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ABSTRACT 

The black cutworm Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae), is 
worldwide in distribution. It is a polyphagous insect attacking nearly all vegetables 
and many economic field crops in the world. The objective of the present study was 
to investigate the pathogenicity of two entomopathogenic nematodes (EPNs), 
Steinernema carpocapsae (Weiser) and Heterorhabditis bacteriophora (Poinar) 
against 4th and 5th instar larvae of A. ipsilon. The newly moulted larvae were infected 
with five concentrations of each EPN and the data were recorded at 24, 48, 72 & 96 
hr post-infection. The most important results could be summarized as follows. After 
infection of the 4th or 5th instar larvae with five concentrations of S. carpocapsae or 
H. bacteriophora, a dose-dependent course of the total mortality rate of infected 
larvae was recorded. After infection of larvae with S. carpocapsae or H. 
bacteriophora, the mortality rate of infected larvae increased with the increasing 
concentration of infective juveniles (IJs), at certain times of exposure. After 
infection of the 4th or 5th instar larvae with S. carpocapsae, the mortality rate of 
infected larvae did not increase with the increasing time interval of exposure. On 
the other hand, infection of the 4th or 5th instar larvae with H. bacteriophora resulted 
in an increasing mortality rate with the increasing time interval of exposure. After 
infection of 4th instar larvae, LC50 values were 16 IJs/ml and 48 IJs/ml, for S. 
carpocapsae and H. bacteriophora, respectively. After infection of 5th instar larvae, 
LC50 values were 21 IJs/ml and 62 IJs/ml, for S. carpocapsae and H. bacteriophora, 
respectively. Thus, S. carpocapsae was more pathogenic against A. ipsilon larvae 
than H. bacteriophora. Also, the 4th instar larvae were more susceptible to the 
nematode pathogenicity than the 5th instar larvae. A few nematode-infected 4th 
instar larvae could pupate at the lower two concentrations of S. carpocapsae and H. 
bacteriophora. A similar result was recorded after infection of 5th instar larvae with 
S. carpocapsae. Moreover, the infected larvae with H. bacteriophora successfully 
pupated at all concentrations except the highest one. In conclusion, S. carpocapsae 
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may be an effective microbial control agent in the integrated pest management 
program against the destructive insect pest, A. ipsilon. 

 
Keywords: biocontrol, infectivity, mortality rate, pupae, symbiotic bacteria, virulence. 

 
INTRODUCTION 

The black cutworm Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae) is globally distributed 
(Kononenko, 2003; Harrison, and Lynn, 2008; Binning et al., 2015) including tropical and 
subtropical regions throughout North, Central and South America, Europe, Asia, Australasia, 
Oceania, Africa, and the Middle East (Harrison, and Lynn, 2008; Binning et al., 2015; Mishra, 
2020; Rodingpuia and Lalthanzara, 2021; CABI, 2021). It is a migrant and polyphagous species 
known to feed on many economically important plants (Picimbon, 2020; Moustafa et al., 2021) 
causing serious losses, especially in industrial plants and vegetables worldwide (Mahmoud et 
al., 2016; Abdel-Hakim and El-Mandarawy, 2017; Muştu et al., 2021; Ren et al., 2023). In 
addition to its obligate migratory behavior and strong flight performance, A. ipsilon has high 
reproductive capacity (Mustu et al., 2021). This pest is a nocturnal insect and larvae remain 
buried in the ground during the day, which hinders its viewing field is difficult (Bento et al., 
2007). Therefore, A. ipsilon is one of the most challenging economic pests when it comes to 
control and management (Andersch and Schwarz, 2003; Zhang et al., 2022).  
 
Although the IPM strategies are increasingly being developed in different parts of the world 
(Veres et al., 2020), the majority of treatments for pest insects still rely exclusively on the 
application of traditional insecticides (Jeschke et al., 2011; Meslin et al., 2021). The intensive 
use of many broad-spectrum currently marketed insecticides usually causes serious 
toxicological problems to the ecosystems (Ibarra et al., 2006; Tiryaki and Temur, 2010; Gill et 
al., 2012; Chowański et al., 2014) and drastically affect the natural enemies, allowing an 
exponential increase of pest populations (Demok et al., 2019) as well as adverse effects on 
human health and domestic animals (Vattikonda and Sangam, 2017; Shahzad et al., 2020).  
 
In Egypt, the control strategy of this insect pest depends mainly on the application of 
conventional insecticides, particularly organophosphates, carbamates and pyrethroids 
(Vattikonda and Sangam, 2017; Abd-El-Aziz et al., 2019; Ismail, 2021), to which this pest 
quickly develops resistance and cross resistance (Yu et al., 2012; Fahmy, 2014; Mahmoud et al., 
2016; Ahmed et al., 2022). Also, the chemical insecticides are often not effective and remain 
inadequate for the control of A. ipsilon because of its larval hiding behavior during the daylight 
hours causing hidden damage in the fields (Capinera, 2001; Takeda, 2008). Moreover, the latter 
instar larvae remain hidden in cracks and crevices during most of the life cycle, so chemical 
control is often ineffective (Kumar et al., 2022). However, soil-applied insecticides can cause 
serious ecological problems (Kumari et al., 2002; Mosleh et al., 2003) and, obviously, have no 
effect on migrating adults (Zhang et al., 2022). 
 
Therefore, various researchers and research institutions in the world have searching for new 
control tools as alternatives to synthetic insecticides (Laznik and Trdan, 2012; Glare et al., 
2016). These alternative agents should be eco-environmentally safe (Liao et al., 2017; Kunbhar 
et al., 2018), effective at low concentrations (Walkowiak et al., 2015) and biodegradable into 
harmless compounds (Tiryaki and Temur, 2010; Li et al., 2017). One of the eco-friendly 



 
 

  
 528 Services for Science and Education – United Kingdom 

Vol. 11, Issue 2, April-2023 European Journal of Applied Sciences (EJAS) 

management strategies is the biological control of insect pests by natural enemies (parasitoids, 
predators and pathogens). It is highly promising (Amutha et al., 2021; Devi et al., 2021) because 
these agents are safe for humans and the environment. They have little or no effect on other 
non-targeted organisms (Jagodič et al., 2019).  
 
Among the biological control agents, entomopathogenic nematodes (EPNs) have broad 
potential to kill the cutworms in soil itself (Kumar et al., 2022). They are natural enemies of soil 
insect pests whose effects as a biocontrol agent against many harmful pests have been recorded 
by many studies in the world (Peçen and Kepenekci, 2022). The parasitism of these beneficial 
nematodes leads to the suppression of the immune system of the insect host (Lewis and Clarke, 
2012; Shapiro-Ilan and Brown, 2013; Lacey et al., 2015; Kaliaskar et al., 2022). Moreover, EPNs 
have an association with certain symbiotic bacteria which are carried in the intestine of 
infective juveniles (IJs) of EPNs (Arthurs et al., 2004; Lewis and Clarke, 2012; Chaston et al., 
2013). The EPNs can be used individually as a biological control agent or in combination with 
other biocontrol agents, such as entomopathogenic bacteria and fungi in order to improve their 
efficacy for controlling the insect pests (Laznik et al., 2012). For reviews, see Vashisth et al., 
2013; Sujatha and Jeyasankar, 2018; Jagodič et al., 2019; Askary and Abd-Elgawad, 2021; 
Kumar et al., 2022; Shaurub, 2023). 
 
Out of 23 EPNs families, Steinernematidae and Heterorhabditidae are the two most famous 
families living naturally in the soil (Kumar et al., 2015) and used as biocontrol agents against 
diverse insect pests (Lacey and Georgis, 2012; Abd-Elgawad, 2020; Koppenhöfer et al., 2020; 
Yüksel et al., 2022). Their association with symbiotic bacteria is found to be the primary cause 
of insect mortality (Leonar et al., 2022). There are the genera Xenorhabdus and Photorhabdus 
associating with the families Steinernematidae and Heterorhabditidae, respectively, which 
produce natural products with insecticidal potential (Vicente-Díez et al., 2021) for the 
suppression of the immune system of the insect host (Lewis and Clarke, 2012; Shapiro-Ilan and 
Brown, 2013; Lacey et al., 2015; Kaliaskar et al., 2022). To date, more than 100 Steinernema and 
16 Heterorhabditis have been described in the world (Shapiro-Ilan et al., 2017; Koppenhöfer et 
al., 2020; Bhat et al., 2020).  
 
In general, EPNs have been reported to exhibit pathogenicity against many Lepidopteran insect 
pests, such as the tobacco cutworm Spodoptera litura (Rajkumar et al., 2003; Yadav et al., 2017; 
Thakur et al., 2022; Javed et al., 2022), the diamondback moth Plutella xylostella (Somvanshi et 
al., 2006; Kumar et al., 2022), the pink bollworm Pectinophora gossypiella (Shairra et al., 2016), 
the cotton bollworm Helicoverpa armigera (Vashisth et al., 2019; Yan et al., 2021; Thakur et al., 
2022; Srivastava et al., 2022), the greater was moth Galleria mellonella (Khashaba et al., 2020; 
Ali et al., 2022), the cabbage butterfly Pieris brassicae (Pervez and Rao, 2020; Tomar et al., 
2022), the tomato leaf miner Tuta absoluta (Dlamini et al., 2020), the eggplant fruit borer 
Leucinodes orbonalis (Hussaini et al., 2002), the fall armyworm Spodoptera frugiperda (Caccia 
et al., 2014; Acharya et al., 2020; Lalramnghaki et al., 2021; Yan et al., 2021; Fallet et al., 2022; 
Mohamed and Shairra, 2023), and the Egyptian cotton leafworm Spodoptera littoralis (Yağcı et 
al., 2022; Abd El Azim, 2022; Yağcı et al., 2022; Abd El Azim, 2022).  
 
Also, EPNs have been reported to exhibit pathogenicity against different insects of various 
orders, such as the Mediterranean fruit fly Ceratitis capitata (Diptera)(Malan et al., 2006; 
Shaurub et al., 2021), the silverleaf whitefly Bemesia tabaci (Hemiptera)(Qiu et al., 2008), the 
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tortoise beetle Cassida vittata (Coleoptera)(Saleh et al., 2009), the willow flea beetle 
Crepidodera aurata (Coleoptera)(Yaman and Erturk, 2016), the red palm weevil Rhynchophorus 
ferrugineus (Coleoptera)(Manzoor et al., 2017), the super worm, Zophobas morio 
(Coleoptera)(Navarez et al., 2021), the white grub Temnorhynchus baal (Coleoptera)(Adly et 
al., 2022), the desert locust Schistocerca gregaria (Orthoptera)(Shairra, 2009), the prickly pear 
cochineal Dactylopius opuntiae (Hemiptera)(El Aalaoui et al., 2022), the wheat stink bug Aelia 
rostrata (Hemiptera)(Peçen and Kepenekci, 2022), and the mosquitoes Aedes aegypti and Culex 
quinquefasciatus (Diptera) (Thanwisai et al., 2022). 
 
In Egypt, the early research work on EPNs began in the 1970s when El-Kifl investigated the 
biological control potential of Neoaplectana (=Steinernema) carpocapsae on A. ipsilon (El-Kifl et 
al., 1972). Several surveys carried out in Egyptian soils revealed that species of family 
Heterorhabditidae were more prevalent than species of family Steinernematidae for biological 
control of some insect pests (Aashaq et al., 2020). Many studies had been conducted in order to 
evaluate the pathogenicity, virulence and control potential of EPNs species or their isolates 
against A. ipsilon larvae (Mathasoliya et al., 2004; Fetoh et al., 2009; Seal et al., 2010; Ebssa and 
Koppenhöfer, 2011; Khattab and Azazy, 2013; Hassan et al., 2016: Yuksel and Canhilal, 2018; 
Sobhy et al., 2020; Devi et al., 2021; Nouh, 2021, 2022). In this context, the present study was 
conducted aiming at the investigation of virulence of two EPNs, Steinernema carpocapsae 
(Weiser) and Heterorhabditis bacteriophora (Poinar) against the 4th and 5th instar larvae of A. 
ipsilon. 
 

MATERIALS AND METHODS 
Experimental Insect  
A culture of the black cutworm Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae) was 
established under constant conditions (27±2°C and 65±5% R.H.) at Department of Zoology and 
Entomology, Faculty of science, Al-Azhar University, Cairo, Egypt. It was originally started with 
a sample of eggs from the susceptible strain culture maintained for several generations in Plant 
Protection Research Institute, Doqqi, Giza, Egypt. Rearing technique was carried out according 
to Abdin (1979) with improvement of El-Shershaby (2010). The eggs were kept in wide-mouth 
plastic jars (1000 ml) fitted with filter paper until hatching. Newly hatched larvae were kept 
into new jars and provided with clean castor bean leaves Ricinus communis as a food every day. 
At reaching the 4th instar, larvae were reared in few numbers, in separate jars, to avoid 
crowding and cannibalism. These jars were covered with pieces of cloth for preventing the 
escape of larvae. Sawdust and fresh castor bean leaves were renewed daily until pupation. The 
pupae were then placed in plastic jars (10 x 25 cm) covered with muslin and fitted with filter 
paper, as an oviposition site for the future moths. After the adult emergence, a piece of cotton 
wool soaked in 10% sugar solution was suspended from the top of each jar and renewed every 
48 hrs for feeding moths.  
 
Rearing and Production of Selected Entomopathogenic Nematodes (EPNs) 
Imported EPN species (Nematoda: Rhabditida), Heterorhabditis bacteriophora (Poinar) 
(Steinernematidae) and Steinernema carpocapsae (Weiser) (Heterorhabditidae) were supplied 
by Dr. El-Sadawy, National Research Centre, Doqqi, Giza, Egypt, for the mass culturing of each 
EPN. The last (7th) instar larvae of the greater wax moth Galleria mellonella were used as hosts 
according to (Shamseldean et al., 2008). Five live G. mellonella larvae were placed in a Petri dish 
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with approximately 100 live EPNs, 20 EPNs/ml, with a few drops of deionized water for each 
tested EPN. The infective juvenile stages (IJs) of each EPN species will enter and infect the 
larvae through their natural openings. Symbiotic bacteria carried within guts of the EPNs were 
released after they penetrate their hosts. Toxins produced by the bacteria caused blood 
poisoning of the larvae usually resulting in their death within 72 hours. The EPNs complete one 
to three generations before they emerge from the dead larvae (cadavers). Petri dishes were 
stored for a week in a dark place at 20℃±2 ℃. After six days, check larvae for infection. The 
successfully infected larvae will appear beige to dark red.  
 
Upon successful infection, Petri dish containing nematodes, larvae and filter paper were placed 
within another larger Petri dish. The outer Petri dish halfway was filled with deionized water 
and covered with an opaque lid for three weeks. IJs will emerge from the host and swim into 
the water within one to three weeks. The IJs were verified still alive using a microscope. 
Nematodes can be stored in darkness in a container that provides a sufficient amount of air to 
nematodes by using shallow containers for approximately one month at 5 ℃. 
 
EPN Infection of the A. ipsilon Larvae  
For infection of the A. ipsilon larvae, a series of concentrations of each EPN was prepared as 
follows: H. bacteriophora: 200.0, 100.0, 50.0, 25.0 and 12.0 IJs/ml, and S. carpocapsae: 100.0, 
50.0, 25.0, 12.0 and 6.0 IJs/ml. The EPN experiment was carried out in plastic cups (4 X 5 cm) 
filled with 50 gm of sterilized sand and moistened with 20% water (v/w). Nematodes 
suspensions were prepared in serial concentrations of different IJs/ml/cup. The newly moulted 
4th and 5th instar larvae of A. ipsilon were placed in separate plastic cups.  Sixty cups for each 
instar, for each concentration and control were conducted for each treatment. All cups were 
covered and kept at 25±2oC and checked after 24, 48, 72 and 96 hr to record mortality and some 
metamorphosis criteria.  
 
Statistical Analysis of Data 
Data obtained were analyzed by the student’s t-distribution, and refined by Bessel correction 
(Moroney, 1956) for the test significance of difference between means using GraphPad InStat© 

v. 3.01 (1998). 
 

