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Chapter 9
Effects of Entomopathogens on Insect
Predators and Parasitoids

Amin Sedaratian-Jahromi

Abstract High reliance on chemical pesticides for controlling phytophagous pests
in agro-ecosystems has resulted in different negative effects, and this issue dramati-
cally changed our attitude in pest management programs. Among different safe
alternatives for combating pest populations in agro-ecosystems, biological control
has considerable potential by utilization of other living organisms including preda-
tors, parasitoids and entomopathogens. Pathogenic agents are diverse group of bio-
logical operators which exhibit reliable activities in different situations and hence,
their application in agro-ecosystems has significantly increased. However, to maxi-
mize the benefits and increase the effectiveness of these natural enemies, “Integrated
Biological Control” (IBC) could be applied as a promised strategy. This approach
not only increases the effectiveness of native natural enemies, but also has con-
firmed impacts on exotic agents. Furthermore, IBC could reveal actual capacity of
these pathogenic agents for regulating population density of target organisms, play-
ing a critical role for successful implementation of biocontrol programs. On the
other hand, simultaneous application of entomopathogens and other natural ene-
mies may adversely affects their biological performance, especially in the case of
insect predators/parasitoids, as discussed in this chapter.
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9.1 Introduction

Currently, agricultural systems (agro-ecosystems) only partially statisfy food
requirements of increasing populations. Different factors restrict successful produc-
tion of these systems in different parts of the world. Among them, arthropod pests
(insects and mites) are considered as most dangerous factors (Fathipour and
Sedaratian 2013). Among different management strategies for suppression of such
organisms, application of chemical pesticides is still practiced by farmers and grow-
ers (Nauen et al. 2001; Ditillo and Walgenbach et al. 2016). However, high reliance
on chemical pesticides and their extensive usage has resulted in many deleterious
effects (e.g. negative effects on non-target organisms, hazard to human health, pest
resistance, resurgence and outbreak, environmental pollutions, toxic residues in
agricultural products etc.). The above-mentioned disadvantageous, and also the
increasing global concerns about food safety and security, revealed a need of
changes in pest management programs (Mohan et al. 2008). Accordingly, organic
agriculture is urgently required as this option could minimize negative effects of
chemical pesticides in agro-ecosystems (Fathipour and Maleknia 2016).

Despite conventional agriculture, to achieve sustainable management and regula-
tion of pest populations, modern agriculture relies on more eco-friendly options.
These focus on integrated pest management (IPM) programs with special emphasis
on non-chemical methods on host plant resistance (HPR), interference tactics by sex
pheromones and biological control (biocontrol) (Sedaratian et al. 2009, 2013;
Fernandez et al. 2017). Bio control is an effective strategy for management of
destructive organisms (insects, mites, weeds and plant diseases) by the utilization of
other living organisms known as natural enemies or biocontrol agents (e.g. preda-
tors, parasitoids and entomopathogens). This procedure typically involves deliber-
ate human activities and is considered as an inseparable component of any IPM
program, based on three basic strategies: introduction, augmentation and conserva-
tion (Rechcigl and Rechcigl 1998). However, natural enemies play a deterministic
role in the success of such programs and, as a first step before application, their
efficiency, together with their possible interactions with other organisms should be
accurately investigated (Jervis 2005).

In comparison with other natural enemies, entomopathogens show a huge diver-
sity. They consist of several groups of living organisms including entomopatho-
genic fungi, bacteria, viruses, nematodes and protists, which cause severe and often
lethal infections in target organisms. Entomopathogens provide a non-chemical
alternative for sustainable management of pest populations. Although our knowl-
edge about these natural enemies steady increased in the last century, specific gaps
remained on different aspects of such microbial agents. Today, many entomopatho-
gens are commercially produced, formulated and released in agro-ecosystems for
management of arthropod pests in a process similar to synthetic pesticides.

Undoubtedly, widespread use of entomopathogenic agents in natural environ-
ments has resulted in undefined effects which need to be investigated, in particular
for their simultaneous interactions with other natural enemies eventually applied
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(Koul and Dhaliwal 2002). In such cases, the main concern is the likelihood of det-
rimental interactions occurring between entomopathogens and predators/parasit-
oids, especially when antagonistic interactions disrupt effectiveness of pest
management programs (Sedaratian et al. 2014). To develop widespread usage of
these microbial agents in organic agriculture, our knowledge about such interac-
tions should hence be extended. In fact, we need more detailed information to evalu-
ate safety of microbial agents towards other non-target organisms in agro-ecosystems.
In the current chapter, different research projects performed to evaluate possible
interactions between entomopathogenic agents and insect predators/parasitoids are
reviewed. Furthermore, a concise interpretation of such interactions is presented,
with a discussion on future evolution of microbial pest control as well as microbial
biopesticides.

9.2 Definition and Basic Principles of Biological Control

Generally, biological control could be defined as intentional practices involving the
application of natural enemies (predators, parasitoids and pathogens) to reduce
damage caused by phytophagous arthropods (insects and mites), weeds and plant
diseases. Accordingly, the main objective of such programs is minimizing the unde-
sirable effects of target pests and involves regulation of their populationdynamics
(Crawley 1989). DeBach (1964) stated that biological control, considered as a part
of natural control, could be described as the activity of natural enemies in maintain-
ing population density of other organisms at a lower equilibrium level than would
occur in the absence of these agents (Fig. 9.1). In fact, the concepts of “population
regulation” and “equilibrium level” are inseparable parts of biological control. To
regulate the population of any target organism, different factors should act (sepa-
rately or in combination) in direct or inverse density-dependent manners (Huffaker
et al. 1984).

Success biocontrol programs is achieved when a significant reduction in popula-
tion density of a target pests occurs, with eventual maintenance below any economic
threshold at non-pest status (DeBach and Rosen 1992; van Driesche and Bellows
1988). In such circumstances, stable interactions between population of pests and
their natural enemies should occur, with a decline in pest population density,
expected following the introduction of the biocontrol agents (Fig. 9.1). Success of
biological programs may be affected by several factors (biotic and abiotic) and
therefore, these programs have no similar outcomes. DeBach and Rosen (1992)
stated that from 164 species of insect pests subjected to biological control programs,
75 cases resulted in “complete” success, 74 were “substantial” and 15 achieved a
“partial” control. Keeping this in view, it is noticeable that among non-chemical
strategies used in management programs of arthropod pests (e.g. biological, cul-
tural, physical, mechanical, genetic, interference and etc.), biological control
achieved greatest number of success (DeBach and Rosen 1992). However, any bio-
control program aims at increasing natural control of pest population. To achieve
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Fig. 9.1 A schematic drawing showing how the application of natural enemies in agro-ecosystems
may reduce the population density of undesirable organisms

this goal, fundamental understanding of many aspects of population ecology, of
both pests and their natural enemies, is urgently needed (Mills and Getz 1996).

Biological control is compatible with other management strategies for combat-
ing pest populations. This approach is considered as a reliable alternative to sup-
press pest damages and reduce deleterious effects of chemical pesticides.
Accordingly, in modern agriculture, biological programs are strongly considered as
the cornerstone of sustainability, and reliance on their applications is a key factor to
guarantee food security. On the other hand, biological agents regulate population
density of other living organisms at the field/greenhouse conditions. Hence, their
impacts on population structure of both target and non-target organisms, as well as
the environmental benefits derived, should be investigated with more accuracy.

9.3 Natural Enemies as Reliable Tools
for Biological Programs

Biocontrol agents (natural enemies) have an impact on in designing biological pro-
grams and their performance affects their success rate. In tri-trophic systems
(Fig. 9.2), natural enemies are placed at the top of the food chain (third level) but are
limited by the abundance of the herbivorous populations (Hariston et al. 1960; Koul
and Dhaliwal 2003). In these chains, direct and indirect interactions exist among
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Fig. 9.2 Diagram showing tri-trophic interactions among host plants, phytophagous pests and
natural enemies. (Images courtesy of ....)

different food levels and feeding activities of natural enemies, on the different her-
bivorous life stages (top-down effects). These interactions play a crucial role in
regulating population fluctuations of undesirable organisms. On the other hand, dif-
ferent attributes of the first (host plants) and second (phytophagous pests) levels
could significantly affect the biological performance of natural enemies (bottom-up
effects) (Fathipour and Sedaratian 2013).

During recent years, considerable efforts were performed to evaluate practical
and theoretical aspects of natural enemies. In this view, increasing demands for
predators and parasitoids, simple life cycles of most natural enemies (particularly
parasitoids), relative ease for mass rearing and investigations on these organisms in
laboratory conditions resulted in an increased global attention, facilitating further
research projects (Jervis 2005). Herein, brief information about different groups of
natural enemies used in biological programs is presented.
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Table 9.1 Some taxa of most important insect predators used for biological control of different
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Order Families Genera
Coloeptera Coccinellidae Coccinella, Rodalia, Chilocorus, Scymnus,
Hipodamia, Stethorus, Cycloneda, Adalia,
Cryptolaemus, Hyperaspis
Carabidae Calosoma
Staphilinidae Creophilus, Lathrobium, Oligota,
Sepedophilus
Lampyridae Photuris, Photinus, Lecontea
Cantharidae, Dytiscidae, Gyrinidae
Dermaptera | Forficulidae Forficula, Doru
Labiduridae Labidura
Labiidae Labia, Marava
Diptera Cecidomyiidae Aphidoletes, Feltiella, Tripsobremia
Syrphidae Scaeva, Episyrphus
Chamaemyiidae Leucopis
Asilidae Laphria, Efferia, Psilonyx
Hemiptera Anthocoridae Anthocorous, Orius, Montadoniela
Miridae Tytthus, Deraeocoris, Macrolophus
Nabidae Nabis
Reduviidae Arilus
Lygaeidae Geocoris
Pentatomidae Podisus, Perillus, Sitretrus
Nepidae, Belastomatidae, Corixidae, Naucoridae, Pleidae, Notonectidae,
Mesoveliidae, Veliidae, Hydrometridae, Herbidae, Macrovelidae, Gerridae
Thysanoptera | Aeolothripidae Aeolothrips
Phlaeothripidae Leptothrips
Thripidae Scolothrips
Neuroptera | Chrysopidae Chrysopa, Chrysoperla
Hemerobiidae Hemerobius
Mantispidae Mantispa
Coniopterygidae,
Myrmeleontidae
Hymenoptera | Formicidae Solenopsis
Vespidae Polybia, Polystes, Vespula
Sphecidae Chlorion, Ammophila, Sphex,
Pemphedron, Crossocerus, Philantus
Eumenidae
Mantodea Mantidae Mantis, Tenodera
Orthoptera | Tettigonidae Conocephalus, Oecanthus

Odonata
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9.3.1 Predators

In general, predation is defined as a biological interactions between two organisms
where one of them (predator) kills and eats another ones (prey). Predators attack and
kill many preys during their life span in both immature and adult stages. These natu-
ral enemies can be found in different agricultural and natural habitats. Several
groups of animals have predatory behavior on insect and mite pests in agro-
ecosystems (Koul and Dhaliwal 2003). Table 9.1 lists some of the most important
groups of insect predators used in biological control programs. Feeding behavior of
predators, as concerns their choice of prey, ranges from specialized to generalists
(Hoffmann and Frodsham 1993). Unfortunately, although some predators are
extremely useful agents, some of them have predation behaviors also on other ben-
eficial organisms. From the view point of biology, each species presents a different
life-cycle. The life history of common predators is well investigated, but our knowl-
edge about many species is still very limited (Hokkanen 1993).

However, efficiency varies among species. Some predators have considerable
impact on suppression of a prey population. For example, in the case of homopter-
ous insects, where the insect body is covered by a waxy layer and contact chemicals
have no sufficient effects, predators exhibit a reliable performance. Another success
has been obtained in the case of lepidopteran pests which have borer and internal
feeding behaviors (Dhaliwal and Arora 2001). It should be mentioned that some
predators may have only a minor role by themselves, but contribute to overall pest
mortality or provide good control at a late season.

9.3.2 Parasitoids

A parasitoid is an organism that lives, feeds and develops inside (endoparasitoid)
(Fig. 9.3) or outside (ectoparasitoid) its host’s body. In fact, female individuals
deposit their fertile eggs in/on the body of their hosts, and the hatched larvae con-
sume the host tissues.

In more cases, only immature stages feed on their hosts and adult individuals
have a nectar-feeding behavior. Adult females of certain parasitoids, attacking
scales and whiteflies, kill their hosts and provide important sources of control, caus-
ing host mortality by their parasitism activity. In nature, most insect parasitoids
belong to some groups of wasps (Order: Hymenoptera) or flies (Order: Diptera)
(Table 9.2).

In contrast with true parasites (fleas and ticks), feeding activity of immature
stages of parasitoids kill their hosts. Furthermore, also the adult true parasites feed
on their hosts. Unlike the predators, during their life span the parasitoids often con-
sume only one host, which is not killed immediately.
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Fig. 9.3 Life cycle of Aphidius matricariae, an endoparasitoid of aphids. (Images courtesy of ....)

Table 9.2 The most important parasitoids used for biological control of different insect pests

Order Superfamily Family

Subfamily

Genera

Diptera Tachinidae

Tachininae

Archytas,
Bonnetia,
Eupleteria,
Bigonicheta

Dexiinae

Prosena, Dexia,
Ptilodexia,
Microphthalma

Exoristinae

Compsilura,
Anetia, Sturmia,
Exorista

Gymnosematinae

Phasia,
Trichopoda,
Gymnosoma

Sciomyzidae

Sepedon,
Sepedomerus

Cryptochaetidae

Cryptochaetum

Pipunculidae

Verrallia

Sarcophagidae

Agria

(continued)
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Order ‘ Superfamily Family Subfamily Genera
Acroceridae, Bombyliidae, Nemestrinidae, Conopidae,
Phoridae
Hymenoptera | Ichneumonoidea | Orussidae Hybrizon
(Apocrita) (Symphyta)
Paxylommatidae
Ichneumonidae Ichneumoninae Ichneumon
Pimplinae Ephialtes,
Itoplectis, Pimpla
Porizontinae Devorgilla,
Diadegma
Rhyssinae Rhyssa,
Megarhyssa
Tryphoninae Netelia, Tryphon
Banchinae Banchus,
Lissonota
Cremastinae Cremastus,
Pristomerus
Ctenopalmitinae | Hyperbatus,
Rhorus
Diplazontinae Diplazon,
Homotropus
Ophioninae Alophiophion,
Ophion
Phygadeuontinae | Agonocryptus,
Phygadeuon
Braconidae Alysiinae Aphaereta,
Dacnusa
Aphidiinae Aphidius, Praon,
Trioxys
Cardiochilinae Cardiochiles
Cheloninae Chelonus,
Phanerotoma,
Ascogaster
Euphorinae Microctonus
Macrocentrinae Macrocentrus
Microgastrinae Cotesia,
Apanteles,
Microplitis,
Microgaster
Opiinae Opius, Biosteres
Chalcidoidea Leucospidae Muscidifurax,
(Apocrita) Spalangia

(continued)
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Table 9.2 (continued)

A. Sedaratian-Jahromi

Order Superfamily Family Subfamily Genera
Encyrtidae Comperia,
Hunterellus,
Qoenocyrtus,
Epidinocarsis,
Microterys,
Apterencyryus,
Anagyrus,
Metaphycus
Mymaridae Anaphes,
Anagrus,
Gonatocerus
Trichogrammatidae Trichogramma,
Megaphragma
Eulophidae Pediobius,
Sympiesis,
Oomyzus,
Chrysocharis,
Tetrastichus,
Diglyphus
Aphelinidae Aphelinus,
Aphytis, Encarsia,
Coccophagus
Chalcididae Brachymeria
Pteromalidae, Torymidae, Agaonidae, Eucharitidae,
Eurytomidae, Mymarommatidae, Eupelmidae, Signiphoridae
Proctotrupoidea | Scelionidae - Trissolcus,
(Apocrita) Telenomu, Scelio
Chrysidoidea Vanhorniidae, Proctotrupidae, Diapriidae, Platygasteridae,
(Apocrita) Plecinidae, Heloridae, Roproniidae
Scerogibbidae, Dryinidae, Bethylidae, Chrysididae
Trigonaloidea Trigonalidae
(Apocrita)
Stephanoidea Stephanidae
(Apocrita)
Evanoidea Evaniidae - Evania,
(Apocrita) Prosevania
Gasteruptiidae
Aulacidae
Cynipoidea Eucoilidae
(Apocrita) Tbaliidae
Charipidae
Figitidae
Ceraphronoidea | Megaspilidae
(Apocrita) Ceraphronidae
Vespoidea Tiphiidae - Tiphia
(Apocrita) Scoliidae - Scolia
Mutillidae,

Sphecidae
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Table 9.3 Most common pathogenic agents of insect pests

Type Lineage Taxa

Fungi Phylum: Oomycota Genus: Lagenidium
Phylum: Zygomycota Genus: Entomophthora, Neozygites, Entomophaga
Phylum: Ascomycota Genus: Cordyceps.
Phylum: Deuteromycota | Genus: Lecanicillium, Metarhizium, Beauveria
Phylum: Microsporidia | Genus: Nosema, Paranosema, Vavraia, Endoreticulatus,

Vairimorpha, Tubulinosema.

Bacteria | Division: Gracilicutes Family: Pseudomonadaceae, genus Pseudomonas
(gram- negative) Family: Enterobacteriaceae, genus Serratia
Division: Firmicutes Family: Bacillaceae, genera: Bacillus, Paenibacillus,
(gram- positive) Clostridium
Division: Tenericutes
(without cell wall)

Viruses Family: Baculoviridae Genus: Nucleopolyhedrovirus (NPV), Granulovirus (GV)
(DNA)
Family: Poxiviridae Genus: Entomopoxvirus
(DNA)
Family: Reoviridae Genus: Cytoplasmic Polyhedrovirus (CPV)
(RNA)

Nematoda | Family: Genus: Heterorhabditis sp.
Heterorhabditidae
Family: Genus: Steinernema sp.
Steinernematidae
Other families: Sphaerularidae, Neotylenchidae, Mermithidae, Allantonematidae,
Rhabditidae

Protista Phylum: Apicomplexa | Classes Eugregarinorida, Neogregarinorida, Coccidia
Other taxa: Ciliophora,
Euglenozoa,
Amoebozoa,
Helicosporidia

9.3.3 Pathogens

Pathogen is any microorganism (e.g., fungi, bacteria, viruses, nematodes and pro-
tista) that can infect and kill their hosts (Khetan 2001). Some of the most important
entpmopathogens are shown in Table 9.3.

Deleterious impacts of chemical pesticides increased our need for safe alterna-
tives to these compounds. This situation elicited considerable interests in ento-
mophatogens as reliable and effective agents for suppression of insect pests in
agro-ecosystems (Sedaratian et al. 2013, 2014). Under appropriate environmental
conditions (e.g., extended period of high humidity or dense pest populations), ento-
mopathogens produce an epizootic in natural populations of different arthropods,
drastically decreasing their numbers (Mracek and Sturhan 2000; Udayababu et al.
2012; Haar et al. 2018). As microbial pesticides, some of these organisms such as
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Fig. 9.4 Life cycle and infection mechanism of entomopathogenic fungi. (a) Asexual reproduc-
tion; (b) Sexual reproduction and (¢) Infection mechanism. (Images courtesy of ....)

Bacillus thuringienis Berliner (Bt), Metarhizium anisopliae (Metch.) Sorok. and
Beauveria bassina (Balsamo) are commercially available. The application of ento-
mopathogens in management programs of different pests is favorable since their
action occurs without introducing any toxic and non-biodegradable compounds to
the environment, and no residue is present on agricultural products
(Zimmermann 2007).

9.3.3.1 Fungi

As a diverse group of microorganisms, true fungi have about 1.5 million different
species (Schmit and Mueller 2007). Among them, 700 species from 90 genera are
documented with insecticidal activities (Roberts and Humber 1981). They belong to
two distinct phyla: Entomophthoromycota and Ascomycota (Order: Hypocreales)
(Humber 2012). The most common attribute used to consider fungi as natural
groups is their sexual fruiting structure. Other characters of fungi are their feeding
behavior, and structure, the unicellular (yeasts) or hyphal (filamentous) develop-
ment and their reproductive strategy (both sexual [Telomorph] and asexual
[Anamorph]) (Fig. 9.4).
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The ability of producing sexual spores does not occur (or is rare) in many ento-
mopathogenic fungi. Member of this group have mycelial forms that produce asex-
ual spores (conidia). However, given their visible appearance, the hosts infected by
fungal entomopathogens are very typical. In comparison with other groups, these
agents directly penetrate the host cuticle and have no need for ingestion (Fig. 9.4).
Having this trait enables them to parasitize phloem-feeder insects (aphids and
whiteflies), which have no feeding activity on sprayed leaves of host plants
(Gonzalez et al. 2016).

First attempt to use entomopathogenic fungi for control of insect pests was per-
formed by the Russian scientist Eli Metchnikoff. In fact, he found that soils con-
taminated with fungal conidia could infect insect larvae. Eventually, he cultured
these agents on a artificial substrate (sterilized beer mash) and tested their patho-
genecity against different insect pests (Steinhaus 1975). de Faria and Wraight
(2007) revealed that 170 microbial products have been developed using fungal
metabolites of at least 12 species of entomopathogenic fungi.

