


Review Article

Eco-friendly management of Helicoverpa species through Entomopathogenic Nematodes: A review

Abstract
Helicoverpa species (Lepidoptera: Noctuidae) is an important and widely distributed in India and many other countries all over the world. Larvae are the voracious feeder on leaves but are most damaging on reproductive parts of crops. The use of chemical insecticides is the primary suggested method for controlling this pest. Owing to health and environmental issues, alternative control methods are necessary. Biological control utilizing Entomopathogenic nematodes (EPNs) is an environmentally friendly method for keeping pest numbers below acceptable levels. EPNs, Steinernema spp., and Heterorhabditis spp. are deadly insect parasites found in agricultural crops and are acknowledged as significant biocontrol agents. Due to their symbiotic bacteria, which emit toxins that lead to the insect's septicemia within a few days. The infective juveniles residing in the soil and Helicoverpa species spend a portion of their life cycle as pupae in the soil, making them easily susceptible to the EPNs. However, the efficacy of EPNs to control Helicoverpa species is depend on virulence, application techniques, interactions among hosts and resource competitors as well as environmental conditions. With new technical methods we can expand EPN applications in agro-ecosystems and promoting eco-friendly Helicoverpa management. This review paper provides an overview of development of EPN research and evaluation of their potential for use related to Helicoverpa species.
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INTRODUCTION
Helicoverpa species (Lepidoptera: Noctuidae) (previously known as Heliothis species) are polyphagous pests with different common name such as legume or gram pod borer, cotton bollworm, corn earworm and tobacco budworm, etc. which causes significant damage to various crops of different families across the world (Shanower et al.,1999; Razmjou et al., 2014). It is prevalent in tropical and sub-tropical regions of the world. It has been estimated that over 3 billion USD global monetary loss per annum due to this pest (Tay et al., 2013; Jones et al., 2019). In India, over 300 million USD losses incurred due to H. armigera in chickpea and pigeon pea alone. According to EPPO (2024), 100% yield loss has been documented in cotton fields and non-Bt soybean field. Agricultural practices such as high-yielding cultivars, increased use of fertilizers, better irrigation facilities, increase in cropping intensity and extensive planting of alternate host crop makes them cosmopolitan nature and increased damage severity of this pest (Fitt, 1989; Shanower et al., 1999; Stacke et al.,2018).
2.Biology of Helicoverpa species
Helicoverpa life cycle consists of four stages, viz., egg, larva, pupa and adult. Depending on temperature; in summer life-cycle completes within 4-6 weeks, whereas in spring or autumn takes 8-12 weeks (Sharma et al., 2005). Fully matured female moth lays around 1000 eggs singly or in clusters on plant parts. In warm (25°C average) eggs hatch in about three days and in cooler weather takes 6-10 days. Physical factors i.e. heavy rainfall, wind or high temperatures can affect egg survival and larval establishment. Similarly, larval development through instars to fully grown stage completes in 2-3 weeks in summer and 4-6 weeks in spring or autumn. Larvae generally feed on leaves besides feeding on growing points and reproductive parts of the host plant. After hatching to young larva feeds on reproductive structures of mungbeans or cotton. Young larvae initially moving on leaves, as they mature to third instar or older larvae start feeding on developing parts of the plant and damaging starts. Large larvae (longer than 24 mm) in the fifth and sixth instars are the most voracious stage as these larvae consume about 50% of their overall food (Ahmad and Rai, 2005). Therefore, small (less than 7 mm) larvae should be targeted for control. As the last instar larvae mature, they crawl to the base of the plant, undergo pupation stage after making a chamber or emergence tunnel up to 10 cm into the soil. Pupal duration takes around 2 weeks in summer and in spring and autumn takes up to 6 weeks. Overwintering or diapause is a winter dormant stage of the Helicoverpa pupae. To enter diapause larvae need shorter day lengths (<12 hours) and low temperatures (<12°C). With increasing temperatures in spring the moth emerges. Structural integrity of the emergence tunnel is critical for successful moth emergence. However, diapausing pupae take much longer to emerge that are found in late summer crops followed by emergence to moths during October. Moths feed on nectar and starts lay eggs and live for around 10 days. Economic thresholds are generally lower for Helicoverpa compared to other defoliator pests (Stacke et al., 2018). Ecological adaptability like high mobility and fecundity, polyphagy, facultative diapause as pupae, injudicious use of insecticides, changing farming practices and global climate changes make it a serious pest (Fitt, 1989).