RESULTS 
Pathogenicity of EPNs against the 4th Instar Larvae of A. ipsilon 
After infection of the 4th instar larvae of A. ipsilon with the EPN Steinernema carpocapsae at 5 
concentration rates (100, 50, 25, 12 & 6 IJs/ml), data of the nematode virulence at different 
time intervals (24, 48, 72 & 96 hr post-infection) were distributed in Table (1). Depending on 
these data, the total mortality rate of infected larvae was found in a dose-dependent course 
(93.3, 83.3, 60.0, 46.6 & 23.3% mortality, at nematode rates 100, 50, 25, 12 & 6 IJs/ml, 
respectively). Also, the mortality rate of infected larvae increased with the increasing 
concentration of infective juveniles (IJs), at different times of exposure, except the 96 hr pot-
infection. As clearly seen, the maximum mortality rate (93.3%) was recorded for infected larvae 
at the highest concentration, while the minimum rate (23.3%) was found at the lowest 
concentration of S. carpocapsae. Data of the same table revealed that the mortality rate of 
infected larvae did not increase with the increasing time of exposure, indicating a strong acute 
toxicity or high initial killing power of this EPN against larvae. The concentration-mortality 
relationship of A. ipsilon larvae to the EPNs was typically expressed as LC50 (median lethal 
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concentration) which as estimated for S. carpocapsae against 4th instar larvae in 16 IJs/ml (see 
Figure 1).  Only a few nematode-infected larvae could pupate at the lower two concentrations 
(6.7 & 13.3% pupation, at 12 & 6 IJs/ml, respectively).  
 
After infection of 4th instar larvae of A. ipsilon with 5 concentrations (200, 100, 50, 25 & 12 
IJs/ml of the EPN Heterorhabditis bacteriophora, data of the nematode virulence were arranged 
in Table (2). Depending on these data, the total mortality rate of infected larvae was found in 
a dose-dependent trend (86.7, 70.0, 46.7, 33.3 & 16.7% mortality, at 200, 100, 50, 25 & 12 
IJs/ml, respectively). Also, the mortality rate increased with the increasing nematode 
concentration, only at 24 & 48 hr, not at 72 & 96 hr post-infection. As obviously shown, the 
maximum mortality rate (86.7%) was recorded at the highest concentration, while the 
minimum mortality rate (16.7%) was reached at the lowest concentration. In the light of data 
assorted in the previously mentioned table, the mortality rate of infected larvae increased with 
the increasing time interval of exposure, at each of 100 IJs/ml (10.0, 22.4, 33.1 & 35.0% 
mortality, at 24, 48, 72 & 96 hr, respectively), 25 IJs/ml (3.3, 10.4, 11.1 & 12.5% mortality, at 
24, 48, 72 & 96 hr, respectively) and 12 IJs/ml (0.0, 0.0. 6.7 & 10.7% mortality, at 24, 48, 72 & 
96 hr, respectively). LC50 was calculated in 48 IJs/ml (See Figure 2). 
 
Only, a few nematode-infected larvae could pupate, at the lower two concentrations (13.3 & 
16.7% pupation, at 25 & 12 IJs/ml, respectively).  
 
On the basis of LC50 values of the tested two EPNs, S. carpocapsae was more pathogenic against 
4th instar larvae of A. ipsilon than H. bacteriophora (see tables 1 & 2 and Fig.s 1 & 2). 
 
Pathogenicity of EPNs Against the 5th Instar Larvae of A. ipsilon 
After infection of the 5th instar larvae of A. ipsilon with the EPN S. carpocapsae at 5 concentration 
rates (100, 50, 25, 12 & 6 IJs/ml), data of the nematode virulence at different time intervals (24, 
48, 72 & 96 hr post-inoculation) were assorted in Table (3). According to these data, the total 
mortality rate of infected larvae was found in a dose-dependent course (86.7, 73.3, 56.7, 33.3 & 
20% mortality, at 100, 50, 25, 12 & 6 IJs/ml, respectively). As clearly shown, the mortality 
ranged between 86.7% (maximum), at the highest concentration, and 20.0% (minimum), at the 
lowest concentration. On the other hand, the mortality rate increased with the increasing 
concentrations only on 72 hr post-infection, but a similar trend was not observed on other time 
intervals of exposure to S. carpocapsae. Data of the same table displayed that the mortality rate 
did not increase with the increasing time interval of exposure indicating a strong acute 
pathogenicity of this EPN species or its strong initial killing power against larvae. The 
concentration-mortality relationship of A. ipsilon larvae to the EPNs was typically expressed as 
LC50 which was calculated as 21 IJs/ml, see Figure 3). Only, a few nematode-infected larvae 
could pupate at the lower two concentrations (10.0 & 16.7% pupation, at 12 & 6 IJs/ml, 
respectively).  
 
After infection of 5th instar larvae of A. ipsilon with 5 concentrations (200, 100, 50, 25 & 12 
IJs/ml of the EPN H. bacteriophora, data of the nematode pathogenicity were arranged in Table 
(4). On the basis of these data, the total mortality rate was recorded in a dose-dependent 
course, with maximum mortality (80%) at the highest concentration, while the minimum 
mortality (10%) at the lowest concentration. Also, the mortality rate of infected larvae 
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increased with the increasing concentrations of H. bacteriophora, at all-time intervals of 
exposure. Depending on the data listed in the same table, mortality rate of infected larvae 
increased with the increasing time interval of exposure to the highest concentration (13.8, 27.3, 
37.2 & 50.6% mortality, at 24, 48, 72 & 96 hr post-infection, respectively). Also, similar positive 
relation of mortality rate- exposure time was recorded after infection of larvae with 
concentrations of 100, 50 & 12 IJs/ml. In other words, the susceptibility of larvae increased 
with prolonged time of exposure. As seen in the aforementioned table and Figure (4), LC50 of 
H. bacteriophora was 62 IJs/ml. Depending on data summarized in tables 3 & 4, S. carpocapsae 
was more infective against the 5th instar larvae of A. ipsilon than H. bacteriophora (LC50 values 
= 21 & 62 IJs/ml, respectively). 
 
In addition, the determined LC50 values of the tested two EPNs, in the present study, revealed 
that the 4th instar larvae of A. ipsilon were more susceptible or sensitive to the nematode 
pathogenicity than the 5th instar larvae (LC50 values = 16 & 48 IJs/ml of S. carpocapsae and H. 
bacteriophora, against 4th instar larvae, respectively; as well as 21 & 62 IJs/ml of the same EPNs, 
against 5th instar larvae, respectively). Moreover, LC50 values indicated that S. carpocapsae was 
more virulent than H. bacteriophora, against both larval instars of A. ipsilon. 
 
Table 1: Pathogenicity (mortality%) of EPN Steinernema carpocapsae against 4th 

instar larvae of A. ipsilon at different time intervals. 

Conc.: concentration. 

 
 
 
 

 
Nematode Conc.  
(IJs/ml) 

Time interval  
Pupation 
% 

 
LC50 24 hr 48 hr 72 hr 96 hr 

Total 
mortality 

100 43.3 70.0 66.7 0.0 93.3 0.0  
 
 
 
16 
 

50 23.3 48.8 41.7 44.4 83.3 0.0 

25 20.0 33.7 16.7 8.3 60.0 0.0 

12 13.3 23.1 13.9 6.7 46.6 6.7 

6 0.0 13.3 11.6 0.0 23.3 13.3 

Control 0.0 0.0 0.0 0.0 0.0 100.0 
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Figure 1: Regression line to calculate LC50 of S. carpocapsae against A. ipsilon after infection 

of the 4th instar larvae. 
 

Table 2: Pathogenicity (mortality%) of EPN Heterorhabditis bacteriophora against 4th 
instar larvae of A. ipsilon at different time intervals. 

Conc.: see footnote of Table (1). 
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Nematode 
Conc. (IJs/ml) 

Time interval  Pupation%  
 
LC50 24 hr 48 hr 72 hr 96 hr Total 

mortality 

200 40.0 61.3 27.8 16.7 86.7 0.0  
 
 
48 
 

100 10.0 22.4 33.1 35.0 70.0 0.0 

50 6.7 14.1 25.0 11.4 46.7 0.0 

25 3.3 10.4 11.1 12.5 33.3 13.3 

12 0.0 0.0 6.7 10.7 16.7 16.7 

Control 0.0 0.0 0.0 0.0 0.0 100.0 
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Figure 2: Regression line to calculate LC50 of H. bacteriophora against A. ipsilon after 

treatment of the 4th instar larvae. 
 
Table 3: Pathogenicity (mortality%) of EPN S. carpocapsae against 5th instar larvae of A. 

ipsilon at different time intervals. 

Conc.: see footnote of Table (1). 

 
 
 
 
 

y = 25.181ln(x) - 47.623

0

10

20

30

40

50

60

70

80

90

100

10 100

y

y

Log. (y)

 
Nematode 
Conc. (IJs/ml) 
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LC50 24 hr 48 hr 72 hr 96 hr 

Total mortality 

100 13.3 35.2 52.4 44.5 86.7 0.0  
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Figure 3: Regression line to calculate LC50 of S.carpocapsaeagainst A. ipsilon after treatment of 

the 5th instar larvae. 
 

Table 4: Pathogenicity (mortality%) of EPN H. bacteriophora against 5th instar larvae 
of A. ipsilon at different time intervals. 
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Figure 4: Regression line to calculate LC50 of H. bacteriophora against A. ipsilon after 

treatment of the 5th instar larvae. 
 

DISCUSSION 
Many studies have been conducted in order to evaluate the virulence and control potential of 
different entomopathogenic nematodes (EPNs) species, or their local isolates, against larvae of 
the black cutworm Agrotis ipsilon in different parts of the world (Mathasoliya et al., 2004; Fetoh 
et al., 2009; Seal et al., 2010; Ebssa and Koppenhöfer, 2011; Lemma and Albrecht, 2012; Khattab 
and Azazy, 2013; Yuksel and Canhilal, 2018; Sobhy et al., 2020; Devi et al., 2021; Nouh, 2022). 
The majority of these studies only investigated one larval instar: 3rd instar (Shapiro-Ilan et al., 
2005; Shapiro-Ilan et al., 2009), 4th instar (Koppenhofer and Fuzy, 2003), 5th instar (Morris et 
al., 1990) or 7th instar (Capinera et al., 1988). Also, many studies investigated the infectivity of 
only one EPN species (Baur et al., 1997). Comparisons between studies, even where the same 
instar or EPN species was used, are more complicated by the use of different techniques, 
substrates, nematode rates and exposure time intervals (Koppenhofer and Fuzy, 2003). Also, 
some studies used mixtures of consecutive instars: 2nd and 3rd instars (Kunkel and Grewal, 
2003) or 4th and 5th instars (Kaya et al., 1993; Kunkel and Grewal, 2003) or 6th and 7th instars 
(Epsky and Capinera, 1994), even though instars may differ significantly in susceptibility to 
different EPN species may differ among instars (Koppenhofer and Fuzy, 2003). In addition, 
several of the previously mentioned studies used only Petri dishes with filter paper as 
experimental arenas (Kunkel and Grewal, 2003) although nematode virulence against A. ipsilon 
can remarkably vary with substrate and the overall effect can vary with the nematode species 
(depending on foraging strategy) (Shapiro et al., 1999; Ebssa and Koppenhöfer, 2012; Hassan 
et al., 2016).  
 
Pathogenicity of the selected EPNs Against A. ipsilon 
In the present study, infection of the 4th instar larvae of A. ipsilon with five concentrations of 
Steinernema carpocapsae (Steinernematidae) or Heterorhabditis bacteriophora 
(Heterorhabditidae) caused larval mortality ranging between 93.3% and 23.3%, for S. 
carpocapsae and between 86.7% and 16.7%, for H. bacteriophora. Also, infection of 5th instar 
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larvae with these EPNs resulted in larval mortality ranging between 86.7% and 20.0%, for S. 
carpocapsae and between 80% and 10%, for H. bacteriophora.  
 
The present results could be understood in the light of various reported results of pathogenic 
efficacies of different EPNs against the same insect, A. ipsilon. For example, the EPNs 
Steinernema abbasi and H. bacteriophora had been tested against the 4th instar larvae of A. 
ipsilon by Shoeb et al. (2006) who reported that H. bacteriophora caused 49, 53 and 73% 
mortality rates, at 25, 50, and 100 IJs/ larva, respectively, 48 h post-treatment. Depending on 
the study of Ebssa and Koppenhöfer (2012), the mortality rates of A. ipsilon larvae at the 2nd 
day exposure time were found 30 and 83% for H. bacteriophora and 18 and 55% for S. 
carpocapsae, at 30 and 100 IJs/larva, respectively. The concentration of 63 IJs per larva of S. 
carpocapsae GSN1 strain (ScG) killed >90% of 3rd instar A. ipsilon within 3 days (Lee and Potter, 
2015). EPNs had been applied by Mahmoud et al. (2016) against the last instar larvae of A. 
ipsilon who recorded the mortality rates for S. carpocapsae and H. bacteriophora as 100% and 
90%, respectively, at the 3rd day post-treatment.  
 
Some years later, Yuksel and Canhilal (2018) applied the concentration 100 IJs/larva/Petri of 
S. carpocapsae and H. bacteriophora against A. ipsilon larvae and recorded the highest mortality 
rate of larvae as 85% and 45%, respectively, at the 3rd day post-treatment. Also, Giannasi et al. 
(2018) evaluated the potential of Brazilian nine isolates of EPNs against A. ipsilon. Depending 
on their study, isolate CH3 (Steinernema sp.) caused 100% mortality of A. ipsilon and the 
isolates GL (H. amazonensis), IBCBn-02 (S. carpocapsae) and IBCB-n05 (H. indica) caused only 
90 % mortality. The efficacies of S. monticolum and H. bacteriophora against larvae of A. ipsilon 
had been studied under laboratory conditions. The mortality percentage was 100% at 
concentration 200 IJs/dish (Sobhy et al., 2020). The lowest potato tuber damage by A. ipsilon 
was recorded at 5.0×109 IJs/ha of H. bacteriophora, followed by the concentration 2.5×109 
IJs/ha (Devi et al., 2021). The EPN Hexamermis arvalis was reported in the U.S. infecting 60% 
of A. ipsilon larvae and killing them (Rodingpuia and Lalthanzara, 2021). In a semi-field 
experiment, Heterorhabditis TAN5 and Hb88 strains were effective against 4th instar larvae and 
3-day old pupae of A. ipsilon at a high concentration of each nematode (Nouh, 2022).  
 
Apart from A. ipsilon, our results were, to a great extent, corroborated with several reported 
results of the EPN infectivity against various lepidopteran pests. For examples, the 
concentration 40 IJs/ml of S. carpocapsae and H. bacteriophora caused 100% mortality of the 
larval instars of the Egyptian cotton leafworm Spodoptera littoralis (Reyad, 2001). Yağcı et al. 
(2022) recorded high mortality rate of last (6th) instar larvae of S. littoralis (98.81%) by S. 
feltiae, followed by S. carpocapsae (95.24%) and then H. bacteriophora (90.47%), at the highest 
concentration (1000 IJ/ml). EPN isolate of H. taysearae was tested against S. littoralis. At 150 
IJs/larvae, 100% mortality rate was recorded, followed by 90% at 120 IJs/larvae and 60% at 
60 IJs/larvae, 72 h post-treatment (Abd El Azim, 2022).  
 
After treatment of 4th instar larvae of the tobacco cutworm Spodoptera litura with S. 
carpocapsae, the maximum (100%) mortality larvae were recorded at 400 IJs/Petri plate and 
the minimum (55%) mortality was observed after 96 hrs at 100 IJs (Yadav et al., 2017). At the 
concentration 350 IJs/ml of S. pakistanense; S. siamkayai, S. ceratophorum, S. bifurcatum and H. 
indica, Javed et al. (2022) found 95, 78, 74, 90 and 87% mortality of S. litura larvae, respectively.  
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With regard to the fall armyworm Spodoptera frugiperda, Fallet et al. (2022) reported that 
Rwandan S. carpocapsae strain (RW14-G-R3a-2) caused rapidly100% mortality in 2nd and 3rd 
instars, but the rate decreased somewhat to 75% in 6th instar. Sayed et al. (2022) recorded the 
highest mortality rate (100%) in both 3rd and 5th instar larvae after 3–4 days of irradiated S. 
carpocapsae infection but mortality rates were 72.2 and 77.8%, respectively, for the tested 
instars with un-irradiated S. carpocapsae strains. Recently, Mohamed and Shairra (2023) found 
that S. carpocapsae was more virulent and effective against all larval instars, causing 100% 
mortality after 48–72 h post-exposure at different concentrations (150 - 2400 IJs), while H. 
indica caused 100% mortality in the early larval instars only after 96 h, but later larval instars 
required a longer time extending to 120–188 h.  
 
In respect of the cotton bollworm Helicoverpa armigera, application of H. bacteriophora (HRJ) 
against 3rd instar larvae caused 73.3% mortality at 96 hr exposure time, while H. indica caused 
80.0% mortality (Vashisth et al., 2019). As recorded by Srivastava et al. (2022), S. abbasi isolate 
CS-39 had high virulence to larvae since its concentration 200 IJs / larva caused 100% mortality 
at 36 h, whereas 100 IJs / larva caused 100% mortality, at 60 h. Also, Thakur et al. (2022) 
investigated the bio-efficacy of indigenous EPNs H. bacteriophora against the 3rd and 4th instar 
larvae of H. armigera, S. litura and the turnip moth Agrotis segetum. The highest mortality rate 
was recorded for both instars of all insects after 120 h of exposure. 
 
EPNs H. bacteriophora and S. carpocapsae caused the highest larval mortality of A. segetum 
larvae at 100 IJs/insect (Goudarzi et al., 2015). After treatment of the tomato leaf miner Tuta 
absoluta 4th instar larvae with EPNs, S. yirgalemense and S. jeffreyense, mortality rates of 93% 
and 58.8% had been recorded (Dlamini et al., 2020). Complete mortality of the last instar larvae 
of the greater wax moth Galleria mellonella was achieved by the concentration 40 IJs/L of M.22 
and M.313 isolates of S. affine from the Syrian coastal region, at 72 h of exposure (Ali et al., 
2022). The highest concentration of H. bacteriophora (local isolate) (2000 IJs/ml) caused the 
maximal larval mortality of the cabbage butterfly Pieris brassicae (Tomar et al., 2022). 
 
In addition to Lepidoptera, many studies revealed infectivity of different EPNs against several 
insect pests of various orders, as concisely shown in the following examples. In Diptera, the EPN 
S. ceratophorum caused high mortality of larvae of the chive gnat Bradysia odoriphaga (Ma et 
al., 2013a, b). In a study conducted by Mokrini et al. (2020), efficacy of five Moroccan EPN 
strains had been evaluated against 3rd instar larvae of the Mediterranean fruit fly Ceratitis 
capitata. Results of this study revealed that the highest larval mortality rates were found for S. 
feltiae- strain (MOR9) (96%), followed by H. bacteriophora-MOR7 and S. feltiae-MOR10 strains, 
90 and 83% mortality rates, respectively. Yağcı et al. (2021) obtained a high mortality rate of 
last instar larvae of C. capitata (94%) by H. bacteriophora (11 KG), followed by H. bacteriophora 
(TOK-20) (91%), S. carpocapsae (85%) and S. feltiae (Tokat-Emir) (71%), at the highest 
concentration (200 IJ/larvae).  
 
In Hemiptera, EPN S. carpocapsae exhibited a high virulence against the nymphs and adults of 
the earwig Labidura riparia (Reyad, 2012). In Turkey, Peçen and Kepenekci (2022) used some 
of the native isolates of S. carpocapsae, S. feltiae and H. bacteriophora against adults of the wheat 
stink bug Aelia rostrata. They found the Black Sea isolate as the strongest pathogenic causing 
the highest mortality of the bug adults. In Morocco, El Aalaoui et al. (2022) evaluated the 
efficacy of two native EPN isolates of S. feltiae and H. bacteriophora (applied at 25, 50, and 75 
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IJs cm−2) against the prickly pear cochineal Dactylopius opuntiae nymphs and young adult 
females. They recorded the S. feltiae as more effective, causing higher mortality of nymphs and 
adult females (98.8% and 97.5%, respectively) after 8 days of exposure, while, H. bacteriophora 
caused lower mortalities (83.8% for nymph and 81.3% for adult females). 
 
In Orthoptera, EPN S. glaseri killed almost 65% of the 5th instar nymphs of desert locust 
Schistocerca gregaria within 72 hr post-infection (Shairra, 2009). In Coleoptera, S. 
ceratophorum caused high mortality of larvae of the bark beetle Dendroctonus valens (Jian et 
al., 2002). The maximal and minimal mortalities of 3rd and 10th larval instars of the red palm 
weevil Rhynchophorus ferrugineus were 96.5% and 88.17% by S. carpocapsae, 85.75% and 
74.4% by H. bacteriophora, and 38.68% and 35.35% by S. feltiae (Manzoor et al., 2017). At the 
concentration 4000 IJs/larva of both S. glaseri and H. bacteriophora, mortality percentages of 
the white grub Temnorhynchus baal larvae were calculated in 96 and 88%, respectively (Adly 
et al., 2022).  
 
As clearly shown in the present study on A. ipsilon, different concentrations of IJs of both S. 
carpocapsae and H. bacteriophora caused various mortality rates of larvae, at different time 
intervals of exposure. To explicate these larval mortalities, it is important to point out that  
EPNs in the families of Steinernematidae  and  Heterorhabditidae  are lethal endoparasites of 
insects, which could secrete insecticidal active substances, including toxins, proteases, and so 
on, contributing to the lethal effect on infected host insects (Brown et al., 2006; Ffrench-
Constant et al., 2007; Toubarro et al., 2009). In addition to these lethal effects of EPNs 
themselves, the primary cause of the host death has been usually reported to the associating 
symbiotic bacteria carried in their intestines (Trdan et al., 2009; Laznik et al., 2010). Also, IJs 
kill their insect hosts with the aid of symbiotic bacteria carried in the nematode gut 
(Photorhabdus spp. bacteria are associated with Heterorhabditis spp. and Xenorhabdus spp. 
bacteria are associated with Steinernema spp.) (Martens et al., 2003; Lewis and Clarke, 2012; 
Chaston et al., 2013). This nematode / bacterium complex works together and is highly virulent 
as a biological control unit to kill an insect pest (Lacey et al., 2001). The relationship between 
nematode and symbiotic bacterium is a type of symbiosis, where both benefit from this 
association. After entering the insect body, the nematode penetrates through the gut wall, and 
regurgitates its symbiotic bacteria into the insect haemocoel cavity (Mastore et al., 2015). 
Regarding the mechanism, the bacteria break down the host tissues, and provide food sources 
for the nematode, which feeds and multiplies on bacterial cells and degrading host tissues. In 
other words, EPNs act by feeding on the bacteria and the damaging host tissue, they multiply, 
develop and reproduce (Griffin, 2012). However, the bacteria provide the nematode, and 
themselves a protected niche by producing antibiotics, that suppress the competition from 
other microorganisms (for review, see Mahmoud, 2016; Kumar et al., 2022; Shaurub, 2023). 
 
For some detail, when EPNs are inside the insect haemocoel, symbiotic bacteria are released 
and the subsequent death of the insect is mainly due to bacteria-induced septicaemia in the late 
phase of infection (Bowen et al., 1998, Ffrench-Constant et al., 2007a,b). In addition to the 
action of bacteria, physiological interactions between the EPN and its insect host must be 
considered, since the life-cycle of an endoparasite is strongly related to its ability to evade 
and/or to suppress the host immune responses in the early phase of infection (Castillo et al., 
2011; Toubarro et al., 2013). Both nematode and bacteria overcome the insect immune system 
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causing death of the insect within 48 hours post-infection (Adams and Nguyen, 2002). In this 
respect, another point of interest is the act of EPNs themselves, because shortly after infection, 
and before the bacteria is released from the gut of the invading nematode, there is a significant 
reduction in the total insect hemocytes, suggesting that the nematode itself is capable of 
suppressing the host immune system, to the benefit of its endosymbiotic bacteria (Bobardt et 
al., 2020; Dowds and Peters, 2003; Shapiro-Ilan et al., 2018). 
 
In addition to the variation of mortality rates of A. ipsilon larvae, in the current investigation, 
after infection with different concentrations of IJs of S. carpocapsae and H. bacteriophora, many 
studies on the same insect, or other insect species, reported various percentages of mortality. 
These differences in mortality rates may be attributed to the number of larvae used for each 
study, since some researchers (Shoeb et al., 2006; Fetoh et al., 2009; Mahmoud et al., 2016) 
used 15, 25 or 20 larvae in their studies, while Yuksel and Canhilal (2018) used a total of 40 
larvae for each concentration. Mortality rates might be, also, affected by the foraging strategies 
of EPNs, since S. carpocapsae is considered to be more effective than other species for 
controlling the moving insects due to its foraging behavior, and the Petri dishs might have 
created an environment that is more favorable to S. carpocapsae (Campbell and Gaugler, 1993). 
Also, S. feltiae possess an intermediate forage strategy (Griffin et al., 2005), whereas H. 
bacteriophora displays a cruise strategy (Bal and Grewal, 2015). These differences may be, also, 
attributed to variations in the experimental methods (Barbosa-Negrisoli et al., 2009). However, 
Shapiro-Ilan et al. (2018) reported that EPN foraging strategies consist of a continuum from 
ambusher (sit and wait) to cruiser (active search strategy) behaviors, yet a number of species 
display intermediate foraging strategies between the two extremes.  
 
 
Increasing Mortality Rate of A. ipsilon Larvae with the Increasing EPN Concentration 
After infection of 4th instar larvae of A. ipsilon with S. carpocapsae, in the present study, the 
mortality rate of infected larvae increased with the increasing concentration of infective 
juveniles (IJs), at some times of exposure. A similar mortality-concentration relationship was 
recorded after infection with H. bacteriophora, only at certain time intervals. After infection of 
5th instar larvae with S. carpocapsae, the mortality rate increased with the increasing 
concentrations only on 72 hr post-infection, while the positive mortality- concentration 
relationship was observed at all time intervals of exposure, after infection with H. 
bacteriophora. Thus, the predominant trend was a positive relation between mortality rate and 
the EPN concentration in the present study. This result was in agreement with the reported 
results of many studies on A. ipsilon after treatment with different EPN species (Fetoh et al., 
2009; Shoeb et al., 2006; Bélair et al., 2013; Mahmoud et al., 2016; Yuksel and Canhilal, 2018). 
For insects other than A. ipsilon, Shairra (2000) reported that the mortality percentages of some 
lepidopterous larvae increased with the increasing of IJs dose of H. indicus and H. bacteriophora. 
El-Bishry et al. (2002) found that the pathogenicity of Heterorhabditis spp. against the rice moth 
Corcyra cephalonica larvae was dose-dependent. Also, the pathogenicity of H. bacteriophora and 
S. glaseri against S. gregaria nymphs was found depending upon IJs concentration (Shairra, 
2007, 2009). Depending on results of Shairra et al. (2016), mortality percentage of the pink 
bollworm Pectinophora gossypiella larvae increased with the increasing concentration of S. 
riobrave and H. bacteriophora. The mortality percentage of S. littoralis larvae increased with the 
increase of the concentrations of S. feltiae, S. riobrave and H. bacteriophora (Ahmed et al., 2014). 
Shaurub et al. (2021) assessed the effects of some EPN strains on C. capitata and found that the 
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mortality of 3rd instar larvae proportionally increased with the nematode density (infective 
juveniles per cm2). Recently, Mohamed and Shairra (2023) applied different concentrations of 
S. carpocapsae against all larval instars of S. frugiperda and calculated the LC50 values in 3rd 
instar larvae as 170.415 IJs/larva (48 h); followed by the 4th instar (318.252 IJs/larva), but the 
5th instar was the highest value (LC50= 567.108 IJs/larva). Thus, mortality rate increased as the 
larval instar increased. 
 
In the current study on A. ipsilon, the dose-dependent mortality rate might be due to the fact 
that, the success of initial penetration of some IJs individuals of S. carpocapsae and H. 
bacteriophora opens pathways for other IJs. The death of treated larvae is caused mainly by the 
effect of the nematode associated symbiotic bacteria. Thus, it could be suggested that the higher 
concentrations of nematodes may elaborate much more bacteria which in turn multiply rapidly 
producing huge number of bacteria and finally kill the insect larvae more rapidly (Salem et al., 
2007).  
 
Increasing Mortality Rate of A. ipsilon larvae with Increasing Time Interval of Exposure 
to EPNs   
After infection of the 4th or 5th instar larvae of A. ipsilon with S. carpocapsae, in the current study, 
the mortality rate of infected larvae did not increase with the increasing time interval of 
exposure. Whereas, the infection of 4th or 5th instar larvae with H. bacteriophora resulted in an 
increasing mortality rate with the increasing time interval of exposure, regardless the 
nematode concentration. This result was found compatible with many reported results of 
increasing mortality rate of A. ipsilon larvae with increasing time interval of exposure to 
different EPN species, such as S. carpocapsae and H. bacteriophora (Mahmoud et al., 2016); S. 
glaseri and H. bacteriophora (Hassan et al., 2016); local EPNs isolates of S. carpocapsae and H. 
bacteriophora (Yuksel and Canhilal, 2018).  
 
Also, our result was in corroboration with many reported results of increasing mortality rate 
in various insects with increasing time interval of exposure to different EPN species, such as 
Heterorhabditis spp. against S. litura and the diamondback moth Plutella xylostella (Salem et al., 
2007); H. indica against larvae of the dipteran Bradysia mabiusi (Leite et al., 2007); H. indica 
against the rice leaf folder Cnaphalocrosis medinalisthan (Sankar, 2009); S. carpocapsae against 
3rd and 5th instar nymphs and adults of S. gregaria (Youssef, 2014); S. riobrave and H. 
bacteriophora against P. gossypiella (Shairra et al., 2016); H. bacteriophora and S. glaseri against 
S. litura (Safdar et al., 2018); H. bacteriophora, individually or in combination with the 
Entomopathogenic fungus Beauveria bassiana, against Rh. ferrugineus (Mehdi et al., 2018); 
Oscheius rugaoensis against G. mellonella  (George et al., 2019); Egyptian local isolates of H. 
indica against G. mellonella (Khashaba et al., 2020), S. glaseri against the six instars of S. 
frugiperda (Meka et al., 2020) and   S. feltiae HR1 and H. bacteriophora HR2 against P. brassicae 
(Kasi et al., 2021). 
 
Similar results had been reported for S. littoralis larvae by S. feltiae, S. carpocapsae and H. 
bacteriophora (Yağcı et al., 2022), H. armigera larvae by S. abbasi isolate CS-39 (Srivastava et 
al., 2022), the coconut rhinoceros beetle Oryctes rhinoceros larvae by S. carpocapsae 
(CPCRI‑Sc1) and S. abbasi (CPCRI‑Sa1)(Sujithra et al., 2022), M.22 and M.313 isolates of S. affine 
from the Syrian coastal region against the last instar larvae of G. mellonella (Ali et al., 2022),  
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some isolates of S. feltiae, S. carpocapsae and H. bacteriophora against S. littoralis larvae (Yağcı 
et al., 2022) and Steinernema abbasi isolate CS-39 against H. armigera larvae (Srivastava et al., 
2022).  
 
In the current study, the mortality rate of S. carpocapsae-infected larvae of A. ipsilon did not 
increase with the increasing time interval of exposure. This might indicate a strong acute 
pathogenicity of this EPN species or its stronger initial killing power against larvae than H. 
bacteriophora. On the other hand, mortality rate of A. ipsilon larvae increased with the 
increasing time interval of exposure to H. bacteriophora in the current investigation. This result 
might indicate that the susceptibility of these larvae to this EPN species increased with the 
prolongation of exposure time. Also, it could be attributed to the smaller size of IJs, which 
facilitates penetration of IJs through natural openings of larvae, i.e. spiracles, mouth, and anus 
(Adams and Nguyen, 2002). Moreover, IJs of H. bacteriophora can use their dorsal teeth to 
penetrate through the host cuticle (Bedding and Molyneux, 1982). Similar findings were, also, 
reported by some authors (Lalramliana, 2009; Gorgadze et al., 2018). However, some authors 
(Shairra and Nouh, 2014; Sobhy et al., 2020) reported that higher concentrations of EPNs 
caused an acute effect, while the latent effect was observed in the case of lower ones. Also, time 
passed for the larval mortality was prolonged with the increase in inoculum dose of IJs, but 
when the size of larva increased, the time passed for the larval mortality also was prolonged 
(Mantoo and Zaki, 2014).  
 
The Medium Lethal Concentrations (LC50) of the Selected EPNs AGAINST A. ipsilon   
In insects, the concentration-mortality relationship of larvae to the tested EPNs was typically 
expressed as LC50 (median lethal concentration required to kill 50% of the larvae). According 
to the currently available literature, various LC50 values had been determined for different EPNs 
after infection of different insects. For examples, LC50 values of four locals Turkish EPNs isolates 
against the 4th instar A. ipsilon larvae ranged from 52 to 142 IJs in the Petri dish experiment and 
from 17 IJs to 24 IJs in the plastic container experiment (Yuksel and Canhilal, 2018). LC50 values 
of two strains of Heterorhabditis spp. TAN5 and PGN6 against A. ipsilon larvae were 1285.527 
and 1560.747 IJs/cup, respectively (Nouh, 2021). Also, LC50 values for H. bacteriophora, S. 
riobrave and S. feltiae against S. littoralis larvae were 5.01, 8.57 and 16 IJs/larva, respectively 
(Ahmed et al., 2014). LD50 values for S. glaseri against S. gregaria 5th instar nymphs were 
recorded as 1505.13, 393.16 and 812.63 IJs/ml over the exposure periods of 48, 72 and 96 hr, 
respectively (Shairra, 2009). The most virulent EPN against larvae of the yellow sawfly 
Hoplocampa flava was H. bacteriophora because LD50 was calculated for 6.51 IJs, while the least 
virulent EPN was S. carpocapsae Tur-S4 because LD50 was calculated for 16.617 IJs (Ulu et al., 
2015). LC50 values against larvae and adults of the Elm leaf beetle Xanthogaleruca luteola were 
167.59 and 6.73 IJ·mL–1 for S. feltiae, while LC50 values were 218.23 and 204.09 IJ·mL–1 for S. 
carpocapsae, and 338.66 and 70.29 IJ·mL–1 for H. bacteriophora, respectively (Fard et al., 
2020). The LC50 of local H. indica (PIGCD1), isolated from peanut in Philippines, against S. litura 
under laboratory conditions was 7.13±1 (IJs/larva) (Dichusa et al., 2021). According to 
Chaneiko et al. (2021), LC50 values of the South American fruit fly Anastrepha fraterculus larvae 
and adults were 427.2 IJs/ml and 1551.4 IJs/ml of the isolated S. carpocapsae IBCB 02, 
respectively. As recorded by Bhairavi et al. (2021), two EPNs species (isolated locally from 
Assam, India) were assessed against an important subterrenean termite Odontotermes obesus. 
LD50 for H. bacteriophora was 13.054 IJs/termite, and LD50 for S. aciari was 42.040 IJs/termite.  
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In view of the previously reported results, LC50 values of A. ipsilon larvae, in the present study, 
were 16 IJs/ml and 48 IJs/ml, for S. carpocapsae and H. bacteriophora, respectively, after 
infection of 4th instar larvae while LC50 values were 21 IJs/ml and 62 IJs/ml, after infection of 
5th instar larvae, for S. carpocapsae and H. bacteriophora, respectively. These results were, to 
some extent, in corroboration with reported LC50 values for different EPNs against various 
insects, in some of recent studies. For examples, a laboratory bioassay revealed LC50= 83.21 IJs 
of the S. abbasi isolate CS-39 against H. armigera larvae after 24 h of exposure (Srivastava et al., 
2022); LC50 values of M.22 and M.313 isolates of S. affine against the last instar larvae of Galleria 
mellonella were calculated as 11.7 IJs/L at 33.47 min. and 11.5 IJs/L at 32.43 min., respectively 
(Ali et al., 2022). According to Sujithra et al. (2022), LC50 values of S. carpocapsae Sc1, S. abbasi 
Sa1 and H. indica Hi1 strains were 1078, 1663 and 9780 IJs larva−1, respectively, at 72 h of 
incubation of O. rhinoceros larvae. As recorded by Thakur et al. (2022) for indigenous EPNs H. 
bacteriophora, LC50 values of H. armigera 3rd and 4th instar larvae were 60.14 IJs/larvae and 
57.90 IJs/larvae, respectively. LC50 values of S. litura were 59.95 and 50.91 IJs/larvae in 3rd and 
4th instar larvae, respectively. LC50 values of the 3rd and 4th instar larvae of A. segetum were 
54.86 and 57.90 IJs/larvae, respectively. In a recent study to evaluate the virulence of H. indica 
against larvae (3rd, 4th and 5th instars) and pupae of citrus fruit piercing moth Eudocima 
maternal, LC50 of 3rd (14.43 IJs larva−1), 4th (17.08 IJs larva−1), 5th (23.63 IJs larva−1) and LC50 of 
pupae was 85.91 IJs pupa−1, after 48 h post-exposure, respectively (Kumar et al., 2022). At 72 h 
of incubation of O. rhinoceros larvae, the   LC50 values of S. carpocapsae Sc1, S. abbasi Sa1 and H. 
indica Hi1 strains were 1078, 1663 and 9780 IJs larva−1, respectively (Sujithra et al., 2022).  
 
In Egypt, Adly et al. (2022) treated the larvae of T. baal with S. glaseri and H. bacteriophora and 
calculated LC50values in 937.44 and 1026.58 IJs/larvae, respectively. In Egypt, also, Nouh 
(2022) assessed the infectivity of H. bacteriophora, S. glaseri and S. carpocapsae against larvae 
of three insects. According to her results, LC50 values against 4th instar larvae of the potato tuber 
moth Phthorimaea operculella were 127.1496 and 148.5994 IJs/larva, respectively, while the 
LC50 value of S. glaseri was 247.2687 IJs/larva. The LC50 values of S. glaseri were 1073.640 and 
1330.312IJs/larva against 2nd and 3rd instars larvae of the white grub Pentodon bispinosus, 
respectively. LC50 values of H. bacteriophora and S. carpocapsae against the 3rd and 5th instar 
larvae of S. littoralis were (38.489 and 40.791) and (42.149 and 51.932) IJs/larva, respectively, 
while LC50 values of S. glaseri were 70.106 and 95.295 IJs/larva, respectively.   
 
In conclusion, LC50 values usually depend on the susceptibility of the infected insect and its 
stage or size, virulence of the tested EPN and its concentration rates, infective juvenile age, time 
of exposure and different experimental factors affecting penetration of EPN species.  
 
Sensitive Larval Instars of A. ipsilon to the Selected EPNs  
In the present study, the determined LC50 values of the tested two EPNs, S. carpocapsae and H. 
bacteriophora, revealed that the 4th instar larvae of A. ipsilon were more susceptible or sensitive 
than the 5th instar larvae to the nematode pathogenicity. This result was, to some extent, in 
agreement with some reported results of 4th larval instar as the most sensitive one to different 
EPNs.  For examples, the 4th larval instar of A. ipsilon was the most susceptible instar to the 
same EPNs (Ebssa and Koppenhöfer, 2012). The same larval instar of A. ipsilon was found more 
sensitive than 2nd instar larvae to S. carpocapsae GSN1 strain (ScG) (Lee and Potter, 2015). The 
4th larval instar of the cigarette beetle Lasioderma serricorne (Coleoptera) was found more 
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sensitive than 3rd instar to nine isolates of H. bacteriophora (Giannasi et al., 2018). The 4th instar 
nymphs of the American palm planthopper Haplaxius crudus (Hemiptera) were the most 
susceptible to some EPNs (Guerrero and Pardey, 2019). The 4th instar larvae of P. brassicae 
were more susceptible than 2nd instar larvae to the two EPNs local strains; S. feltiae HR1 and H. 
bacteriophora HR2EPN strains (Kasi et al., 2021). Recently, the 4th instar larvae of A. segetum 
were more susceptible to infective juveniles (IJs) of all tested Turkish native EPN isolates at the 
concentration of 100 IJs/cm2 after 72 hrs of exposure (Yüksel et al., 2022). In H. armigera, S. 
litura and A. segetum, the 4th instar larvae were more sensitive to the pathogenicity of H. 
bacteriophora than 3rd instar larvae (Thakur et al., 2022). 
 
On the contrary, the present result was inconsistent with different reported results of sensitive 
larval instars other than 4th instar of some insects to various EPNs, such as the 3rd instar nymphs 
of S. gregaria seemed to be the most susceptible to S. carpocapsae, followed by the 5th nymphal 
instar (Youssef, 2014; Gaber et al., 2018); the C. capitata 3rd instar larvae were more susceptible 
to the native strains (Heterorhabditis sp. LPP14 and Heterorhabditis sp. LPP17) than to the 
exotic strain (Heterorhabditis baujardi LPP7)(Minas et al., 2016); 2nd, 3rd and 4th larval instars 
of T. absoluta were found more sensitive than 1st larval instar to some EPNs (Husin, 2017); the 
2nd instar of both S. littoralis and A. ipsilon was of higher susceptibility to S. monticolum and H. 
bacteriophora (HP88) than other larval instars (Sobhy et al., 2020); 2nd and 3rd instar larvae of 
P. brassicae were more sensitive than 4th instar to H. pakistanensis (Askary and Ahmad, 2020); 
and the 1st, 2nd and 3rd instars were more sensitive than 4th, 5th and 6th instar larvae of S. 
frugiperda to S. glaseri (Meka et al., 2020). Recently, Wattanachaiyingcharoen et al. (2021) 
reported that the 2nd larval instar was more sensitive than 5th instar of S. frugiperda to two Thai 
indigenous EPNs isolates of H. indica and S. siamkayai. The 3rd instar larvae of S. littoralis were 
more sensitive than other larval instars to S. feltiae (100% mortality) (Yağcı et al., 2022).  
Depending on the mortality bioassay conducted by Mohamed and Shairra (2023), the 2nd and 
3rd larval instars of S. frugiperda were highly susceptible to H.indica infection than 5th and 6th 
instar larvae.  
 
The sensitivity of certain larval instar (s) to the EPNs could be attributed to the variation in 
genetics (Gaugler et al., 1989), infectivity (Griffin and Downes, 1991), physiology (Fitters et al., 
1999), climatic adaptation (Solomon et al., 1999), and morphology of different nematode 
strains (Stock et al., 2000). 
 
One EPN Species is More Pathogenic than Another Species Against A. ipsilon 
On the basis of LC50 values of the tested EPNs, in the present study, S. carpocapsae was more 
pathogenic than H. bacteriophora against both 4th and 5th instar larvae of A. ipsilon. The present 
result was agreeable to some reported results of S. carpocapsae as more virulent than other 
EPNs against the present insect. For examples, S. carpocapsae performed better than H. 
bacteriophora against A. ipsilon with a high speed of kill after 4 days under golf course 
conditions (Ebssa and Koppenhofer, 2011). Some Petri dish studies recorded that S. 
carpocapsae was found more virulent than H. bacteriophora against the A. ipsilon larvae (Bélair 
et al. 2013; Mahmoud et al., 2016).  
 
Apart from A. ipsilon, Shapiro-Ilan and Cottrell (2006) reported that both S. feltiae and S. 
carpocapsae performed better than H. bacteriophora against the lesser peach tree borer 
Synanthedon pictipes. Also, S. feltiae was higher pathogenic than H. bacteriophora against the 
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olive fruit fly Bactrocera oleae larvae (Sirjani et al., 2009). S. glaseri was more effective than H. 
bacteriophora against the 3rd larval instar of T. baal (Atwa and Hassan, 2014). Full-grown larvae 
of P. gossypiella were more susceptible to S. riobrave than to H. bacteriophora (Shairra et al., 
2016). EPN S. glaseri was more pathogenic than H. indica against 3rd instar larvae of the brinjal 
ash weevil Myllocerus subfasciatus (Nithiskarani et al., 2019). As reported by Rohde et al. 
(2020), both EPNs S. carpocapsae ALL and H. amazonensis JPM4 killed C. capitata larvae and 
pupae, but S. carpocapsae ALL was the most pathogenic EPN. According to results of 
Mazurkiewicz et al. (2020), the Steinernema strains were more pathogenic than H. megidis 
against the cabbage moth Mamestra brassicae larvae.  
 
Recently, Pratissoli et al. (2021) evaluated the pathogenicity of H. indica and S. carpocapsae on 
pre-pupae of the fruit borer moth Neoleucinodes elegantalis. They found S. carpocapsae as more 
pathogenic than H. indica. In a study conducted by Peçen and Kepenekci (2022) on wheat stink 
bug Aelia rostrata adults, S. carpocapsae (Black sea isolate) was the most pathogenic among the 
three nematodes tested including S. feltiae and H. bacteriophora isolates. Also, larvae of T. baal 
were more susceptible to the infection with S. glaseri than H. bacteriophora, at the highest 
concentration (4000 IJs/larva)(Adly et al., 2022).  
 
In contrast to our results, some studies reported that Heterorhabditis spp. were more virulent 
than Steinernema spp. against some insects. For example, Hussaini et al. (2005) found the 
isolates of H. indica more virulent than the isolate of S. carpocapsae against the A. ipsilon larvae. 
Also, H. bacteriophora was more pathogenic than S. riobrave and S. feltiae to S. littoralis larvae 
(Ahmed et al., 2014). EPNs H. bacteriophora strains were found more virulent than S. 
carpocapsae stains against late 3rd instar larvae of C. capitata (Shaurub et al., 2015). Ulu et al. 
(2015) recorded H. bacteriophora as more virulent than S. carpocapsae against larvae of the 
yellow sawfly Hoplocampa flava. Al-Ghnam and Heikal (2017) studied the activity of the EPNs, 
S. carpocapsae and H. bcteriophora against P. operculella larvae and pupae. Their results 
revealed that H. bacteriophora was more pathogenic than S. carpocapsae all concentrations. 
Depending on results of Gomaa et al. (2020), H. bacteriophora was more virulent than S. 
carpocapsae against 3rd instar larvae of S. littoralis. In their study, Bhairavi et al. (2021) 
concluded that H. bacteriophora displayed more virulence than S. aciari toward the 
subterrenean termite Odontotermes obesus and A. ipsilon. Taha (2021) studied the 
susceptibility of the 5th instar larvae of S. littoralis to S. carpocapsae, and H. bacteriophora. Their 
data revealed that H. bacteriophora was the higher effective than S. carpocapsae on larvae 
causing 100% mortality after 48 h post-treatment. In addition, some surveys in the Egyptian 
soils revealed that species of family Heterorhabditidae were more prevalent than species of 
family Steinernematidae for biological control of some insect pests (Aashaq et al., 2020; Nouh, 
2021). 
 
As previously mentioned in the current study, S. carpocapsae was more pathogenic than H. 
bacteriophora against 4th and 5th instar larvae of A. ipsilon. To understand this result, it is very 
important to point out that mortality rates might be affected by the foraging strategies of EPNs. 
S. carpocapsae is considered to be more effective than other species in controlling moving 
insects due to its foraging behavior, and Petri dish might have created an environment that is 
more favorable to S. carpocapsae (Campbell and Gaugler, 1993; Shapiro et al., 1999; Ebssa and 
Koppenhöfer, 2012; Hassan et al., 2016). Also, smaller nematodes were more infective and 
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induced mortality more quickly (Shannag et al., 1994). The present result could be, also, 
explained by variations in strategies of the host or from the entrance of IJs in the insect body 
due to penetrate the interior of the insects occur through the mouth, anus, blow holes and track 
cuticle (Lewis et al., 2006; Chaneiko et al., 2021). 
 
Some EPN-Infected Larvae of A. ipsilon Could Successfully Transform into the Next Stage 
In the present study, a few EPN-infected 4th instar larvae of A. ipsilon could pupate at the lower 
two concentrations of S. carpocapsae and H. bacteriophora. In the present study, also, a similar 
result was recorded after infection of 5th instar larvae with S. carpocapsae. Moreover, the 
infected larvae with H. bacteriophora successfully pupated at all concentrations except the 
highest one (6.7, 13.3, 20.0 & 20.0% pupation, at 100, 50, 25 & 12 IJs/ml, respectively). As far 
as our literature survey could ascertain, no information was available on the successful 
metamorphosis of EPN-treated insect larvae into pupae. Unfortunately, there is no scientific 
explanation of our result right now!!  
 
However, some studies reported the capability of EPN-treated pupae to transform into adults 
although the pupal stage is less conductive for EPNs (Malan et al., 2011; Odendaal et al., 2016; 
du Preez et al., 2021; Steyn et al., 2021).  Whatever, treatment of Tobacco thrips, Frankliniella 
fusca, pupae (the soil dwelling stage) with H. bacteriophora (Fl1-1), S. feltiae, S. riobrave and S. 
rarum resulted in reduction of the adult emergence (18.3–75.0%)(Gulzar et al., 2021). When 
employing the high IJ concentrations of four EPN species (S. feltiae, S. carpocapsae, S. riojaense 
and H. bacteriophora) against pupae of the European grapevine moth Lobesia botrana, adult 
emergence was significantly blocked (Vicente-Díez et al., 2021). In a study of Filgueiras and 
Willett (2021), the presence of EPNs can alter the developmental times and changes in the risk 
of death of the non-susceptible pupal stage of the onion fly Delia antiqua. 
 

CONCLUSION 
As shown in the present study, neither Steinernema carpocapsae nor Heterorhabditis 
bacteriophora caused 100% mortality of A. ipsilon larvae. However, both ENPs exhibited high 
insecticidal activity, in situ or associated with their symbiotic bacteria, against these larvae. EPN 
S. carpocapsae was more pathogenic than H. bacteriophora. Therefore, S. carpocapsae may be 
effective microbial control agent in the integrated pest management program against A. ipsilon. 
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