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Abstract
Cost and reliability have hindered entomopathogenic nematodes (EPNs) from realizing their full market size.
Research approaches continually evolve in response to these issues. They address EPN basics, but other issues are
less recognized among masses working on these biocontrol agents. So, this review emphasizes on the due but less
recognized roles to optimize EPN research and get better findings in nematode realm. Being almost impossible for
nematologists to act united, they need to use standardized procedures which allow future reviews to be analytical
and may build on them. Current atypical sampling procedures of EPNs may lead to erratic results. Comparable
sampling may better enable grasping the interaction between EPN distribution and agricultural management to
develop more swiftly field application techniques and can introduce EPNs’ populations to a more even distribution
designed to enhance their efficacy. Functional sampling should be expanded. Furthermore, EPNs should be included in
integrated pest management programs in ways that make them complimentary or superior to chemical pesticides.
Further modeling of EPNs’ populations should be tried. The few transgenic methods applied in EPNs should be followed
up to address non-stability of selected beneficial traits and markers of beneficial genes. Awareness-raising of more
growers, cooperatives, and extensions of EPNs as bio-insecticides for both plant and livestock pests should be attempted
in earnest via broad and deep training. We should better communicate and apply the positive trends and standardization
in EPNs’ research. Required but less known services to optimize research in the nematode realm should further be
addressed.
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Background
The basics of entomopathogenic nematology such as
biology, taxonomy, mutualism, and use for agricultural
pest control have recently been well reviewed and updated by several authors in Campos-Herrera (2015) and
Abd-Elgawad et al. (2017). Entomopathogenic nematodes (EPNs) contain two families: Steinernematidae,
represented by the genera Steinernema and Neosteinernema, and Heterorhabditidae, represented by the genus
Heterorhabditis. Their life cycle is unique involving a
symbiotic relationship with pathogenic bacteria in the
genus Xenorhabdus for Steinernema and Photorhabdus
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for Heterorhabditis. The bacteria are carried by the only
soil-dwelling free-living stage: the third/infective stage
juveniles (IJs). After finding a suitable insect host, these
IJs must enter the host hemocoel for successful infection
to occur. EPNs enter the insect host via natural body
openings or by penetrating the cuticle, release the bacteria into the insect hemocoel, and resume development.
The bacteria replicate rapidly and kill the insect host
often within 12–48 h. On releasing the bacteria, the IJs
feed on the symbiont biomass and insect tissues metabolized by the bacteria in order to develop. Thus, the bacteria must provide conditions within the cadaver that
will support nematode growth and development. The IJs
of Steinernema exist as amphimictic males and females,
so that both a male and a female must infect the host
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hemocoel to mate and reproduce inside the insect. On
the contrary, the IJs of Heterorhabditis develop into
hermaphroditic females and subsequently into amphimictic males and females, heterogenic life cycle. Therefore, infection of the host by a single IJ of
hermaphroditic Heterorhabditis can reproduce inside the
insect hemocoel. Nematode reproduction continues
within the host until resources in the cadaver are depleted, usually allowing for two to three generations. If
the food supply is limited, the nematode eggs produced
by the first generation develop directly into infective juveniles. IJs exit from the host searching for new hosts to
infect. Eventually, the non-feeding IJs of Heterorhabditis
and Steinernema are adapted for survival, dispersal, host
finding, and infection. As biocontrol agents, the EPNs
have advantages such as movement ability, high virulence, ability to kill hosts quickly, easy mass rearing, high
reproductive potential, broad host range, and safety to
vertebrates, plants, and many other non-target organisms (Kaya and Gaugler 1993).
In addition to such ideal attributes of EPNs as biocontrol agents, continuous improvements in different aspects of their commercial applications are in progress.
Examples are in their formulation and delivery technology and mass-production efficiency along with the isolation of new efficacious species/strains (Shapiro-Ilan
et al., 2014a; Abd-Elgawad et al. 2017; Lulamba et al.
2018 and Shehata et al. 2019). In this respect, the desirability of reducing hazardous pesticide usage have been
accounting for developing their commercial applications.
The nematodes have been commercially utilized for control of scarab larvae in lawns and turf, fungus gnats in
mushroom production, invasive mole crickets in lawn
and turf, black vine weevil in nursery plants, and Diaprepes root weevil in citrus (Lacey and Georgis, 2012).
Scientists are still boosting EPNs forward to occupy new
positions. For example, based on identifying recent
conditions and practices that enhance the economic and
effective use of EPNs for pest management, a feasible
and cost-effective EPN-application method for integrated pest management (IPM) of Caribfly, Anastrepha
suspensa, to improve guava production was developed
(Heve et al. 2018). In this IPM program, profitability of
guava production in south Florida will not be very sensitive to marginal costs of the spot treatment method,
when compared to the field-wide broadcasting of Heterorhabditis bacteriophora.
On the other hand, EPNs have recently demonstrated
promise to control other groups of pests such as the
gray flesh flies Parasarcophaga aegyptiaca as one of the
external parasites, which have veterinary importance not
only due to their wide distribution but also because of
their role in causing serious diseases, such as myiasis,
which can invade various tissues of man and animals,
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leading to serious consequences. Also, the soft tick Argas
(persicargas) persicus has a veterinary importance as it
serves as vector of several animal diseases including
Anaplasma, Babesia, Cowdria, Ehrlichia, and Theileria.
Both pests are susceptible to EPNs with virulence variations that may be exploited for economic control (ElSadawy et al. 2018). Likewise, the hard tick Hyalomma
dromedarii, a serious pest and a vector for diseases of
camels in Egypt, is a good host for EPN (El-Sadawy et al.
2008a, b). Such a relatively neglected specialty requires
more sound EPNs’ research to control animal pests and
maintain animal health via safe and environmentally
friendly methods.
Nevertheless, apparent successful control of many insect pests by EPNs frequently has not led to occupy an
important position in the pesticide market for such
pests. In fact, four issues affect the use of EPNs. These
are high price, limited product demand, insufficient
knowledge of the end user, and low efficiency (Askary
et al. 2017). These factors are fairly interrelated, e.g., low
efficiency may lead to a limited product demand whereas
effective-cost application may adversely affect EPNs’ efficiency. Many researchers are tackling these problems via
trying to find novel or genetically manipulating nematode strains so that they are longer lived and/or resistant
to environmental stresses such as desiccation, ultraviolet
radiation, and temperature extremes. Also, they utilize
different application strategies, such as spraying nematodes just around the base of plants, putting them in
“tea bags” as a slow release system, or dipping seedling
roots into EPN suspensions (Askary et al. 2017). The
result would presumably mean fewer nematodes used at
a consequently lower cost but with a good level of protection against insect pests. Other promising avenues to
expand EPN commercial applications include fitting
EPNs into existing or emerging IPM strategies. Therefore, opportunities that facilitate incorporation into crop
management systems should be seized, such as developing new (compatible) application methods or leveraging
synergies between EPNs and other pest management
tactics (Koppenhöfer and Grewal, 2005; Shapiro-Ilan
et al. 2014a and 2017 and Abd-Elgawad 2017a, b). In
order to optimize their benefits, EPNs can be included
in IPM programs in ways that make them
complimentary or superior to chemical nematode management methods (Stevens and Lewis, 2017). Therefore,
intensive research is ongoing to further explore where
bio-insecticides can act synergistically or additively with
other agricultural inputs in IPM programs (Laznik et al.
2012; Laznik and Trdan 2014, 2017 and Bajc et al. 2017).
Clearly, the combined use of EPNs and other pesticides
should be practiced on a wider basis. Definitely, EPNs
have a place of their own as safe-bio-insecticides but we
need them for more pest control approaches. This is
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especially important, since there are other insecticides
which are or are likely to become widely available soon.
Hence, identification of research priorities for harnessing
EPNs in sustainable agriculture in the context of grasping their relevant ecology, biology, mode of action, and
interaction with other agricultural inputs is desperately
needed. Needless to remind that research toward reducing EPN product costs, increasing its availability, and
improving its efficacy and carryover effect will stimulate
wider use of EPNs in biocontrol. Moreover, fostering
EPN usage does not include development of new target
pests only but also employment of novel approaches for
applying the symbiotic bacteria of EPNs or their metabolites or byproducts as control materials for arthropod
pests and plant pathogens (e.g., Ffrench-Constant et al.
2007; Da Silva et al. 2013; Shapiro-Ilan et al. 2014b;
Abd-Elgawad 2017c and El-Sadawy et al. 2018).
All the above-mentioned lines of thinking are substantial to seize more significant share in the pesticide market at developed countries, while feasible introduction of
sound EPNs application in developing countries. Therefore, more innovative thinking, systematic experiments,
and well-designed field trials examining new options and
showing their worth are desperately needed. This is especially timely towards optimization of EPNs for more
service in the biological control of insect pests. In this
regard, a few techniques for carefully conceived experimentations are desperately needed. These techniques are
less known among masses interpreting and/or benefiting
from the results of EPNs’ research in general. Thus, due
roles which are stressing heavily on the conscience of
scientists trying to optimize EPNs’ research and get better findings in nematode realm will be presented and
discussed herein.

