in 15-ml centrifuge tubes containing 4 ml 
of pepsin solution (2.3 g of NaCl and 0.8 g of pepsin 
in 100 ml of deionized H2O, adjusted to pH 1.8 to 2.0 
with conc. HCl). The tubes were incubated in water 
bath at 37°C for 1½ hr. Following incubation, 10 ml of 
0.1% Tween80 solution was added to each tube. The 
tubes were vortexed for 20 sec and contents were 
poured into a 10-cm Petri dish. All nematode stages 
present in the suspension were counted under × 50 
magnification.

Ability to kill insects (LC50)

LC50 of three isolates of H. indica were investigated 
against G. mellonella larvae. A 50 µl drop containing 
1, 3, 5, 10, and 25 IJ were applied to 24-well tissue 
culture plate. To control plate only 50 µl of distilled 
water was added. Then two grams of sandy loamy 
soil, the moisture of which was adjusted to 12% 
(w/w), was added to each well. One last-instar of 
G. mellonella was added to each well. The plates 
were covered and incubated at 25°C. Mortality was 
assessed after 48 hr by probing. In the absence of 
a response to the probe, the larva was considered 
dead. Twenty G. mellonella larvae were tested per 
concentration.

Pathogenicity at different temperatures

The experiment was conducted to evaluate patho
genicity of the three selected native isolates of 
H. indica at different temperatures using host  
G. mellonella and to establish the range of tem
peratures at which the native isolates can infect 
insect larvae. Initially, the experiment was conducted 
as described by Koppenhöfer and Kaya (1999) but 
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in the second attempt slight changes were made in 
methodology. In the first failed attempt, air dried soil 
was used, whereas in second attempt a moisture 
level of the soil was adjusted to 12% (w/w). Three 24-
well tissue culture plates were used. 50 IJ in 20 µl of 
distilled water were applied to each well. The plates 
were placed in incubators at 10°C, 15°C, 20°C, 25°C, 
30°C, 35°C, and 40°C. After 1 hr for acclimatisation, 
one last instar larva of Galleria was added to each 
well. The plates were covered in polythene bags to 
avoid evaporation and desiccation of IJ. The first plate 
was used to record larval mortality, time of death, 
and number of nematodes that penetrated per larva 
at various temperatures. To record time of death, the 
wells were examined at 12 hr interval for 3 weeks and 
each larva was probed. In the absence of response to 
the probe, the larva was considered dead. Dead larvae 
were removed from the wells and thoroughly washed 
in distilled water. The cadavers were dissected and 
digested in a pepsin solution (Mauleon et al., 1993). 
Dissection and digestion were done 1 day after death 
at 25°C and 35°C, 2 days after death at 20°C, and 3 
days after death at 15°C. The second plate was used 
to record the time of the first emergence of progeny at 
various temperatures. The plates were checked daily 
and cadavers were removed from the plate and placed 
in a Petri dish and further incubated at respective 
temperatures until the emergence of the IJ. The White 
traps were monitored daily and the first day of IJ 
emergence was recorded. Cadavers from which no 
IJ had emerged were dissected to determine the fate 
of the infection. The third plate served as a control to 
which only 20 µl of distilled water was added.

Reproductive capacity at different  
temperatures

Experiments were conducted to evaluate the repro
ductive capacity of three selected native isolates of 
H. indica in host G. mellonella at different temperature 
and to establish reproduction thermal niche breadth 
of these isolates. Each well of 24-well tissue culture 
plates was filled with 0.5 g of sterile, air dried sandy 
loamy soil whose moisture level was adjusted to 12% 
(w/w). To each well 50 IJ in 20 µl of distilled water were 
applied. One last instar larva of Galleria was added 
to each well. The plates were kept at 25°C for 1 day 
to standardise the number of IJ penetrating into the 
larvae. The plates were placed in incubators at 10°C, 
15°C, 20°C, 25°C, 30°C, 35°C, and 40°C and were 
covered in polythene bags to avoid evaporation and 
desiccation of IJ. The cadavers were removed from 
the tissue culture plate, thoroughly washed to remove 
soil or any nematode attached on the surface and 

placed in White traps which were further incubated 
at respective temperatures until the emergence of the 
IJ. Small White traps were used for easy collection of 
all the emerging IJ. The Small White traps were made 
using 5.5-cm Petri dishes and small plastic lids. The 
plastic lid was inverted and placed in Petri dish. It was 
lined with filter paper with edges touching the water in 
the outer Petri dish. There were 24 cadavers per isolate 
per temperature. The White traps were monitored 
daily. The IJ were harvested till they stop emerging 
and pooled together and stored at 15°C. Ten White 
traps were randomly selected for counting the total 
number of IJ emerging from the cadaver and progeny 
was estimated by counting five subsamples under ×50 
magnification.

Thermal tolerance

Before the experiment, the IJ stored at 15°C were 
allowed to adapt to room temperature (25°C) for 2 
hr. Thermal tolerance was evaluated as described by  
Ma et al. (2013) with a little modification. Approxi
mately 2000 IJ were suspended in 1 ml of Ringer 
solution (9 g NaCl, 0.4 g KCl, 0.4 g CaCl2 and 0.4 g 
Na2CO3 dissolved in 1000 ml of distilled water and 
autoclaved) (Lacey, 1997) and incubated at 40°C 
for 1, 2, 3, and 4 hr. After each interval period, 9 ml 
distilled water was added to the tube and tubes were 
kept for an additional 24 hr at room temperature 
(25°C) to allow the nematodes to recover from the 
heat shock. A sample of 50 µl was taken for recording 
the live and dead nematodes. Live nematodes were 
counted using a stereomicroscope. Nematodes 
were considered live if they were naturally moving or 
responded to probing with a fine needle. For each 
isolate, IJ maintained at 25°C were used as control. 
There were five replicates for each isolate.

Infectivity at different soil moisture level

An experiment was conducted to evaluate the effect 
of soil moisture on the capability of seeking out and 
infecting host G. mellonella and to establish the range 
of moisture levels at which they can infect host larvae. 
100 IJ in 20 μ l of water were placed on the bottom 
of each well of 24-well tissue culture plates. The wells 
were filled with 2 g of sterile, air dried sandy loamy soil 
whose moisture level had been adjusted to 5%, 8%, 
10%, 15%, 20%, and 25% (w/w). One last instar larva 
of Galleria was added to each well and wells were 
completely filled with soil. In control plate only 20 µl of 
distilled water was added. The plates were incubated at 
25°C, covered in polythene bags to avoid evaporation 
and desiccation of IJ. The dead larvae were recovered 
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after 3 days and washed thoroughly to remove soil or 
any nematode attached on the surface. The cadavers 
were dissected and enzymatically digested to record 
the number of nematodes that had penetrated into it. 
Since it was not possible to dissect all cadavers at the 
same time, the cadavers were stored in the freezer to 
be dissected later. There were twenty-four replicates 
per soil moisture level.

Rapid desiccation tolerance

Desiccation tolerance of native isolates was evaluated 
based on the procedure described by Shapiro-Ilan 
et al. (2005). Approximately 2000 IJ of each isolate 
were applied to 5-cm diameter filter paper disks 
(Whatmann No. 1). The excess water was removed 
from the filter paper disc by vacuum filtration. The 
filter paper containing IJ was placed on a lid of a 5-cm 
Petri dish and left open at room temperature (25°C) 
for 15 min for excess moisture to dry. Later, they were 
transferred to desiccator and exposed to relative 
humidity (RH) levels of 85%. RH level of 85% was 
established by using 60 ml of saturated salt solutions 
of KCl (Solomon et al., 1999). After 24 and 48 hr, the 
IJ were rehydrated by immersion in 10 ml of sterile 
water for another period of 24 hr. The number of dead 
and live IJ was counted in 50 µl of sample using a 
stereomicroscope. The IJ were considered dead 
if they did not show any mobility and response on 
probing with a needle. All treatments were incubated 
at 25°C. There were five replicates for each isolate.

Hypoxia tolerance

Hypoxia tolerance was evaluated as described by 
Zadji et al. (2014) with slight modification. Approxi
mately 10,000 IJ were suspended in 0.5 ml distilled 
water and transferred to a 0.5 ml Eppendorf tube. 
At this concentration, the dissolved oxygen level 
can reach zero within 10 min (Grewal et al., 2002). 
The tubes were closed and kept in the dark at 25°C 
for 24 hr and 72 hr. After treatment, the nematodes 
were suspended into 15 ml water in a Petri dish and 
kept at 25°C in the dark for an additional 24 hr. Open 
Eppendorf tubes constantly kept at 25°C in the dark 
were used as controls. 50 µl of sample was taken for 
recording the live and dead nematodes in the sample 
and counting was done using a stereomicroscope. 
There were five replicates for each isolate.

Survival capacity in storage

To determine the optimal storage conditions for  
H. indica, IJ were collected and diluted to 1000 IJ/

ml with sterilized deionized water. A concentration 
of 1000 IJ/ml is the best to store Heterorhabditidae 
(Acevedo et al., 2006). 50 ml of this suspension was 
collected in BD falcon 750-ml tissue culture flask 
and stored at 5°C, 10°C, 15°C, 20°C, and 25°C. 
There were two replicate flasks for each temperature 
and flasks were sampled after 1, 2, 4, 8, and 16 
weeks. Survival was determined in subsamples of 
approximately 100 IJ per flask under a dissecting 
microscope. Nematodes were considered live if they 
were naturally moving or responded to probing with a 
fine needle.