3. Management of Helicoverpa
Cultural control is a simple method to follow in Helicoverpa species management (Hardee and Bell, 1995). There are some reports available about plant resistance to Helicoverpa species. However, synthetic insecticides are a popular and widely utilized form of Helicoverpa species management among farmers (Ahmad and Rai, 2005). Application of synthetic insecticides have many disadvantages such as environmental pollution, resistance development, residual toxicity, pest resurgence as well as causing harm to non-targeted beneficial organisms (Muñoz-Bautista et al., 2025). Therefore, the natural control of insects is the alternative and effective method of control. Natural enemies like larval parasitoids, Campoletis chlorideae attack H. armigera-infested chickpea in India. Several predators from Helicoverpa spp. in chickpea have been identified (Ahmad and Rai, 2005). Some of the entomopathogens like Bacillus thuringiensis, nuclear polyhedrosis virus, Metarhizium anisopliae, Beauveria bassiana and Nomuraea rileyi are applied against Helicoverpa species (Shanower et al., 1999). “Though some success has been documented in the use of Bacillus thuringiensis, the frequency of resistance in Helicoverpa species has significantly increased worldwide” (Akhurst et al.,2003; Reisig and Kurtz,2018; Yang et al.,2020).
“Among these natural agencies, Entomopathogenic nematodes (EPNs) are important options for this insect pest” (Lacey et al.,2001).” Several positive attributes makes this agent a reliable source of sustainable agriculture i.e., broad host range, ability to kill rapidly, safe for most non-target invertebrates and also vertebrates, mass production capability, easy application method, good persistence in the environment, and are compatible with a wide range of chemical and biological pesticides” (Shapiro-Ilan  et al.,2017; Koppenhöfer et al.,2020). 
4. Mode of action of Entomopathogenic nematodes (EPNs)
“EPNs genera Steinernema and Heterorhabditis under the family Steinernematidae and Heterorhabditidae, order Rhabditida are the natural enemies which are used as eco-friendly bio-control agent against variety of economically important insect pests. Steinernematids have symbiotically associated with bacteria, Xenorhabdus spp. and heterorhabditids are associated with bacteria, Photorhabdus spp.” (Boemare, 2002). “Third stage infective juveniles (IJs) called as dauer larvae are naturally found outside the host cadaver (in soil), which are non-feeding stage, and resistant to adverse environmental condition. By means of natural openings such as mouth, anus, and spiracles, or the thin cuticle, they enter the host’s hemocoel and release their symbiotic bacteria into the host hemocoel. The released bacteria secret insect toxins, exoenzymes and other metabolites and kill the insect host by septicemia within 24 to 48 h” (Poinar, 1990; Lewis and Clarke, 2012). Released bacteria assimilate the host tissues and provide suitable food material for nematode growth and development (Dillman et al., 2012). Moreover, the multiplied bacteria defend the cadaver from colonization by other micro-organisms .The IJs continue to multiply for two to three generations. After depletion of food resources, they leave the cadaver in search of another insect host (Hazir et al., 2003).
4.1. Factors effecting efficacy of EPNs
Nematode’s host range, host finding ability, infectivity and adaptability are some of the key factors which play an essential role in the successful use of EPNs (Hussain and Ahmad, 2015). “EPNs with a cruisers or mobile foraging strategy are effective for use in subterranean and certain above-ground habitats (foliar, epigeal and cryptic habitats of pest). Those with a ambushers or sit and wait foraging strategy are most effective against those pests in soil surface” (Poinar, 1990).