Microsporidia

Recent molecular observations transferred the Phylum Microsporidia from Protista
to Fungi (Corradi and Keeling 2009) and revealed that this group is related to
Zygomycetes (Corradi and Slamovits 2010). Pathogenic activity of Microsporidia
was reported both on insect pests and beneficial species. However, symptoms
observed in individuals infected by Microsporidia are clearly different from those
due to other fungi (Microsporidia have no fruiting bodie). Nosema bombycis Nageli
is one of the most important species that infects silkworms, Bombyx mori L., pro-
ducing dark spots on the larval cuticle named “pebrine”. Efforts by Louis Pasteur
around 1870 resulted in strategies for controlling this disease and saved this indus-
try in France. As previously mentioned, these microorganisms have undesirable
effects on populations of beneficial insects, especially in high-density colonies. For
example, Nosema apis (Zander 1909) and Nosema ceranae (Fries) are considered as
dangerous pathogens of honey bees (Paxton 2010). Nosema bombi (Kudo) is patho-
genic on bumble bees (Camerona et al. 2011). However, some species of
Microsporidia — e.g. Paranosema locustae (Canning), Vavraia culicis (Weiser),
Nosema pyrausta (Paillot), N. portugal and Endoreticulatus sp. — have a docu-
mented pathogenicity and regulate the population density of several different insect
pests. These issue revealed a critical need to concentrate research projects on this
group of natural enemies (Lewis et al. 2009).

In most species, infection will start by ingestion of spores during feeding activity
of susceptible hosts. In the next step, ingested spores are activated in the host ali-
mentary track and for this, several factors such as gut pH and ions (or their combina-
tion) play a main activation role (Keohane and Weiss 1998). With germination of
activated spores, polar filaments are extruded and extend rapidly from the swollen
spores. The emerged filament penetrates into the host cell and then, all the cellular
content of the microsporidian spore (nucleus, membranes, and etc.) are injected into
the cytoplasm of the host cells (Williams and Keeling 2005) (Fig. 9.5). After this
stage, being deprived of mitochondria, the microsporidia vegetative stage utilizes
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Fig. 9.5 Life cycle and infection mechanism of Nosema apis on Apis mellifera. (Images courtesy
of ....)

adenosine triphosphate (ATP) from its host cells as an energy source (Keeling et al.
2010). However, through an unknown mechanism, some species could infect adja-
cent cells and tissues by moving from infected to healthy cells.

9.3.3.2 Bacteria

Bacteria are among the first life forms that appeared on earth. They consist of a
widely diversified group of prokaryotic (deprived of a nuleus) microorganisms with
different shapes, mostly spherical (cocci), rod-shaped (bacilli) or spiral (spiro-
chaetes). Advances in microscopy during late 19th and early 20th centuries signifi-
cantly increased knowledge also on the entomopathogenic bacteria. The Japanese
scientist Shigetane Ishiwata conducted the first investigations on silkworm, B. mori,
to resolve the problem known as the “sotfo-byo-kin” disease of larvae (Aizawa
2001). Finally, his researches led to the identification of a spore-forming bacterium
called Bacillus sotto. In 1909, German scientist Ernest Berliner found a similar case
on the Mediterranean flour moth, Anagasta kuehniella Zeller, larvae and named the
bacterium as B. thuringiensis. However, performed studies by another German sci-
entist, Mattes in 1927 eventually led to the first commercial formulation of this
bacterium in 1938 (Milner 1994). Currently, biopesticides with bacterial metabo-
lites and Bt-crops which express insecticidal toxins of B. thuringiensis in their tis-
sues are commonly used strategies in integrated management of insect pests.
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To start its pathogenic activity, bacteria enter their host body from different
routes. Although ingestion during host feeding activity is considered as the main
pathway, bacteria could also infect their host from their integument, respiratory
system and eggs. After ingestion, bacteria disrupt midgut epithelial cells and spread
into haemolymph. In the following stage they cause bacteremia (without producing
toxins and harmful factors) or septicemia (release of toxins together with bacteria
reproduction). Finally, entomopathogenic bacteria kill their hosts and external
symptoms appear (tissue necrosis, color changes, soft and flaccid tissues).

Entomopathogenic bacteria are classified in the groups of true bacteria
(Eubacteria). Considering the presence and structure of cell walls, they are classi-
fied into three major divisions including Firmicutes, Gracilicutes and Tenericutes
(Gram-positive and Gram-negative cell walls, and without a cell wall, respectively)
(Jurat-Fuentes and Jackson 2012). Binary division is the usual strategy for repro-
duction, in which clonal copies of mother cells are produced as daughter cells.
However, these organisms are present in different habitats including soil, water,
acidic hot springs, deep parts of Earth’s crust and even radioactive waste (Fredrickson
et al. 2004).

9.3.3.3 Viruses

Also the development of insect virology is related to the silkworm industry. In fact,
signs and symptoms of infected insects, caused by entomopathogenic viruses, were
described by early researchers (Merian 1679; Nysten 1808). However, the study of
“melting” disease in the caterpillars of silkworm resulted in the identification of
refractive crystal-like bodies in the cells of infected individuals only in recent times.
This was the first finding about what we actually know as Nucleo Polyhedral Viruses
(NPVs). After this discovery, several researchers continued their studies on entomo-
pathogenic viruses (Bergold 1947). By using an electronic microscopes, the first
electron micrograph of NPVs was published by Bergold (1947).

Viruses have no free-living lifestyle and therefore, cannot be classified as true
living organisms. In addition, obligate parasitism forces them to depend on the host
cells for crucial physiological functions such as reproduction. Shape and size of
viruses differ regarding the arrangement of their genomic and protein structures.
Entomopathogenic organisms show different shapes such as rods or spheres
(Rogers 2011).

Entomopathogenic viruses (Alphanodaviruses, Dicistroviruses, Flaviviruses,
Iflaviruses, Tetraviruses, Cypoviruses etc.) have been reported form different insect
orders such as Coleoptera, Hymenoptera, Lepidoptera, Orthoptera and Diptera
(Murphy et al. 1995; Chen et al. 2012). Viral genomes (DNA or RNA) represent the
most important component which conducts the infection process. Similar to ento-
mopathogenic bacteria, infection usually began when viral occlusion bodies are
ingested by susceptible hosts. After entrance, the alkaline pH of midgut environ-
ment provides a suitable conditions for the ingested bodies. Afterward, the viral
genome translocates to the nucleus of midgut epithelial cells. In the next step, the
basement lamina cells surrounding the tracheal system are infected and then the
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infection spreads into other tissues. Entomopathogenic viruses show favourable
traits, such as the narrow specificity and host range, a considerable environmental
safety, a reliable virulence to target organisms, and the rapid spread of epizootics in
the field conditions. These group of biological agents are hence among the promised
natural enemies used for biological control of insect pests and should be considered
for designing new and sustainable bio-insecticides (Chen et al. 2012).

9.3.3.4 Nematoda

Another important group of natural enemies is that of entomopathogenic nema-
todes. For the first time, these agents were described as “worms” on grasshoppers
and then reported on bumble bees, ants and other hosts (Gould 1747). Using
improved microscopes, morphological attributes were described by Kirby and
Spence (1822). Several years later, the first entomopathogenic nematode,
Steinernema kraussei (Steiner), was extracted from infected sawflies by Steiner
(1923). Glaser (1931) could successfully rear Steinernema glaseri (Steiner) under
laboratory conditions. Among different species of nematodes which are associated
withinsects, seven families including Sphaerularidae, Neotylenchidae, Mermithidae,
Allantonematidae, Rhabditidae, Steinernematidae and Heterorhabditidae, attained
more considerations (Kaya and Stock 1997; Lacey et al. 2001; Grewal et al. 2005).
The majority of species used in biological programs belong to the two families
Steinernematidae and Heterorhabditidae (Lewis and Clarkey 2012).

After arthropoda, the members of Phylum Nematoda show a huge diversity of
habitats, in comparison with other groups of animals (Tanada and Kaya 1993).
Their dependency on water is noticeable and approximately all species require this
vital element for reproduction. Life style ranges from free-living to facultative or
obligate parasites of other animals or plants. Pathogenic activity of some nematodes
(Heterorhabditidae, Steinernematidae and some Rhabditidae) on insects is associ-
ated to the occurrence of symbiotic bacteria (Lewis and Clarkey 2012). It is docu-
mented that symbiotic bacteria from two genera Xenorhabdus and Photorhabdus
have close evolutionary relations, being congruent with the entomopathogenic nem-
atode genera Steinernema and Heterorhabditis, respectively (Ulug et al. 2014). To
initiate a new infection, the nematode infective juveniles (IJs) f search their hosts
and penetrate into their body. After entrance, each nematode releases its symbiotic
bacteria in the haemocoel, infecting its host. These bacteria multiply and kill the
hosts, becoming a food resource for growth and development of the entomopatho-
genic nematodes, inside the insect cadaver. Most nematodes complete up to three
generations in their hosts and then spread to the environment as new 1Js (Lewis et al.
2006). Some species are facultative parasites of insects (Phaenopsitylenchidae),
whereas others have harmless phoretic relation (e.g., Rhabditidae, Diplogasteridae,
Cephalobidae and etc.) (Poinar 1975).
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9.3.3.5 Protista

Unlike previously-mentioned groups, these natural enemies have an unicellular
organization, being one the most diverse groups of living organisms (Adl et al.
2005; Cavalier-Smith 2010). All species occur in aquatic and semi-aquatic environ-
ments and have an endosymbiotic lifestyle (Lange and Lordy 2012). Protista have
both sexual and asexual (binary/multiple division) reproduction mechanisms. The
relationships between Protista and insects range from mutualism to commensalism
and parasitism. In the case of a pathogenic activity, chronic diseases may occur
within the host populations (Solter et al. 1997). Accordingly, pathogenic effects on
the host population may be unnoticed. Generally, the detection of external symp-
toms of protistan infections may be difficult. In the case of severe infections, larvae
has swollen and show a whitish appearance. Furthermore, infected larvae show
abnormal movements. In comparison with other entomopathogens, Protista have a
larger size and their detection on cadavers of dead individuals is hence less difficult.
With the aid of a light microscope, protistans are visible on special cadaver tissues,
especially the midgut epithelial cells and the malpighian tubules. After infection,
the reproductive phase occurs, during which resistant spores are produced to origi-
nate new infection cycles.

In this group, several taxa such as Amoebozoa, Apicomplexa (Eugregarinorida,
Neogregarinorida, Coccidia), Ciliophora, Euglenozoa and Helicosporidia exhibit
considerable insecticidal activity. Their potential could be trusted in management
programs of different insect pests.

9.4 Integrated Biological Control and Effectiveness
of Biological Control Programs

In insect pests management programs, integration of compatible strategies is one of
the most reliable solutions to enhance effectiveness of control efforts (Fathipour and
Sedaratian 2013). Current opinions should be revised and new approaches must be
designed, to achieve the highest efficiency, due to the diversity and reproductive
potential of insect populations. A review of literatures showed that the success of
biological programs is affected by different factors, and that the final output may be
lower than the desired expectations. Gurr and Wratten (1999) stated that among the
performed classical biocontrol programs, the success rate was very low (about
10%), a disappointing statement. These researchers argued that one of the most
important reasons which negatively affect the final goal of such programs is caused
by ignoring the requirements of natural enemies. However, to maximize the benefits
and increase the effectiveness of biocontrol programs, an attitude change is needed
to achieve an “integrated biological control” (IBC) that could serve as a promised
tool. To date, this term has been used to describe different types of integration.
Barbagallo et al. (1982) used this term for a situation in which several natural
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enemies were released into a specific agro-ecosystem to suppress populations of
multiple pests. Sher and Parrella (1996) described under this term the intentional
application of more than one natural enemy to control a target pest. In another state-
ment, Gurr et al. (1998) used this term for combined application of different
approaches of biological control (classic, conservation and augmentation). Gurr and
Wratten (1999) indicated that the potential of classical biological control could be
completely attained when basic requirements of biocontrol agents are supplied.
These include nectar and pollen (Jervis et al. 1996; Riahi et al. 2016; Khanamani
et al. 2017), moderated microclimate (Thomas et al. 1992) and alternative host/prey
(Perrin 1975), supplied via habitat manipulation (conservation). Accordingly, they
define IBC as a coupled usage of both classical and conservation strategies.
Furthermore, they stated that this approach not only increase the effectiveness of
native agents, but also has confirmed impacts on exotic natural enemies. However,
to achieve the highest efficiency in biological programs, IBC is inevitable. This
strategy could in fact reveal the actual capacity of natural enemies for regulating the
density of target organisms, and plays a critical role for success implementation of
biocontrol programs in future years.

9.5 Simultaneous Applications of Entomopathogens
and Insect Predators/Parasitoids in IPM

Deleterious effects of chemical pesticides, used against phytophagous pests,
changed our mind in pest management and elicited increasing demands for safe
alternatives such as IPM programs (Kogan 1998). In modern agriculture, IPM is the
main strategy for managing pest populations. As the most practicable and accept-
able procedure, this strategy also appeared as the best solution to minimize undesir-
able effects of chemical pesticides and reach a sustainable agriculture (Fathipour
and Sedaratian 2013).

In IPM programs different compatible strategies such as chemical, cultural,
mechanical, physical and interference tactics, as well as biological methods, may be
applied to regulate population density of herbivorous mites and insects (Metcalf and
Luckmann 1994). Biological control is one of the most promised components and
in some circumstances it may be considered as a cornerstone. However, limitations
exist in natural conditions of agro-ecosystems, as biocontrol agents alone are often
unable to minimize the population density of a target organism. To increase effec-
tiveness of biological programs, integrated usage of natural enemies offer higher
reliable options, as shown by numerous research works.

The effects of the entomopathogenic bacterium B. thuringiensis on biological
performance of Rogas lymantriae Watanabe, during integrated biocontrol of
Lymantria dispar (L.), was investigated by Wallner et al. (1983). Hilbeck et al.
(1998b) found that B. thuringiensis has negative effects on survivorship and devel-
opment of Chrysoperla carnea (Stephens), whose larvae are predators of aphids.
Synergistic interactions between B. thuringiensis and Campoletis chlorideae Uchida
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was documented by Mohan et al. (2008). Carvalho et al. (2012) evaluated interac-
tions between Podisus nigrispinus (Dallas), the predatory bug of larval and pupal
stages of Plutella xylostella (L.), and B. thuringiensis. Sedaratian et al. (2014) eval-
uated possible effects of B. thuringiensis on biological performance of Habrobracon
hebetor (Say) during integrated biological control of Helicoverpa armigera
(Hubner).

Aqueel and Leather (2013) evaluated integrated biocontrol of aphids by the fun-
gus Verticillium lecanii (Zimmerman) and Harmonia axyridis (Pallas). Labbe et al.
(2009) documented the compatibility of B. bassiana with two natural enemies of
Trialeurodes vaporariorum Westwood (the predatory bug Dicyphus hesperus
Knight and the parasitoid wasp Encarsia formosa Gahan). Mahdavi et al. (2013)
argued that the two entomopathognic fungi B. bassiana and M. anisopliae had little
negative effects on biological efficacy of H. hebetor. Effects of B. bassiana and
Metarhizium brunneum Petch on oviposition behavior of the parasitoid wasp
Trybliographa rapae Westwood were analyzed by Rannback et al. (2015). Bayissa
et al. (2016) revealed that the simultaneous application of M. anisopliae and preda-
tory ladybird Cheilomenes lunata (F.) could enhance the biocontrol efficiency of
different aphids on crucifers and okra. The combined application of Lecanicillium
muscarium (Petch) and the two-spotted ladybird, Adalia bipunctata (L.), for inte-
grated biological control of black bean aphid, Aphis fabae Scopoli, was investigated
by Mohammed (2018).

In the case of other entomopathogens, Murray et al. (1995) evaluated interac-
tions between nuclear polyhedrosis virus (NPV) and larval stages of three solitary
endoparasitoids Hyposoter didymator Thunberg, Cotesia kazak (Telenga) and
Microplitis demolitor Wilkinson in biocontrol program of H. armigera. Furthermore,
possible effects of NPV on the parasitoid wasp H. hebetor were studied by
Stoianova (2007).

For integrated biological control of Plodia interpunctella Hubner, compatibility
of entomopathogenic nematode, Heterorhabditis indica Poinar, Karunakar, and
David with H. hebetor for coupled application was evaluated by Mbata and Shapiro-
Ilan (2010). Atwa et al. (2013) assessed interactions of the koinobiont parasitoid
Microplitis rufiventris Kokujev and two pathogenic nematodes Steinernema carpo-
capsae (Weiser) and H. bacteriophora (Poinar) during a biocontrol program of
Spodoptera littoralis (Spodli). Effects of Heterorhabditis amazonensis Andald,
Nguyen and Moino on the predatory beetle Calosoma granulatum Perty, both natu-
ral enemies of Spodoptera frugiperda (J. E. Smith), was estimated under laboratory
condition (Mertz et al. 2015).

Microsporidia also affect biological traits of natural enemies. Possible interac-
tions between Vairimorpha sp. and Trichogramma chilonis Ishii in their simultane-
ous application for biological control of P. xylostella was studied by Schuld et al.
(1999). Other authors examined combination of microsporidian entomopathogens
with parasitoid wasps Macrocentrus grandii Goidanich (Andreadis 1980) and
Pediobius foveolatus (Crawford) (Own and Brooks 1986).
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9.6 Effects of Entomopathogens on Predators/Parasitoids

One of the most interesting combinations in IBC is simultaneous application of
entomopathogens and insect predators/parasitoids. Chandler et al. (2011) stated that
in situations in which other natural enemies are unavailable or have no desirable
efficiency, entomopathogens could act as a reliable alternative or back-up strategy.
In such circumstances different direct and indirect interactions (synergistic, antago-
nistic and additive) could occurr and any unpredictable outcome may also be
expected (Goettel et al. 2010). Accordingly, as first step, compatibility of entomo-
pathogens with other natural enemies (especially predators and parasitoids) should
be carefully monitored as well as their possible side effects on non-target organisms
including pollinators, birds, mammals, fishes etc.. In extensive applications of
microbial products or wide-spread use of broad spectrum entomopathogens, such
interactions were frequently observed (Zimmermann 2007). Safety of entomo-
pathogens is crucial for other natural enemies which persist on the host plants dur-
ing the cropping cycle (from planting to harvest), to minimize negative effects on
their efficiency.

9.6.1 Top-Down Effects of Entomopathogens and Biological
Alternations in Predators/Parasitoids

In some circumstances entomopathogens have top-down effects on predators/para-
sitoids as fourth trophic level. In fact, pathogenicity of these microorganisms on
predators/parasitoids has different consequences and affects some key biological
traits such as mortality, developmental stages, fecundity, sex ratio etc. In the follow-
ing, some of the most important top-down effects of entomopathogens on predators/
parasitoids are discussed. Investigating different aspects of such effects is very
important, and should be emphasized for future studies.

9.6.1.1 Mortality

In some situations, widespread use of entomopathogens for managing pest popula-
tions may affect non-target organisms present in the same agro-ecosystem
(Oluwafemi et al. 2009). Sedaratian et al. (2014) showed that, during integrated
management of H. armigera by B. thuringiensis and H. hebetor, this microbial
antagonist negatively decreased survivorship of H. hebetor. Adverse effects of
B. thuringiensis on other two bracon wasps, Bracon instabilis Marsh and Apanteles
litae Nixon, was reported by Salama et al. (1996) during the integrated management
of Phthorimaea operculella (Zeller). Similar deleterious effects of B. thuringiensis
were mentioned on the parasitoid wasp Meteorus pulchricornis (Wesmael), a bio-
control agent of H. armigera (Walker et al. 2007). In another case, combination of
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this entomopathogen and H. hebetor to manage P. interpunctella seriously increased
mortality of the parasitoid wasp (Oluwafemi et al. 2009). The same results were
reported in the case of other organisms. For example, Ulug et al. (2014) stated that
when predators consumed infective juvenile of entomopathogenic nematodes,
severe infection could be detected in their populations. Similarly, Mertz et al. (2015)
showed that when the larvae of the carabid beetle C. granulatum consumed infected
larvae of S. frugiperda with entomopathogenic nematodes, a severe mortality
occurred 6 days after feeding.

Studies on entomopathogenic fungi showed different outputs.. Ekesi et al. (1999)
showed that one of the most important entomopathogenic fungi, M. anisopliae, had
no adverse effects on populations of non-target organisms. is. Jacobson et al. (2001)
revealed that B. bassiana, another entomopathogenic fungus applied for biological
control of arthropod pests, had no significant effects on mortality of different life-
stages of the predatory mite Neoseiulus cucumeris (Oedemans). Effect of this
pathogenic fungus on several non-target organisms was, however, documented by
Ludwig and Oetting (2001). Effects of different B. bassiana strains with consider-
able virulence on five phytoseiid mites (N. cucumeris, N. californicus (McGregor),
N. womersleyi Xin, Liang and Ke, Phytoseiulus persimilis Athias-Henriot and
Amblyseius swirskii Athias-Henriot) were evaluated by Wu et al. (2016). Results
revealed that the strains tested had no pathogenecity on predatory mites and no sig-
nificant mortality was recorded. Shipp et al. (2012) described that B. bassiana
(GHA isolate) had serious negative effects on a population of the predatory bug
Orius sp. Their results revealed that toxicity of B. bassiana is related to experimen-
tal conditions, as the tests performed showed a laboratory mortality higher than that
observed in greenhouse conditions. Hajek and Goettel (2000) and Jaronski et al.
(2003) stated that entomopathogenic fungi have wider host ranges under laboratory
conditions. This issue was addressed as differences between physiological (under
laboratory conditions) and ecological (in nature) host ranges (Hajek and Butler
2000). In fact, microorganisms with pathogenic activity on non-target organisms
under laboratory conditions may have no infections on the same organisms in nature.

9.6.1.2 Duration of Different Life Stages

In IBC of H. armigera using B. thuringiensis and H. hebetor, the entomopathogenic
bacterium prolonged immature development of the parasitoid wasp (Sedaratian
etal. 2014). Bernal et al. (2002) observed similar findings in Parallorhogas pyralo-
phagus (Marsh), a parasitoid wasp of Eoreuma loftini (Dyar). Similar results were
reported when studying the parasitoid wasp M. rufiventris females developed on
infected larvae of S. littoralis (El-Maghraby et al. 1988). Such adverse effects on
growth of the parasitoid wasp Microplitis croceipes (Cresson) were also described
by Blumberg et al. (1997).

When M. anisopliae (isolate M 14) was applied together with H. hebetor to man-
age a population of H. armigera, effects on larval development prolongation were
recorded and confirmed (Jarrahi and Safavi 2016). Prolonged pupal development
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was observed in the parasitoid wasp Aphidius matricariae Haliday when developed
on aphids treated with M. anisopliae (Rashki et al. 2009). However, in contrast with
these observations, Fatiha et al. (2008) stated that V. lecani had no significant effect
on development of the coccinelid beetle Seranjium japonicum Chapin. Murray et al.
(1995) showed that entomopathogenic viruses (NPVs) have negative effects on lar-
val development of three parasitoids of H. armigera. These researchers suggest that
a time interval of at least 3 days is required between parasitization and NPV expo-
sure to minimize such adverse effects. A similar time interval was proposed by
Brown et al. (1989) to minimize NPV effects on development of the parasitoid wasp
Glabromicroplitis croceipes (Cresson) applied for IBC of Heliothis virescens (F.).

In earlier study, Huger and Neuffer (1978) found a prolonged adult longevity of
the braconid wasp Ascogaster quadridentata Wesmael when its host was infected
by Nosema carpocapsae. Futerman et al. (2006) showed that development of the
parasitoid wasp Asobara tabida Nees within hosts infected by the microsporidian
Tubulinosema kingi Kramer prolonged its development. Data reported by Simoes
et al. (2012) showed that immature development of Cotesia flavipes (Cameron)
increased and its adult longevity was decreased when the parasitoids developed
inside hosts infected by Nosema sp. Hoch et al. (2000) reported that the duration of
the larval period of the parasitoid wasp Glyptapanteles liparidis (Bouche) was pro-
longed on infected larvae of L. dispar, when the latter were infected by the micro-
sporidian Vairimorpha disparis. In another study, Hoch et al. (2002) described that
infection of L. dispar larvae by V. disparis changed its carbohydrate and fatty acid
contents, reducing the host nutritional quality for normal development of G. lipari-
dis. In another study, effects of the microsporidia Nosema adaliae (Steele and
Bjornson) and Tubulinosema hippodamiae (syn. Hippodamia convergens Guérin-
Meéneville) on development of two-spotted ladybird, A. bipunctata, were described
by Steele and Bjornson (2014) under laboratory conditions. Results confirmed
extension of larval development on preys infected by N. adaliae, but the other
pathogen had no significant effects on the duration of life stage. Furthermore, com-
parison of pteromalid wasp Muscidifurax raptor Girault and Sanders infected and
uninfected by Nosema muscidifuracis (Becnel and Geden) confirmed that this
microsporidian prolonged the parasitoid development (Geden et al. 1995). Godfray
(1994) noticed that nutritional quality of the parasitoid hosts has confirmed effects
on its development. Similarly, Murugan et al. (2000) and Mohan et al. (2008) stated
that induced changes in parasitoid hosts after ingestion of pathogenic microorgan-
isms may influence the development and foraging of their parasitoids.

9.6.1.3 Fecundity

In addition to developmental periods and mortality, another direct effect of entomo-
pathogens on insect predators/parasitoids is their possible effects on fecundity
(Nielsen et al. 2005). It is documented that Nosema bordati Goudegnon could sig-
nificantly reduce fecundity of C. flavipes when simultaneously applied for manag-
ing Chilo partellus Swinhoe (Bordat et al. 1994). Simoes et al. (2012) evaluated
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possible effects of Nosema sp. extracted from the sugarcane borer, Diatraea sac-
charalis (Fabricius), on biological performance of theparasitoid. Their results
revealed negative effects on potential of progeny parasitoid production. Geden et al.
(1995) compared fecundity of the pteromalid wasp M. raptor, treated and untreated
with N. muscidifuracis. Their data revealed that infection dramatically decreased
the reproductive potential of this parasitoid. Jarrahi and Safavi (2016) described
interactions between H. hebetor and M. anisopliae during management program of
H. armigera confirming that the parasitoid wasp had significantly lower daily and
total fecundity on infected hosts. Negative effects of B. thuringiensis on fecundity
of H. hebetor were reported by Sedaratian et al. (2014). The same results were
reported by other researchers (Baur and Boethel 2003; Sanders et al. 2007; Sharma
et al. 2008).

However, a reduction of fecundity could be related to several factors. Roy and
Pell (2000) described that fungal infection affects physiological functions of female
parasitoids and this issue could directly affects their fertilization rate. Another pos-
sible reason for fecundity reduction in population of natural enemies is septicemia
(Sedarataian et al. 2014). On the other hand, in circumstances in which microbial
products are commercially used in large scale, other formulation components may
have unknown effects on fecundity of predators/parasitoids (Flexner et al. 1986;
Teera-Arunsiri et al. 2003).

9.6.1.4 Sex Ratio

One of the most important indirect effects of entomopathogens on predators/parasit-
oids populations is their possible impact on the sex ratio (ratio of male to female
offspring) especially in the case of parasitoid wasps where the haplo-diploid mecha-
nism allows female individuals to determine the offspring sex ratio. Considering the
polygamic behavior of male individuals (fertilization of different females by one
male), an increase in female progeny is so beneficial for biological control purposes
and enhances the final efficiency of these programs. Different elements such as
genetic factors, female wasp density, age of female and male parents, extreme tem-
perature, relative humidity, photoperiod, host size, density, age and sex, as well as
its nutritional quality could affect sex ratio of natural enemies (Legner and Badgley
1982; Kido et al. 1983; Morse 1994). Prior to oviposition, female individuals evalu-
ate nutritional quality of their preys/hosts and then selectively decide to deposit
female or male eggs. Undoubtedly, entomopathogenic agents have several effects
on their hosts including reduction in size and nutritional quality and this issue could
affects sex ratio of their natural enemies. However, when natural enemies detect
favorable conditions, they alter their sex ratio to female-biased offsprings, in order
to build up the future population (Kant et al. 2012).

It is documented that larvae of H. armigera infected by B. thuringiensis have no
significant effects on offspring sex ratio of H. hebetor (Sedaratian et al. 2014).
Similar outputs were reported by Sharma et al. (2008) when evaluating the effects
of this bacterium on the sex ratio of the parasitoid wasp C. chlorideae. Mohammed
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and Hatcher (2017) investigated sex ratio of the parasitoid wasp Aphidius colemani
Viereck on Myzus persicae (Sulzer) treated with the pathogenic fungus L. mus-
carium. Results obtained showed that extension of time interval between parasitoid
introduction and fungus application strongly changed adverse effects on the parasit-
oid sex ratio. Accordingly, they revealed that offspring sex ratio was not signifi-
cantly affected when a time interval of 6—7 days was considered between application
of the parasitoid wasp and pathogenic fungus. The number of emerged female faced
a significant reduction (40%) when this interval was lower than 5 days. In previous
study, Aqueel and Leather (2013) described that V. lecani significantly affected the
sex ratio of A. colemani emerged from treated aphids.

Geden et al. (2002) observed that the sex ratio of Tachinaephagus zealandicus
Ashmead on hosts infected by Nosema sp. was altered favoring the male progeny.
During another study, Schuld et al. (1999) showed that ingestion of the microsporid-
ian Vairimorpha sp. had no significant effects on sex ratio of the parasitoid wasp
T. chilonis. Similar to this report, Saleh et al. (1995) explained that N. pyrausta did
not affect the sex ratio of the parasitoid wasp Trichogramma nubilale Ertle and
Davis, when developed on infected eggs of Ostrinia nubilalis Hubner. Steele and
Bjornson (2012) showed that offspring sex ratio in A. bipuctata was not affected by
the microsporidian N. adaliae.

9.6.2 Entomopathogen Effects on Behavioral Characters
of Predators/Parasitoids

In addition to biological attributes, entomopathogens could considerably affect
behavioral attributes of insect predators/parasitoids. Accordingly, this issue was
subjected to different research studies. In this section, some of the most important
findings are mentioned.

9.6.2.1 Pathogen Detection Strategy and Avoidance by Insect Predators/
Parasitoids

Before oviposition, a female individual (predator/parasitoid) complete a sequence
of steps to select the best site for construction of next generation. In the first step, it
must find the habitat of its preys/hosts. Then, the female individual locates the
preys/hosts in their habitats. Finally, preys/hosts are evaluated by the females to
achieve the best decision for oviposition. Vinson (1976) reviewed the process of
host assessment by parasitoids and argued that different factors such as size, move-
ment, shape, sound and chemical cues (volatiles), from host feces or injured host
plant tissues, were employed for host-selection. Among these factors, the volatiles
emitted from host plants or preys/hosts play a key role for detecting infected patches
(Afsheen et al. 2008; Nilsson et al. 2011).



9 Effects of Entomopathogens on Insect Predators and Parasitoids 207

However, to minimize any undesirable effect on subsequent generations and
maximize immature survivorship, growth, development as well as adult fitness, it is
very important that female individuals provide the best food resources. As previ-
ously mentioned, pathogenic infections seriously decrease preys/hosts quality with
deleterious effects on biological performance of their natural enemies (Mesquita
and Lacey 2001). Therefore, the ability of females to discriminate uninfected preys/
hosts from infected ones is crucial and is considered as the first defense mechanism
of predators/parasitoids against pathogenic infections (Ormond et al. 2011).

Several researchers stated that parasitoid wasps could recognize hosts infected
by pathogenic fungi form healthy ones (Fransen and van Lenteren 1993; Mesquita
and Lacey 2001). The ability of the tachinid parasitoid Compsilura concinnata
(Meigen) to discriminate hosts infected with B. thuringiensis from healthy larvae
was noticed by Erb et al. (2001). Rannback et al. (2015) concluded that when the
parasitoid wasp T. rapae was exposed to B. bassiana and Metarhizium brunneum
Petch, it could discriminate M. brunneum. The predatory ladybird, C. lunata does
not prefer aphids infected by M. anisopliae, and this behavior provides sustainable
management on crucifers and okra (Bayissa et al. 2016). Such behavior was
observed in Anthocoris nemorum (L.) which avoids depositing its eggs on leaves
treated with B. bassiana to decrease the risk for its progeny (Meyling and Pell
2006). However, in such situations, when predators/parasitoids discriminate infected
resources and avoid them, some undesirable effects may also occur. Although avoid-
ance of contaminated area decreases infection risks, Pourian et al. (2011) discussed
that this behavior in predatory bugs increased time required for prey searching and
dramatically decreases their predation rate and biological efficiency.

On the other hand, some natural enemies could not avoid contaminated preys/
hosts. It is documented that the parasitoid wasp Cephalonomia tarsalis (Ashmed)
equally parasitized hosts, Oryzaephilus surinamensis (L.) infected and uninfected
by B. bassiana (Lord 2001). Hoch et al. (2000) concluded that the braconid wasp
G. liparidis has the same parasitism rate on hosts healthy or infected by Vairimorpha
sp. Similarly, 7. nubilale has no ability to detect eggs infected by N. pyrausta from
uninfected ones (Saleh et al. 1995). These findings are in agreement with those
reported by Geden et al. (1992). Baverstock et al. (2005) showed that Aphidius ervi
Haliday has no ability to recognize aphids infected by Pandora neoaphidis
Remaudiere and Hennebert. Fransen and van Lenteren (1993) indicated that E. for-
mosa could not distinguish whiteflies infected by entomopathogenic fungi. Mesquita
and Lacey (2001) stated such shortcoming in the aphid parasitoid Aphelinus asychis
Walker. As noticeable point, if natural enemies consume infected preys/hosts, effi-
ciency of entomopathogens may be also moderately decreased (Roy et al. 2008).
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9.6.2.2 Possible Effects of Entomopathogens on Foraging Behaviors
of Predators/Parasitoids

Different factors (temperature, host plant, pesticide, host/prey attributes, pathogens
etc.) could affect biological performance of natural enemies (Wang and Ferro 1998;
Moezipour et al. 2008). Such effects are reflected in biological and behavioral
changes of natural enemies. Therefore, it is very important to evaluate foraging
behaviors of predators/parasitoids when these agents are exposed to infected
resources both directly and indirectly. In addition to host preference, entomopatho-
gens could seriously affect other foraging behaviors of predators/parasitoids.
Pourian et al. (2011) investigated possible effects of onion thrips, Thrips tabaci
Lindeman infected by M. anisopliae, on some behavioral traits of the anthocorid
predatory bug, Orius albidipennis Reut, reporting that the searching time on infected
preys significantly increased. Furthermore, O. albidipennis had a lower feeding
time on treated individuals. Negative effects of M. anisopliae on the predation rate
were also detected.

Alma et al. (2010) reported that when the pathogenic fungus Isaria fumosorosea
Wize infected immature whitefly stages, the predatory bug D. hesperus significantly
altered its predation behavior. Similarly, Pell and Vandenberg (2002) revealed that
this fungus changed the predation behavior of the predatory ladybird, H. conver-
gens. In another case, Sewify and El-Arnaouty (1998) stated that V. lecanii dramati-
cally suppressed searching behavior and feeding capacity of the common green
lacewing, C. carnea.

Belmain et al. (2002) and Sullivan and Berisford (2004) showed that specific
cues from pathogenic fungi could act as repellents for phytophagous pests and their
natural enemies. Meyling and Pell (2006) found that when A. nemorum encountered
B. bassiana-infected aphids Acyrthosiphon pisum (Harris), it changed its predation
behavior. These researchers stated that sporulating cadavers of infected hosts have
repellent effects on A. nemorum.

Attack rates of the parasitoid wasp A. ervi was significantly reduced on aphids
infected by the pathogenic fungus P. neoaphidis (Pope et al. 2002). Similar findings
were reported by Baverstock et al. (2005). Another strategy is the rejection of a
prey/host. Rejection behavior was observed in some natural enemies. It was
observed that the parasitoid wasp E. formosa when locating microhabitats, searched
its host and rejected those infected by pathogenic fungus Aschersonia aleyrodis
(Webber), after probing (Fransen and van Lenteren 1993).

Effect of B. thuringiensis on functional response of Trichogramma brassicae
Bezdenko was described by Vaez et al. (2013). Results obtained exhibited that expo-
sure to infected eggs of H. armigera had no significant effects on functional response
of this wasp. In both infected and uninfected eggs a type III response was recorded.
Furthermore, infected eggs increased handling time and decreased searching effi-
ciency of T. brassicae. Farrokhi et al. (2010) compared functional response of
T. brassicae on Wolbachia-infected and uninfected hosts. These researchers reported
that infection had no significant effects on this behavioral function. In contrast,
Dong et al. (2017) studied the functional response of Trichogramma dendrolimi
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Matsumura on eggs of the Asian corn borer, Ostrinia furnacalis Guenée infected
and uninfected by Wolbachia, at three constant temperatures (20, 25 and 30 °C).
Their results revealed that Wolbachia sp. could affect functional response of 7. den-
drolimi and its effect was temperature-dependent.

In addition to the above-mentioned alterations, entomophatogenic agents could
indirectly affect behavioral attributes of insect predators/parasitoids. Wu et al.
(2016) observed that the predatory mite Neoseiulus barkeri (Hughes) displayed
self-grooming behavior to remove fungal conidia from its body surface. However,
although different arthropods exhibit grooming behavior to remove undesirable
agents, such as pathogenic conidia and parasitic mites (Farish 1972), Wekesa et al.
(2007) explained that this behavior may reduce searching ability and predation rate.

9.6.2.3 Intra-Guild Predation Between Entomopathogens and Predators/
Parasitoids

As a crucial point, it is necessary for any agricultural producer to evaluate its crop-
ping system, as concerns how the interacting components formed food/trophic lev-
els (Fig. 9.2). In these systems, natural enemies (predators/parasitoids and
pathogens) occupy the highest position (3th level) and can regulate the population
of herbivorous organisms (second level) via top-down regulatory efforts, mainly
known as biological control. The success rate of biological programs highly depends
on intentional manipulation of possible interactions among tri-trophic levels.
However, due to lower species diversity, agro-ecosystems provide suitable condi-
tions for such manipulations (Finke and Denno 2004).

One of the most promising procedures to optimize efficiency of biological pro-
grams is introducing new beneficial organisms (Stevens and Stuart 2008).
Undoubtedly, this process may result in several interferences and cause intra-guild
predation (Denno et al. 2008; Ali et al. 2013) which dramatically affects adequate
control of herbivores (Rosenheim et al. 1995). Straub et al. (2008) explained that
intra-guild interactions could occurr during combined application of at least two
natural enemies against the same pest species. Such interactions were frequently
detected in biological communities and may be observed when biocontrol agents
compete and exploit the same organisms in a similar manner.

Unidirectional intra-guild interactions, i.e. between entomopathogenic fungi and
insect predators/parasitoids, are asymmetric, favoing pathogenic agents. In fact,
because of their wide host range, these agents may infect different life stages of
insect predators/parasitoids and significantly decrease their population levels and
efficiency (Brodeur and Rosenheim 2000). Fransen and van Lenteren (1993) recog-
nized that the entomopathogenic fungus A. aleyrodis drastically infected the parasit-
oid wasp E. formosae, after contact with parasitized whiteflies.

In addition to contact pathogenicity, ingestion of entomopathogens by predators/
parasitoids could amplify such negative effects. Pell et al. (1997) reported feeding
activity of coccinellid and carabid beetles on aphids heavily infected by P. neoaphi-
dis. In another study, Askary and Brodeur (1999) observed that when larval
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parasitoids consumed infected aphid tissues, fungal spores were accidentally
ingested. Sedaratian et al. (2014) stated that feeding activity of H. hebetor on larvae
of H. armigera treated with B. thuringinesis caused ingestion of the entomopatho-
genic bacterium. In this scenario, the parasitoid biological performancewas seri-
ously affected.

9.6.3 Other Effects

In addition to the above-mentioned effects, entomopathogens could also directly
affect predators/parasitoids. Idris et al. (2001) revealed that when the parasitoid
wasp Diadegma semiclausum Hellen consume infected larvae of the diamondback
moth, Plutella xylostella infected by microsporidian Vairimorpha sp., emerged
females have deformed wings. Such individuals faced several difficulties for their
flying and searching activities, and were unable to compete with other individuals.
Furthermore, results showed that infected parasitoids had smaller size in compari-
son to healthy ones, affecting the parasitoid fitness. In another study, Hoch et al.
(2000) documented that individuals of the parasitoid wasp G. liparidis, emerged
from host L. dispar infected by the microsporidian V. disparis, had a smaller size.
Additionally, the individuals developed on infected hosts had a lower weigh. A fur-
ther effect of entomopathogens concerns the egg viability of predators/parasitoids.
A study by Pozzebon and Duso (2009) revealed that B. bassiana significantly
reduced the egg hatching rate in P. persimilis.

9.6.3.1 Entomopathogen Effects on Immune System of Phytophagous
Pests and Its Impact on Predators/Parasitoids

The insect immune system can suppress undesirable alien factors (fungi, bacteria,
viruses, nematodes, protists, endoparasitoids etc.) via two different mechanisms
namely humoral and cellular responses. In the humoral mechanism several antimi-
crobial peptides such as lectins, lysozyme, and attacin are produced and underpin
insect fight vs introduced agents. Cellular function involves different mechanisms
including phagocytosis of introduced materials by hemocytes, nodulation (trapping
introduced agents by a net of hemocytes) and encapsulation (surrounding too large
materials by thin layers of flatted hemocytes) (Jiravanichpaisal et al. 2006). In the
case of nodulation and encapsulation, another reaction usually occurs, which is rec-
ognized as melanization. This process involves production of the pigment melanin
to construct a hard and impenetrable envelope around alien factors (Cerenius et al.
2008). The role of some enzymes in the melanization process is documented by
several researchers. For instance, Popham et al. (2004) stated that higher levels of
phenoloxidase in H. virescence resulted in a higher degree of melanotic encapsula-
tion of baculovirus-infected cells. It is documented that pathogenic infection
engages immune defense of phytophagous insects and alters their vulnerability to
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predators/parasitoids. In such situations, they usually try to compensate this short-
coming. Cessation of feeding on contaminated resources has been described as one
of the most common responses to increased immune responses in such circum-
stances (Adamo et al. 2007, 2010).