Qualitative analysis of ecological traits 
among isolates

To facilitate comparison among isolates, the per
formance of each isolate for each ecological trait 
was scored as described by Salame et al. (2010). 
The isolate was scored as 1 if performance was 
not significantly different from the highest level for 
that trait, -1 if performance was not significantly 
different from the lowest level for that trait, and 0 if 
performance was between the highest and lowest, 
or not significantly different from either. The scores 
among traits were then added for each isolate and 
comparison was made.

Data analysis

Statistical analyses were performed on the data 
collected from each set of experiments. Excluding the 
single-dose screening assays and survival capacity in 
storage, all the experiments were conducted twice. 
To investigate the difference between the two trials 
independent samples t-test was used. In all cases, the 
results of both trials were similar and were combined 
for analysis. For screening test, the time until death 
and proportional mortality were calculated, and 
isolates were ranked. Isolates having low rank for time 
until death and proportional death were selected. For 
rest of the experiments, before conducting statistical 
analysis all percentage data was transformed using 
the arcsine square root transformation. For repro
duction assay, the data was normalized by log 
transformation (Campbell and Wraight, 2007). Non-
transformed means are presented in figures. For host 
cue experiment, Independent samples t-test was 
conducted between each isolate and corresponding 
control to study the response of individual isolate 
toward the host volatile cues. When required, insect 
mortality data was corrected according to Abbott 
(1925). For vertical soil experiment data was assessed 
using analysis of variance (oneway ANOVA) at the 5% 
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level of significance (Freund and Littell, 1981) and 
Tukey’s test was used to compare means. LC50 
values of EPN isolates were calculated using probit 
analysis (Finney, 1971). Overlap of the 95% fiducial 
limits was used to determine significance (Taylor 
et al., 1998) and values were not considered to be 
significant whenever the ranges overlapped (Grewal 
et al., 1993). The effect of storage temperature on 
survival was analysed using repeated measures 
analysis of variance (Koppenhöfer and Kaya, 1999). 
Statistical analysis was performed using SPSS 21.0 
software for Windows XP.

Results

Single-dose screening assay

The time taken by different isolates to kill the insect host 
ranged from 36.48 ± 1.07 hr to 44.8 ± 3.7 hr. Isolates 
GALA, VDTA, RASUTA and BATTA took least time 
(36.48 ± 1.07 hr) to cause 100% mortality, whereas, 
isolate STS took maximum time (44.8 ± 3.7 hr)  
to cause 64% of host mortality. The 35 isolates 

were ranked according to the time until death and 
proportional mortality (Figs. 1, 2).

Two isolates, GALA and VDTA were selected 
as both showed 100% host mortality in least time 
(36.48 ± 1.07 hr) and they both belong to different 
climatic regions of Viti Levu. DUNT also recorded 
100% mortality but took more time to cause mortality 
(39.3 ± 2.7 hr). DUNT was selected for further 
ecological characterisation because it was suspected 
to harbour a different species of symbiotic bacteria. 
Incidentally, all the three isolates were recovered from 
different locations as well as different habitat type. 
Isolate GALA was recovered from Galoa (Windward 
side of the island) along riverside among wild ginger 
plants. Isolate VDTA was recovered from grass land in 
Vuda region (Leeward side of the island) and Isolate 
DUNT was recovered from sand dune along coastline 
in Sigatoka.

Foraging behaviour of H. indica

All the IJ of native isolates of H. indica were seen 
moving on the surface and did not show any standing, 
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Figure 1: Time till death in hours (mean ± SE) of host Galleria caused by H. indica isolates from 
Viti Levu.
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Figure 2: Proportional death (mean ± SE) of host Galleria caused by H. indica isolates from Viti 
Levu.
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body waving or jumping behaviour. However, in 
storage, in aqueous suspension, dense aggregation 
of IJ was observed (Fig. 3).

All the three isolates were highly attracted towards 
the volatile cues given by host insect and showed 
positive movement toward the host (Fig. 4). There 
were significant differences in percentage movement 
of IJ between treatment and control for three isolates 
for isolate GALA, treatment plates (Mean percentage 
‘M’ = 82.8, Standard Deviation ‘SD’ = 6.2) and control 
(M = 46, SD = 10.9); t = -6.4, df = 8, p = 0.002; for 
isolate VDTA treatment plates (M = 81.8, SD = 1.7) 
and control (M = 44.7, SD = 12.9); t = -6.3, df = 8, 
p < 0.001 and for isolate DUNT treatment plates 
(M = 80.7, SD = 5.02) and control (M = 46.9, 
SD = 8.06); t = -7.8, df = 8, p < 0.001. However, there  
was no difference in percentage movement of IJ 
among three isolates of H. indica (F = 0.28; df = 2; 
P = 0.75).

In the vertical soil columns, all the isolates were 
able to reach to the depth of 10 cm and caused 
100% mortality of host. The number of nematodes 
that penetrated into host at different soil depth was 
highest at 2 cm depth and lowest for 10 cm depth. 
At 2 cm depth, 30 ± 5.3 IJ/larvae, 28.4 ± 4.7 IJ/larvae 
and 27 ± 2.7 IJ/larvae were recorded for isolate DUNT, 
VDTA and GALA, respectively (Fig. 5), whereas, at 10 
cm depth, 6.8 ± 1.7 IJ/larvae, 11.6 ± 1.7 IJ/larvae and 
8.6 ± 3.2 IJ/larvae were recorded for isolates DUNT, 
VDTA and GALA, respectively (Fig. 5). There was no 
significant difference in penetration rate at 0 cm, 2 cm 
or 5 cm (P > 0.05) for all the tested isolates. However, 
at 10 cm all the three isolates showed significantly 
less penetration rate than the other depths (F = 70.5; 
df = 3; P < 0.001). There were no significant diffe
rences in penetration rates among three tested 
isolates of H. indica (F = 0.9; df = 2; P = 0.38) at 
different soil depth.

LC 50 bioassays

The LC50 values of three EPN isolates DUNT, VDTA 
and GALA against G. mellonella ranged from 2.8 
IJ/larvae to 3.8 IJ/larva in bioassays at 48 hr after 
application (Table 1). The dose-response test (LC50) 
revealed no significant differences among three 
tested isolates of H. indica χ 2 (11, N = 3) = 2.06, 
P = 0.99.

Pathogenicity at different temperature

All the tested isolates of H. indica were able to infect 
and cause mortality of Galleria larvae at temperature 
range of 15°C to 35°C (Fig. 6A). No host mortality 
was observed at 10°C. At 40°C, larval mortality in 
treatment and control were equal and no penetrated 
nematodes were observed in treated larva. The 
highest mortality occurred between 25°C and 35°C 
(100% for all the three isolates), somewhat less at 
20°C (62% for isolate DUNT and GALA; 75% for 
isolate VDTA); and low mortality at 15°C (45% for 
isolate DUNT; 58% for isolate VDTA; 41% for isolate 
GALA) (Fig. 6A). Temperature had a significant effect 
on the time of death (F = 3603.6; df = 4; P < 0.001). 
Time to death of larvae was shortest at temperature 
ranging from 25°C to 35°C (2-2.2 days) and longest 
at 15°C (17.4-17.7 days) (Fig. 6B). There was no 
significant difference in time to death at temperature 
25°C, 30°C, and 35°C. Time taken by three isolates 
to kill the host at different temperatures was also not 
significantly different (F =1.9; df = 2; P =0.14). Number 
of nematodes penetrating into host larvae was 
highest at 25°C (31 ± 2.9 IJ/larva for isolate DUNT; 
32.8 ± 3 isolate VDTA: 33.1 ± 3.4 for isolate GALA) 
and the lowest was observed at 15°C (5.8 ± 1.9 
IJ/larva for isolate DUNT; 6.9 ± 2.3 isolate VDTA; 
6.5 ± 2.4 for isolate GALA) (Fig. 6C). There were 
significant differences in number of nematodes that 
penetrated host at different temperatures (F = 378.6;  
df = 4; P = < 0.001). However, there was no significant 
difference in penetration rate among the isolates 
(F = 0.4; df = 2; P = 0.9) at different temperatures.

Reproductive capacity at different  
temperature

Progeny emergence from cadavers was observed 
between 20°C and 30°C with no IJ emerging at 
15°C and 35°C (Fig. 7A). Although insect larval death 
occurred and the nematodes established in the 
cadavers, no IJ emerged at 15°C and 35°C. At 20°C, 
only 37%, 50%, and 45% of the cadavers of isolate 
DUNT, isolate VDTA and isolate GALA respectively, 

Figure 3: Dense aggregate of H. indica 
IJ in aqueous suspension. Bar = 1 mm.
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produced progeny. At 25°C to 30°C, 100% cadavers 
for all the three isolates produced progeny. The 
shortest emergence time of IJ was observed at 30°C 
(7.8 ± 1.51 days) for isolate VDTA and the longest was 
at 20°C (19.7 ± 1.87 days) for isolate DUNT (Fig. 7A).

There were significant differences in day of emer
gence at different temperatures (F = 261; df = 2; 
P < 0.001). However, no differences in day of emer
gence was detected among three tested isolates 
of H. indica (F = 1.9; df = 2; P = 0.14) at different 
temperatures. The highest number of emerged IJ was 
observed at 25°C (average 127,000 for isolate VDTA, 
112,800 for isolate GALA, and 88,200 for isolate 
DUNT) and the lowest number was observed at 20°C 
(average 61,600 for isolate VDTA, 68,800 for isolate 
GALA, and 48,800 for isolate DUNT) (Fig. 7B). The 
number of emerged IJ at 25°C was significantly higher 

(F = 168.8; df = 2; P < 0.001) than at 20°C and 30°C. 
Isolate DUNT progeny production was significantly 
lower than isolate VDTA and isolate GALA (F = 38.01 
df = 2; P < 0.001). There was no significant difference 
in progeny production between isolate VDTA and 
isolate GALA of H. indica (P > 0.05).

Thermal tolerance

Survival of the tested nematode isolates decreased 
with time. Moderate survival was observed until 
2 hr of exposure with 69%, 78%, and 64% of IJ 
of isolates DUNT, VDTA, and GALA surviving, 
respectively. After 4 hr, survival of isolate VDTA was 
highest (21.6%) compared to isolate DUNT (16.4%) 
and VDTA (13.2%) (Fig. 8). The survival of IJ after 
exposure at 40°C was significantly different for the 
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tested isolates (F = 5.9; df = 2; P = 0.005). Exposure 
time to heat also had significant effect on IJ’s 
survival (F = 643.7; df = 3; P < 0.001). No mortality 
was observed in the control treatments. Isolate 
VDTA was significantly more tolerant than isolate 
GALA (P = 0.03). However, there was no significant 
difference in heat tolerance between isolate VDTA 
and isolate DUNT (P = 0.112).

Infectivity at different soil moisture level

All three native isolates of H. indica caused 100% 
mortality of G. mellonella larvae at all moisture levels 
except for 5% (Fig. 9). At 5%, all the tested isolates 
failed to cause any mortality of G. mellonella.

Their penetration rate increased until 10% of 
moisture level, and decreased with further increase 
in moisture level. Significant difference in number of 
nematodes penetrating into host at different moisture 
levels was detected for all the tested isolates (F = 827; 
df = 5; P < 0.001). However, there was no difference 
in penetration rate for moisture levels 8% and 25%. 
Similarly, there was no difference in penetration rate 
for moisture level 10% and 15% also. No significant 
differences in penetration rates were detected among 
the three tested isolates (F = 1.1; df = 2; P = 0.3) at 
different moisture levels.

Rapid desiccation tolerance

Survival of IJ under 85% RH was affected by ex
posure time (F = 7.4, df = 1; P = 0.01), with 5.0 to 7.1% 
and 0.8 to 1.5% of IJ surviving on day 1 and 2 of the 

experiment, respectively (Fig. 10). The survival of IJ 
after desiccation did not differ significantly among the 
isolates (F = 0.2; df = 2; P = 0.7). Survival recorded 
in all control treatments during the 48 hr of the 
experiment was more than 95%.

Hypoxia tolerance

A gradual reduction of hypoxia tolerance, as indicated 
by IJ survival was observed during 72 hr exposure. 
The survival of IJ after hypoxia treatment differed 
significantly among isolates (F = 10.9; df = 2; P < 0.001) 
and exposure times (F = 225.7; df = 1; P < 0.001). 
Survival recorded in all control treatments during the 
72 hr of the experiment was higher than 95%. After 
exposure to hypoxic conditions for 24 hr and 72 hr, 
survival of IJ varied between 83.9% and 89.6%, and 
56.08% and 68.3%, respectively (Fig. 11). Above 80% 
the population of all tested isolates survived 24 hr of 
exposure to hypoxic conditions. After 72 hr, the highest 
survival was observed with isolate GALA (68.3%) thus 
showing the highest tolerance, which was significantly 
higher (Tukey test, p < 0.01) than in the other isolates 
tested.

Survival capacity in storage

Storage capacity of the three isolates of H. indica was 
determined at temperatures ranging between 5°C 
and 25°C. There was a steady decline in the numbers 
of IJ alive in water and by week 16 of storage almost 
all IJ of H. indica were dead (Fig. 12). The optimal 
storage temperature for H indica in this study was 

Table 1. LC50 of native isolates of H. indica DUNT, VUDT AND GALA against last 
instar of G. mellonella larvae at 48 hr after application.

% Mortalitya

Concentrations (IJ/larva)

Isolate 1 3 5 10 25
LC 50  

(IJ/larva)
95% confidence 

interval

Isolate DUNT 15Aa 45Bb 75Cc 100Dd 100Dd 3.3 2.5-4.1

Isolate VDTA 10Aa 60Bb 85Cc 100Dd 100Dd 2.9 2.1-3.6

Isolate GALA 20Aa 55Bb 80Cc 100Dd 100Dd 2.8 2.1-3.6

Notes: aMeans followed by the same letters are not significantly different at the 5% level as determined by Tukey 
test (a = 0.05). Capital letters compare means in columns; small letters compare means in rows.
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temperatures. (A) Percentage 
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larvae when treated with IJ of isolate 
DUNT, VDTA and GALA at 10°C, 
15°C, 20°C, 25°C, 30°C, 35°C, and 
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was observed at 10°C and 40°C. 
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nematode isolates (P > 0.05).
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observed around 15°C, followed by 10°C. The least 
survival of H. indica was observed at 5°C.

Survival of all the isolates was affected by storage 
temperature with significant differences among tem
peratures after 1, 2, 4, 8, 12, and 16 weeks of storage 
(F = 2546.1; df = 4; P < 0.001). There was a significant 
effect of duration of storage on survival (F = 2764.3; 
df = 5; P < 0.001). Significant differences in % survival 
was detected among three tested isolates (F = 14.2; 
df = 2; P < 0.001) with isolate GALA surviving at 
a higher rate than the other isolates (Tukey test, 
p < 0.05).

Qualitative analysis of ecological traits 
among isolates

The ecological traits selected to identify the best 
candidate were reproductive capacity, heat tolerance, 
hypoxia tolerance and storage stability. Other traits 
were not considered as there was no significant 
difference among these isolates with respect to 
them. A maximum score of two points could be 
reached. However, all of the examined populations 
had moderate to low scores. The highest score was 
that of the isolate GALA (2 points) (Table 2), mainly 
due to its reproduction capacity and good score in 
environmental stress assays. The lowest score –3 
was recorded for the isolate DUNT.

Discussion

Increasing knowledge about the ecological charac
teristics of a given EPN species isolated from different 
geographical locations contributes to an accurate 
estimation of the potential of these organisms as 
biological control agents (Del Valle et al., 2014). 
Ecological studies of EPN have shown clearly that 
not only species but isolates within a species of 
EPN also differ in their attributes such as host-
finding ability, host range, infectivity, reproduction 
and environmental stress tolerance (Gaugler et al., 
1989; Glazer, 2002; Hazir et al., 2001; Hominick, 
1990; Morton and Garcia-del-Pino, 2009; Rolston 
et al., 2009; Rosa and Simoes, 2004; Shapiro and 
McCoy, 2000; Somasekhar et al., 2002). Populations 
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of H. indica have also been reported to differ in their 
biological attributes and environmental tolerance (Yan 
et al., 2010). Distribution of H. indica throughout the 
tropical and subtropical region suggests that this 
species possesses a range of phenotypic characters 
which give it an advantage in this climatic zone. 
Such phenotypes might include adaptation to high 
temperatures, desiccation tolerance, and good 
dispersal ability (Stack et al., 2000). In current study, 
thirty-five native isolates of H. indica were screened 
for their virulence and the three most virulent 
isolates (GALA, VDTA, and DUNT) were selected for 
ecological characterisation.

In the present study, none of the isolates of 
H. indica showed nictating or vigorous jumping 
behaviour and showed strong directional response to 
volatile host cues confirming their cruiser behaviour. 
Even though, the IJ of native isolates of H. indica 
are longer (Kour et al., 2020) than other isolates of  
H. indica described in literature, their foraging be
haviour is similar to them (Walia et al., 2008). However, 
this contradicts the finding of Susurluk et al. (2003) 
who reported different foraging behaviour for isolates 
of same Heterorhabditis spp. that differ in their 
length. In the present study, all isolates migrated over 
10 cm, causing death of host within 48 hr in the soil 
column, demonstrating the high degree of cruising 
behaviour and dispersal abilities of the native isolates. 
In the vertical soil columns assay, establishment of IJ 
at different depths was similar to the establishment 
reported for active cruise forager with highest es
tablishment occurring at 2 cm depth and the lowest 
occurring at 10 cm depth (Koppenhöfer et al., 2000). 
When compared to another cruiser Steinernema 
glaseri Steiner, 1929 (Rhabditida: Steinernematidae), 
the highest establishment rate is reported at depth of 
5 cm (Koppenhöfer and Kaya, 1999). It is important 
to study the vertical movement of native H. indica 
IJ in order to be able to select suitable strain which 
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Figure 12: Survival capacity of isolates 
in storage stored at 5°C, 10°C, 15°C, 
20°C, and 25°C for 1, 2, 4, 8, 12, and 16 
weeks. (A) Effect of storage temperature 
and duration on % survival of the IJ 
of isolate DUNT. (B) Effect of storage 
temperature and duration on % survival 
of the IJ of isolate VDTA. (C) Effect of 
storage temperature and duration on % 
survival of the IJ of isolate GALA.