5. Bio-efficacy of EPNs against Helicoverpa species
5.1. Nematode distribution pattern
“The distribution pattern of EPNs is dependent on agro-ecosystems, geographical regions or vegetation, as well as soil parameters. Variable isolation rate of EPNs has been observed in a number of surveys from various geographical locations. In a survey over a period of 5 years from maize fields in the Lower Rio Grande Valley of Texas and northern Tamaulipas, Mexico reported the natural parasitism on prepupae and pupae of H. zea was as high as 34% by Steinernema sp. that accounted for 49.4 % mortality” (Raulston et al., 1992).Similarly, S. riobrave was also isolated from soil samples taken from Lower Rio Grande Valley of Texas in corn plantations (Cabanillas et al., 1994). 
5.2. EPNs species or strains susceptibility
The nematode species/strains should be matched with the suitable host. Different studies documented the use of EPNs species/strains for the management of larvae, pre-pupae and pupae of Helicoverpa spp. in different crops around the world (Table1). “The difference in mortality rate could be due to the differences in nematode species involved with different host searching abilities, and application method followed. For example, S. riobrave was more effective than S.carpocapsae” (Cabanillas et al.,1994; Cabanillas and Raulston,1996).The efficacy of S. riobrave was recognized to its greater ability to tolerate warm soil temperatures (>38oC) as compared to S. carpocapsae (Grewal et al., 1994; Gouge et al., 1999). Similarly, H.indica and H. floridensis also have higher tolerance of warm soil temperature (Grewal et al., 1994; Shapiro-Ilan et al., 2014). Following a laboratory experiment, H. bacteriophora (HP88 and VS strains), H. floridensis (K22 strain), S. carpocapsae (All and Cxrd strains), S. feltiae (SN strain), S. rarum (17c+e strain), and S. riobrave (355 and 7-12 strains) showed mortality to 1st to 4th instar larvae of H. zea (Zhang et al., 2024). Similarly, H. amazonensis (MC01 and JPM4 strains) at the rate of 400 IJs/pupa caused 45% mortality and S. carpocapsae at a concentration of 600 IJs pupa-1 caused 80% mortality under laboratory condition. Mortality was as high as 80% in the greenhouse and field test (Andaló et al.,2021). 
5.3. EPNs susceptibility depends on developmental stage of the insect
The developmental stage (different larval stage, pre-pupae, pupa and even the adult stage) of the insect plays an important role in vulnerability to the EPNs. Nematode application timing should match with the most susceptible stage of Helicoverpa species. Gulsar-Banu et al., (2007) observed that eggs of H. armigera were not infected by either H.indica or S.glaseri whereas 1st and 2nd instars were highly susceptible to nematode infection. Glazer and Navon (1990) observed that within 8 hours of exposure period S. feltiae (All) induce >80% mortality of the youngest instars of H. armigera. Susceptibility of H. zea pupae to infection by Neoaplectana carpocapsae was demonstrated by Kaya and Hara (1981). Differences in infectivity of N. carpocapsae to pupae due to age were demonstrated with H. zea. Mortality rate was 26% in 1 to 3 days old pupa, but mortality rate decreased as was 6% when pupal age ranged from 3 to 6 days. Zhang et al., (2024) tested several species/strains of EPNs against pupae of H. zea and found that S. riobrave (355) had significantly higher mortality. Shankhu et al., (2019) observed insecticidal activity against 4th instar larvae of H. armigera of Txp40, a 37 kDa protein, isolated from the symbiotic bacterium Photorhabdus akhurstii strain IARI-SGMG3 of H. indica. After application of S. riobrave in maize fields when 50% of the larvae were late instars (still in the maize ears) showed 100% mortalities of H.zea whereas 95% mortalities were observed when 10% of older larvae that left the ears to pupate (Cabanillas and Raulston 1995). Size of the host, host immune response and host behaviour influences EPNs efficacy. Nematodes (IJs) may not be able to enter in smaller portals of entry in the smaler instars (Jackson and Brooks, 1995), or they may be less attractive in terms of host signals (Kaya 1985). After invasion, if nematodes are not able to overcome the insect’s immune system, larvae become less susceptible (Simoes and Rosa 1996). 
5.4. EPNs susceptibility depends on dose, timing and method of application