Insects’ immune reactions to entomopathogens affect predators/parasitoids in
different manners. Appropriate immune responses could help contaminated indi-
viduals to recover from pathogenic infections. The lack of suitable responses or
weak reactions will lead to the insects’ death or to chronic infections, respectively.
Alive individuals with chronic symptoms often have lower quality and could not
supply nutritional requirements for growth and development of predators/parasit-
oids. This issue could indirectly affect biological performance of these beneficial
organisms. As previously mentioned, predators/parasitoids, with developed detec-
tion and avoidance behaviors, could minimize such adverse complications.
Otherwise, their biological performance may severely decrease. Sedaratian et al.
(2014) revealed that when the ectoparasitoid wasp H. hebetor consumed Bi-
contaminated food resources, its biological performance was significantly reduced.
If contaminated individuals were selected for oviposition by female endoparasit-
oids, a higher mortality of immature parasitoids was observed (Sanders et al. 2007).
In another word, if immune functions of contaminated hosts could not destroy ento-
mopathogens, ingestion of their tissues may negatively affect biological perfor-
mance of both predators and parasitoids.

Activation of immune responses in sick individuals involves energy consumption
that may decrease their defensive power against predators/parasitoids. In such situ-
ations, predators/parasitoids will gain higher number of preys/hosts with a lower
energy consumption. In the case of endoparasitoids, encapsulation is the most com-
mon response of the insect immune system (Blumberg 1997). This mechanism may
reduce parasitoid efficiency in biological programs, prevent successful establish-
ment of exotic parasitoids in new regions or disrupt mass rearing efforts. However,
if the host immune system is engaged in the suppression of an invasive pathogen, its
performance for parasitoid encapsulation will inevitably decrease. This condition
may hence increase the biological performance of biological programs. It is notice-
able that some parasitoid wasps have a symbiotic mutualism relationship with dif-
ferent microorganisms which protect their immature stages from encapsulation.
This mechanism is described in next sections.

9.6.3.2 Effects of Entomopathogens on Physiological Systems
of Predators/Parasitoids

Consumption of infected preys/hosts by insect predators/parasitoids has several
effects on their physiological functions, especially in the case of endoparasitoids.
However, exposure to entomopathogeneic agents could also affect physiological
functions of predatory insects. When predators/parasitoids feed on infected haemo-
lymph and tissues of preys/hosts, a variety of unexpected outcomes may be expected
(Futerman et al. 2005). Pathogenic effects on reproductive, digestive and immune
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systems of predators/parasitoids are the most important physiological involvements
occurring in these natural enemies after infection.

Infection of reproductive system may result in vertical transmission of entomo-
pathogens to subsequent generation (Mazzone 1985). It was observed that the para-
sitoid wasp M. grandii, when developing into O. nubilalis hosts infected by
N. pyrausta, transmitted the entomopathogenic microsporidian to its offspring
(Siegel et al. 1986). Brooks (1973) stated that some parasitoids were susceptible to
the microsporidian pathogens attacking their hosts. In another study, Roy et al.
(2006) showed that ingestion of pathogenic fungi significantly decreased fecundity
of natural enemies. Consumption of infected preys with low nutrition quality caused
detectable reduction in reproductive performance (Pozzebon and Duso 2009). In
fact, such food resources could not provide the nutrients required for egg production
and this issue disrupts the physiological functions of the reproductive system.
Pozzebon and Duso (2009) showed that activity of the predatory mite, P. persimilis,
on Tetranychus urticae Koch treated with B. bassiana, dramatically reduced its abil-
ity for egg production. Furthermore, the number of fertile eggs was also affected.
One of the possible reasons for reduction of egg production is resources diverting
from the reproductive to the immune system. In fact, to minimize mortality, also the
natural enemies consume their energy resources for defense mechanisms. Seiedy
et al. (2012) reported that ingestion of preys infected by B. bassiana seriously
affected the fecundity of P. persimilis. These researchers assumed that the activation
of the immune system and the production of secondary metabolites for suppressing
aggressive agents significantly disrupted the reproductive system of the preda-
tory mite.

In addition to reproductive and immune systems, the digestive canal, which has
a vital functions in supplying required energy for growth and development of preda-
tors/parasitoids, could also affected. Moawed et al. (1997) showed that negative
effects of microsporidan on endoparasitoids include the disruption of the nutritional
balance in the digestive canal of parasitoid larvae, due to direct infection or aggres-
sion of undigested spores. Furthermore, this accumulation significantly decreased
available space for food storage (Saleh et al. 1995). Schuld et al. (1999) showed that
during feeding activity of T. chilonis larvae on larvae of P. xylostella treated with
Vairimorpha sp., the microsporidian was detectable in the parasitoid intestinal
lumen 3 days after parasitization, and then was dispersed to other tissues including
flight muscles and the nervous system.

9.6.3.3 Catastrophic Synchronization Caused by Entomopathogens
and Impact on Predators/Parasitoids

For the first time, the hypothesis of “catastrophic synchronization” was proposed by
Godfray and Chan (1990) as an unusual output of extensive application of chemical
pesticides. In fact, these researchers illustrated a specific scenario in which the pop-
ulation of a target organisms is synchronized at a particular stage after pesticide
application. As a result, synchronized populations interrupt the biological
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performance of insect predators/parasitoids that are active on other life stages of the
target pests, and require food resources for their growth and development.
Catastrophic synchronization shifts the multiple structure of a pest population
towards a single stage one. Thus the natural enemies (especially predators/parasit-
oids) encounter undesirable conditions. In such situations, pest resurgence may
occur as a result of unavailability of preferred stages for biological activities of
predators/parasitoids. Furthermore, predators/parasitoids may reduce their repro-
duction potential, migrate from such environment or tolerate starvation. Pest resur-
gence from catastrophic synchronization was reported for coconut (Perera et al.
1988) and coffee (Waage 1989) pests.

However, although no documented information is available regarding synchroni-
zation induced in pest populations structure by entomopathogens, more attentions
should be devoted to investigate this hypothesis, especially in the case of extensive
application of entomopathogens in agro-ecosystems. This is especially important
for large scale application of commercial formulations of entomopathogens or
genetically modified host plants. Data by Sedaratian et al. (2013) revealed that com-
mercial formulation of B. thuringiensis had more toxicity to first instars of
H. armigera, whereas last instars had a relative resistance to the bacterium.
Accordingly, long time application of such formulations could induce a synchro-
nized structure in target host populations and negatively affect natural enemies such
as the green lacewing, C. carnea, which feeds on first instars of H. armigera.
In another case, entomopathogenic nematodes could be candidate. As previously
mentioned, this group of entomopathogens infects the insect life stages in soil. With
increasing population density of pathogenic nematodes, the number of infected
pests in soil will increase and this issue could synchronize other stages of the pests.

9.7 Application Management of Entomopathogens Increase
Their Compatibility with Predators/Parasitoids

Simultaneous application of different natural enemies is inevitable in IBC pro-
grams. As previously mentioned, synchronized application of entomopathogenic
agents and insect predators/parasitoids may also have some negative outcomes on
biological performance of these natural enemies. Therefore, it is very important to
fully investigate different aspects of such integrations and reduce potential negative
effects. One of the most reliable strategies to increase biological safety of entomo-
pathogenic agents is their application management in agro-ecosystems, where other
beneficial agents such as insect predators/parasitoids coexist. Such efforts attempt
to minimize direct contact of these microbial agents with predators/parasitoids.
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9.7.1 Importance of Monitoring Population Fluctuations
of Phytophagous Pests

In modern agriculture, all control efforts must be applied at their appropriate time.
In fact, ancient attitudes for calendar-based application of control strategies was
changed in favor of need-base application. For this, we designed a monitoring
schedule to attentively check all biological activities and population fluctuations of
phytophagous hosts/preys and their natural enemies. Such monitoring activities
enable agricultural producers to make accurate decisions, selecting the best strategy
in an appropriate time. However, economic criteria play a basic role for implemen-
tation of control strategies in IPM (Fig. 9.2). Accordingly, each strategy is only
applied when the highest performance is achieved.

Data collected during monitoring activities enable pest managers to consider a
reasonable time period between intentional application of entomopathogens and
release programs of insect predators/parasitoids. This period of time may consider-
ably decrease the overall adverse effects of entomopathogens on biological perfor-
mance of predators/parasitoids (Fransen and van Lenteren 1993). Furthermore,
sampling target organisms during monitoring activities may reveal the level of natu-
rally occurring infections with pathogenic agents. Consequently, when naturally
infections in population of target organisms are considerable, the release of insect
predators/parasitoids is not a good idea. On the other hand, if monitoring efforts
revealed noticeable activities of predators/parasitoids, it is better to avoid inten-
tional application of entomopathogens which have the same ecological niche. Such
findings will help in accurate decision-making, in order to minimize direct contami-
nations of predators/parasitoids with pathogenic agents (Jacobson et al. 2001).

9.7.2 Genetically Modified Plants and Their Effects
on Predators/Parasitoids

Genetically modified plants which express B. thuringiensis toxins in their tissues
(Bt-crops) offer a reliable tool for suppressing pest populations in intensive agro-
ecosystems, and their applications reduce pesticide usage (Lovei and Arpaia 2005).
Tobacco and tomato were the first transgenic plants which express insecticidal Bt
delta-endotoxins (van Frankenhuyzen 1993). Currently, these manipulated crops
(tomato, cotton, potato, maize, rice and etc.) are commercially cultivated in differ-
ent countries such as United States, Canada, Japan, Mexico, Argentina and Australia
(Frutos et al. 1999).

O’Callaghan et al. (2005) described that one of the main benefits of Bt-crops is
their insecticidal specificity. In contrast with chemical pesticides, these crops only
affect target organisms. However, although Bt-crops significantly decrease pesticide
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usage in agro-ecosystems, their possible effects on non-target organisms such as
insect predators/parasitoids is a main, global concern. Different researchers showed
that insect predators/parasitoids may receive Bt-toxins from infected preys/hosts
(Obrist et al. 2006). However, researches on possible effects of Bt-crops on insect
predators/parasitoids reported different outputs. Torres and Ruberson (2006) showed
that Bt-cotton expressing the CrylAc toxin had no detectable effects on the preda-
tory bug Podisus maculiventris (Say). In another study, the same findings were
reported when O. insidiosus consumed Bt-treated preys (Al-Deeb et al. 2001). In
contrast, it was observed that Bt-cotton containing the CrylAc toxin significantly
affected survivorship of two predatory bugs Geocoris punctipes (Say) and Orius
tristicolor (White) (Ponsard et al. 2002). Hilbeck et al. (1998a) found that predatory
lacewing, C. carnea, had higher mortality and lower development rates when preys
reared on Bt-crops were consumed. However, Lovvei et al. (2009) stated that insect
parasitoids have more sensitivity to Cry toxins than predators. Candolfi et al. (2004)
compared a population of the parasitoid wasp Macrocentrus cingulum Brischke in
two Bt and conventional corn fields, and showed that the parasitoid had lower bio-
logical activity in the Bt-corn field. In another study, Xia et al. (1999) stated that
specialist parasitoids that parasitized H. armigera had a lower population density in
Bt-cotton fields. However, although some findings revealed that insect predators/
parasitoids had lower biological activity on transgenic plants, Romeis et al. (2004)
indicated that such results reflect adverse effects of feeding activity of predators/
parasitoids on food resources with lower nutritional quality and were not directly
related to Bt transgenic crop. On the other hand, it should be noticed that alternative
food resources are more available in field conditions for insect predators/parasit-
oids, and this issue minimizes the adverse effects of Bt-toxins.

9.7.3 Microbial Biopesticides

Increased global demands for widespread application of entomopathogens has
resulted in manufacturing commercial formulations of these microorganisms, com-
monly indicated as biopesticides. It is noticeable that the majority of these pathogen-
based bioinsecticides was assigned to entomopathogenic bacterium B. thuringiensis.
Koul and Dhaliwal (2002) described that commercial formulations of B. thuringien-
sis have lower undesirable effects on insect predators/parasitoids than chemical
insecticides. Although these products may contain microorganisms, their metabo-
lites or combination of both elements, only products with living organisms may be
considered in biological control efforts. Considering several benefits, one of the
main advantages of biopesticides is their ecological selectivity for non-target organ-
isms. In fact, regarding monitoring outcomes, pest managers should use these prod-
ucts when populations of other natural enemies, especially insect predators/
parasitoids, have low density, in order to minimize any adverse effects on their
performance.
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Among different microbial bioinsecticides, commercial formulations of entomo-
pathogenic viruses have the lowest negative effects on insect predators/parasitoids.
In the case of pathogenic viruses, commercial formulations only contain members
from family Baculoviridae. Since this family has a narrow host range and its patho-
genic activity is recorded on specific insects, extensive application as commercial
biopesticides has the lowest negative effects on non-target organisms (Cory and
Myers 2003).

de Faria and Wraight (2007) stated that over 120 fungal formulations were glob-
ally applied in management programs of different insect pests. However, most of
these mycopesticide products are based on spores of B. bassiana, M. anisopliae,
1. fumosorosea, L. longisporum, L. muscarium and Hirsutella thompsonii Fisher
(Jaronski 2010). The wide host range of entomopathogenic fungi suggests caution
when applying them in agro-ecosystems.

9.8 Changes in Environmental Conditions Alter
Entomopathogen Effects on Predators/Parasitoids

Similar to all living organisms, biological activities of entomopathogens are com-
pletely dependent on environmental conditions (abiotic factors). Accordingly, unfa-
vorable conditions significantly reduce pathogenicity of these agents. Consequently,
in IBC programs, if intentional application of insect predators/parasitoids is per-
formed when environmental conditions are unfavorable or sub-optimal, possible
intra-guild interactions could be minimized.

As we know, entomopathogenic agents are a diverse group of natural enemies
which have different environmental requirements. For example, high doses of ultra
violet rays (UV) in field conditions negatively affects pathogenicity of B. thuringi-
ensis (Sedaratian et al. 2013). Furthermore, other environmental factors, including
temperature and rainfall, could affect residual life of this pathogenic agent (Frye
et al. 1973; Salama et al. 1983; Pedersen et al. 1997). Soil moisture has critical
impact on biological activities of entomopathogenic nematodes and dried condi-
tions may cause significant deleterious effects on their performance. Besides, appli-
cation of chemical pesticides and fertilizers in soil environments could have negative
effects on biological performance of these biocontrol agents. Such conditions mini-
mize their possible effects on target pest populations, as well as affecting other
beneficial agents i.e. the predatory beetles from family Carabidae.

Among different environmental factors, relative humidity has considerable
effects on biological performance of entomopathogenic fungi. Under low humidity
conditions, germination of infective spores of pathogenic fungi seriously decreased,
drastically suppressing fungal epizootics. In addition to relative humidity, other abi-
otic factors such as temperature, rain, and sunlight could also affect these fungi
(Jaronski 2010). However, such limitations may hinder desirable delivery of lethal
effects of entomopathogenic agents, with significant restrictions in their
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pathogenicity, both on target and non-target organisms. These informations could
help pest managers to manipulate negative interactions between entomopathogenic
agents and insect predators/parasitoids, in order to enhance biological efficiency of
IBC programs.

9.9 Symbiotic Interactions Between Entomopathogens
and Insect Predators/Parasitoids

As previously stated, biological performance of predators/parasitoids may be
adversely affected by the defense mechanisms of the target pests. This issue is evi-
dent in the case of endoparasitoids which deposit their eggs inside the host body,
where they spend their immature development. In this time, host defense strategies
activate and try to eliminate invasive factors (immature stages of parasitoids such as
egg, larvae and etc.). Regarding the relatively large size of invasive particles, encap-
sulation is the most important mechanism employed by the host to suppress alien
factors (see Sect. 9.6.3.1). On the other hand, endoparasitoids also utilize defense
strategies to overcome such immune responses, and could successfully facilitate
their immature development into the host haemocoel.

To achieve this goal, one known mechanisms is the mutualistic relationship
detected between Ichneumonoidea wasps (Ichneumonidae and Braconidae) and
polydnaviruses. However, although effects of entomopathoges on predators/parasit-
oids are usually negative, this mutualistic relation revealed a positive effect on the
biological performance of endoparasitoids. Tan et al. (2018) defined it as obligatory
mutualism. Webb et al. (2006) stated that about 30,000 species of endoparasitoid
wasps from both Ichneumonidae and Braconidae families have specific mutualistic
viruses. Herniou et al. (2013) revealed an approximately 100 million years evolutive
background for this relation.

A symbiotic virus integrates its genome into the wasp genome with replication
of the viral particles in the reproductive system of female parasitoids. However the
infection process and expression of viral genes only occur in the host tissues (espe-
cially salivary glands) (Herniou et al. 2013). During oviposition, female parasitoids
inject the symbiotic virus in the host body. The particles injected engage the host
immune system and manipulate it to allow a successful development of the depos-
ited eggs (Beckage 1998). Rodriguez-Perez and Beckage (2008) described that
polydnaviruses injected into the haemocoel of the sugarcane borer, D. saccharalis,
significantly reduced immune responses of caterpillars towards the eggs deposited
by the parasitoid wasp C. flavipes. In previous studies, Rodriguez-Perez and
Beckage (2006) explained that polydnaviruses reduce the adhesive attributes of the
host haemocytes. Thereafter, the encapsulation process is disrupted and the eggs
deposited by the parasitoids successfully complete their development.
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9.10 Future Research Directions

Entomopathogens need more attention to investigate different aspects including
widespread application in a large scale, pest resistance or possible interactions with
non-target organisms. Even though considerable efforts were conducted to evaluate
different attributes of entomopathogens in recent years, our knowledge in some
areas is still restricted. One of the main gaps is our knowledge about the epizootiol-
ogy of these organisms. More research projects should be designed to evaluate fac-
tors affecting epizootiology of these entomopathogenic agents in natural conditions.
However, because different factors are involved, multidisciplinary efforts by differ-
ent specialists should be contributed, from fields such as insect pathology, entomol-
ogy, ecology, agronomy etc.Comprehensive research projects may also enhance our
knowledge about possible effects of climatic changes on entomopathogens. Another
directions to minimize adverse effects of entomopathogens on non-target organ-
isms, such as pollinators, predators and parasitoids, involve the development of
novel delivery tactics. To achieve this goal, Vega et al. (2012) suggested application
of endophytic entomopathogenic fungi.

Our knowledge about the ecology of microsporidia, as well as their possible
impacts on predators/parasitoids, is still restricted, This is a main area for future
studies on this group. In addition, more taxonomic studies are also needed. Similarly,
there is an obvious gap in our systematic information about entomopathogenic nem-
atodes. In this group, our current knowledge is focused on two families,
Heterorhabditidae and Steinernematidae. Therefore, future studies should deserve
more considerations to other families.

To challenge chemical pesticides, efforts on commercial formulations are
required. However, in contrast with chemicals, entomopathogens are living organ-
isms and this vital point causes some difficulties for their packing, storage and
application. On the other hand, commercial formulations should be ecologically
selective to minimize possible adverse effects on non-target organisms. This issue is
so crucial for non-specific organisms such as pathogenic microsporidia. In the case
of entomopathogenic nematodes, since these agents have close symbiotic relation
with Photorhabdus and Xenorhabdus, understanding their nutritional contributions
will facilitate mass production efforts under in-vitro conditions.

In some circumstances molecular studies are needed. For example, resistance
mechanisms of target organisms to different groups of entomopathogens or their
metabolites are important fields that should be comprehensively pursued. Another
area is the vertical and horizontal transmission of different organisms in populations
of both target and non-target species. Shapiro-Ilan et al. (2012) stated that the gene
flow between population of entomopathogens and target organisms represents an
open field in molecular studies. In the case of entomopathogenic viruses, insect cell
cultures will provide appropriate tools to evaluate different aspects of virus biology
and infection, replication and transmission mechanisms. Therefore, this is a clear
direction to develop our knowledge on entomopathogenic viruses. In addition,
Harrison and Hoovery (2012) highlighted our gap in understanding host responses
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to viral infections. These researchers suggest more studies on mass production of
entomopathogenic viruses in insect cells to reduce the cost of commercial formula-
tions. In the case of entomopathogenic bacteria, molecular screening could optimize
the discovery of novel isolates as well as virulent factors. Furthermore, genetic stud-
ies could be applied to generate new toxins with higher pathogenic activity and
specificity, also helpful for designing new transgenic crops.

9.11 Conclusion

Deleterious effects of chemical pesticides have changed our attitude in pest man-
agement programs, with more emphasis given to eco-friendly strategies. In recent
years, entomopathogenic agents have been considered as one of the most reliable
and safe alternatives. Furthermore, diversity of these biological agents allows agri-
cultural producers to select appropriate options for controlling target organisms, in
different circumstances. Considerably, our current knowledge about possible effects
of these biological agents on non-target organisms, such as insect predators and
parasitoids, is still limited. Therefore, before widespread application, compatibility
of these microbial agents with other natural enemies (especially insect predators/
parasitoids), during simultaneous applications, should be investigated. Such assess-
ments must involve different entomopathogenic effects on predators/parasitoids,
including biological, ecological, physiological, immunological and behavioral stud-
ies. Such evaluations may play a significant role in successful implementation of
IBC. Although the term “success” has wide definitions, in IBC our criteria involve
the intentional application of entomopathogens as a reliable tool, with the highest
and lowest negative effects on target and non-target organisms, respectively. Some
findings showed that entomopathogens could have adverse effects on other benefi-
cial organisms. Therefore, comprehensive assessments are urgently needed to mini-
mize such undesirable effects on non-target organisms, reducing the risk associated
with widespread applications of these biocontrol agents.
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