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A B S T R A C T   

Mirid bugs (Hemiptera: Miridae) represent a significant challenge for greenhouse cash crops like cucumber, 
tomato and eggplants, leading to huge economic losses. This study investigated the potential of the entomopa-
thogenic nematode (EPN) Steinernema carpocapsae as biological control agent of the mirid bug species Lygus 
rugulipennis, Liocoris tripustualtus, and Macrolophus pygmaeus through aerial spray application under laboratory 
and greenhouse conditions (only for L. rugulipennis and M. pygmaeus). The laboratory trials showed a significant 
effect of S. carpocapsae on the average survival rate of the three mirid species. The highest efficacy was found for 
subadults of L. rugulipennis (50%), followed by M. pygmaeus (25%) and L. tripustulatus (15%). Microscopic dis-
sections showed that EPNs can infect all studied mirid species and life stages. Under greenhouse conditions, a 
significant difference was observed between developmental stages, with no significant effect for adults, but an 
efficacy of 19% and 32% for nymphs of L. rugulipennis and M. pygmaeus, respectively. These results highlight the 
potential of EPNs in the control of problematic mirid bugs in greenhouse vegetable production, which could lead 
to a reduction in the use of synthetic pesticides and promote more sustainable agricultural practices.   

1. Introduction 

Plant-feeding bugs belonging to the mirid family (Hemiptera: Mir-
idae) are ubiquitous in a large portion of crops, thus rendering it an 
important threat to agricultural production (Wheeler, 2000, 2001; 
Wheeler and Henry, 2008). In fruit production, they are significant pests 
on crops such as apple, pear, peach, and strawberry. Field crops such as 
wheat, sorghum and alfalfa are also heavily damaged. In vegetable 
production, various families including Fabaceae, Cucurbitaceae, Apia-
ceae, and Solanaceae are at risk. Feeding behaviour varies across the 
mirid species, most of them being phytophagous, while others being 
almost exclusively zoophagous or show a mixed type of feeding 
behaviour (Wheeler, 2001; Aukema et al., 2014). Phytophagous species 
often feed on nutrient and energy-rich plant parts such as young shoots, 
new leaves, inflorescences, nectar and pollen or (young) fruits. 

In recent years, members of the mirid family have been the main 
focus of IPM of greenhouse vegetable production (Fischer, 2013; Ristord 
et al., 2019; Streito and Bout, 2019; Gard et al., 2022). Species of 
particular concern in Europe are Lygus rugulipennis (Poppius), Liocoris 
tripustulatus (Fabricius), Nesidiocoris tenuis (Reuter) and to a lesser extent 
Macrolophus pygmaeus (Rambur). L. rugulipennis feeds on over 400 
different types of plants, leading to a significant impact on various crops 
such as strawberries, eggplants, and cucumbers (Wheeler, 2000; Hol-
opainen and Varis, 1991; Łabanowska, 2007). L. tripustulatus is a com-
mon pest species in strawberry crops and certain vegetable crops 
including eggplants and cucumber (Wynde and Port, 2012; Messelink 
and Janssen, 2014; Jaccard and Fischer, 2016). N. tenuis and 
M. pygmaeus may be particularly problematic species in tomato pro-
duction (Perdikis and Lykouressis, 2004; Pérez-Hedo and Urbaneja, 
2016; Puentes et al., 2018; Sanchez et al., 2018). 
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Few natural enemies are known and even fewer are currently 
commercially available, which considerably limits non-synthetic control 
options available to growers (Gard et al., 2022). As a consequence, 
vegetable producers are adopting various time-consuming and 
labour-intensive techniques that generally delay invasions (Ginez and 
Brun, 2017; Prisca et al., 2017; Gard et al., 2021) or physical methods of 
population control such as insect-proof nets (Gard et al., 2022; Clerc, 
2019). As an alternative means, vegetable growers also rely on 
M. pygmaeus to restrict populations of other mirid bugs through 
competition (Jaworski et al., 2004). The use of biopesticides is also 
common, but registration and possible incompatibilities with beneficial 
species sometimes hamper this solution (Damalas and Koutroubas, 
2018). Often only broad-spectrum multipurpose insecticides are effec-
tive against mirid bugs, which affect most beneficials (Fischer, 2013; 
Easterbrook, 1997; Fitzgerald, 2004). Other problems, such as the 
development of resistance or the preharvest intervals make this 
approach unattractive. 