“Nematode dose, timing and application method should be optimum for efficacy. A high degree of infectivity of S. riobravis to H. zea prepupae and pupae (100% mortality) at 100 IJs per prepupa or 13 IJs per prepupa were LC50 values of S. riobravis observed under laboratory condition” (Cabanillas and Raulston, 1994). “S. abbasi (CS-39) at 200 IJs/larva after 24 h of exposure period caused 100% mortality to H. armigera” (Srivastava et al.,2022). Jothi and Mehta (2006) obtained “83%-100 % mortality of H. armigera by S. glaseri at a dose of 40 IJs”. Atalla et al.,(2018) recorded “93% mortality of 4th instar larvae of H. armigera by S. abbasi and H. bacteriophora at 72 h post-exposure. Time of application and coverage are both important for achieving good control of Helicoverpa larvae”. “The soil-dwelling stages i.e. pupal stage could play a critical role in the management of H. armigera when larva is finding a hiding place in cracks, crevices or loose soil in the field” (Hussain and Ahmad, 2015). Cabanillas and Raulston (1995) demonstrated that “application of nematode to soil subsurface caused higher insect mortalities than soil surface applications as the subsurface application provided greater nematode protection against sunlight than soil surface application” (Gaugler,1988). Similarly, parasitism depend on sufficient moisture condition, when S. riobravis was applied at 200,000 IJ/m2 through in-furrow irrigation or post-irrigation parasitism was higher (97%) and/or (95%) than when nematodes were sprayed onto the soil or before irrigation (56% parasitism) (Cabanillas and Raulston,1996). Parasitism also depends on the method of application. For effective application of EPNs, the irrigation systems should be helpful in delivering IJs into the zone below trees where larvae enter the soil. “The possibility to control this pest is in the upper soil profile, the habitat of EPNs. Infective juveniles present in soil may encounter the pupating larvae and infect them prior to insect metamorphosis into the next developmental stage” (Coleman et al., 2025). S. carpocapsae is the most commonly applied species for control of foliar and other above-ground pests due to its ambusher host-finding strategy” (Lacey and Georgis, 2012). “The young larvae of Helicoverpa feed on tender foliage, but later instars swap over to feed on fruiting part of the plant. When EPN is applied on foliage to control these larvae, abiotic factors reduce the viability of nematodes” (Glazer et al.,1992). “As a consequence, Helicoverpa larvae escape nematode’s attack and continue damaging fruiting bodies of the crop. Efficacy in biocontrol in foliar application of EPNs may be reduced by adverse environmental conditions such as desiccation, temperature extremes, and UV radiation” (Shapiro-Ilan et al., 2017). “Research indicates that exposure to UV radiation can affect EPN survival, virulence, or reproduction (Shapiro-Ilan et al.,2015). Therefore, the relative ability to withstand environmental stress may be an important criteria in selecting a particular EPN species or strain for use in biocontrol programs. However, significant variation exists in UV tolerance among EPN strains and species” (Gaugler et al., 1992). “Relative virulence after UV exposure after 10 min exposure S. carpocapsae (All) exhibited remarkably higher tolerance followed by S. riobrave and H. bacteriophora (f l11 and Oswego strains)”(Shapiro-Ilan et al., 2015). The impact of UV radiation in EPNs depends on wavelength. Jagdale and Grewal (2007) reported that UV had no impact on the virulence of S. feltiae (SN), but did affect S. carpocapsae (All) and S. riobrave (TX-355 strain). Good coverage is essential for edible products because the larvae must actually feed on plant material covered with an adequate dose of the biopesticide. Lello et al., (1996) reported that high output hydraulic nozzles deposited the greatest number of IJs on foliage and produced up to 98% mortality. Besides the IJs itself, other additives and adjuvants are needed to be formulated into the compositions of nematodes such as humectants, phagostimulants, UV protestants, inert fillers and dispersants, etc. to increase nematode’s viability and infectivity (Waweru et al.,2025). Glazer and Navon, (1990) observed that foliage application of the S. feltiae (Pye strain), mixed with glycerol (1% wt/wt) or folicote (6% wt/wt), results in 75 and 95% control of H. armigera larvae, respectively. Glazer et al., (1992) reported only 22% mortality of S. carpocapsae against H. armigera