Table 2. Qualitative comparison of ecological traits among native isolates of H. indica 
DUNT, VUDT, AND GALA.

Isolate
Reproductive 

capacity
Heat  

tolerance
Hypoxia 
tolerance

Storage 
stability

Total

Isolate DUNT -1 0 -1 -1 -3

Isolate VDTA 1 1 -1 -1 0

Isolate GALA 1 -1 1 1 2
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can reach soil dwelling insect pests (Morton and 
Garcia-del-Pino, 2009). There are many economically 
important agricultural pests in Fiji, inhabiting soil and 
cryptic habitats that can be targeted using these 
native isolates.

In the present study, the dose-response test 
(LC50) values are similar to the values reported for 
H. indica by Noosidum et al. (2010). The thermal 
activity data obtained in this study also confirms that 
H. indica is more adapted to warm temperatures. 
The native isolates can infect G. mellonella in a range 
between 15°C and 35°C with optimum temperature 
of 25°C and conform to other reports on the opti
mum temperature of 25°C (Ebssa et al., 2004; 
Karunakar et al., 1999; Shamseldean et al., 1996). In 
exception is H. indica SAA2 strain from Egypt (Salem 
et al., 2008), whose temperature for infection ranges 
between 20°C and 35°C, with optimal pathogenicity 
recorded at 30°C. In the present study, the lowest 
temperature infectivity threshold for native isolates 
was recorded as 15°C below which they failed 
to induce larval mortality. However, Shapiro-Ilan 
et al. (2009) reported invasion and mortality in G. 
mellonella at 10°C by H. indica Hom1 strain. This 
indicates that thermal niche breadths for infection for 
Fijian isolates of H. indica is narrower than H. indica 
Hom1 strain but broader than for H. indica SAA2. 
Difference in thermal niche breadths for infection 
among strains of Heterorhabditis megidis (Poinar  
et al., 1987) (Rhabditida: Heterorhabditidae) has also 
been documented; the UK strain of H. megidis has a 
range of 5°C to 30°C vs 10°C to 30°C for the Dutch 
strain of H. megidis (Mason and Hominick, 1995). 
These results are in contrast to the statement made 
by Grewal et al. (1994) and observations made by 
Hazir et al. (2001). Grewal et al. (1994) stated that 
thermal niche breadths for infection differed among 
EPN species, but not among conspecific strains. He 
further stated that conspecific strains collected from 
different localities differed in infectivity at different 
temperatures, but not in their temperature activity 
ranges. Similar observations were reported by Hazir 
et al. (2001) demonstrating the conserved nature 
of the thermal niche breadth in the species of EPN. 
However, the results of current study and observation 
report by Mason and Hominick (1995) regarding 
temperature range and optimal temperature for 
infection for different species/populations of genus 
Heterorhabditis indicates that a fixed range and 
single optimal temperature cannot be assigned to 
its species. The thermal activity data further showed 
that penetration by IJ of native isolates of H. indica in 
host was highest at 25°C which is in close agreement 
with that reported by Karunakar et al. (1999).

The results of present study also showed that 
isolate VDTA is most thermal tolerant of the 3 native 
isolates tested. Isolate VDTA was obtained from a 
location that is characterised by high summer tem
peratures (daytime average > 30°C; Fiji Meteoro
logical Service). This validates the correlation bet
ween heat tolerance of isolates and the mean annual 
temperature at the site of origin reported by Mukuka 
et al. (2010). The thermal tolerance of native isolates 
of H. indica is higher than the one reported for  
H. indica isolate from South Benin (1.9% survived 
at 40°C for 4 hr) (Zadji et al., 2014), China (strain CN  
1- 50% survived at 40°C for 2 hr) and H. indica strain 
Hom1 (50% survived at 37°C for 3 hr) (Shapiro-Ilan 
et al., 2009) but lower than the one reported for the 
isolate of H. indica from West Bank (strains Beth 
11 and Beth 22 – 80% survived 40°C for 3 hr) (Iraki  
et al., 2000) and China (strain ZZ68 – 95% survived 
40°C for 2 hr) (Ma et al., 2013). Even though, Fijian 
isolates showed moderate thermal tolerances, it 
can be adjusted through laboratory acclimatisation 
involving prolonged storage or propagation at higher 
temperatures (Abu Hatab and Gaugler, 1997; Jagdale 
and Gordon, 1998), osmotic treatment (Feng et al., 
2006; Yan et al., 2010) and heat-shock treatment 
(Selvan et al., 1996).

Reproduction thermal niche breadth of Fijian 
isolates was observed to be between temperature 
20°C and 30°C, whereas at temperature 15°C and 
35°C, progeny did not emerge from these cadavers. 
This could be due to the inability of symbiotic bacteria 
Photorhabdus spp. to multiply normally and provide 
nourishment to nematodes at extreme temperatures 
resulting in the reproductive failure of EPN at extreme 
temperature (Choo et al., 1998; Henneberry et al., 
1996; Milstead, 1981). However, there is a strain 212-
2 of H. indica that can reportedly reproduce at 35°C 
(Xu et al., 2010). The differences may be attributed to 
symbiont of H. indica strain 212-2 and needs further 
investigation. In the present study, the highest number 
of progeny production was observed at 25°C which is 
in close agreement with that reported by Karunakar 
et al. (1999). They observed highest number of 
emergence of H. indica IJ at 27.5°C. The highest 
number of emerged IJ was recorded for isolate VDTA 
(average 127,000 IJ/host) which is consistent with 
results for H. indica T2 (geographical origin: Thailand) 
(Maketon et al., 2011) but much less compared to the 
reproductive potential of H. indica Hom1 (300,000 IJ/
host) (Nguyen et al., 2006). The differences may be 
attributed to differences in the climatic origins of these 
nematodes. Both, Fijian isolates and H. indica T2 are 
from tropical region and have similar reproductive 
potential which is less than the H. indica Hom1 which 
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has been isolated elsewhere. Similar difference in 
reproductive potential of isolates of same species 
from different geographical origin has been reported 
by Hazir et al. (2001). They reported low reproductive 
capacity of the tropical isolate of Steinernema feltiae 
(Filipjev, 1934) (Rhabditida: Steinernematidae) MG-
14 compared to Mediterranean isolates. The current 
study and observation reported by Hazir et al.  
(2001) highlights the possible effect of geographical 
origin on the reproductive potential of EPNs. 
Although the yield of native isolates in G. mellonella 
was less than that reported for H. indica Hom1, 
but other species that have similar reproductive 
potential have been successfully commercialized 
e.g. Heterorhabditis bacteriophora Poinar, 1975 
(Rhabditida: Heterorhabditidae) and S. feltiae (Grewal  
et al., 1994; Nguyen et al., 2006). Significant diffe
rences in the reproductive potential of native iso
lates were recorded. Isolate DUNT had progeny 
significantly less than the isolate VDTA and isolate 
GALA. The number of penetrated IJ can also affect 
the multiplication potential of EPNs (Boff et al., 
2000a; Costa et al., 2007). This is in agreement 
with the results of the penetration assay as lesser 
number of IJ of isolate DUNT were observed to have 
successfully established in the host compared to 
the two other isolates. The results also showed that 
emergence time of IJ decreased with increase in 
temperature and shortest emergence time of IJ was 
observed at 30°C. Boff et al. (2000b) observed that 
emergence time of IJ depends on initial number of IJ 
establishing in host larvae; IJ from cadavers exposed 
to a higher dose of IJ emerge earlier than those from 
cadavers exposed to a lower dose of IJ indicating 
that initial establishment of IJ in host larvae can affect 
emergence time. However, results of this study do not 
support this observation. In current study, maximum 
number of IJ established in host at 25°C as opposed 
to 30°C. Susurluk (2008) showed that the movement 
of IJ is temperature dependent. Early emergence of 
IJ of native isolates at higher temperature could be 
due to the high movement of IJ at 30°C which allows 
them to reach and establish within the host in less 
time.

For native isolates, the establishment of IJ inside 
the host started at all moisture levels except for 5%. 
This indicates that these isolates cannot persist 
in soil with low moisture level. The low potential of 
Heterorhabditis to survive low moisture level and 
desiccation has been discussed by Grewal et al. 
(2006), Mukuka et al. (2010), and Mejia-Torres and 
Saenz (2013). However, the result of this study is 
contrary to the results reported for H. indica strain 
T2 (geographical origin: Thailand) which has been 

reported to infect G. mellonella larvae at moisture 
level as low as 3% (Maketon et al., 2011), whereas 
Fijian isolates of H. indica were unable to cause any 
mortality at 5% moisture level. This suggests that 
the range of soil moisture at which native isolates 
of H. indica were effective is narrower than that for  
H. indica strain T2. The differences may be attributed 
to differences in the geographical location and/or 
habitat of these isolates. The native isolates were 
found either from riverside or from coastline locations 
and are more adapted to high moisture level. Another 
possible reason for this difference could be the size 
difference of IJ. Total body length of IJ isolated from 
Viti Levu (520-630 µm) is larger (Kour et al., 2020) 
then the body length reported for H. indica strain 
T2 (530µm). IJ needs a thin layer of water on the 
surface of soil particles for movement and infectivity 
(Negrisoli et al., 2013). For maximum movement, 
the layer of water should be as thick as nematode’s 
body diameter (Wallace, 1958). Koppenhöfer et al. 
(1995) speculated that the effect of soil moisture on 
nematode infectivity is correlated with nematode’s 
size. They hypothesized that small species can move 
through a thinner water film, whereas larger species 
require higher moisture levels. Since, H. indica strain 
T2 is smaller in size; it probably requires a thinner 
layer of water film than the larger isolates. In the field, 
low infectivity of native isolates at lower moisture level 
can be overcome by irrigating the field prior to the 
application. There are certain species of Steinernema 
that can infect the host in soil with moisture level as 
low as 1% (Gungor et al., 2006) and 2% moisture 
level (Kung, 1990). In the present study, the highest 
numbers of established IJ were observed at 10% 
and 15% moisture level which is in close agreement 
with reports for H. indica strain T2 (Maketon et al.,  
2011), H. indica isolate from Meghalaya, India 
(Yadav, 2012) and H. bacteriophora (Susurluk et al., 
2001). Further increase in water content resulted 
in decline in number of invading IJ indicating that 
higher moisture level can have detrimental effects 
on the control potential of EPN (Koppenhöfer et 
al., 1995). Even though 100% mortality of host was 
observed at all moisture levels tested, there was a 
significant decrease in the number of established  
IJ with increasing moisture level. It is possible that  
when the soil is almost saturated, oxygen is less 
available and nematode movement is restricted (Simard 
et al., 2001). Species like Steinernema anatoliense 
(Hazir et al., 2003) (Rhabditida: Steinernematidae) 
ceases to infect the host at 20% moisture level 
(Gungor et al., 2006), whereas native isolates were 
able to infect and cause 100% mortality at 25%  
moisture.
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The native isolates of H. indica showed very poor 
desiccation tolerance. These results are in agreement 
with the finding of O’Leary et al. (2001), Shapiro-
Ilan et al. (2009), Ma et al. (2013), Shapiro-Ilan  
et al. (2014) and Zadji et al. (2014). Different strains of 
H. indica (Strain Ayogbe1, strain LN2, Strain HZG8, 
Strain KF-58 and Strain Hom 1) have been tested for 
desiccation tolerance and they all have shown poor 
desiccation tolerance. The possible reason for low 
tolerance of H. indica could be the non-adaptability 
to low moisture level. H. indica is a cruiser and can 
avoid low moisture level and desiccation by moving 
deep into the soil (Grewal et al., 2002). In general, 
low desiccation tolerance has been observed in 
Heterorhabditis species (Shapiro-Ilan et al., 2014; 
Surrey and Wharton, 1995). For formulation and long-
term storage of native isolates of H. indica, attempts 
can be made to enhance their survival by pre-
exposure to osmotic stress (Charwat et al., 2002) and 
warm storage at 35°C (Jagdale and Grewal, 2007).

In this study, native isolates showed good to 
moderate tolerance to anoxic conditions depending 
on the exposure time. The isolate GALA was most 
tolerant among all tested isolates as 68.3% of the total 
population survived after 72 hr exposure to hypoxic 
conditions. When compared, isolate GALA is more 
tolerant than H. indica strain Hom1 (20% and 5% 
survival after 24 hr and 72 hr, respectively) (Shapiro-
Ilan et al., 2005) but similar to that of H indica strain 
Ayogbe1 isolated from Benin (85% and 60% survival 
after 24 hr and 72 hr, respectively). Studies of other 
Heterorhabditis species showed variability in survival, 
such as 0% survival in H. bacteriophora after 3 days 
of exposure (Shapiro-Ilan et al., 2005), 18% to 65% 
survival in S. carpocapsae Weiser, 1955 (Rhabditida: 
Steinernematidae) after 10 days of exposure (Soma
sekhar et al., 2002), 11.4% to 100% in S. feltiae 
after 1 day of exposure (Morton and Garcia-del-
Pino, 2009) and 10% to 90% among populations of  
H. bacteriophora after 4 days of exposure (Grewal  
et al., 2002).

One of the major constraints on the commer
cialisation of heterorhabditids is the inferior storage 
stability and poor shelf life of formulated products 
(Elawad et al., 2001; Hiltpold, 2015; Strauch et al., 
2004). In current study, even though the optimum 
concentration was 1000 IJ/ml for the storage 
experiment, poor storage stability was observed for 
native isolates of H. indica which is slightly higher 
when compared to Colombian Heterorhabditis sp. 
SL0708 (survive only up to 8 weeks) (Mejia-Torres and 
Saenz, 2013). Low longevity in H. indica population 
has also been reported by Shapiro-Ilan et al. (2006). 
During storage, dense aggregation of IJ of Fijian 

isolates were observed which could be because of 
their relatively big size (Kour et al., 2020). When stored 
in aqueous solution, H. indica has been reported to 
settle down and form precipitate on the bottom of 
the container (Askary et al., 2018). Agglomeration 
leaves the nematodes an environment of low oxygen 
content and loss of energy reserves which could be 
a factor for a shorter storage life of native isolate of  
H. indica (Andaló et al., 2010). A comparison between 
the different storage temperatures over time reveals 
that IJ of native isolates H. indica survive better when 
stored at 15°C, than at any other temperature. The 
same has been reported for H. megidis strain NLHE 
87.3 which survives and performs better when stored 
at 10°C or 15°C, than at any other temperature (Boff 
et al., 2000b). When compared to Steinernema 
species, Steinernema rarum Doucet (1986) also 
has optimal storage temperature of 15°C but can 
survive much longer for 6 months (Koppenhöfer 
and Kaya, 1999). Native isolates also proved to be 
very susceptible to low temperature, as the highest 
mortality (100% after 15 days) was observed when 
stored at 5°C. In contrast, H. indica strain LN2 could 
survive for 24 days when stored at 5°C (Strauch  
et al., 2000). Warm adapted species are reported to 
perform poorly at lower temperature (5°C) (Elawad  
et al., 2001) demonstrating that there is a limit to cold 
temperature storage for warm adapted species. In 
the present study, intraspecific variation in survival 
of H. indica has been observed for three native 
isolates. Intraspecific variation in survival has been 
reported for other Heterorhabditis species as well. 
Fitters and Griffin (2006) studied the survival of  
H. megidis isolates in water at 20°C and concluded 
that intraspecific variation in survival is due to variation 
in rates of depletion of energy reserves, which in turn 
is associated with levels of locomotor activity.

For the qualitative analysis, only reproductive po
tential, heat tolerance, hypoxia tolerance and storage 
stability of isolates were compared. Other traits were 
not considered as there was no significant difference 
among these isolates with respect to them. The 
results obtained in the analysis identified isolate 
GALA as superior isolate, even though it performed 
poorly in desiccation tolerance test. Qualitative 
comparison of ecological traits among different EPN 
species or strains of a single species has been done 
by many researchers (Morton and Garcia-del-Pino, 
2009; Salame et al., 2010; Shapiro-Ilan et al., 2003). 
These researchers compared the ecological traits of 
different EPN species (Morton and Garcia-del-Pino, 
2009) or strains of a single species (Shapiro-Ilan  
et al., 2003) for control of one particular pest. Salame 
et al. (2010) used this method to compare newly 
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isolated populations of EPN during survey of Israel and 
recommended its use for the general characterisation 
and comparison of new EPN populations isolated 
during other surveys (Salame et al., 2010). Some 
researchers have used Hierarchical Cluster Analysis 
to cluster the isolates that scored close on the traits 
tested and to select superior EPN isolates (Campos-
Herrera et al., 2007; Campos-Herrera et al., 2008; 
Ma et al., 2013; Rosa and Simoes, 2004; Zadji et al., 
2014). However, Ma et al. (2013) reported the failure 
of hierarchical approach in distinguishing isolates. 
According to them, this method can place poor 
and superior isolate in one cluster. They suggested 
conducting both methods of analysis and weigh the 
two together when deciding which strains to carry 
forward for biological control.

Conclusion

In the present study, newly isolated populations of 
H. indica were compared in a series of bioassays 
designed to evaluate key traits that can make them 
an effective biological control agent. The temperature 
data showed that native isolates of H. indica are 
warm-adapted nematodes with thermal range for 
infectivity between 15˚C and 35˚C and can reproduce 
between 20˚C and 30˚C. They are highly virulent with 
LC50 values against G. mellonella ranging from 2.8 to 
3.8 IJ/larva. However, they showed poor desiccation 
tolerance and fail to infect host in soil with moisture 
level below 8%. They showed moderate level of 
hypoxic tolerance and can be stored at 15˚C for 4 
months. The comparison of ecological traits identified 
the isolate GALA as a superior isolate. The results 
of this experimental study on ecological aspects of 
these native isolates of H. indica should form a basis 
for their potential use in biological control of insect 
pests in Fiji.

References
Abbott, W. 1925. A method of computing the 

effectiveness of an insecticide. Journal of Economic 
Entomology 18:265–7.

Abu Hatab, M. A. and Gaugler, R. 1997. Influence of 
growth temperature on fatty acids and phospholipids 
of Steinernema riobravis infective juveniles. Journal of 
Thermal Biology 22:237–44.

Acevedo, J. P. M., Cavalcanti, R. S., Andaló, V. 
and Mendonça, L. A. 2006. Efecto de temperatura, 
concentración y tiempo de almacenamiento en la 
supervivencia de nemátodos entomopatógenos. Revista 
Colombiana de Entomología 32:24–30.

Agudelo-Silva, F., Lindgren, J. E. and Valero, K. 
A. 1987. Persistence of Neoaplectana carpocapsae 
(Kapow selection) infectives in almonds under field 
conditions. Florida Entomologist 70:288–91.

Andaló, V., Cavalcanti, R. S., Molina, J. P. and Moino, 
A. Jr 2010. Substrates for storing entomopathogenic 
nematodes (Rhabditida: Steinernematidae, Heteror
habditidae). Scientia Agricola 67:342–7.

Askary, T. H., Ahmad, M. J., Wani, A. R., Mohiddin, 
S. and Sofi, M. A. 2018. “Behavioural ecology of 
entomopathogenic nematodes, steinernema and 
heterorhabditis for insect biocontrol”, In Lichtfouse, 
E. (Ed.), Sustainable Agriculture Reviews 31. Springer, 
Cham, pp. 425–41.

Boff, M. I. C., Wiegers, G. L., Gerritsen, L. J. 
M. and Smits, P. H. 2000a. Development of the 
entomopathogenic nematode Heterorhabditis megidis 
strain NLH-E 87.3 in Galleria mellonella. Nematology 
2:303–8.

Boff, M. I. C., Wiegers, G. L. and Smits, P. H. 2000b. 
Effect of storage time and temperature on infectivity, re
production and development of Heterorhabditis megidis 
in Galleria mellonella. Nematology 2:635–44.

Campbell, J. and Wraight, S. 2007. “Experimental 
design: statistical considerations and analysis”, In Lacey, 
L. and  Kaya, H. (Eds), Field Manual of Techniques in 
Invertebrate Pathology, Springer, Berlin, pp. 37–69.

Campos-Herrera, R., Escuer, M., Labrador, S., 
Robertson, L., Barrios, L. and Gutierrez, C. 2007. 
Distribution of the entomopathogenic nematodes from La 
Rioja (Northern Spain). Journal of Invertebrate Pathology 
95:125–39.

Campos-Herrera, R., Gomez-Ros, J. M., Escuer, 
M., Cuadra, L., Barrios, L. and Gutierrez, C. 2008. 
Diversity, occurrence, and life characteristics of natural 
entomopathogenic nematode populations from La 
Rioja (Northern Spain) under different agricultural 
management and their relationships with soil factors. 
Soil Biology and Biochemistry 40:1474–84.

Charwat, S. M., Fisher, J. M. and Wyss, U. 2002. The 
effect of osmotic stress on desiccation survival and water 
content of four nematode species. Nematology 4:89–97.

Choo, H. Y., Kaya, H. K., Lee, S. M., Kim, H. H. and 
Lee, D. W. 1998. Biocontrol research with nematodes 
against insect pests in Korea. Japanese Journal of 
Nematology 28:29–41.

Costa, J. C. R., Dias, R. J. P. and Morenz, M. 
J. F. 2007. Determining the adaptation potential of 
entomopathogenic nematode multiplication of Hetero­
rhabditis riobravus and Steinernema carpocapsae 
(Rhabditida: Heterorhabditidae, Steinernematidae) in 
larvae of Alphitobius diaperinus (Coleoptera: Tene
brionidae) and Galleria mellonella (Lepidoptera: Pyra
lidae). Parasitology research 102:139–44.

Del Valle, E. E., Balbi, E. I., Lax, P., Rondán Dueñas, 
J. and Doucet, M. E. 2014. Ecological aspects of 
an isolate of Steinernema diaprepesi (Rhabditida: 



17

JOURNAL OF NEMATOLOGY

Steinernematidae) from Argentina. Biocontrol Science 
and Technology 24:690–704.

Doucet, M. M. A. de 1986. A new species of 
Neoaplectana Steiner, 1929 (Nematoda: Steinernema
tidae) from Cordoba, Argentina. Revue de nématologie 
9:317–23.

Ebssa, L., Borgemeister, C. and Poehling, H. M. 
2004. Effectiveness of different species/strains of 
entomopathogenic nematodes for control of western 
flower thrips (Frankliniella occidentalis) at various 
concentrations, host densities, and temperatures. 
Biological Control 29:145–54.

Elawad, S. A., Gowen, S. R. and Hague, N. G. M. 
2001. Progeny production of Steinernema abbasi in 
Lepidopterous larvae. International Journal of Pest 
Management 47:17–21.

Feng, S.- P., Han, R.- C., Qiu, X.- H., Cao, L., Chen, 
J.- H. and Wang, G.- H. 2006. Storage of osmotically 
treated entomopathogenic nematode Steinernema 
carpocapsae. Insect Science 13:263–9.

Finney, D. J. 1971. Probit analysis: 3d ed. Cambridge 
University Press.

Fitters, P. F. L. and Griffin, C. T. 2006. Survival, 
starvation, and activity in Heterorhabditis megidis (Nema
toda: Heterorhabditidae). Biological Control 37:82–8.

Filipjev, I. N. 1934. English title not available. 
[Miscellanea Nematologica. I. Eine neue Art der Gattung 
Neoaplectana Steiner nebst Bemerkungen uber die 
systematische Stellung der letztcren.]. Parazitologicheski 
Sbornik 4:229–40.

Freund, R. J. and Littell, R. C. 1981. SAS for linear 
models: a guide to the ANOVA and GLM procedures 
(vol. 1). Sas Institute.

Gaugler, R., McGuire, T. and Campbell, J. 1989. 
Genetic variability among strains of the entomopathogenic 
nematode Steinernema feltiae. Journal of Nematology 
21:247–53.

Glazer, I. 2002. Survival biology. In Gaugler, R. (Ed.), 
Entomopathogenic nematology, CABI, Oxon, pp. 169–87.

Grewal, P. S., Converse, V. and Georgis, R. 
1999. Influence of production and bioassay methods 
on infectivity of two ambush foragers (Nematoda: 
Steinernematidae). Journal of Invertebrate Pathology 
73:40–4.

Grewal, P. S., Selvan, S. and Gaugler, R. 1994. 
Thermal adaptation of entomopathogenic nematodes 
-niche breadth for infection, establishment, and 
reproduction. Journal of Thermal Biology 19:245–53.

Grewal, P. S., Wang, X. and Taylor, R. A. J. 2002. 
Dauer juvenile longevity and stress tolerance in natural 
populations of entomopathogenic nematodes: is there 
a relationship?. International Journal for Parasitology 
32:717–25.

Grewal, P. S., Gaugler, R., Kaya, H. K. and Wusaty, 
M. 1993. Infectivity of the entomopathogenic nematode 
Steinernema scapterisci (Nematoda, Steinernematidae). 
Journal of Invertebrate Pathology 62:22–8.

Grewal, P. S., Bornstein-Forst, S., Burnell, A. M., 
Glazer, I. and Jagdale, G. B. 2006. Physiological, 
genetic, and molecular mechanisms of chemoreception, 
thermobiosis, and anhydrobiosis in entomopathogenic 
nematodes. Biological Control 38:54–65.

Gungor, D. S., Keskin, N. and Hazir, S. 2006. 
Ecological characterization of Steinernema anatoliense 
(Rhabditida: Steinernematidae). Journal of Invertebrate 
Pathology 92:39–44.

Hazir, S., Stock, S. P. and Keskin, N. 2003. A new 
entomopathogenic nematode, Steinernema anatoliense 
n. sp. (Rhabditida: Steinernematidae), from Turkey. Sys
tematic Parasitology 55:211–20.

Hazir, S., Stock, S. P., Kaya, H. K., Koppenhofer, 
A. M. and Keskin, N. 2001. Developmental tem
perature effects on five geographic isolates of the 
entomopathogenic nematode Steinernema feltiae 
(Nematoda: Steinernematidae). Journal of Invertebrate 
Pathology 77:243–50.

Henneberry, T. J., Jech, L. F., Burke, R. A.  
and Lindegren, J. E. 1996. Temperature effects on 
infection and mortality of Pectinophora gossypiella 
(Lepidoptera: Gelechiidae) larvae by two entomopath-
ogenic nematode species. Environmental Entomology  
25:179–83.

