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Abstract Insects are associated with multiple microbes that have been reported to influence various aspects of

their biology. Most studies in insects, including pest species, focus on the bacterial communities of

the microbiome even though the microbiome consists of members of many more kingdoms, which

can also have large influence on the life history of insects. In this review, we present some key exam-

ples of how the different members of the microbiome, such as bacteria, fungi, viruses, archaea, and

protozoa, affect the fitness and behavior of pest insects. Moreover, we argue that interactions within

and among microbial groups are abundant and of great importance, necessitating the use of a com-

munity approach to study microbial–host interactions. We propose that the restricted focus on bac-

teria very likely hampers our understanding of the functioning and impact of the microbiome on the

biology of pest insects. We close our review by highlighting a few open questions that can provide an

in-depth understanding of how other components of the microbiome, in addition to bacteria, might

influence host performance, thus contributing to pest insect ecology.

Introduction

Insects comprise a hugely diverse group of organisms and

constitute a key component in the ecosystem. Some insects

are harmful to humans, for example, causing damages to

agriculture, forestry, stored products, or human health,

and are therefore considered pest species. Like all other

organisms, insects live in close association with microor-

ganisms, which profoundly influence their ecology and

evolution. Microbes, such as bacteria, archaea, fungi, pro-

tozoa, viruses, may be associated with their insect host per-

manently or transiently, and such associations may be

beneficial or harmful to the insects’ fitness (Kaufman

et al., 2000; Feldhaar, 2011; Hammer et al., 2017) (see Fig-

ure 1 for beneficial interactions). For instance, endosym-

bionts (i.e., microbes that live inside host cells or tissues)

tend to be dependent on the insect hosts for obtaining

nutrients, whereas they can provide fitness advantages in

terms of nutritional provisioning, overcoming host

defenses, and protection from pathogens, parasites, or

other environmental stressors (Engel & Moran, 2013;

Mereghetti et al., 2017). However, microbes might also be

pathogenic, reducing viability and causing morbidity. Fur-

thermore, harboring endosymbionts can incur physiologi-

cal costs (Krams et al., 2017).

Until 2 decades ago, most research on insect–microbe

interactions focused on single species of bacteria. One of

the best studied models for beneficial host–microbiome

interactions in pest insects is aphids and their endosymbi-

otic bacteria of the genus Buchnera (Douglas, 1998), which

are obligately associated with each other in terms of nutri-

tion. Another well-studied insect–endosymbiont interac-

tion is between (many different) insect species and parasitic

bacteria of the genus Wolbachia. These reproductive para-

sites can induce feminization, male-specific killing, cyto-

plasmic incompatibility, and parthenogenesis in their hosts

to enhance their own transmission (Kageyama et al., 2002;

Werren et al., 2008). In addition, Wolbachia can also be

considered mutualistic for many insects, as it may provide

its host with resistance against viruses, insecticides, or plant

defenses, and contribute to nutritional provisioning (Berti-

cat et al., 2002; Hedges et al., 2008; Miller, 2013; for an

extended discussion on how Wolbachia influences host
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biology, see Kageyama et al., 2002; Nikoh et al., 2014).

Although these examples illustrate the large and varied

effects that a single species of microbe may have on its

insect host, there has been a growing recognition that all

organisms harbor a rich diversity of microbial species, col-

lectively known as the microbiome (Douglas, 2018).

The past decade has witnessed an enormous rise in

studies to characterize the microbiome of insects, mostly

through next-generation sequencing approaches. These

studies have been focusing on describing the composi-

tion of the microbiome and its putative functional role

in the biology of the insects (Broderick & Lemaitre,

2012; Deutscher et al., 2018), thus expanding our

understanding from a single microbial species to the

whole community. All components of the microbiome

can potentially and collectively affect the behavior and

physiological traits of insects through genetic and meta-

bolic interactions (Janson et al., 2008). Nevertheless,

maybe due to historical reasons or feasibility issues, a

common denominator among these studies is the focus

on bacterial communities, with little or no integration

of the rest of the microbiome. A search for the terms ‘in-

sect’ and ‘microbiome’ in Web of Science provided

nearly 1 000 articles since 2004, the vast majority of

which is devoted to bacterial communities in insects,

and these often do not include descriptions on the com-

position or functional roles of other microbes such as

the fungi (including yeasts), viruses, and protozoa.

However, these other microbial members can also influ-

ence their insect hosts’ life history and fitness. We argue

that it is also the joint action and the interactions among

diverse members of the microbial communities that

affect the insect host (Figure 1). Therefore, we need to

expand our studies of insect pest microbiome (1)

to include the various microbial components and (2) to

address them from a community perspective, in order to

explore their role in insect ecology.

Here, we provide an overview of some well-studied

examples of how members of the insect microbiome can

influence the host. As it is impossible to be exhaustive in

describing all these associations for such a diverse class of

organisms as insects, which interact with an even more

diverse group of microbes, we discuss a selection of avail-

able examples with a focus on pest insects. These examples

are selected to illustrate the wide range of effects that

microbes may have on their host, and how it is often their

joint action that is required for these effects. Based on the

overview from these examples, we argue that the additive

role played by all themembers of the microbiome in insect

pests is still in its infancy. We provide some examples on
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Figure 1 The complexity of the

microbiome associated with pest insects.

The microbiome encompasses various

microbial groups that are connected to

each other and to their hosts (gray circle

and arrows). All microbes, individually or

together, can affect the biology of the pest

insect, as exemplified by the processes

indicated next to the arrows. Given the

complexity of potential interactions, pest

insects should be seen asmini ecosystems,

in which themicrobiome and the host

interact as a system. To understand these

interactions, we highlight key questions for

future research (black box).
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how interactions among microbes within the microbiome

are of relevance in pest insect ecology. We conclude with a

plea for adopting a community ecology approach to study

the microbiome, where insects are addressed as miniature

ecosystems in which several microbial components are

addressed simultaneously.

Bacteria

Bacteria represent the most studied microbial kingdom

interacting with insect pests. These microbes can endow

their hosts with nutritional benefits, but also help them

coping with temperature stress and provide protection

against natural enemies. Below, we provide some examples

of such interactions.

Nutrient provisioning by bacteria

Many insects inhabit nutritionally limited environments

that challenge their physiological activities (Skidmore &

Hansen, 2017). Under such conditions of nutritionally

restricted surroundings, microbes of these hosts can pro-

vide nutrients. A well-studied example is the phloem-feed-

ing aphids, which require the essential amino acid

tryptophan that is not present in the phloem sap. These

are provided by the bacterium Buchnera aphidicola Mun-

son et al., a primary symbiont of aphids (Douglas & Pros-

ser, 1992; Birkle et al., 2002).

In the case of the xylem sap-feeder, glassy-winged sharp-

shooter, Homalodisca vitripennis (Germar), nutrient pro-

vision relies on the mutualistic interaction between two

bacterium species, Baumannia cicadellinicolaMoran et al.

and Sulcia muelleriMoran et al. Although B. cicadellinicola

furnishes vitamins and cofactors, S. muelleri most likely

furnishes the essential amino acids thereby complement-

ing each other’s metabolism (Wu et al., 2006). This repre-

sents a kind of dual symbioses wherein the bacterial

symbionts in addition to being mutualistic to each other,

also benefit the host. Sulcia spp. have evolved such dual

symbioses with a variety of endosymbionts in phloem-

and xylem-feeding hemipteran insects, as their reduced

genomes make them dependent on other bacteria for the

synthesis of all the essential amino acids (Bennett &

Moran, 2013; Ankrah et al., 2018). Although other bacte-

ria belonging to the genera Bacillus, Delftia, Moraxella,

Pectobacterium, Serratia, and Xylella have been found in

the sharpshooters, it remains unclear whether and, if so,

how they contribute to the hosts’ biology (Hail et al.,

2011; Rogers & Backus, 2014).

A further example is the tephritid olive fruit fly, Bactro-

cera oleae (Rossi), that lays eggs in unripe olives that are

nutritionally restricted in amino acids and are rich in sec-

ondary metabolites like phenolics. This olive fruit fly has

an obligate symbiont, the bacterium Candidatus Erwinia

dacicola Capuzzo et al., that furnishes essential amino

acids to adult flies from nitrogen sources of proteinogenic

origin (like bird droppings), increasing their reproductive

output (Ben-Yosef et al., 2014). In addition, larvae rely on

their microbiome to overcome the host defenses and

develop in unripe olive fruits, which contain high levels of

the phenolic oleuropein. This dependency was not

observed in larvae infecting ripe olive fruits where this

compound had been degraded. The caeca of the midgut of

the larvae growing on unripe fruits showed high abun-

dances of the symbiont E. dacicola. The variation in densi-

ties was correlated with abundances of bacterial species

belonging to the genera Pantoea and Burkholderia, indicat-

ing potential stable associations and modulated interac-

tion between these bacteria in the gut of olive fruit fly

larvae (Ben-Yosef et al., 2015).Whether or not these other

bacteria are also required for nutrient provisioning and

overcoming host defenses is yet unclear (Ras et al., 2017).

Another common interaction that contributes to insect

nutrition is the association between insects and dia-

zotrophic bacteria, which can fix atmospheric nitrogen, an

essential element for physiological activities of the host.

The ability to fix atmospheric nitrogen is found in several

bacterial phyla such as Proteobacteria and Firmicutes. For

instance, the family Enterobacteriaceae (Gammaproteobac-

teria) is one of the dominant bacterial families in the gut

microbiota of the bark beetles Dendroctonus spp. obtained

from pine trees in Mexico and USA (Hern�andez-Garc�ıa

et al., 2017) and in wood-boring beetles collected from

Italy (Rizzi et al., 2013), and in these associations, the genus

Enterobacter contributes to host nutrition by fixing atmo-

spheric nitrogen (Durand et al., 2015; Gauthier et al.,

2015). In another tephritid, the medfly Ceratitis capitata

(Wiedemann), a whole community of nitrogen-fixing bac-

teria belonging to the family Enterobacteriaceae – genera

Citrobacter, Klebsiella, Pectobacteria, and Pantoea (Behar

et al., 2008) – supports fly development and reproduction.

Medflies are also colonized by other Proteobacteria, includ-

ing the families Burkholderiaceae, Methylobacteraceae,

Pseudomonadaceae, and Sphingomonadaceae (Malacrin�o

et al., 2018), all harboring a few nitrogen-fixing species, but

little is known about their effects on their host.

Protective function of bacteria

Microbes can also provide a protective function to their

hosts, aiding them to cope with abiotic (temperature) and

biotic (natural enemies, such as parasitoids, nematodes,

and fungal pathogens) stress. These benefits have been

observed in aphids (Montllor et al., 2002; Oliver et al.,

2014; Frago et al., 2017), where Buchnera endosymbionts

recurrently carry a mutation that governs thermal

158 Gurung et al.



tolerance of their pea aphid hosts, affecting their fitness

positively under lower temperatures (Dunbar et al., 2007).

The bacteriumHamiltonella defensaMoran et al. can con-

fer protection against parasitoids in pea aphids (Oliver

et al., 2003), whereas Regiella insecticola Moran et al. can

largely increase pea aphid survival following a fungal infec-

tion (Scarborough et al., 2005) and confer resistance to

parasitoids (Jamin&Vorburger, 2019). Spiroplasma bacte-

ria have been shown to provide protection in Drosophila

spp. against parasitoids (Xie et al., 2010) and parasitic

nematodes (Jaenike et al., 2010).

Fungi

Similar to the bacterial components of the pest–insect
microbiome, fungi that encompass molds and yeasts con-

tribute to the provision of nutrients and regulation of host

defenses. As overcoming (insect) host defenses is frequently

achieved by inducing plant disease, the relationship

between the fungi and the insects is extensively studied

through the lens of pathogenic invasions and vector biology

(Paine et al., 1997). Furthermore, fungal partnerships have

been identified in insects such as ants and mound-building

termites that have an agricultural symbiosis with fungi,

which they cultivate in large underground chambers in

their colonies for the digestion of wood and for food supply

(Zoberi & Grace, 1990). These interactions of insects with

yeasts as well as molds had been reported since the 1950s

(Jankevica, 2004; Vega &Dowd, 2005).

Nutrient provisioning and protective functions by molds

The importance of molds to the life history of pest insects

have been documented in bark beetles belonging to the

genusDendroctonus, which feed on phloem tissues and rely

on fungi for nutrients throughout their life cycle (Ayres

et al., 2000; Bentz & Six, 2006; Davis, 2015). Moreover,

some bark beetles of the same genus are able to attack

healthy trees, which involve defeating host defense mecha-

nisms (resin flow and toxins). In this specific case, Den-

droctonus overcomes the tree defenses through mass

inoculation of fungi (e.g., Ophiostoma spp., the causative

agents of Dutch Elm disease) that the beetles carry in spe-

cialized cuticular structures, that is, mycangia (Paine et al.,

1997).

Recent studies based on meta-barcoding using fungal-

specific primers have revealed a rich fungal community in

both pest and non-pest insects (Chandler & Kopp, 2012;

Hu et al., 2015; Miller et al., 2016; Boccazzi et al., 2017;

Ram�ırez-Camejo et al., 2017; Mohammed et al., 2018;

Quan & Eisen, 2018). Fungal species that have been associ-

ated with pest insects comprise, among others, species of

molds belonging to the genera Aspergillus, Beauveria,

Metarhizium, Cordyceps, Isaria, and Pandora (Shang et al.,

2015). The exact functions that these fungi play in pest

insects are yet to be discovered for most associations (Vega

& Dowd, 2005). Even in the case of the bark beetles that

have been extensively studied in the context of the fungal–
insect interactions, the exact position of the fungi in the life

history of these pest insects is not fully resolved, and the

key role for fungi in the tree-killing of primary bark beetles

has come under debate as the bark beetles do not necessar-

ily have to harbor the pathogenic fungi in the tree killing

pursuit (Six &Wingfield, 2011).

Nutrient provisioning by yeasts

In addition to molds, molecular methods have revealed

the presence of yeasts belonging to the genera Saccha-

romyces, Pichia, Kluyveromyces, Candida, Hanseniaspora,

Debaryomyces, Metschnikowia, and Cryptococcus in several

insects (Nguyen et al., 2007; Suh, 2008; Piper et al., 2017;

Stefanini, 2018). Yeasts or yeast-like symbionts in the

insect digestive tract are involved in metabolic pathways of

amino acids and fatty acids and the absence of yeasts can

lead to incomplete metamorphosis (Vega & Dowd, 2005;

Carvalho et al., 2010).

Some evidence on a functional role of yeasts in nutrient

provisioning comes from research on the non-pest insect

Drosophila melanogasterMeigen, in which themechanisms

for this interaction have also been studied. Specifically, D.

melanogaster larvae cannot develop on sterile fruit sub-

strates, and strongly prefer fruits containing filamentous

fungi or yeast over food without microbial growth, even

when the fungi produce insecticidal mycotoxins (Trienens

et al., 2017). By actively feeding on fungi, the larvae of D.

melanogaster acquire sterol, which is required to support

their growth and development (Starmer & Fogleman,

1986; Carvalho et al., 2010). This intricate dependency is

also shown by the extensive repertoire of defensive chemi-

cals that the larvae possess to cope with the mycotoxins

produced by some of the fungi (Trienens et al., 2017). A

close relative of D. melanogaster and emerging pest in sev-

eral countries worldwide, Drosophila suzukii (Mat-

sumura), lays eggs on fresh rather than fermenting fruits,

where the density of molds and yeasts is initially very low.

An important question is which strategies it may have

evolved to acquire sterol in this niche. As infestation with

D. suzukii is typically associated with inducing rot and fruit

collapse, we hypothesize that this pest may inoculate the

fruits with yeasts and fermenting bacteria to provide essen-

tial nutrients to their developing offspring.

Similarly, yeast-like symbionts provide nutritional ben-

efits to the phloem feeding plant-hoppers of the genus

Nilaparvata (Horgan & Ferrater, 2017). Under the event of

the restricted nitrogen content, these symbionts recycle the
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excretory material uric acid of the plant-hopper into reu-

sable nitrogenous products. Additionally, they enhance

the reproductive investment by the adults and shorten the

developmental time of the various stages of the progenies

(Ferrater et al., 2013). Finally, many bark beetles also host

yeasts inside them, which are implicated in vitamin assimi-

lation in these insects, although the exact mechanism of

this is yet to be unraveled (Suh et al., 2008; Houseknecht

et al., 2011).

Viruses

The insect–virus interaction is particularly well-studied for

insects that act as vectors of viral pathogens, which is often

the reason for giving these insects their ‘pest’ status. How-

ever, insect–virus associations are not limited to this. First,

insects are not only vectors for viruses, but a virus can sim-

ply be pathogenic to its insect host, and in this context,

viruses are also studied as potential biological control

agents to kill pest insects (Carter, 1984; Winstanley &

Rovesti, 1993; Lacey et al., 2001). Viruses might manipu-

late the host behavior or physiology, ultimately to increase

its own transmission and replication, for example, inducing

increased egg laying in their host (Gandon et al., 2009), or

causing the infected hosts to migrate to locations that

increase the chance of viral dispersal (van Houte et al.,

2014). Additionally, non-pathogenic viruses may provide

benefits to their host in mutualistic interactions. Finally,

viruses may also infect other members of the microbiome,

such as bacteriophages – viruses that infect bacteria –which
can result in a pathogenic (lytic) or more symbiotic (tem-

perate) association with the bacteria (Leigh et al., 2018).

Viruses associated with pest insects have been described

using classic approaches and metagenomic analyses, the lat-

ter being a more sensitive method to reveal the ubiquity

and diversity of insect viruses (Liu et al., 2011). Viruses

belonging to the Baculoviridae, Parvoviridae, Flaviviridae,

Ascoviridae, Togaviridae, Bunyavirales, and Rhabdoviridae

have most commonly been associated with insects, but

many new insect viruses have been discovered with metage-

nomic approaches (Nouri et al., 2018). There are still many

questions that remain unanswered in terms of diversity of

the viruses, the predominance of viruses over the life cycle,

and their impact on the physiology and life history of pest

insects. Here, we present a few examples that illustrate the

versatile roles they have in pest insect biology.

Vectoring of viruses

Animal viruses can be transmitted by various blood-feed-

ing arthropod vectors. Ticks fromChina hosted the animal

viruses belonging to Bunyaviridae, Anelloviridae, and

Rhabdoviridae, some of which cause blood infections (Xia

et al., 2015). The composition of the viral part of the

microbiome, the virome (i.e., the community of viruses in

a given host or environment), has also been extensively

studied for various mosquito species (e.g., Aedes spp.,

Culex spp.), in order to characterize the disease-causing

viruses as well as the insect-specific viruses (Atoni et al.,

2018; Nouri et al., 2018). Interestingly, there is growing

evidence that the vector competence of the insect can be

affected by the insect-specific viruses they also carry; that

is, several of the insect-specific viruses have been shown to

suppress or enhance the transmission of medically impor-

tant viruses (Hobson-Peters et al., 2013; Hall-Mendelin

et al., 2016; Zhang et al., 2017).

Many plant viruses also rely on insect vectors to trans-

mit them to other plants, and these interactions can be

rather specific, withmembers of a particular genus of plant

viruses (e.g., Potyvirus) being transmitted mostly by a par-

ticular insect taxon (e.g., aphids) (Whitfield et al., 2015).

The mechanisms for this specificity, and for the transmis-

sion of the virus from the insect to the plant, have been

studied in detail for many plant–virus–insect interactions
(Whitfield et al., 2015; Dietzgen et al., 2016). Some insect

species can transmit many different viruses. For example,

over 100 viral species can be transmitted by the whitefly

Bemisia tabaci (Gennadius), mostly belonging to the genus

Begomovirus (Geminiviridae), but also members of the

genera Crinivirus, Closterovirus (both Closteroviridae),

Ipomovirus (Potyviridae), andCarlavirus (Betaflexiviridae)

(Jones, 2003). Also in plants, virus–virus interactions are
known to occur. For example, some viruses are dependent

on other viruses for producing infectious progeny and

their transmission, as was reported for the Carrot mottle

virus that requires viruses of the Luteoviridae as ‘helper’

virus for transmission by aphids (Waterhouse & Murant,

1983).

Viral functions in biological control of pest insects

The family of Baculoviridae has been the best studied

group for use as biocontrol agents against coleopteran,

hemipteran (sawflies), and lepidopteran pests (Carter,

1984; Winstanley & Rovesti, 1993; Lacey et al., 2001;

Williams et al., 2017). An advantage of these viral bio-

control agents is their high specificity for a particular

pest insect, with limited possibilities for non-target

effects (e.g., on beneficial insects or humans), and they

can naturally spread through a pest population. In con-

trast, viruses are also known to hamper pest manage-

ment strategies. For example, it is known that viruses

can influence insecticide resistance (Yoshikawa et al.,

2018). Furthermore, when viruses infect larvae of pests,

they could potentially prevent parasitoids to parasitize

them (Robertson et al., 2013).
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Viral effects on host behavior and physiology

Some changes that viruses may induce in the hosts’

behavior and physiology may be primarily to benefit

the viral replication and transmission, whereas others

can be considered more mutualistic for the insect and

the virus. The complexity of the interactions between

viruses, plants, and insects is exemplified by the plant-

pathogenic Tospovirus (Tospoviridae) and the western

flower thrips, Frankliniella occidentalis (Pergande). Stud-

ies in thrips showed that the virus had a positive effect

on thrips development, with more offspring and shorter

developmental time, when the thrips fed on virus-

infected compared to uninfected plants (Maris et al.,

2004). The virus can also infect the insect host, which

can act as a vector to transmit the virus to other plants,

but this actually induces an immunological response in

the thrips, indicating that the virus may (also) be

pathogenic to the insect host (Medeiros et al., 2004).

Thus, the interactions between plants, Tospovirus, and

thrips suggest to be highly complex, and go beyond

mere transmission and pathogenicity (Whitfield et al.,

2005).

Additionally, parasitoid behavior has been shown to

be manipulated by viruses, increasing their rate of

superparasitism, which allows the virus to jump from

infected to uninfected parasitoids (Varaldi et al., 2003).

Baculoviruses are known to induce profound changes

in the behavior of Spodoptera exigua (H€ubner) larvae,

triggering phototactic responses and hyperactivity to

increase their own spread (Goulson, 1997; van Houte

et al., 2012, 2014).

Protective functions of viruses

One prominent example of viruses that confer protective

benefits to their host comprises the Polydnaviridae, symbi-

otic viruses harbored by two families of parasitoid wasps,

Ichneumonidae and Braconidae. These viruses reside in

the reproductive organs of the wasp – first in the ovaries,

then in the reproductive tract. The wasp, while ovipositing

on its insect hosts, transmits the virus to its host. These

viral particles tend to suppress the immune defense in the

host thereby allowing the development of the wasp’s off-

spring (Herniou et al., 2013; Strand & Burke, 2015).

In addition to considering viruses that are associated

directly with insects, there are also viruses that infect the

bacteria in the insects’ microbiome, that is, bacterio-

phages, andmay provide their protective function through

them. Aphids are a well-studied insect system in terms of

bacteria–phages–insect associations. For instance, aphids
that harbor H. defensa with APSE (Acyrthosiphon pisum

secondary endosymbiont) phages tend to have a greater

defense capacity against the attack of parasitoids than the

ones without APSE (Degnan & Moran, 2008; Degnan

et al., 2009). The phage infects its bacterial host; the bacte-

ria then defend the aphid against its natural enemies (Oli-

ver et al., 2009). The bacteriophages of the insects are also

represented in the Arsenophonus–phage system and Wol-

bachia–phage system, to name but a few (Gavotte et al.,

2006; Duron, 2014). We return to these bacteria–phage–
insect interactions in the paragraph on community per-

spectives of the host microbiome.

Archaea

Archaea form another important domain of the microbes

that not only inhabit extreme regions, but are also found

in strong association with soils and oceans (Alves et al.,

2018). Their rich diversity and huge abundances have been

demonstrated with the help of metagenomics (Bates et al.,

2011; Edwards et al., 2015; Siles et al., 2018), which also

revealed that these organisms play important roles in the

nitrogen cycling in soils – a function that was discovered

not much more than a decade ago (Treusch et al., 2005).

Archaea might directly affect their plant host (Taffner

et al., 2018), which could indirectly affect pest insects. Yet,

information on their importance for plants and other

hosts, and how they interact with both, is largely missing,

mostly due to methodological constraints associated with

culturing these organisms in the laboratory. Molecular

approaches indicate the presence of archaea in many non-

insects and their presence tends to influence the bacterial

or viral communities that shift in the presence of archaea.

In insects, methanogenic and non-methanogenic

archaea belonging to the phylum Euryarchaeota, have

been reported in beetles, cockroaches, termites, and milli-

pedes. The methanogenic archaea are usually present in

the hindguts, an environment with limited oxygen avail-

ability (Shinzato et al., 1999; Hara et al., 2002; �Sustr et al.,

2014; Tinker & Ottesen, 2016). Ziganshina et al. (2018)

also reported the presence of Crenarchaeota in the larval

gut of beetles.

Protozoa

Protozoa are single-celled microbial eukaryotes with or

without locomotory organelles. The contribution of pro-

tozoa to the microbiome of the insects has been rarely

addressed. One prominent example in which protozoa

proved to be very important for an insect host is in ter-

mites that feed on wood which does not provide a suitable

resource for necessary vitamins for growth and develop-

ment (Poinar, 2009). Protozoan members help termites to

sustain on these nutrient-restricted substrates by synthe-

sizing a number of hydrolytic enzymes (Husseneder,
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2010). Flagellated protozoa have been reported in termites

through in vivo studies (Ohkuma, 2008), whereas their

exact influence on the arthropod hosts is not fully under-

stood (Reyes, 1966).

Many species of protozoa are parasitic, and several

similarities exist between the protozoa–insect interactions
and the interactions between insects and pathogenic

viruses. For example, insects can also vector these para-

sitic protozoa. The best-studied association in this respect

is between Anopheles spp. mosquitoes and the malaria

parasite Plasmodium falciparum Welch. Other examples

include the protozoan species Trypanosoma brucei Plim-

mer & Bradford that induces sleeping sickness and is vec-

tored by the tsetse flies, and the Leishmania protozoa that

are spread by sandflies. Protozoa have a narrow host

range and are often highly specific (Henry, 1981; Cleve-

land, 1923; Apuya et al., 1994). Consequently, parasitic

protozoa have also been used as effective biocontrol agent

of pest insects (Henry, 1990; Boucias & Pendland, 1998;

Burges & Jones, 1998). Similar as with the viruses, how-

ever, non-parasitic protozoa may provide benefits to their

insect hosts in mutualistic interactions, as shown for the

termites. At the moment, our knowledge on the proto-

zoan members of the microbiome is very restricted, and

there is a paucity of metagenomic studies on this part of

the microbiome. It is time that we start examining the

diversity of these protozoan members in insects, to char-

acterize both their functional roles and as a putative

means to manage pest insects.

Community perspectives of the host microbiome

Given the multitudes of microbial species living in asso-

ciation with insects, it is important to go beyond one-

to-one interactions between the microbe and the insect

host. Studying a single species of bacterium might be

essential to understand the basic biology of the organ-

ism and potential mechanisms driving its interaction

with the host. At the same time we should realize that

microorganisms live in diverse communities and inter-

act with each other (Figure 1). It is therefore important

to also consider this community ecology perspective of

the microbes in the insect pests, in order to understand

the drivers of microbial interactions and how these

interactions, which might influence host and microbial

gene expression patterns or genomes, shape host eco-

logy (Douglas, 2018).

The role played by all the members of the micro-

biome in insect pests is still in its infancy. Results from

well-studied communities such as soil have demon-

strated that microbial interactions result in additive,

synergistic, or competitive effects (Trabelsi & Mhamdi,

2013; Mallon et al., 2015a,b; Dini-Andreote et al.,

2018). Microbial interactions influence both how com-

munities are formed (Dini-Andreote et al., 2015, 2018;

Jia et al., 2018) and how they respond (Jurburg et al.,

2018; Mallon et al., 2018). Such patterns have also been

observed in microbial communities associated with

hosts such as plants (Wang et al., 2018), corals (Leite

et al., 2018a,b), and birds (van Veelen et al., 2017),

indicating that similar rules drive microbiome assembly

in several habitats.

To witness this kind of additive effects in insects, we

need to investigate the interplay among themicrobial part-

ners, to know how all the various microbes, as well as

their intra- and inter-kingdom interactions, affect the

development, fitness, physiology, and behavior of insects

(Figure 1). Below, we discuss three community-based

approaches associated with insect–microbiome research

that could help elucidate the complexity of the interactions

and their consequence for the host.

Approaches to study microbiome–host interactions

To study the link between the community composition

and the function of the microbes in insect pests, it would

be very helpful if we could experimentally mix-and-match

microbes. This requires, however, that we can culture

them outside of their insect hosts. In fact, most microbes

are difficult to propagate or cannot be cultured. Thus, we

have to rely on culture-independent approaches such as

metagenomics, for the taxonomic (amplicon sequencing)

and functional (shotgun sequencing, metatranscrip-

tomics) characterization of microbial communities. The

former approach allows us to characterize ‘who is there’

(species identification) whereas the latter allows us to char-

acterize the variety of genes they possess or are expressing,

which signifies ‘what they are doing’ within the host.

Another approach that can be used to experimentally

manipulate components of the bacterial microbiome is the

use of (cocktails of) antibiotics that target specific bacterial

groups, or temperature-shock treatments that affects some

microbes more than others. With these approaches, the

microbiome changes in composition, and the performance

of insects can be compared with vs. without, or among dif-

ferent combinations of treatments (Bordenstein & Bor-

denstein, 2011; Lin et al., 2015). Although these methods

provide an indication of potential links between micro-

biome and host, these are usually mere correlations and

should therefore be interpreted with caution, as theymight

not infer causation.

Within-kingdom interactions

Despite methodological issues linked to microbiome stud-

ies, several studies report interactions occurring within
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taxonomic groups at kingdom level. An obvious example

is quorum sensing in bacteria–bacteria interactions. Quo-
rum sensing is the regulation of gene expression between

cells in response to increased cell population density, by

secreting chemical signals (Papenfort & Bassler, 2016).

This means that bacterial populations co-ordinate its co-

operative behavior in response to the synthesis of chemi-

cals called auto-inducers. This phenomenon of regulating

cell density has been reported as beneficial within biofilms,

and has also been reported for the gut microbiome inmice

and in tsetse flies (Thompson et al., 2015; Enomoto et al.,

2017). Additionally, metabolic exchanges are important

among various bacterial members associated with the

insect hosts (Ankrah et al., 2017; Opatovsky et al., 2018).

A nice example is the interaction described in ‘Nutrient

provisioning by bacteria’, between the symbionts B.

cicadellinicola and S. muelleri, that jointly provide essential

nutrients to the glassy-winged sharpshooter H. vitripennis

(Wu et al., 2006). Another good example is the virus–virus
interactions, where viruses may depend on other viruses

for infectivity, and suppress or enhance the vector compe-

tence of insects (see ‘Vectoring of viruses’). Although we

know that bacterial communities associated with the insect

hosts are diverse, little is still known about cooperation

and conflict between bacterial taxa. Even less is known

about the complexity of interactions within fungal, proto-

zoan, and archaeal communities.

Cross-kingdom interactions

In addition to interactions within taxonomic microbial

groups, it seems fair to assume that the members of

various microbial kingdoms (bacteria, archaea, and

microbial eukaryotes – molds, yeasts, protozoan) and

viruses are also interacting with each other in the host

(Figure 1). In this context, the production of penicillin

by fungi in response to growth inhibition from bacteria

is a well-studied and a common example of how

microbes from different kingdoms may have evolved

properties for their interactions (Kester et al., 2011).

Other examples of important bacteria–fungi interactions
exist in the human (Nguyen et al., 2015; Sartor & Wu,

2017) and in plant microbiome (Vandenkoornhuyse

et al., 2015; Toju et al., 2018). Thus, in insects, these

interactions are likely relevant too.

One example focusing on the interactions among host,

fungi, and bacteria is witnessed in bark beetles of the genus

Dendroctonus that transport the fungi (Ophiostoma) in

membranous pockets. Zhou et al. (2016) recently showed

how bacteria and fungi in bark beetles interact when it

comes to scavenging the carbon sources. In their study

with the red turpentile beetle, Dendroctonus valens

LeConte, they showed that in the presence of bacterial

symbionts, the fungi tend to utilize D-pinitol as their car-

bon substrate, whereas in the absence of bacteria these

fungi would grow on D-glucose, their most preferred sub-

strate. When the larvae grow on D-glucose, the unused D-

pinitol antagonizes the survival of the beetle larvae that

negatively affects the survival of both the fungi and bacte-

rial symbionts. Thus, the bacteria–fungi form a relation-

ship which is also responsible for the distribution of

carbohydrates in the larvae eventually resulting in the sur-

vival of all three.

The bacteriophages are another clear example of cross-

kingdom interactions. Again, by borrowing examples from

other systems and hosts, we do know that bacteriophages

can regulate bacterial communities (Obeng et al., 2016) –
being important drivers of the composition of bacterial

communities in the human gut (Ogilvie & Jones, 2015) –
and even a three-way interaction among fungi, bacteria,

and phages has been reported in soil (Pratama & van Elsas,

2018). Our knowledge regarding bacteriome–virome

interactions in insects is limited to a few examples (see

‘Viruses’ section; Handley, 2016). The complexity of such

interactions is exemplified in aphid–bacteria–phage inter-
actions, in which the phage APSE infects its bacterial host

H. defensa, and the bacterium then defends the aphid

against its natural enemies (Oliver et al., 2009). Generally,

the absence of phage leads to a rise in the bacterial count

inside the aphid host, which leads to reduced fitness of the

aphid. The negative impact on aphid fitness is due to H.

defensa scavenging essential amino acids from its host,

which are in fact synthesized by another bacterial symbiont

of the aphids, B. aphidicola; second, the absence of the

phage reduces the protective function ofH. defensa for the

aphid against parasitoids (Weldon &Oliver, 2016).

Another example of cross-kingdom interactions are the

dramatic effects thatWolbachia bacteria can have on trans-

mission of pathogenic viruses and parasitic protozoa that

are vectored by insects (Moreira et al., 2009; Bian et al.,

2010; Rainey et al., 2014; Johnson, 2015). These interac-

tions are now also being studied to explore how this may

be exploited for vector and disease control (Bourtzis et al.,

2014; Caragata et al., 2016; Brinker et al., 2019).

Previous examples on protozoa revealed their relevance

in supplying termites with nutrients such as acetates, vita-

mins, and amino acids (see ‘Protozoa’ section). However,

given that bacteria and fungi are also present in termite

hindguts, how do these three groups – bacteria, fungi,

and protozoa – interact among themselves? Benjamino &

Graf (2016) have shown the presence and abundance of

protozoa and the protozoa-associated bacteria Treponema

and Endomicrobia, along with the presence of other
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bacterial communities, but their specific functions remain

unknown.

Outlook

When studying the microbiome of pest insects, the

restricted focus on bacteria is very likely to severely hamper

our understanding of its functioning and impact on the

biology of the pest. It is important to know how all the var-

ious microbes, as well as their intra- and inter-kingdom

interactions, affect the development, fitness, physiology,

and behavior of insects (Figure 1). We have made large

advances in the past decade in characterizing and under-

standing the great importance of the bacterial species for

host functioning. We now need to expand this research on

the role of the microbiome andmore explicitly include the

non-bacterial components of the microbiome and their

various interactions, as well as their functioning. Given

that the field of microbiome is progressing in metage-

nomics, emphasis on culturomics (Bilen et al., 2018) is the

need of the hour to get a better grasp about what is actually

going on in this network where all the microbial partners

are interconnected. In closing, we highlight three open-

standing questions that we consider of primary impor-

tance for understanding the ecology of the microbiome

associated with pests.

(1) Culture-independent techniques have captured how

microbial community composition in insects varies

largely in time and space-in response to diet, geogra-

phy, season, and developmental stage (Hu et al.,

2013; Wilhelm et al., 2014; Chaplinska et al., 2016; Lv

et al., 2016; Vacchini et al., 2017; Bascu~n�an et al.,

2018). The relevance of these parameters might vary

according to the microbial groups, with environmen-

tal factors being more important for bacteria and

fungi than in shaping the viral communities (Nouri

et al., 2016). How do these variations in microbiome

composition affect the interplay among these mem-

bers of the microbiome, and how does that affect pest

insects? And do we see similar results in endemic as

well as in invasive insect pests?

(2) