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Zoophytophagy (true omnivory) is a ubiquitous behavior. It allows plant-feeding predators
to maximize their development by finding essential nutrients, and to survive when
animal resources are scarce. In agroecosystems, some zoophytophagous predators
are highly efficient biological control agents. However, when feeding on plants, they
can generate crop damage that reduce grower’s interest in these predators. Artificial
selection on behavioral traits of candidate zoophytophagous predators could improve
the ecosystem services they provide. Thus, a zoophytophagous species considered
as noxious may become an adequate biocontrol agent, following a selection process.
Numerous theoretical and applied aspects should be considered during the selection
process for the breeding of desired individuals. This review focuses on the potential
of the evolutionary approach to optimize the biological control services provided by
plant-feeding predators —or zoophytophagous predators —and discuss some ecological
and biological control consequences as well as the limitations of the approach.

Keywords: artificial selection, strain selection, hemiptera, zoophytophagous predators, miridae, ecology of
individuals, individual diet specialization, intraguild predation

INTRODUCTION

Numerous definitions of zoophytophagous organisms have been proposed. In this paper, we
consider zoophytophagous organisms (or true omnivores) as the organisms that consume both
plant and animal resources during their life cycle. In agroecosystems, these organisms may have
the status of pests, equivocal species (sometimes beneficial or sometimes noxious) or useful
biological control agents in agroecosystems. True omnivores can be classified along a nutritional
gradient from phytozoophagous to zoophytophagous species. We consider biological control as
an ecosystem service provided by zoophytophagous predators. Biological control of pest species
in crop systems can be achieved using three main strategies (Eilenberg et al., 2001): (1) classical
biological control, in which introduced exotic natural enemies can exert a long-term control of a
targeted exotic pest; (2) augmentative biological control, where locally occurring natural enemies
are reared and released to improve pest controls and (3) conservative biocontrol, in which land-use
planning favors the increase of natural enemies. The augmentative strategy can be subdivided in
two ways to use biological control, namely inoculative and inundative. The former aims to control
pest’s population over an extended period (but not permanently), whereas the latter is used to
rapidly control the pest’s population (over a short-term period). With the inundative strategy, no
reproduction by the biological control agent is expected and repeated releases may be necessary
(Eilenberg et al., 2001).

Zoophytophagous predators are a solution to the growing need for native natural enemies
that efficiently control pests (McGregor et al., 1999; Alomar et al., 2006; Calvo et al., 2009;
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Fantinou et al., 2009). The role of these predators is increasingly
recognized in perennial or annual cropping agroecosystems
(Symondson et al., 2002). Most annual crops have multiple
arthropod pest problems, requiring an array of specialists natural
enemies for efficient control. These approaches are costly, and
ecologically complicated due to the mutual interactions between
the biological control agents. Zoophytophagous predators are
highly successful because they can consume several pest species
avoiding the resurgence of secondary pests (McGregor et al.,
1999; Symondson et al., 2002; Alomar et al., 2006; Calvo et al.,
2009, 2012; Fantinou et al., 2009; Molla et al., 2011; Zappala et al.,
2013). In addition, zoophytophagous predators have the ability
to stay in an environment where prey is scarce by switching from
animal resources to plant resources (Lalonde et al., 1999; Castané
et al., 2009; Castanie et al., 2011).

Despite their significant success as generalist predators, the
use of zoophytophagous predators as biological control agents
remains mitigated by the perceived risk of crop damage entailed
by phytophagy. However, phytophagous behavior is beneficial
for the predators early establishment and survival when prey is
scarce (Gabarra et al., 2004; Castane et al., 2011). Switching diet
contributes to the stabilization of zoophytophagous populations,
leading to sustained high predation pressure on prey populations
(Diehl and Feiflel, 2000). Moreover, phytophagy does not always
lead to crop damage and economic loss (Castane et al., 2011).
Therefore, there is currently an increasing recognition of the
potential of zoophytophagous predators in biological control
(Albajes and Alomar, 1999; Wheeler, 2000; Lucas and Alomar,
2002; Urbaneja-Bernat et al., 2013; Maselou et al., 2014; Beitia
et al., 2016; Pérez-Hedo et al., 2018).

The efficacy of zoophytophagous predators is affected by an
array of different factors at the individual, the population and
the community levels. These factors are intimately linked to
plasticity and trade-offs related to the diet of zoophytophagous
predators. The degree of the phenotypic plasticity of the
zoophytophagous predators could be manipulated by selection
processes. Therefore, artificial selection may improve traits
related to their efficiency as biological control agents in their
specific biotic and abiotic conditions.

We argue that the potential of the zoophytophagous predators
as biocontrol agents could be enhanced by artificial selection
on various traits including detrimental phytophagy, beneficial
zoophagy, and diet specialization. In this review paper, we
review artificial selection of biological control agents and
propose hypotheses on the ecological and biological control
consequences. We focus on the biological control services
provided by the zoophytophagous predators at the individual,
population, and community levels.

THE COMPLEX ZOOPHYTOPHAGOUS
PREDATORS CONTEXT AND THE
BIOLOGICAL CONTROL SUCCESS

The ability of zoophytophagous predators to provide effective
biocontrol services is determined by an array of biological
responses observed at different ecological levels. The value

of zoophytophagous predators is not simply linked to their
zoophagous abilities as biological control agents (i.e., zoophagy
on agricultural pests) (McGregor et al, 1999; Castanié et al,
2009; Calvo et al, 2012; Zappala et al, 2013), but also to
their relative detrimental impact as phytophagous organisms
(Arné et al., 2006, 2010; Calvo et al., 2009; Perdikis et al.,
2009; Castane et al., 2011). The classification of true omnivores
as zoophytophagous or phytozoophagous is often subjective
(Wiedenmann and Wilson, 1996). The term used reflects the
perception of the observer (ecologist, agronomist) rather than
the actual proportion of resources consumed. For example,
several zoophytophagous bugs (plant-feeding predators) (Coll
and Guershon, 2002) are successfully used as biological control
agents of greenhouse and outdoors pests (Castaié et al., 1996,
2009; McGregor et al., 1999; Alomar et al., 2006; Calvo et al.,
2009, 2012; Fantinou et al., 2009; Molla et al., 2011; Zappala
et al,, 2013). However, the status of zoophytophagous predators
in the agroecosystem is controversial because they may cause
crop damage and economic losses. Therefore, to fully exploit
the potential of zoophytophagous predators, we have to develop
methods that improve the benefit-damage ratio associated
with their occurrence on crops (Castafie et al., 2011; Calvo
et al,, 2012). The optimization of zoophytophagous predators
for biological control entails complex interactions between
predator’s morphological, physiological and behavioral traits and
the ecological context.

Since animal and plant diets differ greatly, omnivores display
physiological and morphological adaptations that are normally
only present in strict zoophagous or strict phytophagous
insects (Cooper, 2002; Cooper and Vitt, 2002; Eubanks et al.,
2003). For example, zoophytophagous mirids have intermediate
stylets between those of strongly toothed zoophagous and
those relatively smooth of phytophagous insects (Cobben, 1978;
Schaefer and Panizzi, 2000). Roitberg et al. (2005) demonstrated
that there may be a cost to be zoophytophagous due to the
mandibles being worn out by consuming plants. Stylet wear
could reduce predation efficiency, compelling an increase in
phytophagy. Omnivorous Heteroptera have also a digestive
system and accessory salivary glands that are intermediate to
those found in herbivores or predators (Boyd et al., 2002),
as well as digestive enzymes from both groups (Schaefer and
Panizzi, 2000; Wheeler, 2001). Because of these adaptations,
zoophytophagous predators have more detoxifying enzymes,
improving the ability to manage secondary toxic compounds.
They should therefore be more resistant to certain pesticides
than strict predators (Gordon, 1961; Coll et al., 1994; Coll and
Guershon, 2002). This resistance may improve their ecosystem
services in integrated pest management (IPM) programs.

Behavioral plasticity is mainly responsible for the biological
control effect of zoophytophagous predators (Coll and Guershon,
2002). For example, Aubry et al. (2017) demonstrated that
Campylomma verbasci Meyer-Diir (Hemiptera: Miridae) reduce
phytophagy (measured as plant feeding punctures) in presence
of prey (aphids or spider mites). In this species, most of the
damage on apple fruits is caused by the overwintering population
during bloom (Aubry et al., 2016). However, adults tend to leave
apple trees once the prey population is depleted. The mullein
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bug is no longer noxious after bloom as plant-feeding does not
induce fruit damage (for fruits > 13 mm) and its status becomes
beneficial (Aubry et al, 2016). This shift is also observed in
other mirids species in open field and greenhouse conditions
(Gabarra et al., 2004; Montserrat et al., 2004; Sanchez, 2008),
and successfully used to develop management decision charts
for Dicyphus tamaninii Wagner (Hemiptera: Miridae) in tomato
crops (Alomar and Albajes, 1996) or C. verbasci in apple orchards
(Coll, 1996).

The potential impact of omnivores on prey (noxious or
beneficial status) depends not only on their ability to persist
during prey scarcity, but also on their response when the
consumption of alternative plant and animal resources decreases
their prey consumption (Cottrell and Yeargan, 1998; Eubanks
and Denno, 2000b). For example, nutrition on high quality plant
resources can result in relatively large and persistent populations
of omnivores (Eubanks and Styrsky, 2005). By contrast, strict
predators will either starve or migrate when their prey is
scarce, allowing prey to escape predation at low densities and
populations to rebound (Eubanks and Styrsky, 2005).

At the community level, plant-feeding and prey-feeding
decisions have important implications for predator-prey
dynamics, for energy flows within food webs (Lalonde et al.,
1999; Coll and Guershon, 2002) and, consequently, for the
noxious/beneficial status of the zoophytophagous predators.
Omnivory disperses the direct effects of consumption throughout
the trophic web, rather than concentrating them at a specific
trophic level (Eubanks, 2005) which favors larger, persistent and
often less variable populations. When prey populations decline,
omnivores can move to relatively profitable plants providing
a mechanism that promotes the stability of the communities
(Gillespie et al., 2012). Thus, phytophagy from zoophytophagous
predators should promote bottom-up control and increase the
likelihood of trophic cascades (Eubanks and Denno, 1999, 2000b;
Denno and Fagan, 2003) which will ultimately benefit the plant
(Eubanks, 2005).

Intraguild predation (IGP) is defined as predation between
species sharing a similar resource (Lucas, 2012) and can also
alter the feeding behavior, the development, and the biological
control services of zoophytophagous species (Rosenheim et al.,
1993; Rosenheim and Harmon, 2006; Vance-Chalcraft et al.,
2007). An increase in extraguild prey density should reduce IGP
by providing alternative prey options, regardless of intraguild
predator density (Lucas and Rosenheim, 2011; Lucas, 2012).
Aubry et al. (2017) showed that the presence of extraguild
prey reduces phytophagous behavior in the mullein bug C.
verbasci even in the presence of some intraguild predators.
Aubry et al. (2017) suggested that the reduction in feeding
punctures might have been caused either by predation on mullein
bugs or by a change in behavior of the mullein bug (e.g.,
escaping, hiding). Concerning the zoophagous impact on the
prey population, Lucas and Alomar (2002) showed that the
presence of an IGP predation delayed the development of the
zoophytophagous Macrolophus caliginosus Wagner (Hemiptera:
Miridae). The guild context can greatly change the propension
to attack plants or prey and the status of a zoophytophagous
predator.

TOWARD ARTIFICIAL SELECTION

The last two decades have been marked by a significant increase
in knowledge in ecology of individuals (Bolnick et al., 2002; Dall
et al., 2004, 2012; Dingemanse et al., 2010; Réale et al., 2010a,b;
Ellner, 2013). The ecology of individuals aims to integrate
intraspecific phenotypic variation in ecological models (Judson,
1994; Grimm, 1999; Lomnicki, 1999; Clutton-Brock and Sheldon,
2010; Bolnick et al., 2011; Wolf and Weissing, 2012). The later
models focus on the mainstream response of the focal population
while discarding individual variations. These models are often
based on the premise that individuals are interchangeable or have
the capacity to adapt optimally to all situations (Sih et al., 2004).
However, it has been demonstrated in several taxonomic groups
that behavioral differences among individuals have considerable
ecological consequences (Sih et al., 2004, 2012; Réale et al., 2007;
Aratjo et al., 2011; Bolnick et al., 2011). Recently, some studies
have demonstrated that native biological control agents can be
improved by exploiting intraspecific behavioral differences in
various traits related to their efficiency (Lommen et al., 2008,
2013; Tabone et al., 2010; Nakayama et al., 2013: Seko et al.,
2014; Dumont et al., 2016, 2017a). Therefore, some authors (Hoy,
1986; Rosenheim and Hoy, 1988; Hopper et al., 1993; Nachappa
et al,, 2010, 2011; Lommen et al.,, 2013, 2017; Dumont et al.,,
2016, 2017a; Kruitwagen et al, 2018) suggested that genetic
improvement of biocontrol agents could rely on intraspecific
behavioral differences.

The first successful examples of genetic improvement of
biocontrol agents were intended to increase their pesticide
resistance (Hoy and Knop, 1981; Hoy, 1985, 1986, 1990;
Rosenheim and Hoy, 1988; Havron et al., 1991). More recently,
intraspecific behavioral variations are of interest to researchers
especially in nematodes (Segal and Glazer, 2000; Shapiro-Ilan
et al., 2003), mites (Pels and Sabelis, 1999; Jia et al., 2002;
Maeda and Liu, 2006; Nachappa et al., 2010, 2011), coccinelids
(Tourniaire et al., 2000; Lommen et al., 2008; Seko and Miura,
2009; Adachi-Hagimori et al., 2011) and parasitoid wasps (Baya
et al, 2007; Kruitwagen et al., 2018). The performance (as
biological control agent) of native predators and parasitoids has
been improved in the control of their natural or exotic prey
(Kraaijeveld et al., 2001; Rouchet and Vorburger, 2014). Recently,
the concept of genetic improvement applied to zoophytophagous
predators arouses a growing interest. Dumont et al. (2016, 2017a)
used this approach on the mullein bug, but this species is not
commercialized as biological control agent. It is even considered
as a pest species by some authors (Thistlewood et al., 1989;
McBrien et al., 1997).

A biocontrol strategy that relies on zoophytophagous
predators should aim to increase their effectiveness while
minimizing their detrimental behavior. The emerging field of
genetic improvement on biocontrol agents offers a promising
avenue for achieving these goals (Dumont et al., 2016, 2017a;).
Dumont et al. (2016, 2017a) reported genetic variations in
zoophagy and individuals’ diet specialization in mullein bug.
Thus, these authors suggested that zoophytophagous populations
are in fact composed of a mix of individuals specialized, to
some degree, on animal or plant diet. Therefore, it is possible
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to manipulate the composition of zoophytophagous predator’s
population by artificial selection by favoring prey-specialized
individuals over more plant-specialized ones (Dumont et al,
2017a; Kruitwagen et al., 2018). Hence, it could increase these
predators’ efficiency as biocontrol agents and/or reducing the risk
of damage.

TRAITS TO TARGET WITH SELECTION IN
ZOOPHYTOPHAGOUS BUGS

The genetic improvement process can target several traits (i.e.,
morphology, physiology, behavior and life history traits) of
biological control agents to optimize their effectiveness (Hoy,
1976; Rosenheim and Hoy, 1988; Lommen et al., 2017). In
zoophytophagous predators, we propose that selection should
target feeding behaviors, such as zoophagy and phytophagy. The
feeding behavior of zoophytophagous predators is motivated
among others by the need of water, nutrient complementarity,
response to resource availability and quality and risks of
predation (Gillespie and McGregor, 2000; Coll and Guershon,
2002; Lemos et al., 2009; Portillo et al., 2012). Hence, the selection
process can target many traits related to feeding behavior.
Heritable genetic variation in targeted traits is required to
operate selection. The phenotype (i.e., behavior or life-history
traits) results from the interaction between the genotype and
the environment. The selective breeding in zoophytophagous
predators should occur in condition representative of the field
and under which the targeted trait is beneficial/detrimental.
Zoophytophagous predators have the ability to adjust
their level of zoophagy and phytophagy according to the
environmental conditions and the quality and availability of
food resources (Calvo et al., 2009; Aubry et al., 2016, 2017).
The premise underlying genetic improvement in these predators
is that phenotypic plasticity may be limited, expensive (in
term of fitness), often requires a trade-off and has a genetic
basis (DeWitt et al., 1998; Scheiner and Berrigan, 1998;
Agrawal et al, 2002). The behavioral type of individuals
(also called “animal personality” or “behavioral syndrome”
is described as interindividual differences maintained over
context and time (Réale et al., 2007; Sih et al., 2012; Toscano
et al., 2016). Individuals respond to environmental conditions
(exhibiting phenotypic plasticity), but individual differences in
this response demonstrate that phenotypic plasticity is not
infinite (Dingemanse et al., 2010; Dingemanse and Wolf, 2013).
Thus, the selection we propose would not transform a population
of zoophytophagous predators into a strict predator. Selected
individuals will always have the ability to exploit animal and
plant resources and adjust to changing conditions. The proposed
selection focuses on genetic differences in behavioral plasticity.

Decreasing Detrimental Phytophagy

Zoophytophagous bugs feed on plants to meet different needs,
namely water, nutrients and proteins (Gillespie and McGregor,
2000; Lemos et al., 2009; Portillo et al., 2012; Urbaneja-Bernat
et al,, 2013). While damage can be caused by plant feeding,
phytophagy is not always detrimental (Castarie et al., 2011). The

specific plant structure providing the required resources is highly
determining the level of damage resulting from phytophagy
(Castanie et al,, 2011). For example, the consumption of pollen,
a food source rich in protein, can fill a need in the absence
of prey without necessarily causing an increase in damage. In
addition, crop damage may depend on the phenological stage
of the plant or cultivar (Aubry et al., 2016). Therefore, damage
results from a complex interaction among the biological agent’s
traits, plant species and environment (Castafie et al., 2011).
For an effective selection on phytophagy, it is necessary to
understand these interactions that lead to the consumption of
certain plant parts (those that generate crop damage) (Castarie
et al,, 2011). Castaie et al. (2011) report that stylet morphology
or saliva composition does not generate differences in damage
caused by four different species of mirids [D. tamaninii, Dicyphus
Hesperus Knight (Hemiptera: Miridae), Macrolophus pygmaeus
(Rambur) (Hemiptera: Miridae), and Nesidiocoris tenuis (Reuter)
(Hemiptera: Miridae)]. Therefore, differences in damage could
rather be caused by bugs behavior, resource preferences and
response to conditions (Castafie et al., 2011). Hence, the first
step of a genetic improvement program would be to identify
the conditions that lead to crop damage and, then, target the
predator’s phytophagous traits that modulate the response to
these conditions.