on cotton at a dose of 5,000 IJs/ml water. However, higher mortality of 85-95 % was observed when Biosys 627, natural wax and Folicote were added in spray suspension. An improved calcium alginate gel formulation was developed and tested as a carrier for S.carpocapsae (All) against H. armigera larvae. Mortality of 100% was caused in 4th instar larvae by feeding them on 1000 IJ / g of nematode in the gel for 24 h (Navon et al.,2002). S. carpocapsae (All) and S. riobrave (7-12) with an adjuvant 0.066% Southern Ag Surfactant (SAg Surfactant) were applied in the field and found significantly increased mortality of 1st instar larvae of H. zea in corn plant whorls (Zhang et al.,2024). Significant results were observed under field condition with lowest pod damage (12%) and 42 % increased yield over the untreated control by foliar application of S. carpocapsae (Kanpur isolate) at a dose of 3X109 IJs/ha + antidesiccant + UV retardant (Hussain and Ahmad, 2011). In another field trial, least pod damage (11%) and the highest yield was achieved by the application of 5X109 IJs of H. indica (Meerut strain) / ha + glycerine + Teepol, as compared with the control plots (Hussain et al.,2014). Glover et al., (2025) demonstrated 98% H. zea larval mortality when S. adamsi was applied with 0.05% sodium alginate and 0.02% Congo red in cotton field. 
5.5. Combination of EPNs with other control agent
“The efficiency of EPNs can be improved, when combine them with other compatible bioagents and synthetic insecticides” (Koppenhofer et al., 2020). “It is expected that the amount of pesticide used would be less than the amount considered for the application of this pesticide alone and the resistance and outbreak of secondary pests would also be minimum” (Lacey et al., 2001). “The effect of three insecticides dinotefuran, indoxacarb, and imidacloprid, commonly used against H. zea, was evaluated against H.sonorensis (Caborca strain) and S.riobrave (SR-5 strain) under laboratory condition. Both EPN species responded differently in respect of virulence of IJs and reproduction of adults to the effect of the selected insecticides and timing of application. Dinotefuran had an additive effect when combine with both EPN species” (Navarro et al., 2014). A field evaluation demonstrated that sequential application of H. indica + leaf extracts of Prosopis juliflora  @ 1 lakh IJs / l+10%  at 50 and 75 days after sowing of chickpea caused H.armigera larval reduction of 23.47% with minimum pod damage (11.27%) and maximum seed yield (19.24 q/h) (Prabhuraj et al.,2008). Nematode persistence in the applied field is also another critical parasitism for bio-efficacy. Cabanillas and Raulston,(1996) observed persistence of  S. riobravis up to 36 days after application as 80% parasitism of corn earworm prepupae whereas only 14% natural parasitism in control plots. Persistence will provide better suppression of the population of next generations of Helicoverpa spp., thus preventing completion of life-cycle and subsequent damage to host crops. 
6. Conclusion
Helicoverpa species management through EPNs is a practical option in sustainable agriculture. EPNs based biopesticides are safe alternatives to chemical insecticides. Despite remarkable advances in research and development, the achievement of EPNs under field conditions still remains in a weak position by the lack of certainty in their efficacy. There should be increased understanding of nematode biology, host range along with their biology and ecology as well as simultaneous advances in EPNs mass production, storage and formulation. Isolation of local species and strains for use in specific ecosystem are important prerequisite as different species of EPNs have distinct optimum temperature moisture for efficacy and survival. Moreover, costs, availability, compatibility within integrated strategies are other factors that decide to which nematodes are used against Helicoverpa species. To make EPNs more successful, realistic strategies through genetic engineering and biotechnology advances are required for developing EPN species with improved usefulness and specificity. A programme of educating activities, such as training and field demonstrations, are necessary for promoting the use of EPNs as an eco-friendly and sustainable pest control method.
Table 1. Entomopathogenic nematodes against Helicoverpa species.
	Entomopathogenic nematodes
	Helicoverpa species
	Experimental condition
	% mortality
	Reference

	Heterorhabditis bacteriophora IRA10
Steinernema carpocapsae IRA18
Steinernema feltiae IRA24
	Helicoverpa armigera 
@500IJ/Larvae
	Lab
	30-83%
	Kary et al., (2012)

	S. adamsi
	H. zea
1st to 4th instars
	Lab
	 74.2- 100%
	Glover et al.,
(2025)

	H.indica 
	H.armigera3rd, 4th and 5th instar larvae
@30 IJs/100µl
	Lab
	Susceptible
	Lavhe et al.,
(2023)

	S. glaseri
S. feltiae 
H.indicus 
	H.armigera
	Lab
	Susceptible to all
	Karunakar et al.,(1999)

	Heterorhabditis sp.
H. indica
H. bacteriophora 
(HRJ),
	H.armigera @ 40IJs/third instar larvae
	Lab
	73.3%-80.0%
	Vashisth et al., (2019)

	S. pakistanense NNRCNB.14
S. balochiense NNRC-NB.23
S. abbasi 
NNRC-NB.33
	H.armigera@250 IJs / larva
109IJs /square meter+1% glycerin
	Lab

Field
	95-98%

70-90%
	Mengal et al.,
(2024)

	S.carpocapsae  APKS2
S.siamkayai 
S.monticolum 
H.bacteriophora KKMH1
	H. armigera larvae
	Lab
	91.9–93.5% 
	Seenivasan & Sivakumar (2014)

	Neoaplectana carpocapsae
	H.virescens
8000 IJs/10 g cotton leaves
	Lab
	80-100%
	Samsook & Sikora (1981)

	S. feltiae
	H.armigera 
@25IJs/ prepupae
	Lab
	LC50: 19
	Ebrahimi et al.,(2018)

	S. feltiae All
	H.armigera
 @200IJs/larva
	Lab
	100%
LD50 :54 
	Glazer &Navon (1990)

	S. glaseri
H. indica
	H.armigera
larva


Pupa
	Lab
	LC50:
2.43
3.69

91.46
84.67
	Gulsar-Banu et al.,(2007)

	H. indica CICR-Su 
H. indica CICR-SUB
H. indica CICR-BBFNS2
	H.armigera 
third instar larvae
	Lab
	Susceptible to all
	Gokte-Narkhedkar et al.,(2019)

	S.diaprepesi 
	H. gelotopoeon
@100 IJs /Petri dish
	Lab
	93%
	Caccia et al.,
(2014)

	S. riobrave
	H. virescens adult
@2.4X105 IJs/m2
	In cage condition
	66% reduction
	Hardee & Bell (1995)

	H.indica 
S. glaseri 
	H. armigera,
Larva & pupal stage
	Lab
	LC50 :
9.40-104.45
10.51-122.73
	Saravanapriya & Subramanian (2007)

	H. indica (RCR)
	H.armigera
Third and fourth instar
	
	LC50 :
145 
195
	Prabhuraj et al.,(2008)

	S.pakistanense
S. asiaticum
S. feltiae
H.indica
	H.armigera@ 1000 and 2000 IJs/ml
	Field
	All are susceptible
	Shahina et al., (2014)

	S. riobravis
	H.zea
@1.2 × 107IJs/m2
	Field
	91.3%
	Feaster & Steinkraus, (1996)

	S.feltiae 
	Heliothis zea 
	Field
	71% infection
	Richter & Fuxa(1990)

	S.carpocapsae
	H.zea
@40000 IJs/ml
	Field
	74.5-77.4%
	Purcell et al., (1992)

	Neoaplectana carpocapsae DD136
	Heliothis zea 
@4 × 104 
(applied twice at 3 days interval)
	Field
	55% control
	Bong (1986)

	S.carpocapsae  APKS2
H.bacteriophora  KKMH1
H.bacteriophora TRYH1
	H. armigera 
@3 × 109 IJs·hm−2 
	Field
	62.2% reduction
	Nagachandrabose(2022)
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