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1. INTRODUCTION 

In modern agriculture, the overuse of synthetic 
pesticides has raised serious concerns regarding 
environmental safety, human health, and pest 
resistance. As a result, interest in alternative, 
eco-friendly strategies has grown. Among these, 
entomopathogenic nematodes (EPNs) have gained 
attention as effective biological control agents. They 

offer several advantages, including environmental 
compatibility, safety for non-target organisms, and 
reduced risk of resistance development in insect 
pests [1, 2]. Entomopathogenic nematodes are soil-
dwelling microscopic roundworms. Due to their 
biology, they require an insect host to complete 
their development, and in the process, they kill the 
host [3]. This characteristic gives them considerable 
potential as agents for biological control of insect 
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ABSTRACT

This study aimed to evaluate the biological and ecological characteristics 
of entomopathogenic nematode isolates collected from soil samples in 
Bilecik, Türkiye, to assess their potential for use in biological pest control. 
The isolates were tested for their dispersal ability in olfactometers, 
pathogenicity against greater wax moth larvae, and tolerance to elevated 
temperatures. A commercial strain and a hybrid strain were included 
as references for comparison. The experiments revealed significant 
variability among the isolates. One local isolate exhibited strong dispersal 
capacity and heat tolerance, outperforming the reference strains in 
some parameters. Conversely, certain isolates showed lower levels of 
virulence, indicating limited pest control potential. Lethal dose assays 
demonstrated that pathogenicity varied substantially, with some local 
isolates matching or exceeding the performance of commercial strains 
under laboratory conditions. Mortality assessments across increasing 
temperature levels revealed that sensitivity to heat stress was not uniform 
and differed considerably among isolates. The findings confirm that 
biological performance is highly isolate-dependent and influenced by 
multiple interacting traits. While some local isolates showed promise 
in one or more evaluated traits, no single isolate combined superior 
performance in all parameters. Therefore, the results provide a valuable 
foundation for further characterization studies involving additional 
traits such as reproductive capacity, storage potential, and field efficacy. 
Overall, this study emphasizes the importance of locally adapted isolates 
in developing effective and environmentally sustainable pest management 
strategies. Selecting and improving such isolates may contribute to the 
broader adoption of biological control practices and reduce dependency 
on chemical pesticides..
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pests. Today, the most commonly used EPN species 
in biological control belong to Steinernematidae 
and Heterorhabditidae families [4]. EPNs enter 
their hosts through natural body openings or the 
intersegmental membrane, reach the hemocoel, 
and release their symbiotic bacteria into the host’s 
hemolymph, ultimately causing the host’s death [5]. 
The nematodes then reproduce inside the cadaver 
and return to the soil as infective juveniles (IJs) 
to seek new hosts [5]. EPNs are effective against 
hundreds of insect species, particularly soil-dwelling 
pests from various insect orders [6]. Their ability to 
actively seek out hosts, survive for extended periods 
in the soil, and be mass-produced in liquid culture 
contributes to their high biological efficacy [7,8]. 
However, high production costs and shorter shelf 
life compared to chemical pesticides limit their 
commercial competitiveness [9]. 

Despite their potential, EPNs often show inconsistent 
performance under field conditions, which limits 
their practical use in pest control programs [10]. 
Various biological and environmental factors, 
such as temperature, soil moisture, UV exposure, 
and host availability, can significantly influence 
their effectiveness. In addition, challenges like the 
need for skilled application techniques and high 
production costs further reduce their adoption. To 
overcome these limitations, efforts have been made 
to improve mass production methods, application 
technologies, and formulation stability [11-16]. 
Another important strategy is the identification and 
use of locally adapted or stress-tolerant isolates to 
enhance field performance and reliability [17-21]. 
These approaches continue to guide experimental 
efforts aimed at improving the practical use of EPNs 
under variable environmental conditions. 

Numerous studies have focused on isolating 
native EPN strains and evaluating their biological 
and ecological characteristics to determine their 
potential for commercialization. Researchers have 
characterized local EPN populations by examining 
key factors such as tolerance to high temperatures, 
infectivity, reproductive capacity, and adaptability 
to different environments [22-24]. The goal of 
these studies is to identify superior strains that can 
enhance the effectiveness and reliability of EPN-

based biological control strategies. Selecting and 
developing high-performing isolates is considered 
a crucial step toward expanding the practical 
use of EPNs in pest management, especially in 
diverse environmental conditions [25]. Such efforts 
contribute to advancing sustainable agriculture by 
promoting the use of efficient and locally adapted 
biocontrol agents.

Although faunistic surveys and EPN characterization 
studies date back several decades, they hold 
significant scientific relevance. Recent research 
highlights the ongoing need to explore native 
EPN populations and assess their biological and 
ecological features in order to identify strains with 
high commercial potential. These efforts broaden 
our understanding of EPN diversity and distribution 
and facilitate the selection of isolates with desirable 
traits such as heat tolerance, reproductive ability, 
and pathogenicity. Developing such robust, locally 
adapted biocontrol agents is essential for increasing 
the adoption of EPN-based approaches in sustainable 
pest management programs. Although various native 
EPN strains have been isolated and characterized 
worldwide, region-specific evaluations are still 
lacking, especially in underexplored areas such as 
Bilecik. The isolates used in this study were collected 
from Bilecik Province, located at the intersection 
of several major climatic zones in northwestern 
Türkiye. The region has a moderate elevation (~500 
m) and receives approximately 450 mm of rainfall 
annually, mostly during the winter and spring months. 
Due to the presence of microclimatic zones along 
the Sakarya River, certain districts are suitable for 
intensive greenhouse agriculture. These conditions 
may contribute to the development of nematode 
strains with potential tolerance to variable soil 
moisture and temperature fluctuations. Identifying 
strains with enhanced ecological performance 
under local environmental conditions is essential 
for expanding the applicability of EPN-based pest 
control.

In this study, native EPN isolates collected from 
Bilecik and its districts were evaluated for their heat 
tolerance, dispersal capacity, and virulence against 
the great wax moth larvae. Their performance was 
compared with a commercial and hybrid strain. 
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The aim was to identify promising candidates for 
future use in biological control and to support the 
development of locally adapted strains in Türkiye.

2. MATERIALS AND METHODS 

2.1. EPN Isolates 

Entomopathogenic nematode isolates used in this 
study were obtained from soil samples collected 
between 2019 and 2022 in the city center and 
districts of Bilecik, Türkiye. All isolates were 
morphologically identified [26] (Unpublished data), 
and detailed information regarding their isolation is 
presented in Table 1. For comparison, a commercial 
strain of E-nema GmbH was supplied by the company 
Bioglobal A.Ş., along with the superior HBH hybrid 
strain [27] was included as a reference group.

2.2. G. mellonella Larvae Production

Last-instar larvae of the greater wax moth, Galleria 
mellonella (Linnaeus, 1758) (Lepidoptera:Pyralidae), 
were used in the experiments. The larvae were reared 
on an artificial diet. The diet consisted of honey, 
glycerin, wheat bran, cornmeal, soybean flour, milk 
powder, and yeast. The mixture was prepared and 
then transferred into 1-liter glass jars. Filter paper 
containing G. mellonella eggs was placed on the 
surface of the cooled diet. The jars were covered with 
perforated wire mesh lids and incubated in a growth 
chamber at 28 ± 2°C. After hatching, the larvae fed 
on the artificial diet and reached the mature larval 

stage within approximately four weeks. The mature 
larvae were subsequently used for the production of 
EPNs.

2.3. Nematode Production

Before applying EPNs to G. mellonella larvae, a 
moist filter paper was placed at the bottom of sterile 
glass Petri dishes to maintain humidity. Then, IJs 
were applied to the larvae at a dose of 100 IJ/larva 
using a micropipette. Following the application, 
larval mortality was monitored daily, and dead 
individuals were transferred to the White traps [28]. 
Within two weeks of infection, IJs emerging from the 
nutrient-depleted cadavers migrated into the Ringer’s 
solution. The collected IJs were then transferred into 
ventilated culture containers and stored at +10 °C for 
long-term preservation.

2.4. Determination of Dispersal

To observe the behavioral responses of EPNs, 
custom-designed olfactometers made of stainless 
steel were used. These olfactometers consisted of 
a central part and two lateral arms. The central part 
included an application hole through which IJs could 
be introduced into the system. The olfactometer had 
a diameter of approximately 2.5 cm, and the length 
from the central point to the end of each arm was 
about 10 cm. Before each trial, the olfactometers 
were filled with chemically inert, dust-free silica 
sand (particle size: 250 µm), moistened to 10% 
humidity, which is optimal for nematode movement 
[29].

Table 1. Details of EPN isolates
Isolate Genus/Species Latitude Longitude Altitude Sampling Date Crop
PY51 Steinernema feltiae 39,9858477 29,94950158 823 18.08.2020 17:15 Maize

ÇY6
Heterorhabditis 
bacteriophora

40,06836724 30,26193925 232 30.07.2021 17:24 Watermelon

GP7 H. bacteriophora 40,25212799 30,06849549 151 8.09.2021 17:01 Pepper
GP8 H. bacteriophora 40,25199756 30,06787971 146 8.09.2021 17:05 Persimmon
GP9 H. bacteriophora 40,25188 30,06781283 148 8.09.2021 17:06 Pepper
GP16 H. bacteriophora 40,24379435 30,07503532 149 8.09.2021 18:10 Pepper
GP27 H. bacteriophora 40,25450209 30,06558239 166 8.09.2021 16:33 Walnut
HBH H. bacteriophora - - - - -
Hb-Enema H. bacteriophora - - - - -
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Before the experiments, the concentration of IJs in 
each culture was determined. Then, approximately 
2,500 IJs were introduced into the central hole of the 
olfactometer using a pipette. After application, the 
hole was sealed with Parafilm, and the olfactometers 
were incubated at 24 °C for 24 hours.

At the end of the incubation period, the sand from 
the central part and lateral arms of the olfactometer 
was transferred into separate containers. The number 
of nematodes in each section was counted, and the 
dispersal rate for each isolate was calculated using 
the formula: “total number of nematodes in both arms 
/ total number of nematodes in the olfactometer.”

2.5. Determination of Heat Tolerance

To assess the effect of high temperatures, experiments 
were conducted at 30, 35, 38, 40, and 45 °C for 
each EPN isolate. Preliminary observations showed 
a sharp increase in nematode mortality between 
35 °C and 40 °C; therefore, 38 °C was included as 
an additional test temperature to better capture the 
tolerance threshold. All treatments were carried out 
in 24-well cell culture plates (well diameter: 1.4 cm; 
well volume: 3 cm3), with a total of four wells used 
per isolate across two different time points.

Prior to the experiments, isolates stored at +10 °C 
were removed from refrigeration and allowed 
to acclimate to room temperature for two hours. 
Approximately 250 infective juveniles (IJs), 
suspended in 30–50 µl of liquid, were added to each 
well. The final volume in each well was adjusted to 
2 mL using sterile distilled water.

The plates were sealed with Parafilm and transferred 
into incubators pre-set to the target temperatures 
(60% ± 2% relative humidity) at least two hours 
in advance. The nematodes were exposed to the 
specified temperature conditions for 24 hours. After 
the exposure period, the plates were removed and 
left at room temperature for two additional hours 
to allow recovery from potential estivation caused 
by heat stress. Once the IJs resumed movement, the 
numbers of live and dead individuals were recorded.

2.6. Determination of Virulence

Virulence assays were conducted in 1.5 ml 
centrifuge tubes. To determine the lethal dose, G. 
mellonella larvae [30, 31] were exposed to 1, 5, 10, 
25, 50, 100, and 200 IJ/larva doses. One last-instar 
larva was placed in each tube, and IJs suspended in 
50 µl of water were applied using a micropipette. 
For each dose, 10 larvae were used. In the control 
group, 10 larvae received 50 µl of sterile water 
without nematodes. After application, the tubes were 
incubated at 24 ± 2 °C in darkness. The experiment 
was conducted in triplicate for each isolate, resulting 
in a total of 30 larvae per treatment. At the end 
of the four-day incubation period, larvae were 
removed from the tubes, dissected, and examined 
for the presence of nematodes. Mortality rates were 
calculated based on these observations and used for 
lethal dose (LD) estimations.

2.7. Statistical Analysis

The normality of the data obtained from the 
experiments was assessed using QQ plots. 
Homogeneity of variances between treatment groups 
was evaluated with Bartlett’s test. One-way ANOVA 
was applied to compare the dispersal rates obtained 
from the olfactometer assays and the mortality 
rates from the heat tolerance tests, followed by 
Tukey’s HSD test to determine differences among 
groups. Lethal dose (LD) values were estimated 
using probit analysis, for which the data were log10-
transformed. Significant differences among isolates 
were determined based on the non-overlapping 
95% confidence intervals of the estimated lethal 
doses. All statistical analyses were performed at 
a 5% significance level. Statistical analyses and 
data visualization were conducted using R-Studio, 
GraphPad Prism v10.0, and SPSS v17.0 software.

3. RESULTS AND DISCUSSION

3.1. Dispersal

Dispersal capacity varied significantly among the 
tested EPN isolates (F(8, 18) = 9.93, p < 0.0001). 
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The isolate GP16 showed the highest average 
dispersal rate (56.0%), while the lowest was recorded 
for the hybrid strain HBH (34.7%). The commercial 
strain Hb-Enema exhibited an intermediate value 
(40.5%). These findings indicate that certain local 
isolates possess stronger dispersal abilities than both 
the hybrid and commercial reference strains under 
laboratory conditions (Figure 1).

Entomopathogenic nematode dispersal is highly 
variable and can be significantly altered depending 
on the specific strain or isolate, with profound 
implications for other key traits like infectivity and 
reproduction [32]. Genetic selection studies on the 
ambush-foraging S. carpocapsae, for instance, have 
shown that dispersal can be substantially enhanced 
by selecting for “sprinters” in the absence of hosts, 
leading to a significant increase in dispersal distance 
over multiple generations [33]. This enhancement 
reflects the innate population variability and genetic 
basis of dispersal within a single species. Similarly, 
significant differences in vertical dispersal patterns 
and average displacement have been observed 
among various strains of Steinernema species, 
demonstrating strain-level variation in movement 
behavior [32]. Beyond intra-species variation, 
dispersal rates can also vary significantly at the 
genus level, with Steinernema species typically 
dispersing faster than Heterorhabditis species [34]. 
The observed variation among our isolates also 
supports that dispersal is a strain-dependent trait, 
consistent with previous studies highlighting the 
influence of genetic background and environmental 
factors on nematode movement [35, 36]. 

3.2. Heat Tolerance

The mortality of IJs significantly increased with 
rising temperature. While no significant differences 
were observed among isolates at 25 °C and 30 °C, 
mortality differences became statistically significant 
at 35 °C and above. At 35 °C, PY51 had the highest 
mortality (7.28 ± 1.31%), whereas GP8 showed the 
lowest (1.65 ± 0.49%). More pronounced differences 
were observed at 38 °C and 40 °C. At 38 °C, PY51 
and ÇY6 exhibited the highest mortality rates 
(61.9% and 58.1%, respectively), while GP9, GP16, 
and HBH showed relatively lower mortality (33.7–
36.1%). At 40 °C, GP16 demonstrated the greatest 

heat tolerance with the lowest mortality (57.4%), 
significantly lower than most other isolates, including 
the commercial strain Hb-Enema (71.0%) and the 
hybrid strain HBH (78.1%). At 45 °C, mortality 
reached 100% in all isolates (Table 2). These results 
suggest that although all isolates are highly sensitive 
to extreme heat, some native isolates, particularly 
GP16 and GP9, may possess comparatively higher 
tolerance to sub-lethal high-temperature conditions.