Increasing Beneficial Zoophagy

An increase in zoophagy without increasing detrimental
phytophagy would enhance the benefit-damage ratio in
zoophytophagous predators. Dumont et al. (2016) observed
significant genetic variation in zoophagy in mullein bugs.
Mullein bug’s lines that were highly zoophagous on spider mites
were also more zoophagous on aphids (Dumont et al., 2016).
However, extraoral digestion requires a substantial amount of
water for the considerable amount of digestive enzymes injected
into zoophytophagous predator’s prey and also to maintain their
physiological status (Sinia et al., 2004; Castafie et al.,, 2011).
Hence, there is always a level of phytophagy with predation
(Aubry et al,, 2017). An increase in zoophagy can be positively
correlated with phytophagy (Sinia et al., 2004). Sinia et al
(2004) observed that D. hesperus individuals provided with prey
(eggs of Ephestia kuehniella Zeller; Lepidoptera: Pyralidae) fed
more frequently on plants than individuals deprived of animal
resources. Nevertheless, several studies demonstrated that the
phytophagy tends to be constant and not related to the level of
zoophagy (Salamero et al., 1987; Gillespie and McGregor, 2000;
Sanchez, 2008; Aubry et al, 2017). Thus, phytophagy should
probably be considered essential rather than facultative (Castaie
et al, 2011; Aubry et al, 2017). However, the relationship
between zoophagy and water requirement may not be linear and
could be modulated by the type of resource consumed (e.g., size
of the prey, water content in the prey, etc.). This relationship
would have to be understood to improve zoophytophagous bug’s
level of zoophagy.

Zoophagy is the result of a series of behaviors that lead to
the consumption of prey. The predator must find and identify
its prey, capture it, kill it and consume it. A change in efficiency
in any of these components of predation would generate an
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increase or a decrease in zoophagy. A selection on components
of predation behavior did increase the benefits provided by the
specialist mite predator Phytoseiulus persimilis Athias-Henriot
(Acari: Phytoseiidae) (Nachappa et al., 2010, 2011). Nachappa
et al. (2011) demonstrated that selected lines of P. persimilis
with high levels of prey consumption, conversion efficiency or
olfactory response were more efficient in controlling spider mites
in the field compared to a commercial population. Applying
similar selection on zoophytophagous predators could lead to
significantly different results, especially on their stability over
a long-term period. Even after selection for higher zoophagy,
zoophytophagous predators would still be able/need to feed
on plant tissue. The response of highly-zoophagous strains to
conditions of prey scarcity would have to be determined to ensure
that the benefit-damage ratio is in fact enhanced.

Aggressiveness  influences  predator-prey  interactions
(Riechert and Hedrick, 1993). The more aggressive the
predators, the more zoophagous they will be (Riechert and
Hedrick, 1993). Hedrick and Riechert (1989) observed that
aggressive desert spiders Agelenopsis aperta Gertsch (Araneae:
Agelenidae) (measured as attack latency) exhibited a higher
frequency of attack than non-aggressive individuals toward
several prey. Aggressiveness in A. aperta spiders is genetically
determined (Hedrick and Riechert, 1989). Moreover, high level
of aggressiveness leads to wasteful killing (Maupin and Riechert,
2001). Increasing aggressiveness in zoophytophagous predators
could result in more zoophagy (both in frequency of attacks and
range of prey attacked) and wasteful killing. Dumont et al. (2016)
reported some degree of wasteful killing in C. verbasci belonging
to highly zoophagous lines. In zoophytophagous predators,
wasteful killing is interesting to increase the benefit-damage
ratio. Bugs may not invest as much extra oral digestive enzymes
in unconsumed prey (wasted prey) as in fully consumed prey.
Therefore, the relationship between the number of prey killed
(zoophagy) and water requirement could be modulated by
selection on aggressiveness.

Optimizing Zoophytophagous Predators
Through Diet Specialization

Individual differences in morphological, physiological, and
behavioral traits can generate diet specialization (i.e., when
individuals use only a subset of the resources consumed
by the whole population) (Bolnick et al., 2002; Toscano
et al., 2016). This diet specialization occurs when individuals
respond differently to ecological and environmental factors (e.g.,
predation risk and intraspecific competition) or when individuals
differ in their efficiency in exploiting available resources
(Svanbdck and Bolnick, 2005; Aragjo et al., 2011; Toscano et al.,
2016). Sokolowski (2001) argues that the link between genotype
and foraging behavior is complex and depends on the effect
of several genes. This complexity can generate considerable
inter-individual differences in the resource consumption choice.
The resource choice of the individuals reflects their ability
to deal with these resources (Bolnick et al., 2002). Therefore,
different phenotypes in the population would perform better
in the exploitation of some resources. These differences would

constitute a form of individual specialization in ecological niches
(Bolnick et al., 2002). Such differences in specialization would
be maintained in populations by different factors, including
heterogeneous spatial and/or temporal abundance, availability
and quality of resources (Jaenike and Grimaldi, 1983; Wilson
and Yoshimura, 1994; Svanbick and Bolnick, 2005; Aradjo
et al, 2011. The variations could be exploited as part of
a zoophytophagous predator improvement program (Dumont
etal,, 2016, 2017a).

In zoophytophagous predators, diet specialization can be
expressed in different ways depending on the availability of
resources. For example, Dumont et al. (2017a) have observed that
when prey (spider mites) and pollen (a major source of plant
protein) are simultaneously available, some strains of mullein
bugs feed mainly on prey while others have a diet exclusively
composed of pollen, expressing their food specialization. In
the absence of pollen, the strain specialized on this resource
generally had a lower zoophagy level than the strain specialized
on animal resources (Dumont et al., 2017a). However, the food
specialization observed by Dumont et al. (2017a) does not
necessarily point out a benefit-damage gradient on which their
strains could be classified. Pollen consumption does not generate
crop damage (Torres et al., 2010; Aubry et al., 2016).

In zoophytophagous predators, the diversity of food resources
requires an ability to cope with many complex information
that may exceed their cognitive abilities (Bernays, 1996).
Such a diversity of information to process is likely to lead
to food and host specialization (Bernays and Wecislo, 1994).
The processing of complex information would be costly for
zoophytophagous predators in terms of decision time, assessment
of food quality and oviposition site selection (Bernays and
Weislo, 1994; Bernays and Bright, 2001). Bernays et al. (2004)
find that generalist (phytophagous) species spend more time
dispersing and assessing resources and have shorter feeding
bouts compared to specialists. The food specialization resulting
from information management could be genetic (Dumont
et al., 2017a) and/or be the result of previous experience (Lins
et al., 2014; Rim et al, 2017; Lima-Espindola et al., 2018).
An alternative strategy to complex information management
for omnivorous predators would be to be less selective and
more opportunistic. Opportunistic predators would be more
likely to attack prey regardless of their quality (Eubanks and
Denno, 2000a). The genetic improvement of zoophytophagous
predators for biological control could be through selection on a
specialization in the management of relevant information (e.g.,
specific prey detection) or predator responsiveness to prey.

SELECTION CONSEQUENCES ON
ECOLOGICAL INTERACTIONS

The feeding behavior of zoophytophagous predators is
modulated by their interaction with the host plants (Sanchez
et al, 2004; Aubry et al, 2016; Biondi et al., 2016), prey
(Biondi et al., 2016; Aubry et al, 2017) and/or intraguild
predators/competitors (Lucas and Alomar, 2001, 2002; Perdikis
et al, 2014; Aubry et al., 2017). Thus, the zoophytophagous
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predators responses to biotic conditions will influence the
predator population mean value. However, individual behavioral
differences cause variation around this mean depending on
individual’s characteristics and population composition (Sih
et al., 2012). The individuals’ functional role at the population
and community levels may differ according to their behavioral
type and diet (Sih et al., 2004, 2012; Hughes et al., 2008; Aratjo
et al., 2011; Bolnick et al., 2011; Pruitt and Ferrari, 2011). The
inherent ecological variation caused by selection would in turn
influence their application to biological control.

Interactions With Host Plants
Host plants play a central role in the success of zoophytophagous
predators, as they provide both food resources (e.g., water,
carbohydrates, proteins), habitat for their prey and substrate for
egg laying (Sanchez et al.,, 2004). A selection on the feeding
behavior (i.e., phytophagy, zoophagy, diet specialization) of
zoophytophagous predators will modulate host preference for
nutrition and oviposition. These predators use various cues
related to plant quality and prey availability to discriminate
and select their host (Coll, 1996; Eubanks and Denno, 2000a,b;
Grosman et al., 2005; Lins et al., 2014; Ingegno et al., 2016). For
instance, zoophytophagous predators are attracted to volatiles
from prey-infested plants (herbivore-induced plant volatiles;
HIPVs) (Lins et al., 2014; De Backer et al., 2015; Silva et al., 2018).
Lins et al. (2014) observed that both M. pygmaeus and N. tenuis
responded positively to plants infested by their prey [whitefly
Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) and the
tomato borer Tuta absoluta Meyrick (Lepidoptera: Gelechiidae)].
Moreover, experienced predators are more reactive to plant
volatiles than naive individuals (Lins et al., 2014; Rim et al,,
2017; Lima-Espindola et al., 2018). Hence, prey-specialized or
highly-zoophagous individuals could be more reactive to HIPV's
than their plant-specialized or lowly-zoophagous counterpart
due to 1) increased experience with hosts infested with prey
and/or 2) genetic correlation between zoophagy and olfactory
response to HIPVs (Nachappa et al., 2010). In contrast, plant-
specialized bugs could rather rely on cues related to plant
quality to choose their host. The same cues could be used by
ovipositing females to find sites to lay their eggs (Sanchez et al.,
2004). Females tend to select oviposition sites to optimize their
offspring survivorship and performance (Coll, 1996; Seagraves
and Lundgren, 2010). The result would be a spatial distribution of
zoophytophagous predators that reflects their food specialization.
In the agricultural environment, the plants infested by pests could
be least interesting for the plant-specialized bugs due to plant’s
depletion or plant’s defensive mechanisms, whereas they would
be the most interesting for the prey-specialized ones.
Phytophagy in zoophytophagous predators can trigger plant
defensive responses, such as the emission of HIPVs or the
expression of defense-related genes (Pappas et al., 2015, 2016;
Pérez-Hedo et al., 2015a, 2018; Naselli et al., 2016; Bouagga et al.,
2018a). Zoophytophagous predator’s prey or competitors (i.e.,
parasitoid wasps) can be responsive to these HIPVs (Bouagga
etal,, 2018a). These interactions vary, however, depending on the
species involved (Perez-Hedo et al., 2015b). For instance, plant
feeding by the zoophytophagous bug N. fenuis activated both

abscisic and jasmonic acids in tomato plants, which repel both
B. tabaci and T. absoluta (Pérez-Hedo et al., 2015a). However, B.
tabaci is not repelled by plant where M. pygmaeus and Dicyphus
maroccanus Wagner (Hemiptera: Miridae) had been feeding
(Perez-Hedo et al., 2015b). The tomato borer T. absoluta is even
attracted by the plant on which M. pygmaeus and D. maroccanus
fed (Perez-Hedo et al., 2015b). Moreover, the whitefly parasitoid
Encarsia formosa Gahan (Hymenoptera: Aphelinidae) is attracted
to plant volatiles emitted in response to zoophytophagous
bugs phytophagy (Pérez-Hedo et al., 2015a; Bouagga et al,
2018a). Therefore, phytophagy by zoophytophagous predators
can enhance plant protection against main pests (Bouagga et al.,
2018b). Selection to favor lowly-phytophagous strains would thus
reduce this advantage provided by zoophytophagous predators.
However, even a low level of phytophagy or non-detrimental
phytophagy could induce HIPVs from host plants (Pérez-Hedo
et al., 2015a, 2018).

Phytophagy by zoophytophagous predators can induce direct
plant defense responses against herbivores (Pappas et al,
2015). Pappas et al. (2015) observed that phytophagy by the
zoophytophagous predator M. pygmaeus triggers a defensive
response in tomato that is effective against a subsequent
infestation of the two-spotted spider mite Tetranychus urticae
Koch (Acari: Tetranychidae). This defensive mechanism was,
however, ineffective against greenhouse whitefly Trialeurodes
vaporariorum Westwood (Hemiptera: Trialeurodes) (Pappas
et al.,, 2015, 2016). Zoophytophagous predators may therefore
have indirect biological control effect over certain prey. A
selection that reduces phytophagy in a zoophytophagous
predator will result in minimizing this path by which the predator
can affect their prey. In addition, plants defensive responses
can be induced by an endophytic fungus, and reduce damage
from both zoophytophagous predators (Garantonakis et al,
2018) and pests (Pappas et al., 2018). Garantonakis et al. (2018)
observed less damage from the zoophytophagous predator N.
tenuis on tomato plants inoculated with the fungal endophyte
Fusarium solani strain K than on uninoculated plants. The
authors have not determined whether the symbiosis between the
plant and the fungal endophyte confers on the plant the ability
to repair damage or repel N. tenuis (reduction of phytophagy).
In the first case, more zoophagous (but not necessarily
less phytophagous) lines would be very useful in biological
control. These strains would increase the level of benefits by
consuming more prey without proportionally increasing damage.
In the second case (the plant-fungus symbiosis repelling the
zoophytophagous predator), strains specialized in prey resources
may be less sensitive to this plant defense mechanism than more
phytophagous strains. Inoculation of the plants with beneficial
soil microorganims may be a method of control compatible with
the release of prey-specialized zoophytophagous predator stains.

Phytophagy is not necessarily detrimental depending on the
plant material consumed and the plant and omnivore phenology
(Castane et al, 2011; Aubry et al, 2015, 2016). In many
omnivores, the combined effect of consuming two types of
resources can improve their diet nutritional quality of the diet.
This synergistic effect (trophic facilitation) can strongly affect
their selective value (Waldbauer and Friedman, 1991; Singer and
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Bernays, 2003) and consequently their use as biocontrol agents.
For example, the spring generation of C. verbasci’s nymphs
hatching on apple trees can feed on apple fruit supplemented
by pollen or prey to reach adulthood (Aubry et al., 2015). Plant
resources can also have a synergistic effect on prey consumption
(Eubanks, 2005). Predaceous Hemipteran need a substantial
amount of water for predation which can be provided by plant
tissue (Gillespie and McGregor, 2000; Han et al., 2015). Indeed, a
certain level of phytophagy by C. verbasci is always observed even
in the presence of prey (Aubry et al., 2017).

Interactions With Prey

At the population level, several models predict that omnivores
may have a greater suppressive effect on prey populations
than strict predators (Polis, 1991; Holt and Lawton, 1994; Holt
and Polis, 1997). Unlike strict predators, omnivorous predators
compete with their prey for the shared plant resource (Diehl and
Feif3el, 2000) and are unlikely to starve or migrate when prey is
rare because they feed at more than one trophic levels (Eubanks
and Denno, 1999). In fact, the shared plant contributes to the
maintenance of a greater predation pressure on the herbivorous
prey by favoring a larger and more stable omnivore population
density (Diehl and Feifiel, 2000). The competition between prey
and individuals from selected strains (highly zoophagous or prey-
specialized strains) for plant resources should be negligible. In
the presence of prey, the predator should feed on it rather than
alternative plant resources. Phytophagy by the predator would
not be intensive enough to generate high level of competition
with its prey. The omnivorous predator will maintain its
advantage over strict predators despite selection on zoophagy and
food specialization since it will always be able to supplement their
diet with plant resources. These resources would only be a smaller
proportion of their diet.

An increase in prey consumption in zoophytophagous
predators would translate into an increase in predations risk for
the prey. High prey consumption and diet specialization on prey
can result from a high level of activity (Toscano et al., 2016; Start
and Gilbert, 2017). Thus, the rate of encounters with the prey and
the rate of attacks against them would increase with the level of
activity of the predator. In response to this increase in predation
risk, prey can adopt costly strategies to avoid predators (Preisser
etal., 2005). Preisser et al. (2005) estimated that prey demography
was as impacted by intimidation (indirect effect of predation)
as direct consumption. Prey could avoid predation by selecting
host plants less favorable for their zoophytophagous predators
(Bernays and Graham, 1988). However, this strategy may be less
effective against zoophytophagous predator strains specialized in
animal resources. The success of such strains would depend less
on their host plants than strains that include more plant resources
in their diet.

Interactions With Competitors and

Intraguild Predation

Intra- and interspecific competition among natural enemies
could be altered by selection on diet specialization, high
zoophagy and aggressiveness. In the first place, all these traits
can be correlated to individual levels of competitiveness. More

aggressive individuals are usually better competitors and can use
a higher proportion of resources or prevent other individuals to
exploit them (Bolnick et al., 2002, 2011; Svanbéck and Bolnick,
2005, 2007; Pruitt and Ferrari, 2011; Pruitt and Riechert, 2012;
Sih et al., 2012). In the case of zoophytophagous predators, since
more aggressive individuals are expected to be more zoophagous,
highly-zoophagous strains could be more competitive on
prey resources than phytophagous strains. Therefore, highly-
zoophagous strains would have potential strong impact on
interspecific competitors. In various crop systems, different
zoophytophagous species naturally colonize the plants (Albajes
and Alomar, 1999; Montserrat et al., 2000; Alomar et al., 2002).
For instance, Dicyphus maroccanus and N. tenuis are both present
on tomato plants in eastern Spain (Salas Gervassio et al., 2017).
However, N. tenuis tends to displace D. maroccanus from plants
because of higher competitive abilities. A selection to increase
N. tenuis level of zoophagy would only exacerbate this situation,
whereas such selection on D. maroccanus could allow a better
equilibrium between both species. Similarly, highly-zoophagous
strains would increase intraspecific competition resulting in a
potential diet switch in less competitive individuals (Robinson
and Wilson, 1998; Bolnick, 2001; Araujo et al., 2009).

Zoophytophagous predators are often found in systems with
other biological control agents. Most commonly with other
zoophytophagous predators (Lucas and Alomar, 2001, 2002;
Perdikis et al., 2014) or parasitoid wasps (McGregor and
Gillespie, 2005). For instance, D. hesperus bugs and parasitoid
wasps can be used simultaneously in a greenhouse to increase the
impact on whitefly populations (McGregor and Gillespie, 2005).
Together, biological control agents lead to larger decrease in pest
populations (Bennett et al., 2009). However, D. hesperus bugs
reduce both the density of whitefly populations and extend a
more scattered distribution or prey (Bennett et al., 2009). Under
these conditions, the parasitoid wasp E. formosa is less effective
(Bennett et al., 2009). The level of the predator’s zoophagy has
an impact on the distribution or prey. More zoophagous strains
tend to eliminate all prey from one patch before searching for
and exploiting another patch (Nachappa et al., 2011). The result
is a prey distribution that included less patch but with denser
prey densities in these. A selection to increase the zoophagy level
of the predator. D. hesperus could modulate the distribution of
prey so as to favor the cohabitation between D. hesperus and
E. formosa.

Increased zoophagy could be associated with an increase in
the level of predation risk. The highly-zoophagous individuals
should spend more time on parts of the plants where prey is
numerous (e.g., leaves). These prey would attract other predators,
which can in turn be intraguild predators of zoophytophagous
predators (Lucas et al, 1998; Lucas and Alomar, 2001;
Fréchette et al., 2007). Therefore, the choice of resources for
zoophytophagous predators should affect the level of risk and
the rate of encounter with predators. Moreover, zoophagy and
aggressiveness is positively correlated with boldness (the level
of risk taken in presence of predators) (Riechert and Hall,
2000; Sih et al,, 2012). However, intraguild predators among
zoophytophagous predators may be limited (Perdikis et al.,
2014).
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In some situations, zoophytophagous predators are intraguild
predators in IGP interactions (Snyder and Ives, 2003; Bennett
et al, 2009). For instance, D. hesperus kills the parasitoid
wasps E. formosa pupae when feeding on parasited whiteflies
(Bennett et al., 2009). Highly-zoophagous or prey-specialized D.
hesperus strains could have a stronger impact on a parasitoid
wasp’s population than strains that rely more on plant food
resources. The consequences would be that genetic improvement
of zoophytophagous predators for a higher level of zoophagy is
not consistent with a biological control program involving several
types of predators. However, the negative impact of predation
on intraguild prey may not always disrupt biological control
(Snyder and Ives, 2003). Snyder and Ives (2003) observed that
generalist bugs Nabis sp. (Hemiptera: Nabidae) and Orius sp.
(Hemiptera: Anthocoridae) decrease populations of parasitoid
wasps by about 50% but the impact of these biological agents on
aphid’s populations was additive.

IMPACT ON BIOLOGICAL CONTROL.:
BENEFITS AND CHALLENGES

Genetic improvement of biocontrol agents can be adapted to
different biological control strategies. The strategy will depend
on the crop (e.g., perennial or annual), the targeted pests, the
environment (e.g., field or greenhouse) and the biological control
agents. Different strains of the same biological control agent
could meet different needs or be better adapted to different
conditions. Thus, genetic improvement can serve all types
of biological control approaches (i.e., inoculative, inundative
and conservation). However, understanding the impact of
zoophytophagous predators at the population and community
levels is needed to predict the effects of selection on their
efficiency as biological control agents on the long term.

Inundative Strategy

Improving biocontrol agents would be more suitable for the
inundative strategy (Lommen et al., 2017). Highly-zoophagous or
prey-specialized strains could provide rapid and strong impact
sought after by the inundative biocontrol strategy (Nachappa
et al., 2011). For instance, high level of conversion efficiency
and dispersal in the specialist predatory mite P. persimilis were
associated with better spatio-temporal correlation between the
predator and the prey (Nachappa et al, 2011). The authors
suggested that all three selected lines achieve biological control
objectives by using different paths. However, these paths may
not be all stable over a long period (Nachappa et al., 2011).
The study by Nachappa et al. (2011) suggests that different
strains could be developed to fit different biological control
needs. For instance, highly-zoophagous strains could provide
rapid and intense decrease in pest populations, but at the cost
of lower stability on the long run. In the case of zoophytophagous
predators, obtaining a strong, rapid and localized impact on pest’s
population resulting from the use of highly zoophagous strains
would allow to achieve these objectives while releasing fewer
individuals than with a generic population (Dumont et al., 2016).
As the risks of damage increase when the density of predators and

their prey is high, fewer individuals would mean less risk during
periods of low prey level. Thus, once predators have significantly
reduced pest populations, there will be fewer zoophytophagous
predators to cause damage. Moreover, the response of the selected
strains to the various conditions is important in determining
their value as biological control agents. Under conditions of prey
scarcity, zoophytophagous predators will either turn to plant
resources, cannibalism or disperse elsewhere to find their prey.
In the case of a prey-specialized strain, the last two options
are more likely. However, both options will have the effect of
reducing zoophytophagous predator populations on crops, while
the former option maintains (within certain limits) populations
of predators in the absence of pests.

The genetic improvement approach could help promote
effective zoophytophagous predators that cause significant level
of damage when prey is scarce. For instance, the bug N. tenuis
is a proven efficient biocontrol agent of major pest species in
tomato greenhouses (Sanchez et al, 2004, 2014; Calvo et al,
2009; Urbaneja et al., 2009; Desneux et al., 2011; Bompard et al.,
2013; Jaworski et al., 2013; Zappala et al., 2013). The release of
N. tenuis decreased B. tabaci populations by about 90% (Calvo
etal., 2009, 2012) and regulated populations of T. absoluta (Molla
et al,, 2011). However, the benefit provided by N. tenuis on crop
comes at a high cost. Once N. tenuis has successfully reduced the
pest population, it increasingly feeds on the tip of the tomato
plant and flowers, which cause important damage (Sanchez,
2008; Sanchez and Lacasa, 2008; Calvo et al., 2009; Arné et al.,
2010; Castafe et al., 2011). Artificial selection to decrease the
level of detrimental phytophagy in N. tenuis would considerably
increase its benefit-damage ratio. It would make it possible to
use this effective predator on a larger scale without incurring
the current risks. A selection on the food specialization of this
predator would have a similar effect while maintaining the level
of zoophagy that makes it successful as biological control agent.

Introduced biological control agents are not always adapted
to local conditions, but individuals in the natural population
can be (Hopper et al, 1993; Hufbauer and Roderick, 2005).
In biological control, it is generally suggested to introduce
genetically diversified populations, which will allow adaptation
to new conditions (Hopper et al., 1993). However, artificial
selection is reducing genetic diversity (Falconer and Mackay,
1996). Thus, biological control agent release could be effective in
a specific condition or to achieve specific goals, but their long-
term effects could be mitigated (Nachappa et al., 2011). Repeated
introductions may be necessary in this context. Thus, the genetic
improvement of biological control agents would better fit in an
inundative strategy, rather than in a classical biological control
strategy (Lommen et al., 2017).

Inoculative Strategy

The inoculative strategy consists in an intentional release of
biological control agents aiming to favor the establishment of
predators in the agroecosystem so that it acts for an extended
period on target pest populations (Eilenberg et al., 2001). This
strategy differs from the inundative strategy by the expectation
that the biological control agent will control the pest after the
agent’s reproduction. Therefore, it is necessary that the biological
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control agent reproduces in the agricultural environment. The
stability of the predator-prey cycle is therefore a foundation
of this approach. For the same biocontrol agent, selection
on different traits will have consequences on predator-prey
dynamics (Nachappa et al, 2011). For instance, Nachappa
et al. (2011) noted that the selection for high voracity in P.
persimilis is more in line with inundative biocontrol objectives,
while selection for high olfactory response and high conversion
rate meet the needs of inoculative control. In the case of
zoophytophagous predators, a specialization on animal resources
could be positively correlated with a strong olfactory response
to HIPVs or increased fertility. Whether these correlations
are genetic or not, they would improve the performance of
zoophytophagous predators in the context of an inoculative
strategy.

The stability of the trait-selected populations on the long-
term is also a key issue in preserving the biological control
services quality of the selected strains. The ability of the selected
strains to adapt to their new environment can be compromised
by the limited genetic variation arising from the selection
process (Hopper et al.,, 1993; Fauvergue et al.,, 2012; Roderick
et al.,, 2012). The establishment of the released individuals in
the agroecosystem is needed to meet the requirements of the
inoculative biological strategy. Hence, genetic improvement of
biological control agents may in fact, have a negative impact on
this important aspect (Hopper et al., 1993). Moreover, the release
of zoophytophagous predators from the selected population will
introduce their genes into the genetic pool of local populations.
These genes could be conserved or not by natural selection
(Hufbauer and Roderick, 2005). Thus, the effect of the selection
may decrease over time without repeated introductions of the
selected strains. In addition, the introduction of new genes in
local populations could have consequences for the evolution of
local populations (Thrall et al., 2011; Richardson et al., 2014).

Conservation Strategy

In agroecosystems, agricultural practices can act as a selective
force on arthropods, ultimately modifying local populations
(Thrall et al., 2011). The evolution in agroecosystems can occur
at an ecological time scale (Lankau, 2011; Palkovacs et al., 2011;
Sih et al.,, 2011; Sih, 2013). This evolution, which often is very
rapid under the influence of anthropogenic action, should no
longer be neglected in pest management programs (Ashley et al.,
2003; Stockwell et al., 2003; Lankau, 2011; Sih et al., 2011;
Sih, 2013). Evolutionary processes can be concretely utilized
using approaches that influence, genetic variability, selection,
connectivity and gene flow (Lankau, 2011). For example,
growers use pesticides alterations to prevent the development
of resistance (Thrall et al, 2011). Such approaches maintain
adequate genetic variability in populations and varying sources
of selection (Hendry et al., 2011). However, even in alternation,
pesticides may not prevent all types of selection (Thrall
et al,, 2011). Zoophytophagous predators may be threatened by
chemical treatments either by direct effects on their survival and
reproduction (Moser and Obrycki, 2009; Torres et al., 2010) or
indirectly by a reduction in the prey’s abundance (Kinkorova and
Kocourek, 2000).

Agricultural practices (e.g., pesticide use, landscape
management) could select for traits other than resistance.
For instance, in the mullein bug’s case, the spring generation
females lay their eggs either on a herbaceous host (e.g., mullein
plants) or on apple trees (McMullen and Jong, 1970). Host
plant selection could be motivated by diet specialization
(i.e., females preferably select sites that provide the optimal
diet for their offspring), but it should consider host plants
and prey phenology. Prey-specialized strains may remain
on apple trees if prey populations are high, whereas plant-
specialized strains are expected to move to herbaceous hosts
to feed mainly on pollen (e.g., mullein plant). Consequently,
nymphs emerging on apple trees in July (prey-specialized
strains) may be negatively affected by insecticide use targeting
pest species, as opposed to the nymphs that emerge on the
herbaceous hosts outside the orchards (plant-specialized
strains). Therefore, chemical treatments will become more
threatening to beneficial individuals (from prey-specialized
strains), rather than detrimental ones. This uncontrolled
selection’s process could quickly lead to undesirable changes
in mullein bugs natural populations considering the high
heritability of the diet specialization in this species (Dumont
et al,, 2016, 2017a). Ultimately, such changes in the populations’
composition could lead to variations in benefits and risks
associated with local mullein bug populations. This means that
any type of management strategy, or conservative biocontrol
program should be evaluated first in terms of “Would this
action constitute a selective force? And, will the consequences
improve or negatively affect the genetic pool of the resident
zoophytophagous populations?.”

OTHER RELATED LIMITS AND
CHALLENGES

There will always be some degree of crop damage risks
associated with zoophytophagous predators. Environmental
conditions modulate the benefits and risks associated with
such predators. The objective of selection for zoophytophagous
predators is to improve the benefit-damage ratio in the
circumstances where these predators have an economic
impact (positive or negative). Thus, the improvement of
benefit-damage ratio must be significant to worth the costs
of selecting and maintaining selected lines under breeding
conditions.

Keeping selected strains in long-term breeding for the purpose
of releasing in crop systems entails some challenges, such as
maintaining the desired traits in rearing units over a long period.
Artificial breeding conditions could favor undesirable changes in
the reared populations and increase inbreeding. The process of
selections should be repeated at certain intervals to introduce
new genes in mass-reared populations. Furthermore, increased
zoophagy may entail increased aggressiveness and cannibalistic
behaviors (Dumont et al., 2017b). In turn, such a trait could
complicate the massive production of biological control agents.
Therefore, the production protocols should be adapted to take
such kinds of changes into account.
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CONCLUSIONS

It appears that the status of zoophytophagous biocontrol
agents is highly variable according to the ecological context
(Gillespie and McGregor, 2000; Arné et al., 2006; Perdikis
et al.,, 2009; Calvo et al., 2012; Biondi et al., 2016). In turn,
this status may change rapidly. The exploitation of plant
and animal resources implies a variation in the behavioral,
physiological and morphological traits of zoophytophagous
species (Coll and Guershon, 2002). The abundant source of
individual genetic variation in zoophytophagous predators offers
a unique opportunity to modify populations by selecting traits
and individuals more adequate for biological control purposes
(Dumont et al., 2016, 2017a). Selected lines of biological control
agents would improve their impact on pest populations by
being more voracious, having more or less dispersal, higher
levels of wasting prey (i.e., killed prey left unconsumed), and
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