Hiltpold, I. 2015. “Prospects in the application 
technology and formulation of entomopathogenic 
nematodes for biological control of insect pests”, In 
Campos-Herrera, R. (Ed.), Nematode Pathogenesis 
of Insects and other Pests, Springer International 
Publishing, Switzerland, pp. 187–205.

Hominick, W. M. 1990. Entomopathogenic rhab-
ditid nematodes and pest-control. Parasitology Today 
6:148–52.

Iraki, N., Salah, N., Sansour, M. A., Segal,  
D., Glazer, I., Johnigk, S. A., Hussein, M. A. and  
Ehlers, R. U. 2000. Isolation and characterization 
of two entomopathogenic nematode strains, Heter­
orhabditis indica (Nematoda, Rhabditida), from the 
West Bank, Palestinian territories. Journal of Applied 
Entomology-Zeitschrift Fur Angewandte Entomologie  
124:375–80.

Jagdale, G. B. and Gordon, R. 1998. Effect of 
propagation temperatures on temperature tolerances 
of entomopathogenic nematodes. Fundamental and 
Applied Nematology 21:177–83.

Jagdale, G. B. and Grewal, P. S. 2007. Storage 
temperature influences desiccation and ultra violet 
radiation tolerance of entomopathogenic nematodes. 
Journal of Thermal Biology 32:20–7.

Karunakar, G., Easwaramoorthy, S. and David, H. 
1999. Influence of temperature on infectivity, penetration 
and multiplication of Steinernema feltiae, S. glaseri 
and Heterorhabditis indicus. International Journal of 
Nematology 9:126–9.

Kaya, H. K. and Gaugler, R. 1993. Entomopathogenic 
nematodes. Annual Review of Entomology 38:181–206.



18

Ecological Characterisation of Native Isolates of Heterorhabditis Indica from Viti Levu, Fiji Islands: Kour et al.

Koppenhöfer, A. M. and Fuzy, E. M. 2003. Ecological 
characterization of Steinernema scarabaei, a scarab-
adapted entomopathogenic nematode from New 
Jersey. Journal of Invertebrate Pathology 83:139–48.

Koppenhöfer, A. M. and Kaya, H. K. 1999. Ecological 
characterization of Steinernema rarum. Journal of Inver
tebrate Pathology 73:120–8.

Koppenhöfer, A. M., Ganguly, S. and Kaya, H. K. 2000. 
Ecological characterisation of Steinernema monticolum, a 
cold-adapted entomopathogenic nematode from Korea. 
Nematology 2:407–16.

Koppenhöfer, A. M., Kaya, H. K. and Taormino, S. 
P. 1995. Infectivity of entomopathogenic nematodes 
(Rhabditida: Steinernematidae) at different soil depths and 
moistures. Journal of Invertebrate Pathology 65:193–9.

Kour, S., Khurma, U., Brodie, G. and Hazir, S. 2020. 
Natural occurrence and distribution of entomopathogenic 
nematodes (Steinernematidae, Heterorhabditidae) in Viti 
Levu, Fiji Islands. Journal of Nematology 52:1–17.

Kung, S. P. 1990. Abiotic factors affecting the per-
sistence of two entomopathogenic nematodes, Stein­
ernema carpocapsae and Steinernema glaseri (Nema
toda: Steinernematidae) in the soil. Dissertation Abstracts 
International. B: Sciences and Engineering 51:1620–0.

Lacey, L. 1997. Manual of techniques in insect 
pathology. San Diego, CA: Academic Press, p. 409.

Lindegren, J. E., Valero, K. A. and Mackey, B. E. 
1993. Simple in-vivo production and storage methods 
for Steinernema carpocapsae infective juveniles. Journal 
of Nematology 25:193–7.

Ma, J., Chen, S., Moens, M., De Clercq, P., Li, X. 
and Han, R. 2013. Characterization in biological traits 
of entomopathogenic nematodes isolated from North 
China. Journal of Invertebrate Pathology 114:268–76.

Maketon, M., Somsook, V., Rattanakorn, P. and 
Hotaka, D. 2011. Pathogenicity and culture of a 
Heterorhabditis indica isolate from Thailand. Nematropica 
41:52–61.

Mason, J. M. and Hominick, W. M. 1995. The effect of 
temperature on infection, development and reproduction 
of heterorhabditids. Journal of Helminthology 69:337–45.

Mauleon, H., Briand, S., Laumond, C. and Bonifassi, 
E. 1993. Use of digestive enzymes in the analysis of 
Steinernema and Heterorhabditis parasites of insect 
larvae. Fundamental and Applied Nematology 16:185–6.

Mejia-Torres, M. C. and Saenz, A. 2013. Ecological 
characterisation of the Colombian entomopathogenic 
nematode Heterorhabditis sp. SL0708. Brazilian 
Journal of Biology 73:239–43.

Milstead, J. E. 1981. Influence of temperature and 
dosage on mortality of 7th instar larvae of Galleria mel-
lonella (Insecta, Lepidoptera) caused by Heterorhabditis 
bacteriophora (Nematoda, Rhabditoidea) and its bacte-
rial associate Xenorhabdus uminescens. Nematologica 
27:167–71.

Morton, A. and Garcia-del-Pino, F. 2009. Ecological 
characterization of entomopathogenic nematodes iso

lated in stone fruit orchard soils of Mediterranean areas. 
Journal of Invertebrate Pathology 102:203–13.

Mukuka, J., Strauch, O., Hoppe, C. and Ehlers, 
R.- U. 2010. Fitness of heat and desiccation tolerant  
hybrid strains of Heterorhabditis bacteriophora (Rhab-
ditidomorpha: Heterorhabditidae). Journal of Pest  
Science 83:281–7.

Negrisoli, C. R. D. C. B., Santo Negrisoli, A., 
Bernardi, D. and Garcia, M. S. 2013. Activity of eight 
strains of entomopathogenic nematodes (Rhabditida: 
Steinernematidae, Heterorhabditidae) against five stored 
product pests. Experimental parasitology 134:384–8.

Nguyen, K. B. and Buss, E. A. 2011. Steinernema 
phyllophagae n. sp (Rhabditida: Steinernematidae), 
a new entomopathogenic nematode from Florida, 
Nematology 13:425–42.

Nguyen, K. B., Shapiro-Ilan, D. I., Fuxa, J. R., 
Wood, B. W., Bertolotti, M. A. and Adams, B. J. 
2006. Taxonomic and biological characterization of 
Steinernema rarum found in the southeastern United 
States. Journal of Nematology 38:28–40.

Noosidum, A., Hodson, A. K., Lewis, E. E. and 
Chandrapatya, A. 2010. Characterization of new 
entomopathogenic nematodes from Thailand: Foraging 
behavior and virulence to the greater wax moth, 
Galleria mellonella L. (Lepidoptera: Pyralidae). Journal 
of Nematology 42:281–91.

O’Leary, S. A., Power, A. P., Stack, C. M. and Burnell, 
A. M. 2001. Behavioural and physiological responses of 
infective juveniles of the entomopathogenic nematode 
Heterorhabditis to desiccation. BioControl (Dordrecht) 
46:345–62.

Pilz, C., Wegensteiner, R. and Keller, S. 2008. Natural 
occurrence of insect pathogenic fungi and insect 
parasitic nematodes in Diabrotica virgifera virgifera 
populations. Biocontrol 53:353–9.

Poinar, G. O. Jr 1975. Description and biology of a new 
insect parasitic Rhabditoid, Heterorhabditis bacteriophora 
N. Gen., N. Sp. (Rhabditida; Heterorhabditidae N. Fam.). 
Nematologica 21:463–70.

Poinar, G. O. Jr, Jackson, T. and Klein, M. 1987. 
Heterorhabditis megidis sp. n. (Heterorhabditidae: 
Rhabditida), parasitic in the Japanese beetle, Popillia 
japonica (Scarabaeidae: Coleoptera). Proceedings of 
the Helminthological Society of Washington 54:53–9.

Raja, R. K., Sivaramakrishnan, S. and Hazir, S. 
2011. Ecological characterisation of Steinernema 
siamkayai (Rhabditida: Steinernematidae), a warm-
adapted entomopathogenic nematode isolate from 
India. Biocontrol 56:789–98.

Rolston, A., Meade, C., Boyle, S., Kakouli-Duarte, 
T. and Downes, M. 2009. Intraspecific variation among 
isolates of the entomopathogenic nematode Steinernema 
feltiae from Bull Island, Ireland. Nematology 11:439–51.

Rosa, J. S. and Simoes, N. 2004. Evaluation of twenty-
eight strains of Heterorhabditis bacteriophora isolated 
in Azores for biocontrol of the armyworm, Pseudaletia 



19

JOURNAL OF NEMATOLOGY

unipuncta (Lepidoptera: Noctuidae). Biological Control 
29:409–17.

Salame, L., Glazer, I., Miqaia, N. and Chkhubianishvili, 
T. 2010. Characterization of populations of ento
mopathogenic nematodes isolated at diverse sites 
across Israel. Phytoparasitica 38:39–52.

Salem, S. A., Abdel-Rahman, H. A., Zebitz, C. P. W., 
Saleh, M. M. E., Ali, F. I. and El-Kholy, M. Y. 2008. Survival, 
pathogenicity and propagation of entomopathoge
nic nematodes under different temperatures. Egyptian 
Journal of Biological Pest Control 18:91–8.

Seenivasan, N. and Sivakumar, M. 2014. Screening 
for environmental stress-tolerant entomopathogenic 
nematodes virulent against cotton bollworms. Phyto
parasitica 42:165–77.

Selvan, S., Grewal, P. S., Gaugler, R. and Tomalak, 
M. 1994. Evaluation of Steinernematid nematodes 
against Popillia japonica (Coleoptera, Scarabaeidae) 
larvae-species, strains, and rinse after application. 
Journal of Economic Entomology 87:605–9.

Selvan, S., Grewal, P. S., Leustek, T. and Gaugler, R. 
1996. Heat shock enhances thermotolerance of infec
tive juvenile insect-parasitic nematodes Heterorhabditis 
bacteriophora (Rhabditida: Heterorhabditidae). Experi
entia 52:727–30.

Shamseldean, M. M., AbdElgawad, M. M. and Atwa, 
A. A. 1996. Evaluation of four entomopathogenic nem-
atodes against Spodoptera littoralis (Lepid, Noctuidae)  
larvae under different temperatures. Anzeiger Fur Schad
lingskunde Pflanzenschutz Umweltschutz 69:111–3.

Shapiro-Ilan, D., Hazir, S. and Glazer, I. 2017. “Basic 
and applied research: entomopathogenic nematodes”, 
In Lacey, L. A. (Ed.), Microbial Control of Insect and Mite 
Pests, Academic Press, San Diego, CA, pp. 91–105.

Shapiro-Ilan, D. I., Brown, I. and Lewis, E. E. 2014. 
Freezing and desiccation tolerance in entomopathogenic 
nematodes: diversity and correlation of traits. Journal of 
Nematology 46:27–34.

Shapiro, D. I. and McCoy, C. W. 2000. Virulence of 
entomopathogenic nematodes to Diaprepes abbreviatus 
(Coleoptera: Curculionidae) in the laboratory. Journal of 
Economic Entomology 93:1090–5.

Shapiro, D. I., Glazer, I. and Segal, D. 1996. Trait 
stability and fitness of the heat tolerant entomopatho
genic nematode Heterorhabditis bacteriophora IS5 
strain. Biological Control 6:238–44.

Shapiro-Ilan, D. I., Stuart, R. and McCoy, C. W. 
2003. Comparison of beneficial traits among strains 
of the entomopathogenic nematode, Steinernema 
carpocapsae, for control of Curculio caryae (Coleoptera: 
Curculionidae). Biological Control 28:129–36.

Shapiro-Ilan, D. I., Stuart, R. J. and McCoy, C. 
W. 2005. Characterization of biological control traits 
in the entomopathogenic nematode Heterorhabditis 
mexicana (MX4 strain). Biological Control 32:97–103.

Shapiro-Ilan, D. I., Stuart, R. J. and McCoy, C. W. 
2006. A comparison of entomopathogenic nematode 

longevity in soil under laboratory conditions. Journal of 
Nematology 38:119–29.

Shapiro-Ilan, D. I., Mbata, G. N., Nguyen, K. B., Peat, S. 
M., Blackburn, D. and Adams, B. J. 2009. Characterization 
of biocontrol traits in the entomopathogenic nematode 
Heterorhabditis georgiana (Kesha strain), and phylogenetic 
analysis of the nematode’s symbiotic bacteria. Biological 
Control 51:377–87.

Simard, L., Belair, G. and Brodeur, J. 2001. Sus-
ceptibility of the European chafer (Coleoptera: Scara-
baeidae) to entomopathogenic nematodes (Rhabditi-
da: Steinernematidae, Heterorhabditidae). Journal of 
Nematology 33:297–301.

Solomon, A., Paperna, I. and Glazer, I. 1999. 
Desiccation survival of the entomopathogenic nematode 
Steinernema feltiae: induction of anhydrobiosis. Nema
tology 1:61–8.

Somasekhar, N., Grewal, P. S. and Klein, M. G. 2002. 
Genetic variability in stress tolerance and fitness among 
natural populations of Steinernema carpocapsae. 
Biological Control 23:303–10.

Stack, C. M., Easwaramoorthy, S. G., Metha, U. 
K., Downes, M. J., Griffin, C. T. and Burnell, A. M. 
2000. Molecular characterisation of Heterorhabditis 
indica isolates from India, Kenya, Indonesia and Cuba. 
Nematology 2:477–87.

Steiner, G. 1929. Neoaplectana glaseri, n g., n. sp., 
(Oxyuridae), a new jnemic parasite of the Japanese beetle 
(Popillia japonica) Newm. Journal of the Washington 
Academy of Sciences 19:436–40.

Strauch, O., Oestergaard, J., Hollmer, S. and Ehlers, 
R. U. 2004. Genetic improvement of the desiccation 
tolerance of the entomopathogenic nematode Heter­
orhabditis bacteriophora through selective breeding. 
Biological Control 31:218–26.

Strauch, O., Niemann, I., Neumann, A., Schmidt, 
A. J., Peters, A. and Ehlers, R. U. 2000. Storage and 
formulation of the entomopathogenic nematodes Het­
erorhabditis indica and H-bacteriophora. Biocontrol 
45:483–500.

Surrey, M. R. and Wharton, D. A. 1995. Desiccation 
survival of the infective larvae of the insect parasitic 
nematode, Heterorhabditis-zealandica poinar. Inter
national Journal for Parasitology 25:749–52.

Susurluk, A., Dix, I., Stackebrandt, E., Strauch, O., 
Wyss, U. and Ehlers, R. U. 2001. Identification and 
ecological characterisation of three entomopathogenic 
nematode-bacterium complexes from Turkey. Nema
tology 3:833–41.

Susurluk, I. A. 2008. Influence of temperature 
on the vertical movement of the entomopathogenic 
nematodes Steinernema feltiae (TUR-S3) and Heteror­
habditis bacteriophora (TUR-H2), and infectivity of the 
moving nematodes. Nematology 10:137–41.

Susurluk, I. A., Unlu, I. O. and Kepenekci, I. 2003. 
Host finding behavior of two different Turkish isolates of 
entomopathogenic nematode species, Heterorhabditis 



20

Ecological Characterisation of Native Isolates of Heterorhabditis Indica from Viti Levu, Fiji Islands: Kour et al.

bacteriophora, Poinar 1976 (Rhabditida: Heterorhabditi-
dae). [Entomopatojen nematod, Heterorhabditis bacte­
riophora, Poinar 1976 (Rhabditida: Heterorhabditidae) 
nin Iki farkli Turk izolatinin konukcu arama davranislari]. 
Turkish Journal of Biology 27:203–7.

Taylor, D. B., Szalanski, A. L., Adams, B. J. and Pe-
terson, R. D. 1998. Susceptibility of house fly (Diptera: 
Muscidae) larvae to entomopathogenic nematodes 
(Rhabditida: Heterorhabditidae, Steinernematidae). En-
vironmental Entomology 27:1514–9.

Travassos, L. 1927. Sobre O Genera Oxystomatium. 
Boletin Bio 5:20–1.

Vinciguerra, M. T. and Clausi, M. 2006. Biological 
control of chestnut insect pests by means of ento-
mopathogenic nematodes. Advances in Horticultural  
Science 20:40–4.

Walia, K. K., Bajaj, H. K., Walia, R. K. and Nandal, 
S. N. 2008. Host range, pathogenicity and foraging 
behaviour of Heterorhabditis indica, Steinernema asia­
ticum and Steinernema siamkayai strains indigenous to 
Haryana. Journal of Biological Control 22:7–12.

Wallace, H. 1958. Movement of eelworms. Annals 
of applied Biology 46:86–94.

Weiser, J. 1955. Neoaplectana carpocapsae n. 
sp. (Anguillulata, Steinernematinae), novy cizopasník 
housenek obalece jablecného, Carpocapsa pomonella 
L. Vestník ˇCeskoslovenské Spolecnosti Zoologické 
19:44–52.

Xu, C., De Clercq, P., Moens, M., Chen, S. and Han, 
R. 2010. Efficacy of entomopathogenic nematodes 
(Rhabditida: Steinernematidae and Heterorhabditidae) 
against the striped flea beetle, Phyllotreta striolata. 
Biocontrol 55:789–97.

Yadav, A. K. 2012. Soil moisture effects on the activity 
of three entomopathogenic nematodes (Steinernematidae 
and Heterorhabditidae) isolated from Meghalaya. Journal 
of Parasitic Diseases 36:94–8.

Yan, X., Liu, X., Han, R., Chen, S., De Clercq, P. and 
Moens, M. 2010. Osmotic induction of anhydrobiosis in 
entomopathogenic nematodes of the genera Heterorhab­
ditis and Steinernema. Biological Control 53:325–30.

Zadji, L., Baimey, H., Afouda, L., Moens, M. and 
Decraemer, W. 2014. Characterization of biocontrol 
traits of Heterorhabditid entomopathogenic nematode 
isolates from South Benin targeting the termite pest 
Macrotermes bellicosus. Biocontrol 59:333–44.