Functional sampling
A hypothesis of getting a high recovery frequency value
of samples positive for EPNs is based on four pillars, i.e.,
favorable sampling method, time and site targeted, and
extraction technique used should be tested. Such a functional sampling may aim at timely centering on recovering EPNs’ populations of areas with the targeted pests.
For the first pillar, random, stratified random, and systematic samplings are three main methods that can be
used for EPNs’ isolation. Contrary to stratified random
samples, random ones suffer from the possibility that
samples may chance to target an unimportant range so
that most soil-dwelling EPNs remain unsampled.
Systematic samples also endure the possibility that the
sample spacing may coincide with a periodic variation in
the targeted EPNs’ populations and thereby go undetected (Taylor 1999). Stratified random sampling is
better than the other two methods in getting more samples positive for EPNs. With large-scale random or
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systematic sampling, the percentage of samples positive
for EPNs was frequently lower than 35% as reported by
several authors in Abd-Elgawad et al. (2017). These results are valid given the intent to make widely geographic and representative sampling. On the contrary,
functional sampling is intended to choose the appropriate method, timing, site, and technique to extract EPNs
adapted to control specific pest(s). So, they require a season of host abundance, a directed and specific search of
environments in which the EPNs will have had to develop the desired trait, and optimum EPN-sampling
method and extraction technique. For the second pillar,
repeated baiting per sample could back the abovementioned hypothesis, study the spatial variability of IJs
over the baiting cycles, and distinguish differential persistence among EPNs’ populations. Briefly, more baiting
cycles could result in more nematode-positive samples
(e.g., Abd-Elgawad 2014). Needless to remind that such
cycles may also reveal the degree of the EPN spatial heterogeneity, which is considered a fundamental aspect of
the population biology of these species and has important ramifications for their population dynamics, population genetics, and community structure. A third element
is to choose an appropriate sampling time. According to
the target of a researcher, factors such as environmental
conditions, season of host abundance, or relevant climate to the intended insect host may be good options to
choose from. For example, the peak reproduction season
of most insect pests is always in the summer in Egypt,
where the temperature rises. Finally, the targeted site
should be wisely selected. Most EPNs are not used
against their original host or habitat, but the longstanding recognition that natural enemies are closely associated with their hosts/host-habitats is still forming a solid
scientific basis. This rule is materialized in Steinernema
scapterisci, which was isolated from parasitized mole
crickets in Uruguay (Nguyen and Smart 1990) and is
used for their effective control (Stevens and Lewis 2017).
Also, S. silvaticum was found only, and valid to application, in acidic (pH < 4.5) environments (Dzięgielewska
and Skwiercz 2018). Thus, an adequate trap insect species, other than the commonly used greater wax moth
(Galleria mellonella L.) or mealworms (Tenebrio molitor) larvae, should be used if the candidate species was
targeted for control because some species/strains can be
host-specific. Clearly, more than one baiting cycle may
enable us to use different and separate species of baiting
insects in each cycle. Identifying the best host matching
of these isolates, especially for the soil-dwelling development stages of such insects, should be attempted in
earnest.
Nevertheless, functional sampling does not negate the
fact that large-scale sampling is valid given the intent to
make widely geographic and representative sampling.
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Therefore, functional sampling should be expanded in
parallel to wide EPNs’ surveys for coordination in search
of new species/strains. In this way, the potential use of
EPNs, which is focused on inundatively applied augmentative biological control agents, may be more expanded
to both classical and conservation biocontrol. Given
many insect pests in such areas, all factors which affect
EPNs’ treatment efficacy below- (Stuart et al. 2006,
2015) and above-ground (Arthurs et al. 2004 and Hussaini 2017) should be carefully considered in experimentation, especially for those interested in which species of
EPNs are found in specific sites. Moreover, most surveys
have merely assessed the EPNs’ occurrence in single soil
samples from a series of sites and provided no information on the relative abundance of the isolates per site or
on their distribution within site(s). Such data are fundamental to better grasping of EPNs’ persistence, distribution patterns, and effect on insect populations and to the
development of predictive models for control programs.

Standardization of sampling unit
Differences in the size of the sampling unit and index of
nematode dispersion used may lead to misinterpretation
of the data (Been and Schomaker 2013). Valid as they
are, they sometimes lack in the exactitude of the applied
index. To alleviate the drawbacks of both issues, some
researchers tend to apply more than one measure to the
same EPNs’ statistics to find out their spatial distribution
patterns. For example, while Wilson et al. (2003) used
spatial analysis by distance indices (SADIE), Spiridonov
et al. (2007) utilized both Lloyd’s index and SADIE, and
Bal et al. (2017) applied two measures of spatial autocorrelation, Moran’s I and Geary’s c, as well as SADIE as indices of EPN dispersion. Yet, atypical sampling
procedures of EPN may lead to erratic results. In this
vein, comparing different sampling procedures, which
used the same index of nematode dispersion (i.e.
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SADIE), to study EPNs’ distribution pattern for better
perception of various results is presented (Table 1). Differences in the size or type of the sampling unit may
lead to various interpretations of the resulting data
(Duncan and Phillips 2009 and Been and Schomaker
2013). For example, when the size of the soil sampling
unit steadily increased, the apparent EPNs’ dispersion of
a contagious population may be random, contagious,
and finally regular (Fig. 1). Clearly, such a change in the
spatial distribution pattern of EPNs in this example is
dependent on the size of the sampling unit. Moreover,
examining the spatial distribution of IJs-natural population assigned to four different groups based on their
physiological age, Lloyds index identified group I as being the most aggregated, whereas SADIE identified
group II as the most aggregated (Spiridonov et al. 2007).
This is probably because group I nematodes were aggregated at a scale finer than the commonly used sampling
regime. Also, Wilson et al. (2003) ascribed even distributions of EPNs measured by SADIE to the symmetrical
nature of their sampled plots too. On the other hand,
comparing different values for the same index of aggregation (Ia) of four different studies on EPNs’ distributions (Table 1), using different sampling units in various
regions is problematic. That is because the difference in
volume/area of the sampling units can likely influence
the resulting distribution patterns of EPNs. To name but
a few, this unit was a 20-cm-diameter borer/sampler and
separated into 2.5-cm layers in Holland (Taylor 1999), a
2 × 15 cm deep core in New Jersey, USA (Wilson et al.
2003), 5 × 5 × 5 or 10 cm deep using a square auger at
Merelbeke, Belgium (Spiridonov et al. 2007), cylindrical
bait traps, made of 24-mesh stainless steel screen approximately 3 cm in diameter and 10 cm tall in Ohio,
USA (Bal et al. 2017), and ca 30 cm diameter to 25 cm
deep using a shovel in El-Beheira governorate, Egypt
(Abd-Elgawad 2014). Valid as they are, they lack in the

Table 1 Comparison of index of aggregation (Ia) (the observed value of distance to regularity/the mean randomized value (Perry
1995)) values of four different studies on entomopathogenic nematode distributions using different approaches in various regions
EPN studied population

Ia value

Comments (location)

Reference

Heterorhabditis bacteriophoraEPN-infected Galleria
infective stage juveniles (IJs)
mellonella larvae over time
applied uniformly, in one or nine
patches on Kentucky bluegrass

Form of measured EPNs

All mean values were less than
one but differed (P ≤ 0.05) until
20 weeks, no more, after EPN
application

The values suggest a more even
distribution than a random one
(New Jersey/USA)

Wilson et al.
2003

Natural populations of
Steinernema feltiae and S. affine
in grassland plots

IJs assigned to one of 4
groups of increasing
physiological age

The values ranged 1.27–1.45 with All values indicate aggregated
group II as the most aggregated distribution (Merelbeke/Belgium)
one

Spiridonov
et al. 2007

H. bacteriophora- or S.
carpocapsae-infected G.
mellonella larvae applied within
24 h of initial IJ emergence to
cultivated fields and adjoining
grassy border plots

H. bacteriophora and S.
carpocapsae-IJs recovered
from G. mellonella larvae
baits applied several times
after the cadavers

Range < 1 to >2. Mean values
differed between EPN species in
bait traps and between soil
management regimes at 48 h
and 16 days after placing the
cadavers, respectively

Spatial distributions after
dispersing from a grassy border
into the adjacent cultivated field
plots were more aggregated for
H. bacteriophora than for S.
carpocapsae (Ohio/USA)

Bal et al.
2017

Natural populations of H. indica
in citrus and mango grove

EPN-infected G. mellonella
larvae

0.913

Ia refers to even distribution
(Giza/Egypt)

Abd-Elgawad
(unpublished)
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the predicting models may positively contribute to the
broad issue of assessing infected insect hosts. Improving
optimum sample size of nematode-infected G. mellonella
larvae (Table 2) via iteration was suggested (Abd-Elgawad
2016). The greater the distance between the number of
samples before and after iteration, the less accurate the result of the equation without iteration becomes.

Fig. 1 Four quadrat sizes (A, B, C, D) and a contagious distribution
with regularly distributed clumps of entomopathogenic nematodes

standardization of the applied sampler which could lead
to erratic results (Fig. 1). Therefore, standard sampling
procedure is recommended for objective and more reliable comparison among EPNs’ distribution patterns.
Clearly, if such an area of the sampling unit is much larger or much smaller than the average size of IJ clumps
and their aggregations are regularly or randomly distributed, then their population pattern is apparently random; factual non-randomness is not detected (Fig. 1).
However, relatively small samples, with the fine scale
(e.g., 5 × 5 cm; Spiridonov 2007) can often detect nonrandomness, especially if there are not a few IJs in each
clump. Eventually, sound conception of the temporal
and spatial distribution of EPNs is essential for determining the role of these biocontrol agents in soil communities and ultimately for their use in suppression of
pest insect populations.

Establishing population modeling of EPNs
Application of EPNs in relevant settings should be statistically investigated for modeling better pest control efficacy (Abd-Elgawad, 2017a). Modeling designation may
integrate theoretical and empirical approaches for optimal application strategies of EPNs through iteration, focusing on the fate of metapopulations against economic
and host insect pests. The models of previous releases
will guide subsequent application strategies via providing
insight into what aspects of the nematodes and the environment are the strongest drivers of persistence and
efficacy (e.g., Wilson et al. 2003; Wilson and Gaugler
2004; Georgis et al. 2006; Lacey and Georgis 2012 and
Campos-Herrera et al. 2019). Specific pairings between
EPNs and the targeted species of insect pests should be
further considered at the fine scale of host and EPNs’
ecology, biology, and phenology for best matching. Since
there is still little information about accuracy and precision of population density estimation, their inclusion in

Advancing genetic improvement of EPNs
Genetic improvement bodes well for the future of biocontrol using EPNs. Although successful transgenic
methods have been applied in EPNs (Hashmi et al. 1998
and Vellai et al. 1999), they remain few and have not
been followed up by more recent studies. Genetic improvement of EPNs via selection will continue to be important; however, transgenic organisms have become
more common and they allow for reforms that simply
are not possible with conventional methods (Baiocchi
et al. 2017). The advances that have been made and the
continued development of molecular tools should be
used to address difficult applied and fundamental questions. For example, there is a crucial question of the stability of selected beneficial traits such as tolerance to
desiccation and high temperature. In Heterorhabditis
nematodes, the trait stabilization can be achieved by creation of inbred lines in liquid culture (Anbesse et al.
2013), which should be further developed and exploited.
Further fundamental research in the field of the genetic
architecture of key traits, such as infectivity, stress tolerance, and reproduction, is needed (Půža et al. 2016). Bai
et al. (2013) stressed the possibility of determining genes
from the whole genome of EPNs and their mutualistic
bacteria that are being expressed, in order to detect
those that are involved in a particular process and target
them through genetic engineering methods. Yet, we lack
markers to follow transfer or enhancement/degradation
of traits and to identify “beneficial genes” that can be
transferred between populations (Glazer 2015). Such unknown or underexplored issues need to be adequately
addressed using skills and creativity of molecular
biologists.
Awareness-raising of EPNs’ techniques and
commercial applications
Improvement programs should also cover various facets
of awareness-raising of farmers and extensions of EPNs
as bio-insecticides. Hence, such programs should include
information days, targeting farmers and extensions to
transfer knowledge, technologies, and methodologies in
terms of EPN-related issues and results obtained hitherto. These events should be held at the fields where
demonstration trials are found aiming at informing (via
broad and deep training) farmers and extension officers
about the importance, mode of action, application, and
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Table 2 Exact figures from Microsoft Excel Worksheet used to calculate the sample size before (Student’s t = 2) and after iteration
for heterorhabditid nematode-infected Galleria mellonella larvae
Case
1