Mortality rates increased sharply beyond 35 °C, 
highlighting the strain-specific nature of heat 
tolerance. GP16 exhibited the lowest mortality at 
40 °C, indicating better adaptation to heat stress 
than both the hybrid (HBH) and commercial (Hb-
Enema) strains. These results are consistent with 
previous findings showing that some hybridized H. 
bacteriophora strains can exhibit enhanced thermal 
tolerance compared to commercial products [27]. 
Similarly, studies on Turkish H. bacteriophora 
populations have reported significant variability 
in heat tolerance, with certain native strains 
outperforming imported commercial strains [37]. 
Additionally, thermal and osmotic resistance have 
been documented in S. carpocapsae [25], and S. 
siamkayai has been identified as a thermophilic 
species with optimal activity between 30 and 
35 °C [24]. The present findings indicate that 

Figure 1. Dispersal ratios in the olfactometer after 24 
hours. The assays were conducted at 24 °C, and the 
mean proportion of individuals found in the arms of the 
olfactometer is presented. Error bars represent the standard 
error of the mean. The bars marked with different letters 
are significantly different according to Tukey’s HSD test 
(p < 0.05).
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native isolates such as GP16 may offer competitive 
thermal resilience. However, consistent with 
studies emphasizing isolate-level variation in 
abiotic stress responses [23], the results show that 
heat tolerance is not uniformly distributed even 
among local populations. These observations 
support the importance of strain-level screening for 
selecting EPNs suited to regions with elevated soil 
temperatures.

3.3. Virulence

The lethal dose (LD50) values of the tested EPN 
isolates against G. mellonella larvae showed 
substantial variation. The least virulent isolate was 
PY51, with the highest LD50 (65.91 IJ/larva) and 
LD90 (245.08 IJ/larva), indicating low infectivity. In 
contrast, the commercial strain Hb-Enema and the 

hybrid strain HBH exhibited the lowest LD50 values 
(5.15 and 6.00 IJ/larva, respectively), along with 
relatively low LD90 values (47.11 and 34.95 IJ/larva, 
respectively), reflecting high virulence. Among local 
isolates, GP7 also showed high virulence with a 
low LD50 of 4.54 and LD90 of 70.34 IJ/larva (Table 
3). For all isolates, the dose–mortality relationship 
was statistically significant (p < 0.05), indicating 
a consistent and reliable increase in mortality with 
increasing dose levels. 

Virulence is one of the most decisive parameters 
in evaluating the efficacy of EPNs. In this study, 
significant differences in virulence were detected 
among isolates, as reflected in their LD50 and 
LD90 values. Isolate GP7 showed virulence levels 
comparable to those of the commercial (Hb-Enema) 
and hybrid (HBH) strains, while PY51 was the least 

Table 2. Temperature-dependent mortality of the isolates
Isolates 25 °C 30 °C 35 °C 38 °C 40 °C 45 °C
PY51 3.48 ± 0.986 a* 4.93 ± 1.03 a 7.28 ± 1.31 a 61.9 ± 1.29 a 92.5 ± 0.935 a 100
ÇY6 3.71 ± 0.503 a 2.59 ± 0.868 a 2.03 ± 0.468 b 58.1 ± 1.38 a 84 ± 1.15 b 100
GP7 2.95 ± 0.565 a 2 ± 0.278 a 2.82 ± 0.604 b 43.9 ± 1.44 bc 79.9 ± 1.25 b 100
GP8 1.7 ± 0.353 a 2.63 ± 0.541 a 1.65 ± 0.487 b 49.5 ± 1.36 b 95.6 ± 0.972 a 100
GP9 2.53 ± 0.387 a 3.68 ± 0.696 a 3.24 ± 0.568 b 36 ± 1.19 d 83.8 ± 1.58 b 100
GP16 3.16 ± 0.568 a 3.88 ± 0.9 a 2.38 ± 0.271 b 36.1 ± 2.1 d 57.4 ± 2.83 d 100
GP27 1.83 ± 0.44 a 4.43 ± 0.542 a 2.59 ± 0.381 b 46.9 ± 2 b 84.4 ± 0.999 b 100
HBH 1.51 ± 0.394 a 2.93 ± 0.463 a 2.37 ± 0.78 b 33.7 ± 2.66 d 78.1 ± 1.69 b 100
Hb-Enema 1.48 ± 0.423 a 3.31 ± 0.284 a 2.6 ± 0.626 b 38.9 ± 1.45 cd 71 ± 1.73 c 100
ANOVA F(8, 63) = 2.61 F(8, 63) = 1.98 F(8, 63) = 6.16 F(8, 63) = 34.2 F(8, 63) = 53.1 -
P p = 0.0157 p = 0.0639 p < 0.0001 p < 0.0001 p < 0.0001 -
* Different letters within the same column indicate statistically significant differences among isolates according to Tukey’s HSD test (P 
< 0.05).

Table 3. Log-dose probit analysis and estimated LD₅₀ and LD₉₀ values of the isolates

Isolate
N 

(total)
Slope ± SE

LD50 (IJ/larva)  
(95% CL)

LD90 (IJ/larva)  
(95% CL)

χ2 (df) P value

PY51 30 2.247 ± 0.300 65.913 (51.734-86.311) 245.076 (167.591-447.035) 4.295 (5) <0.001
ÇY6 30 1.504 ± 0.184 14.664 (10.337-20.084) 104.337 (67.623-197.743) 6.241 (5) <0.001
GP7 30 1.077 ± 0.153 4.540 (2.450-7.151) 70.342 (40.658-163.624) 5.188 (5) <0.001
GP8 30 1.480 ± 0.177 9.715 (6.658-13.483) 71.389 (46.792-130.620) 6.624 (5) <0.001
GP9 30 1.217 ± 0.157 11.902 (7.807-17.229) 134.396 (79.014-301.750) 5.238 (5) <0.001
GP16 30 1.923 ± 0.230 17.756 (13.367-23.192) 82.341 (57.493-138.689) 9.077 (5) <0.001
GP27 30 1.399 ± 0.170 17.337 (12.175-24.163) 142.853 (88.617-290.163) 3.360 (5) <0.001
HBH 30 1.675 ± 0.206 6.001 (4.113-8.249) 34.951 (23.831-60.043) 3.144 (5) <0.001
Hb-Enema 30 1.334 ± 0.173 5.154 (3.191-7.530) 47.111 (29.972-90.908) 1.184 (5) <0.001
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effective. These findings confirm that virulence 
is highly isolate-dependent, which is consistent 
with previous reports highlighting considerable 
intraspecific variation in pathogenicity among EPNs 
[17, 18, 22, 38-40]. Moreover, some studies have 
demonstrated that native isolates can outperform 
commercial strains under laboratory conditions 
[41, 42]. Nevertheless, laboratory-based virulence 
does not always translate to field performance, 
underscoring the importance of evaluating promising 
candidates under real-world conditions prior to 
commercialization.

Although the findings of the present study are 
not yet sufficient for definitive isolate selection, 
they provide an important foundation for future 
characterization efforts. The use of locally adapted 
isolates is considered crucial for improving the 
effectiveness and consistency of biological control 
applications under specific environmental conditions. 
Numerous researchers have also emphasized the 
value of identifying and characterizing native EPN 
populations to discover strains capable of high 
performance under local stress factors [17, 19, 22, 
23]. Among various traits, temperature tolerance, 
virulence, and dispersal capacity are consistently 
highlighted as key indicators of field efficacy [22, 43]. 
Therefore, this study prioritized these fundamental 
characteristics to provide a preliminary assessment 
of the applied potential of the tested isolates.

4. CONCLUSION

This study highlights the biological and ecological 
diversity among EPN isolates collected from 
Bilecik, Türkiye. While certain local isolates, such as 
GP16, demonstrated promising characteristics others 
showed limitations in virulence or adaptability. These 
results reinforce that EPN performance is highly 
isolate-dependent and shaped by multiple interacting 
traits. Although the findings provide valuable 
initial insights, they are not sufficient for definitive 
isolate selection. Further research involving a 
broader range of biological and ecological traits, 
such as reproductive capacity, shelf life, and stress 
tolerance, is necessary. In addition, field-based 

evaluations under variable environmental conditions 
are essential to validate laboratory observations and 
assess practical performance. As the demand for 
environmentally friendly alternatives to chemical 
pesticides increases, the role of locally adapted EPNs 
in sustainable pest management is expected to grow. 
Integrating such isolates into biological or integrated 
pest management (IPM) programs could enhance 
control efficacy, reduce pesticide dependence, and 
support long-term agroecological sustainability.
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