A recent avenue is the use of entomopathogenic nematodes (EPNs) 
from the families Steinernematidae and Heterorhabditidae to control mirid 
bugs. These obligate parasitic nematodes provide an alternative to 
synthetic pesticides for a multitude of economically important crop pests 
(Kaya and Gaugler, 1993; Mracek, 2002; Gulcu et al., 2017; 
Koppenhöfer et al., 2020). Once installed in the hemocoel of its host, the 
infective juveniles mutate and release mutualistic bacteria of the genera 
Xenorhabdus and Photorhabdus (Endo and Nickle, 1994). This association 
generally allows EPNs to kill their hosts within 24–48 h (Gaugler et al., 
1997; Dowds and Peters, 2002). The highest efficacy is recorded against 
insects living in the soil environment or in cryptic habitats such as 
boreholes and galleries where infective juveniles are protected from 
environmental extremes (temperature, desiccation and UV) thus 
enhancing their development (Arthurs et al., 2004; Shapiro-Ilan et al., 
2006, 2012). 

However, research advances in the development of technologies that 
improve the longevity of EPNs, indicate an ability of these organisms to 
control foliar pests (Arthurs et al., 2004; Williams and Walters, 2000; 
Kim et al., 2015; Kagimu et al., 2017). Dipteran leafminers, Liriomyza 
spp., tobacco whiteflies (Hemiptera) and the South American tomato 
leafminer (Lepidoptera) are three examples of aerial pests that have 
been successfully controlled to date (Williams and Walters, 2000; Head 
et al., 2003; Batalla-Carrera et al., 2010; Garcia-del-Pino et al., 2018). 
For the management of mirid bugs, the use of EPNs is increasingly 
popular and hence there is the need to provide further information on 
their potential on pest control in vegetable production (Gard et al., 2022, 
2021). 

The aim of this study is to investigate the efficacy of the EPN Stei-
nernema carpocapsae (Nematoda: Steinernematidae) in controlling the 
three mirid species L. rugulipennis, L. tripustulatus, and M. pygmaeus. Our 
initial investigation involved evaluating the ability of S. carpocapsae to 
infect these three species in a controlled laboratory setting, with the goal 
of determining the extent to which EPNs could penetrate the hosts and 
identifying any interspecific differences. To gain further insight into 
possible constraints on the potential application of S. carpocapsae to 
control the three mirid bugs, we further analysed EPNs on the survival 
rate at pupal and nymph stages of these pests. The same experiment has 
been replicated under greenhouse conditions to study the infestation 
potential in a realistic production scenario. 

2. Material and methods 

2.1. Insects 

The species M. pygmaeus was supplied by Andermatt Biocontrol SA 
(Grossdietwil, Switzerland), while L. rugulipennis and L. tripustulatus 
originated from wild collected individuals in Western Switzerland in 
April and May 2021. All three species were reared following the same 
protocol as Fischer (Fischer, 2012) in climate chambers of the Plants and 

Pathogens Group, HEPIA, University of Applied Sciences of Western 
Switzerland. The conditions during the whole rearing period were the 
following: 23 ± 2 ◦C, 70 ± 10% Relative humidity and 16:8 L:D 
photoperiod. Adult bugs were isolated in "BugDorm" (MegaView Science 
Co., Taiwan) cages made of 680 µm fabric (60 ×60 ×60 cm). In terms of 
food and oviposition substrate, each of these cages contained sunflower 
seeds, cocoa beans, sprouted potatoes and eggs of Ephestia kuehniella 
(Zeller). Pods and tubers served as egg-laying material for the adults and 
were transferred to rectangular plastic containers covered with fine 
mesh netting until hatching. Emerged nymphs were kept in these con-
tainers until adulthood and then transferred to the cages. To confirm 
that individuals of the rearing were healthy (no latent pre-infection with 
EPN from natural sources) before the trial, individuals from the rearing 
were dissected on occasional basis and no nematodes were found. 

