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A B S T R A C T

The 100 years of research, development, commercialization and use of entomopathogenic nematodes (EPN) since 
their discovery in the 1920s have seen impressive progress. Nowadays, many EPN products, based on a relatively 
limited number of EPN species, are commercially available in most world regions. This paper presents a review of 
EPN commercialization and examples of EPN use in field crops such as maize and in agroforestry ecosystems. It 
demonstrates how EPN have become an important tool in biological control of insect pests offering many ad
vantages over chemicals. These include farmer and consumer safety, minimal damage to natural enemies, no 
problems with pollinators, and no environmental pollution. All of these attributes are essential for an advanced 
and sustainable integrated pest management strategy. We explored future potential of commercialization and 
adoption of EPN-based biocontrol products. The future may lie in several advances: i) The ability to tailor the use 
of EPN to broad as well as to local agricultural needs. ii) Enhancing their shelf life and efficacy through genetic 
improvements. iii) Refining application technologies. iv) Improving mass production (including machine 
learning using production data). v Reducing production and delivery costs, considering EPN as safe agents and 
therefore reducing registration burdens. Vi) Finally, expanding their use to a larger market such as to new pest 
species and crops. With continued research and innovation, EPN could become a cornerstone of sustainable pest 
management strategies in an increasing number of countries.

1. Introduction

Entomopathogenic nematodes (EPN, Rhabditida) are beneficial 
nematodes that have gained considerable attention as biological control 
agents for the effective management of many different insect pests in 
agriculture and forestry. Belonging primarily to the families Steinerne
matidae and Heterorhabditidae, EPN are highly effective in controlling a 
broad range of belowground or otherwise hidden pests, as well as some 
of the aboveground insect pests (Shapiro and Lewis, 2024). In the 100 
years since their discovery in the 1920s (Steiner 1923), there have been 
significant advances in research, development, commercialisation and 
use of EPN. During the last half of a century, EPN have emerged as safe 
and effective alternatives to chemical pesticides. This is largely due to 
their safety to humans, livestock, crops and the environment, as well as 
due to their ability to be integrated into other pest management 

practices. They leave no residues on the harvest and therefore cause no 
problems with marketing the agricultural produce. Also, resistance 
development by pests to those biocontrol agents is highly unlikely due to 
their multiple modes of action. The biggest advantage of nematodes, 
however, is their ability to seek for hidden pest insects. These advan
tages make them an effective tool in eco-friendly pest management. The 
drivers behind their success are the changing global agricultural sys
tems, such as changing consumer demands for safer food, increasing 
restrictions on maximum residue levels, the use of pollinators in agri
cultural production that limits the use of chemical insecticides, the 
development of resistance of insects to pesticides (Bass and Jones, 
2018), and the ban of some key pesticides in a number of crops. In 
addition, the spread of invasive species and changing insect dynamics 
such as reproduction rate and longer survival during warmer climates, 
and further intensification of agriculture are leading to increased pest 
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problems (Skendžić et al., 2021).
Over the past several decades, EPN have gained significant attention 

in sustainable agriculture resulting in commercialization of a number of 
species, particularly in high-value crops such as in horticulture, berry 
production or tree nurseries, as well as in turf management 
(Koppenhöfer et al., 2020, CABI 2024) (Table 1). Companies and re
searchers across the globe are continuously developing novel EPN-based 
products for pest control, predominantly in developed countries 
(Shapiro-Ilan and Lewis, 2024). Despite successes, challenges have 
restricted their widespread use. Those include challenges in cost- 
effective mass production, their relatively short shelf-life, cool storage 
requirements, lack of local availability of products in some regions, and 
too strict registration requirement in some countries (Abate at al., 2017; 
Askary and Abd-Elgawad, 2021).

As the pressure of reducing chemical pesticides mounts, EPN are 
progressively being more recognized as an important component of 
future pest management strategies. To date, of more than 100 described 
EPN species, only about 10 (Fig. 1) to 13 species have been commer
cialized (CABI, 2024; Koppenhöfer et al., 2020). Entomopathogenic 
nematode researchers aim to improve their commercialization by 
enhancing nematode resilience and shelf-life and developing novel 
application techniques including appropriate formulations (Askary and 
Abd-Elgawad, 2021). Also, regulators are encouraged to simplify the 
registration processes for indigenous EPN, as they are macrobial 
biocontrol agents (MBA) which are largely considered of no-risk or very 
low-risk (Ehlers, 1996; Waweru et al., 2024). Looking ahead, the future 
of EPN likely lies in expanding their use in agriculture and agroforestry 
systems.

This article reviews and discusses the commercialization of EPNs, 
highlighting successes achieved in the examples of pest management in 
field crops such as maize, and in more complex agroforestry systems. 
Lessons learned from these two examples may help to define future 
perspectives and innovations needed to expand the value of EPN ap
plications in addressing agricultural pest challenges.

2. Commercialization of EPN

We are celebrating the 100th anniversary of EPN (Toepfer, et al. 
2024b) being first discovered in the 1920s (Steiner, 1923). Since then, 
numerous field surveys from experts across the globe isolated many new 

EPN species which led to a characterization of more than 100 Stei
nernema and 16 Heterorhabditis spp. (Bhat et al., 2020; Tarasco et al., 
2023). Commercialization attempts began in the 1980s with the in
vention of in vitro mass production by Bedding (1981). Cost effective 
high-output mass production is inevitable for sufficient and timely 
supply to the end-users. Applications of EPN usually require at least 2.5 
x 109 infective juveniles (IJ)/ha (= 25/cm2) but often more (Shapiro 
et al., 2012). Most companies or facilities currently produce EPN in 
semi-solid in vitro culture, such as in China, Kenya, DRP Korea, Rwanda, 
and others. Some companies still opt for low tech in vivo mass pro
duction system such as those in India. However, significant progress was 
made by Lunau et al. (1993) with the introduction of monoxenic culture 
and liquid mass culture (Georgis et al., 1995), a method currently used 
by the larger EPN producers. To date, nematodes are commercially 
produced in bioreactors of several thousands of litres. Entomopatho
genic nematodes are sold in different formulations of carriers like water- 
dispersible powders and sometimes granules, alginate beads, sponge and 
others. However, the details pertaining to product development, mass 
production and formulations of EPN are often hidden as trade secret by 
nematode producers. Nevertheless, a number of researchers are studying 
different aspects of in vitro liquid production of EPN to optimize and 
improve production (Dunn and Malan, 2023; Leite et al., 2023; Wang 
et al., 2023; Wang et al., 2024), while others focus on formulation 
technology. For example, Fallet et al. (2024), Waweru et al. (2025), 
(Kotliarevski et al., 2022) and (Ha et al., 2025) recently advanced with 
testing different formulations of Steinernema carpocapsae, including oils, 
gels or thickeners, surfactants, plant derived products and UV pro
tectants for aboveground pest control.

As EPN research advances, most of the research focuses on evalu
ating efficacy of species to control various insect pests in agricultural 
and forestry systems (Lacey et al., 2015) while other researchers are 
committed to product development aspects (mass production, storage 
improvements, formulation, strain stabilization) − all in a bid to pro
mote EPN as safe and environmentally friendly alternative to chemical 
pesticides. However, only a fraction of the described species are 
commercialized, this is, only nine or a few more Steinernema and Het
erorhabditis spp. (CABI, 2024; Koppenhöfer et al., 2020). Entomopa
thogenic nematodes products are popular in USA and Europe where they 
are utilized in the management of various pests (Table 1) (CABI, 2024). 
This is supported by the countries’ better economy, empowered 

Fig. 1. Products of commercialized species of entomopathogenic nematodes from 48 countries (CABI, 2024).
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Table 1 
Manufacturers of commercialized species of entomopathogenic nematodes in 
different countries*. Information regarding distribution in other countries is 
available on the companies’ websites or on the bioprotection portal (CABI, 
2024). Several non-commercial EPN production facilities exist in a number of 
countries but are not listed here.

Entomopathogenic 
nematode species

Country Producer Target pests

Steinernema 
carpocapsae

Belgium Biobest Group Caterpillars; 
Codling moth; 
Duponchelia moth; 
Fungus gnats; Shore 
fly; Black vine 
weevil; Garden 
chafer; South 
American tomato 
moth; Thrips

S. kraussei ​
S. feltiae ​
Heterorhabditis 

bacteriophora
​

S. feltiae Canada Environmental 
factor Inc. 

Grubs; Weevil; 
Borers; Ants; Fungus 
Gnat; Thrips; Flea; 
Chinch; Black vine 
weevils; Mushroom 
flies; Craneflies; 
Sciarid larvae; 
Other pest larva in 
the soil

S. carpocapsae ​
H. bacteriophora ​

S. feltiae Canada Anatis 
Bioprotection

Fungus gnats; 
Thrips; Root aphids.

S. scarabaei Canada Tetra Biologicals 
Inc.

White grubs

S. carpocapsae Canada Crop defenders Thrips 
H. bacteriophora ​
S. feltiae ​
S. feltiae PR China Keyun Bio- 

pesticides Co., Ltd 
Grubs

S. longicaudum PR China Weifang Hongrun 
Agricultural 
Technology Co., 
Ltd

Grubs; Noctuid 
larvae; Leaf beetle 
larvae; Fungus 
gnats; Chive gnats; 
Grubs

S. carpocapsae
S. feltiae ​
H. beicheriana ​
H. indica ​
S. feltiae ​
H. bacteriophora Colombia Scientia Colombia 

S.A.S.
Thrips

S. carpocapsae Costa Rica Bio Control S.A. Armyworm, 
Mamestra, 
Pineapple weevil, 
tomato moths

S. carpocapsae 
S. kraussei 
S. feltiae 
H. bacteriophora

France Bioline 
Agrosciences

Black vine weevil; 
Strawberry root 
weevil; Chafer grub; 
Thrips

S. feltiae Germany E-nema Ants; Apple 
clearwing moth; 
Asparagus beetle; 
Banana moth; Black 
vine weevil; Box 
tree moth; Codling 
Moth; Chestnut 
moth; Cockchafer; 
Cranberry griddler; 
Cranberry 
rootworm; 
Cutworm; European 
pepper moth; Flat- 
headed root borer; 
Fungus gnat; 
Garden chafer; 
Hazelnut borer; 
Japanese beetle; 
Leaf miner; Leopard 
moth; 
Leatherjacket; 
March fly; 
Mushroom sciarid; 
Mole cricket; Oak 
processionary moth; 

S. carpocapsae
H. bacteriophora
H. downesi

Table 1 (continued )

Entomopathogenic 
nematode species 

Country Producer Target pests

Oriental fruit moth; 
Palm moth; Pine 
weevil; Plum fruit 
moth; Red palm 
weevil; Shore fly; 
Sycamore lace bug; 
Tomato leafminer; 
Woodlice; Western 
flower thrips; 
Western corn 
rootworm; Welsh 
chafer

S. feltiae Germany BASF (including 
Becker 
Underwood UK) 

Fungus gnats; 
Western flower 
thrips; Furrowed 
weevil; Californian 
flower thrip; Leaf 
miners; Codling 
moth; Ants; Oak 
processionary moth, 
Tuta absoluta; 
Meadow gnats; Salt 
flies; Shore flies; 
Caterpillars; 
Spodoptera spp.; 
Chrysodeixis 
chalcites; Mamestra 
brassicae; 
Duponchelia fovealis; 
Spruce weevil; 
Garden leaf beetle; 
June beetle; 
Somersault beetle

S. carpocapsae
S. kraussei
H. bacteriophora

H. indica India Multiplex, 
Bangalore

Sugarcane pests

H. indica India KNBiosciences, 
Hyd

Sugarcane pests

H. indica India T. Stanes, 
Coimbatore

Sugarcane pests

H. indica India Anshul, 
Bangalore

Sugarcane pests

H. indica India Ponalab 
biogrowth, 
Bangalore

Sugarcane pests

H. indica India Kerala Biocontrol Sugarcane pests
H. indica India Farmroot, 

Bengalore
Sugarcane pests

S. carpocapsae Kenya Dudutec Bioline 
AgroSciences 
Africa

Leafminers; Sciarid 
flies; Thrips; 
Beetles; Fungus 
gnats; White grubs; 
Cutworms

H. bacteriophora ​
S. feltiae ​

S. carpocapsae DPR Korea 17 Provincial and 
county Plant 
Protection 
Stations

Cutworms; Grubs
H. bacteriophora ​

S. feltiae The 
Netherlands 

Koppert 
Biological 
Systems 

Box tree moth; 
Shore Flies; Crane 
fly; Tomato looper; 
Cabbage looper; 
European pepper 
moth; Diamond 
back moth; Crane 
fly; June beetles; 
European chafer; 
Japanese beetles; 
Black vine weevil; 
Asparagus beetle; 
Fungus gnats; thrips

S. carpocapsae
H. bacteriophora

S. carpocapsae New 
Zealand

Bioforce Ltd Black vine weevils; 
Grass grubs; Beetles; 
Fleas; Cutworms; 
Other moths in the 
soil

H. bacteriophora

(continued on next page)
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consumers in their demands for safe food, and in some country’s regu
lations that exclude native EPN from registration requirements or have 
fast-track and less-costly registration procedures for such safe agents in 
place. The majority of described EPN species in many countries are still 
in the development phase for commercialization.

Africa and many other developing regions still have very few EPN 
products developed and commercialized. In Africa, South Africa and 
Kenya have expertise in EPN product development, commercialization, 
and use. Other African countries, such as Egypt, Tanzania, Rwanda, 
Ethiopia, and Benin are also exploring the potential of EPN as biocontrol 
agents (Fallet et al., 2022). Research is directed towards efficacy trials 
(Lacey et al., 2015), mass production (Dunn et al., 2020; Ramakuwela 
et al., 2016), formulation (Fallet et al., 2024; Kagimu et al., 2017; 
Toepfer et al., 2024a; Waweru et al 2025) and some more innovative 
application strategies (Fallet 2024). The focus is on the management of 
pests affecting field crops, fruit orchards, vineyards, vegetables and 
sometimes forest pests.

3. EPN use in maize agroecosystems

Maize (Zea mays, corn) is a major carbohydrate provider and there
fore crucial for food security. Numerous coleopteran and lepidopteran 
key pests, as well as some minor pests attack maize in most agricultural 
regions. Nevertheless, there are by far less EPN products available and 
used against insect pests in field crops such as maize than in cash crops 
such as vegetables, berries, or tree nurseries (Toepfer et al., 2024a). 
Although there has been plenty of research on the use of EPN against 
maize pests, only few products have reached the market for pest man
agement in maize. About 1/3rd of countries has EPN-based plant pro
tection products registered for use in all crops (CABI, 2024). Therefore, 
those products are, in principle, also allowed for pest management in 
maize those include six EPN species, i.e., H. bacteriophora, H. downesi, H. 
megidis, S. carpocapsae, S. kraussei, and S. feltiae. About 1/10th of 
countries have EPN-based plant protection products registered specif
ically for use in maize (CABI, 2024). Those products include only three 
EPN species, namely H. bacteriophora, S. carpocapsae, and S. feltiae, 
which are registered for a number of other pests, of which only few of 
those are key pests in maize. Heterorhabditis bacteriophora is, for 
example, registered for use against soil pests such as Diabrotica virgifera 
virgifera (Coleoptera: Chrysomelidae), Melolontha spp. (Coleoptera: 
Scarabaeidae) and several other white grubs, as well as against 

Table 1 (continued )

Entomopathogenic 
nematode species 

Country Producer Target pests

S. feltiae Spain Bgreen Biological 
Systems

Leaf miners

H. bacteriophora Spain Bioplanet Ibérica Grubs; Weevils; 
Cydia spp., Capnodis 
spp. Sciaridae, 
Phoridae, 
Agromizydae, 
Muscidae, 
Noctuidae, 
Cossidae, Sessidae

S. carpocapsae
S. feltiae

S. carpocapsae Spain Geiplag African cotton leaf 
worm; Summer fruit 
tortrix; Navel 
orange worm; 
Cutworms; Apple 
brown tortrix; 
Weevils

S. feltiae Spain Idebio Weevils
H. bacteriophora Spain Saniveg Different Spodoptera 

spp.; Autographa 
spp.; Thrips; 
Helicoverpa 
armigera; Heliothis 
spp.; Leafminers

S. carpocapsae ​ ​
S. feltiae ​ ​

S. feltiae Switzerland Syngenta Group 
AG 

Red palm weevils; 
Codling moth 
larvae; Mole 
crickets; Crane flies; 
Cutworms; 
Southern Europe 
marshland pyralid; 
Black vine weevil; 
Garden chafer; 
Welsh chafer; Dung 
beetle; 
Leatherjackets; 
Chafer grubs; 
Western corn 
rootworm; Hazelnut 
borer; Chestnut 
moth; Beech moth; 
Sciarid flies; Thrips; 
Leaf miners

S. carpocapsae
H. bacteriophora

H. bacteriophora UK Bionema Soil pests 
H. downesi
S. carpocapsae
S. feltiae
S. feltiae USA ARBICO Organics 

BioLogic 
Company, Inc. 

Fungus gnat 
Control; Grub 
control; Thrips; Leaf 
miner; Armyworms; 
Banana root borers; 
Black current 
borers; Black vine 
weevils; Cabbage 
root; Maggots; 
Carpenter worms; 
Codling moth 
larvae; Corn 
earworms; Corn 
rootworms; Crane 
fly larvae; 
Cucumber beetles; 
Cutworms; 
Dogwood borers; 
Fire ants; Beetles; 
Flea larvae; Gypsy 
moth larvae; Iris 
borers; Japanese 
beetle grubs; Mole 
crickets; Pine 
weevils; Poplar 
clearwing borers; 
Peach tree borers; 
Raspberry crown 

S. carpocapsae
H. bacteriophora

Table 1 (continued )

Entomopathogenic 
nematode species 

Country Producer Target pests

borers; Root knot 
nematodes; Shore 
flies; Sod 
webworms; 
Strawberry weevils; 
Sweet potato 
Weevils; Tobacco 
budworms; White 
grubs; Wireworms; 
Strawberry root 
weevils; Chinch 
bugs; Cranberry 
girdlers; Giant 
palmetto weevils; 
Mint root borers; 
Navel orange 
worms; Rotten 
sugarcane borers; 
Banana moths; 
Billbugs; Citrus root 
weevils; Grape root 
borers; Small hive 
beetles

* Headquarters.
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aboveground pests such as Autographa gamma (Lepidoptera: Noctuidae), 
Chrysodeixis chalcites (Lepidoptera: Noctuidae), Helicoverpa armigera 
(Lepidoptera: Noctuidae), Heliothis peltigera (Lepidoptera: Noctuidae), 
Heliothis spp. (Lepidoptera: Noctuidae), and finally against Spodoptera 
spp., such as S. exigua (Lepidoptera: Noctuidae), or S. littoralis (Lepi
doptera: Noctuidae). Efficacies reached by H. bacteriophora against soil 
pests are similar or better than for granular soil insecticides and slightly 
below the use of seed coatings by systemic insecticides (Toth et al. 
2022). Steinernema carpocapsae is, for example registered against soil 
pests such as Agrotis spp. such as A. segetum, A. gamma, D. v. virgifera or 
Gryllotalpa spp., as well as against aboveground pests such as C. chalcites, 
H. armigera, Sphenophorus parvulus or Ostrinia furnacalis, Heliothis species 
such as H. peltigera, and Spodoptera spp. such as S. exigua or S. littoralis. 
Steinernema carpocapsae is particularly useful for aboveground use as it is 
among the strongest EPN species with regard to surviving harsh climate 
conditions and UV light. It has proven to achieve higher efficacies 
against aboveground lepidopteran pests than synthetic insecticides, if 
properly formulated (Fallet et al. 2024). Steinernema feltiae is registered 
for soil pests such as A. gamma, and against aboveground pests such as 
C. chalcites, H. armigera, Heliothis spp. such as sp. peltigera, Heliothis spp., 
Spodoptera spp. such as S. exigua, or S. littoralis, but is less frequently 
used in field crops. A currently investigated key target is S. frugiperda, 
that may, because of its economic importance and the connected 
increasing use of insecticides in maize, warrant commercialization of 
biocontrol products such as EPN. Destructive in invasive pests, such as 
S. frugiperda or D. v. virgifera can lead to an enormous influx of pesticides 
into agroecosystems, such as maize, that has seen little or no treatment 
in the past. This may lead to environmental concerns, and to some extent 
to human safety concerns.

It also needs to be noted that a number of countries, such as Germany 
or China, do not require any specific registration for native macrobial 
biocontrol agents (MBAs), such as EPN, predators or parasitoids (Ehlers, 
1996; Ehlers and Hokkanen, 1996). Also, at European Union level, 
native macrobial biocontrol agents are not regulated, and registration is 
handled differently by the EU member countries. Practical or non- 
requirements of registration of macrobials has heavily eased the 
commercialization and success of EPN. Nevertheless, even if registered 
and locally available, this does not necessarily guarantee that EPN are 
widely used. For example, the use of EPN has been limited in field crops 
including maize. However, soil and aboveground application techniques 
for EPN have largely improved and are becoming less costly for field 
crops. Those application techniques have been recently reviewed in 
Toepfer et al. (2024a). For example, Shapiro-Ilan and Goolsby (2021)
concluded that fire gels can enhance the effectiveness of S. riobrave and 
other EPN by minimizing desiccation and lowering IJs’ mortality despite 
exposure to UV. Also, Fallet et al (2204) and (Metwally et al., 2025) 
propose novel gels or fluid gel formulations. Finally (Kotliarevski et al., 
2022) propose titanoxide and Ha et al. (2025) proposed plant-derived 
products as novel UV protectant.

Moreover, recent bans of several soil insecticides and insecticidal 
seed coatings in various countries have increased the demand for 
alternative solutions, and may lead to a wider use of EPN in maize. For 
example, neonicotinoid seed coating has been banned from maize and 
other crops due to their bee toxicity, and classical soil insecticides such 
as chlorpyrifos and teluthrin are more and more banned due to their 
high toxicity (Toepfer et al. 2024a).

4. EPN use in agroforestry ecosystems

Agroforestry systems are major crop production systems that can on 
one hand produce food for humans and livestock, but can on the other 
hand prevent soil erosion, provide wood, and provide ecosystems ser
vices. In agroforestry systems, products based on EPNs like 
S. carpocapsae, S. feltiae, H. bacteriophora and H. megidis, have been 
successfully used to control various pests of Heteroptera, Lepidoptera, 
Diptera, Coleoptera and Hymenoptera in agroforestry ecosystems (De 

Luca et al., 2015; Tarasco et al. 2023). Taking Italy as an example, EPN 
formulations have been used (Danishiar et al., 2023) to control the bark 
beetle Tomicus piniperda (Coleoptera: Scolytidae) (Triggiani, 1983) and 
the pine processionary caterpillars Thaumetopoea pityocampa (Lepidop
tera: Thaumetopoeidae) on pines (Triggiani and Tarasco, 2002) with a 
larval mortality of up to 60% by a S. feltiae native strain injected in 
gelatinous suspension inside the overwintering nest. Entomopathogenic 
nematodes have also been used against tortrix lepidopterans like Pam
mene fasciana (Lepidoptera: Tortricidae), Cydia splendana (Lepidoptera: 
Tortricidae) and C. fagiglandana in fruit trees, as well as against the 
coleopterans Curculio elephas (Coleoptera: Curculionidae) and 
C. glandium on chestnut trees (Curto et al., 2009; Vinciguerra and Clausi, 
2006; Clausi et al., 2014) achieving larval mortality between 80 and 
100 % with native strains of H. bacteriophora and H. megidis. Further 
targets are the tingid Corythucha ciliata (Hemiptera: Tingidae) on syca
mores (Tarasco and Triggiani, 2006); the elm-leaf beetle Xanthogaleruca 
luteola (Coleoptera Chrysomelidae) on elm trees (Triggiani and Tarasco, 
2007) controlled with a native strain of S. carpocapsae. In the Mediter
ranean region, the spread of the invasive palm weevil Rynchophorus 
ferrugineus (Coleoptera: Dryophthoridae) is sought to be managed by 
several local and commercial Heterorhabditis and Steinernema spp. in 
several countries, such as Egypt, Spain and Italy (Triggiani and Tarasco, 
2011). Other applications of EPNs have been effective in controlling 
sciarid dipteran in ornamental nurseries and the weevil curculionid 
Curculio nucum on hazels (Batalla-Carrera et al., 2013); EPN have also 
been found to be effective against xylophagous insect larvae residing in 
cryptic habitats, such as the flatheaded woodborer Capnodis tenebrionis 
(Coleoptera: Buprestidae), the cerambycid Arhopalus syriacus (Coleop
tera: Cerambycidae), the goat moth Cossus cossus (Lepidoptera: Cossi
dae) (Tarasco et al., 2016; El Khoury et al., 2020) controlled by native 
strains of S. feltiae. Recently, these biological control agents have found 
broad application in integrated control programs of the Japanese beetle 
Popillia japonica (Coleoptera: Scarabaeidae) in large cultivated and non- 
cultivated areas of Lombardy and Piedmont Regions (El Khoury et al., 
2020; Glazer et al., 2022; Torrini et al., 2020) with good results obtained 
with open field EPN applications.

There are a few highly successful cases of use of EPNs for biological 
control of agroforestry pests on a wider more global scale. For example, 
the larvae of Coleoptera Curculionidae of the genus Otiorhynchus 
represent the classic example of a target pest of EPNs, to the extent that 
this type of biological control is widely used around the world. The most 
suitable nematodes against Otiorhynchus larvae belong to the genus 
Heterorhabditis, although satisfactory results have also been achieved 
with formulations based on S. feltiae and, to a lesser extent, on 
S. carpocapsae (Backhaus, 1984; Corradi et al., 2023; Long et al., 2000). 
Formulations based on H. bacteriophora are marketed in Italy in pack
ages containing 50 to 250 million IJs. The doses used correspond to 
200,000 to 400,000 nematodes per m2, or 25,000 to 40,000 nematodes 
per plant (De Luca et al., 2015). The best time for application is late 
season in order to target the early larval stages of the insects, which are 
more sensitive and are at the beginning of their phytophagous action 
under optimum soil temperatures of 18 ◦C to 22 ◦C (El Khoury et al., 
2018). Early season treatments of dose of 500,000 EPN per m2 is used on 
larger overwintering larvae and newly formed pupae are also somewhat 
effective if soil temperatures reach above 15 ◦C (De Luca et al., 2015). 
The crops targeted for this type of application are typically ornamental 
plants in nurseries.

Another example of EPN’s application, whose use has expanded in 
recent years to cover a surface area of 1,500 ha throughout northern 
Italy, is that of the late season treatments used against overwintering 
larvae of C. pomonella on pear and apple orchards (De Luca et al., 2015). 
The nematodes used belong to the species S. feltiae and S. carpocapsae, 
which are applied to the trunks and lower branches of the trees, where 
the larvae overwinter in bark crevices, protected in a light cocoon that 
the nematodes can perforate (Tarasco et al., 2017). The application dose 
corresponds to 1.5 × 109 IJs diluted in 15 hl of water per ha, distributed 
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by an atomizer device, for which it is necessary to close the highest 
nozzles and remove the filters (Tarasco et al., 2017). Thorough mois
terning of the soil before and after the application of EPN result in good 
efficacy of the EPN treatment as it ensures the moving of IJs to the insect. 
If water availability is limited; it is advisable to inject the EPN suspen
sion into the soil around the trees.

Xylophagous insects, such as Lepidoptera Cossidae (Cossus cossus and 
Zeuzera pyrina), Coleoptera Cerambycidae (Saperda carcharias) and 
Buprestidae (Capnodis tenebrionis) can also be effectively controlled with 
injections of EPN suspensions into the penetration holes or by the 
obstruction of these openings with pieces of sponge soaked in nema
todes. Entomopathogenic nematodes are typically applied to culture 
systems and substrates that are regularly treated with other chemicals, 
including natural soil improvers and fertilizers. Heterorhabditis bacter
iophora, S. carpocapsae and S. feltiae are in most cases compatible with 
plant protection products, but can interact with such substances, in some 
cases producing synergistic effects (El-Ashry and El-Marzoky, 2018), 
calling for more compatibility testing.

5. Future prospects

The future prospects of EPNs in commercial use are promising, 
driven by the growing demand for environmentally friendly pest man
agement solutions and consumer demand for safe food (Dara, 2019). 
Unfortunately, EPNs are sometimes at disadvantage to their chemical 
counterparts in terms of accessibility, practicality, knowledge intensity, 
and sometimes costs in the market. There are several key areas where 
advances could further broaden their applications. For example, EPN are 
being developed for use against a broader range of pests, beyond 
traditional targets like soil-dwelling insects. With ongoing research, 
EPNs could be formulated to combat pests affecting different crops and 
in various environments, such as foliar applications and cryptic envi
ronments (Dito et al., 2016). Since EPNs are compatible with most 
chemical pesticides and other entomopathogens (Sharma et al., 2011), 
nematodes show great potential as a contributor in integrated pest 
management programmes.

Currently, major constraints to widespread adoption and commer
cialization of EPN are their limited shelf life, and express shipment costs 
to the agri-input dealer or famer, and the lack of products in some re
gions. Moreover, EPN have, although recently reduced, a still relatively 
high cost of production, involving a careful balance of energy re
quirements, equipment, labour, raw materials, waste disposal, IJ- 
recovery processes, formulation, storage, and transportation (Liu, 
2020). Efforts are being made to reduce the cost of EPN’s production by 
advances in mass production techniques and bioreactor technology 
(Cortes-Martinez and Chavarria-Hernandez, 2020), as well as improving 
in vitro semi solid production (Chairin et al., 2022). It is currently 
accepted that the most efficient and productive method for the pro
duction of EPNs is through the in vitro cultivation of EPNs and its 
symbiotic bacteria (i.e., monoxenic culture) in liquid media (Cortes- 
Martinez and Chavarria-Hernandez, 2020). Moreover, other aspects that 
determine the production of EPNs, include the species improvement (i. 
e., strain crossing, mutations), metabolism, transcription processes, and 
role of pheromones, among others, which have been addressed by some 
groups and pose undeniable cause-effect relationships with the obtained 
results in bioprocesses to produce EPNs (Lulamba et al., 2021; Susurluk 
et al., 2013; J. Wang et al., 2022; Wang et al., 2023). Fig. 2 presents the 
main aspects addressed in recent years in the field of mass production of 
nematodes for biological control purposes, mainly through liquid cul
ture, and published as research articles indexed in ScopusTM (Elsevier 
2024) and Web of ScienceTM, WoS (Clarivate Analytics 2024).

Research on the mass production of nematodes for biological control 
purposes has focused mainly on the liquid culture, using different con
figurations of bioreactors, producing heterorhabditis and steinernema
tids (although there are incipient efforts with Oscheius sp. and 
Phasmarhabditis sp., the last being a slug-parasitic nematode). Focus is 
also on seeking better conditions for the recovery of IJ stages in the 
initial stages of fermentation, as well as exploring alternative production 
methods, among other aspects, all of which are undoubtedly important 
for the EPN production technology. More experimental data and 
methods are required for the mass production of EPN concerning 
physicochemical properties, operating conditions, and geometry factors 

Fig. 2. The most relevant aspects considered in the last four years by research groups in the mass production of nematodes for biological pest control purposes and 
published as original research articles in journals indexed in ScopusTM (Elsevier 2024), and WoSTM (Clarivate analytics 2024) (Chairin et al., 2022; Cortés-Martínez 
et al., 2023a; Cortés-Martínez et al., 2023b; Dunn and Malan, 2023a; Dunn and Malan, 2023b; Dunn, Belur and Malan, 2021; Dunn, Belur and Malan, 2022; Kong 
et al., 2022; Leite et al., 2023; Matlhabe et al., 2022; Pieterse et al., 2022; Tumialis et al., 2021; Ulu and Susurluk, 2024; Wang et al., 2022; Wang et al., 2023a; Wang 
et al., 2023b; Wang et al., 2024).
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prevailing in the production systems. In this sense, we can take advan
tage of artificial intelligence (AI) to improve these processes, mainly 
through machine learning (ML), which can be applied to hydrody
namics, transport, and biochemical reactions in multiphase systems 
within bioreactors (Zhu et al., 2022). There are incipient efforts in the 
field, for instance, using supervised ML by nonlinear regression to 
characterize the population growth of Steinernema feltiae in liquid cul
ture (Chavarría-Hernández and de-la-Torre, 2001) for the estimation of 
the kinetical parameters lag phase (λ, day), maximal specific growth rate 
(µmax, day− 1), al multiplication factor [(C/C0)max (− )]. Providing 
enough data, including thermodynamic and transport properties 
(Kontogeorgis et al., 2021), the possibilities are vast and can involve the 
use of supervised ML (i.e., Neural networks, Naive Bayesian model, etc.), 
semi supervised ML (i.e., Q-learning, Generative adversarial networks, 
etc.) and unsupervised ML (i.e., Principal component analysis), as well 
as proper orthogonal decomposition to develop reliable EPN-mass pro
duction bioprocesses at the industrial scale.

The future of EPNs may lie in the ability to tailor them to a wider 
diversity of agricultural needs, while breeding EPNs or improving car
riers for longer shelf life, increasing their efficiency through genetic 
improvements, refining application technologies, reducing production 
and delivery costs, expanding their use to a wider range of pest species, 
crops, and regions. As the market expands, cost will decline. In addition, 
there is potential for regulatory frameworks to further encourage the 
adoption of EPNs. With continued research and innovation, EPNs could 
become a cornerstone of sustainable pest management strategies.
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