2

3

4

5

6

E

a

x̄

B

n

T

t2

n+

0.2

1.2

4

0.9044

6.569076632

2

4

26.27630653

0.2

1.2

4

0.9044

6.569076632

2.06

4.2436

27.8765336

0.2

1.2

4

0.9044

6.569076632

2.052

4.210704

27.66043725

0.1

1.2

4

0.9044

26.27631

2

4

105.1052

0.1

1.2

4

0.9044

26.27631

1.983

3.932289

103.3260311

0.1

1.2

4

0.9044

26.27631

1.984

3.936256

103.4302692

0.1

1.2

1

0.9044

120

2

4

480

0.1

1.2

1

0.9044

120

1.965

3.861225

463.347

0.1

1.2

1

0.9044

120

1.965

3.861225

463.347

0.1

1.2

2

0.9044

56.15297662

2

4

224.6119065

0.1

1.2

2

0.9044

56.15297662

1.971

3.884841

218.1453859

0.1

1.2

2

0.9044

56.15297662

1.97095632

3.884668815

218.1357172

0.1

1.2

3

0.9044

36.01199651

2

4

144.047986

0.1

1.2

3

0.9044

36.01199651

1.97669220

3.907312

140.7101

0.1

1.2

3

0.9044

36.01199651

1.97705370

3.908741

140.7616

0.05

1.2

13

0.9044

28.89382

2

4

115.5753

0.05

1.2

13

0.9044

28.89382

1.9808

3.92356864

113.3669

0.05

1.2

13

0.9044

28.89382

1.9814

3.92594596

113.4356

Estimates are calculated using the equations: n=(1/E)2 a x̄b − 2 or n+= (tα[n−1]/D)2 a x̄b − 2 where n or n+ is the sample size, E the standard error to mean ratio, D
the ratio of the half-width of the confidence interval to the mean of the samples, a and b are the parameters of Taylor’s Power Law, x̄ the arithmetic mean of the
heterorhabditid nematode-infected G. mellonella larval population in a soil sample, tα[n−1] is the appropriate Student’s t value for confidence limits of 1 − α and n
− 1 degrees of freedom (http://www.danielsoper.com/statcalc3/calc.aspx?id = 10) for the insect population (Abd-Elgawad 2014)

impact of EPNs on insect pests, crops, and soil health.
During information days and training, principles and
main components of effective integrated pest control
programs, such as prophylactic cultural practices, crop
rotations, and other pest control techniques/measures,
should be discussed. For example, an alternative approach to common EPNs’ production that may contribute to market expansion would be developing growerbased or cooperative level “do-it-yourself” ventures (Shapiro-Ilan et al. 2014a). Illustrations and guidelines of
modern technologies to manage important insect pests
should be presented. Dissemination of knowledge and
updated advances in EPNs’ technology/methodology
should be transferred to both farmers and extension officers during information days. Questionnaires should also
be compiled to evaluate the acceptance of participants of
EPN evaluated in their gardens/fields.
Relevant pamphlets containing such information should
be circulated. Because of the importance of mass media in
the enlightenment and providing culture to the public
about entomopathogenic nematode production, storage,
and application, constructing more international internet
websites may be established via both relevant programs
and EPNs’ producing companies with an end in view to
increase the number of people interested in the activity
and goals of biological control against insect pests hoping

to reap clean and safe agricultural products for man and
environment. Moreover, stakeholders should know that
EPNs work more slowly, requiring different, more complicated criteria such as yield for measuring effectiveness,
contrary to chemical insecticides that are based on quick
knockdown for pest control. It is also worth considering
whether anything less than perfect produce is permissible
(Gaugler, 1997). Eventually, this sort of mindset change is
essential for encouraging broader use of bio-pesticides.

Conclusions
Required but less known roles to optimize research in the
nematode realm should further be addressed for advancing EPNs as bio-pesticides. These may include extending
functional sampling in addition to wide EPNs’ surveys for
coordination in search of new species/strains. Adequate
and standardized sampling should be practiced to avoid
erratic results and offer measurable comparisons. Genetic
improvement of EPNs should address non-stability of selected beneficial traits and find out markers of beneficial
genes. Various aspects of awareness-raising for stakeholders in EPNs’ research and applications should be better communicated.
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