2.2. Plant material 

The plant material for both trials consisted of eggplants (Solanum 
melongena L. Shakira F1 Gautier Semences SAS, France), grown under 
greenhouse conditions in pots (Ø = 12 cm) with the commercial sub-
strate (substrate 1, Klasmann-Deilmann GmbH, Geeste, Germany). Crop 
maintenance consisted of watering 2–3 times per week and fertilization 
with organic fertilizer "Biorga tomatoes" (Hauert, Switzerland) every 2 
weeks. Greenhouse trials were carried out with eggplants in 3 litre pots 
with the same substrate and maintenance. Eggplants were placed in 
cages on 6th June 2021, with a drip irrigation system, to ensure water 
supply. Before each trial, all plants and cages were checked for any other 
pest species. Cellophane film was stretched over each pot to prevent the 
mirid bugs from entering the substrate. 

2.3. Entomopathogenic nematodes (EPN) 

Infective juveniles of the species Steinernema carpocapsae were ob-
tained from the company Koppert Biological Systems Inc (Berkel en 
Rodenrijs, Netherlands). The product name is Capsanem® and contains 
86% S. carpocapsae and 14% inert carrier. S. carpocapsae is an ambush- 
type nematode (Campbell and Gaugler, 1993). Such behavioural type 
will be most effective in cryptic and soil surface habitats (Lacey and 
Georgis, 2012). This species tolerates desiccation better than other 
species (Poinar and Simons, 1973; Kung et al., 1991; Koppenhöfer et al., 
1995) and is the most commonly used to control foliar and other aerial 
pests (Arthurs et al., 2004). This is why we believe that this species is 
particularly suitable for investigating EPN pest control potential. 
Confirmation of the viability of the infective juveniles was done under 
the microscope before each experiment. 

2.4. Experimental design 

The laboratory experiment took place in climatic chambers and was 
replicated two times, each replication with 3 replicated blocks. The 
number of living mirid bugs was used to estimate the survival rate of the 
3 mirid bug species (M. pygmaeus, L. rugulipennis and L. tripustulatus) in 
petri dishes when in contact with EPNs. To assess whether the treat-
ments had different effects depending on the stage of the insects, in-
dividuals of each species were divided into 3 groups according to their 
life stages: young nymph with L2 and L3 instars, old nymph with L4 and 
L5 instars, and adults. Ten insects of the same life stage were placed in 
Petri dishes (Ø = 9 cm). Each dish was filled with an eggplant leaf and 
E. kuehniella eggs as supplementary food, reducing the risk of mirid 
cannibalism. The EPN treatment was dosed at 5 million infective juve-
niles per litre of autoclaved water, which was evenly sprayed on both 
sides of the eggplant leaves, up to the point of run-off. For the control 
eggplant leaves were sprayed with autoclaved water. Once the eggplant 
leaves with each different bug life stages were placed together in petri 
dishes, they were moved in an air-conditioned room at a temperature of 
23 ± 2 ◦C, a relative humidity of 70 ± 10% and a photoperiod of 16 h. 
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The survival rate was assessed 72 h after the application of EPNs. After 
death, the bugs were dissected for microscopic confirmation of EPN 
infection. The set-up consisted of six randomised blocks on two different 
dates, i.e., a total of 6 replicates. 

For the greenhouse experiment, each eggplant was placed in a 580 
µm canvas cage (60×60×90 cm) to avoid the dispersal of the bugs 
within the experimental units. Similar to the laboratory experiment, 
each species was divided into 3 groups according to stages (adults, 
young nymphs and old nymphs). The treatments also consisted of 2 
modalities: a treatment consisting of EPN and a control with water. Ten 
insects per group, i.e. 10 young nymphs, 10 old nymphs, and 10 adults, 
were placed on an eggplant (n = 48). To ensure prey supply, E. kuehniella 
eggs were placed on each eggplant. 

The EPN product was sprayed on the eggplant foliage at a dose of 5 
million nematodes per litre and a volume of 600 litres/ha. The treat-
ments were carried out in the evenings, between 8:30 and 9:30 pm, 
during optimal weather conditions (19–31 ◦C, 75–90% RH and low UV). 
The spray was applied up to the point of run-off, evenly on both sides of 
the leaves. The water controls were applied first and then the nematode 
treatments to ensure that the controls were not infected with EPNs. For 
the same reason, a plastic sheet was placed between the controls and 
treatments during spraying. 

Survivor and death counts were taken 72 h after the treatments. Dead 
bugs were stored in a freezer, so that they could be dissected and 
microscopically confirmed as EPN infected. 

The set-up was conducted in a block design with blocks consisting of 
4 experimental units receiving the four modalities. Each block was 
repeated 12 times on two different dates. 

2.5. Statistical analysis 

The results obtained on the survival rate (number of dead individuals 
/ number of released individuals) of bugs were processed using the 
“stats” package in R 4.2.1 (R Core Team, 2022). As there were no dif-
ferences between the two temporal replications in both trials (ANOVA 
with “survival rate” dependent and “temporal replication” as indepen-
dent variable), the replicates were pooled together to increase replica-
tion number and therefore statistical power. To test the difference in 
survival rate between stage and treatment, separate ANOVAs were 
performed for each species (Girden, 1992). Normality and homosce-
dasticity of residuals were tested by plotting theoretical against sam-
pling quantiles and residuals against fitted values, respectively, for each 
ANOVA. To find significant differences between means of life stages and 
treatments we compared them pairwise using Tukey’s HSD test from the 
“multcomp” package (Tukey, 1949). 

3. Results 

Visual qualitative inspection under the microscope showed that 
S. carpocapsae was able to penetrate all three mirid species studied in 

these trials (Fig. 1). In addition, the nematodes were observed in in-
dividuals of each life stage of the three species, thus confirming the 
potential of this species to penetrate all life stages from all three studied 
mirid species. 

3.1. Efficacy of EPN in controlling mirid bugs under laboratory conditions 

The results of the experiment showed a statistically significant main 
effect of the EPN treatment on the mean survival rate for all three mirid 
species (Table 1, Fig. 1) Across all species and life stages, EPN applica-
tions reduced survival rate of the mirid bugs by 25%. 

The treatment effect was highest for L. rugulipennis, with a mean 
difference in survival rate of 30%, 50% and 42% for young nymphs, old 
nymphs and adults respectively (Fig. 2). Next, M. pygmaeus showed a 
difference in the mean survival rate compared to the control, of 23%, 
18% and 35% for young nymphs, old nymphs and adults respectively. 
Finally, the smallest effect of EPNs was seen in L. tripustulatus, with an 
average reduced survival rate of 15% 12% and 12% for young nymphs, 
old nymphs, and adults respectively. The mortality in the control 
treatment was overall very low and therefore provided high confidence 
to the results. 

Fig. 1. Results from microscopic visual inspection of the EPN treated mirid bugs, showing fully grown individuals of S. carpocapsae, evidencing that the tested EPN is 
able to penetrate and infect all life stages of the three investigated species (A) Macrolophus pygmaeus (B), Lygus ruggulipennis and (C) Liocoris tripustulatus. 

Table 1 
Summary of the ANOVA tests for the laboratory and greenhouse experiments for 
L. tripustulatus, L. rugulipennis and M. pygmaeus. EPN = entomopathogenic 
nematode treatment, life stage (young nymph, old, nymph, adult). Df = degrees 
of freedom, Sum Sq = sums of squares. Significant p-values are shown in bold.  

Experiment Species Parameter Df Sum 
Sq 

F value P 
value 

Laboratory L. rugulipennis EPN 1 14,803  107.87  0.001 
Life Stage 2 439  1.60  0.219 
EPN:life 
Stage 

2 606  2.21  0.128 

Residuals 30 4117     
L. tripustulatus EPN 1 1469  15.84  0.001 

Life Stage 2 1089  5.87  0.007 
EPN:life 
Stage 

2 22  0.12  0.888 

Residuals 30 2783     
M. pygmaeus EPN 1 4444  32.26  0.001 

Life Stage 2 150  0.54  0.586 
EPN:life 
Stage 

2 72  0.26  0.771 

Residuals 30 4133     
Greenhouse L. rugulipennis EPN 1 3200  12.57  0.001 

Life Stage 2 40,269  79.10  0.000 
EPN:life 
Stage 

2 658  1.29  0.281 

Residuals 66 16,800     
M. pygmaeus EPN 1 5000  18.47  0.001 

Life Stage 2 20,119  37.16  0.001 
EPN:life 
Stage 

2 3658  6.76  0.002 

Residuals 66 17,867      
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3.2. Efficacy of EPN in controlling mirid bugs under greenhouse 
conditions 

The average survival rate across both species and life stages was 
reduced by 15% through foliar application of EPN. However, the life 
stages of M. pygmaeus and L. rugulipennis were differently affected by the 
treatment with S. carpocapsae (Table 1, Fig. 3). In both species, we found 
no evidence in an increase of mortality of adult stages due to 
S. carpocapsae. However, twice as many young nymphs survived for 
M. pygmaeus (32%) than for L. rugulipennis (16%), while the survival rate 
of old nymphal stages was similar for both mirid species (19%). 

4. Discussion 

4.1. Proof of principle: species and life stage dependent efficacy of EPN 

The present study highlights the potential of the EPN S. carpocapsae 
as an effective biological control agent against three common mirid pest 
species. Our laboratory results indicate a considerable reduction in the 
survival rate after exposure to S. carpocapsae, with a difference in effi-
cacy of the EPN between the different species. Previous reports about the 
lack of efficacy may be related to differences in study design (Deneve 
and De, 2015). Reduced filter paper moisture influences the mobility of 
EPNs and thus their ability to infest their hosts (Shapiro-Ilan et al., 2006; 

Freckman and Caswell, 1985). Consequently, an environment with 
increased moisture is favorable for the control of mirid bugs using EPNs 
(Georgis, 1990). Furthermore, it is likely that the survival rate of mirid 
bugs treated with EPNs is dose dependent (Georgis, 1990; Lewis et al., 
1996; Dlamini et al., 2020). 

As reported by previous studies, EPNs may vary in virulence between 
different host species, and also within the same host at different devel-
opmental stages (Fuxa et al., 1988; Ansari et al., 2008; Gorgadze et al., 
2017). For example, Guevara et al (Guevara et al., 2020). found that the 
effect of S. carpocapsae on Macrolophus basidiocornis (Stål) is positively 
correlated with the host life stage. Deneve (Deneve and De, 2015) 
observed efficacy of S. carpocapsae on adults, but not on the fourth 
nymphal instars of M. pygmaeus. S. carpocapsae was classified by Garriga 
et al (Garriga et al., 2019). as slightly damaging to adults of M. pygmaeus 
and Nesidiocoris tenuis and harmless to the nymphal stages. These studies 
have not assessed the effect of the treatment in relation to the devel-
opmental stage of L. rugulipennis and L. tripustulatus and conclusions can 
differ depending on the species. In line with our results, for example, the 
effects of EPNs on Collaria scenica (Stål) (Miridae) showed no significant 
difference between the different developmental stage groups (Naranjo 
et al., 2011). A study on Halyomorpha halys (Stål) (Hemiptera: Penta-
tomidae) showed that the mortality rate caused by EPNs was lower in 
the adults than in the nymphs (Gorgadze et al., 2017). The formation of 
groups of old and young nymphs is an important factor to consider in 
experimental design. Notably, among the studies cited earlier, only 
Naranjo et al. (2011) incorporated group formation in their design, and 
their results showed no significant difference in treatment effects across 
developmental stages. 

The variation can be explained by various strategies and mechanisms 
that hosts put against EPNs attacks (Grewal et al., 1994). Target species 
may adopt different behaviors to eliminate the EPNs. Earwigs, for 
example, have been observed to adopt a higher grooming behavior when 
exposed to S. carpocapsae (Hodson et al., 2011). In contrast, personal 
observations (supported by Deneve (Deneve and De, 2015)) suggest that 
M. pygmaeus expressed the same grooming behaviour between 
S. carpocapsae treatment and control. Insect morphology such as natural 
orifices (mouth, anus and spiracles) may also facilitate the success of 
infestation by EPN species (Ishibashi and Kondo, 1990). Aphid nymphs 
with small natural orifices were less infected with EPNs than adults with 
larger orifices (Mràček and Růžička, 1990). Similarly, mortality rates 
were significantly higher in large earwigs than in small ones (Hodson 
et al., 2011). Another important obstacle to the successful establishment 
of EPN infection is the host’s immune response, which can include 
mechanisms such as encapsulation and melanization of EPNs (Castillo 
et al., 2011). The strength and type of immune response elicited by the 
host, may vary depending on the specific EPN strain involved, the host 

Fig. 2. Species (L. tripustulatus, L. rugulipennis and M. pygmaeus) and life stage (young nymph, old nymph, adult) dependent mean (+/- SE) survival rate for the 
laboratory experiment for control (CON) and entomopathogenic nematode (EPN) treatment (n = 6). Different letters show significant differences between groups 
according to Tukey post-hoc comparisons. For results of statistical models see Table 1. 

Fig. 3. Species (L. rugulipennis and M. pygmaeus) and life stage (young 
nymph, old nymph, adult) dependent mean (+/- SE) survival rate for the 
greenhouse experiment for control (CON) and entomopathogenic nematode 
(EPN) treatment (n = 12). Different letters show significant differences between 
groups according to Tukey post-hoc comparisons. For results of statistical 
models see Table 1. 
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species and the developmental stage (Li et al., 2007; Hillyer, 2016). 
Mortality in control individuals is rarely zero, and we have observed 

limited mortality in certain life stage, which can be explained by three 
main factors. The first is the natural mortality that can be expected. The 
experimental individuals have undergone considerable stress (complex 
environment in comparison to rearing conditions, eventual sub-optimal 
diet, variation in temperature and light) and although only young in-
dividuals were chosen for the trial, some stochastic mortality occurs 
even in the absence of an experimental treatment. The second reason is 
not true mortality but a potential experimental artefact. For the field 
trial, we may not have been able to find all the individuals due to the 
increased complexity of the environment at the end of trial. The third 
and final reason we mention here, although there may be others, is the 
potential moulting of immature individuals during the experiments, 
which again is not a true mortality, but could be interpreted as such. 
During the course of the experiment, individuals had the ability to un-
dergo moulting and transition from one developmental stage to another. 
Consequently, the observed counts for young nymphs may have been 
underestimated compared to the counts for older stages. However, we 
would like to emphasize that none of these potential reasons for mor-
tality are confounded by the treatments and therefore constitute a 
problem for the interpretation of the results. 

4.2. Transfer laboratory results to the greenhouse 

The semi-field experiment provided a more realistic environment for 
studying the efficacy of EPNs as biocontrol agents, by more accurately 
mimicking the conditions encountered by plants, pests, and EPNs in 
actual farming situations. Our results show that S. carpocasae had a 
significant effect on the survival rate of M. pygmaeus and L. rugulipennis, 
but only for their nymphal stages. A lower survival rate for nymphal 
stages of M. pygmaeus exposed to EPNs has also been reported in 
greenhouse experiments (Gard et al., 2022). This is probably caused by 
the flight ability of the adults which allows them to move away from the 
treated area more easily (Rezaei et al., 2015). It has been shown that 
evasion is a key response in aerial insects attacked by EPNs (Drees et al., 
1992; Gambino et al., 1992). In the experimental setup used in the study, 
L. rugulipennis tended to take refuge against the walls of the cages, which 
were inevitably covered with EPN, while M. pygmaeus showed less 
tendency to exhibit this behavior. However, in a real-world situation 
where insects are more mobile and have access to crop shelters, direct 
contact with EPNs may be reduced (Kaya and Gaugler, 1993; Hajek and 
Goettel, 2007; Sanchez et al., 2012), which could result in lower efficacy 
of EPNs on L. rugulipennis compared to M. pygmaeus. This could also have 
contributed to the reduced efficacy observed in the greenhouse (15%) 
relative to the laboratory (30%). 

4.3. Conclusions and perspectives 

The findings of this study indicate that S. carpocapsae is a potential 
candidate for biological control of the three mirid bug species 
L. rugulipennis, M. pygmaeus, and L. tripustulatus, which are known to 
cause significant economic losses for greenhouse vegetable growers. 
However, the success of its use is complex and depends on many factors, 
difficult to control in on-farm conditions. Moreover, with relatively low 
efficacy values, especially for L. tripustulatus in the laboratory and for 
adult stages of the other mirid species in the greenhouse, it is likely that 
this approach alone is insufficient for mirid control. This would be in line 
with the conclusions from other studies that a successful control relies 
on a combination of methods. Further studies, particularly in collabo-
ration with crop producers, could thus investigate the combination of 
methods to provide insights on how to improve biocontrol of mirid bugs. 
In combination with crop damage assessment or the relation between 
the costs and profitability of EPN in pest management programs the 
study could provide practical advice for vegetable growers. 
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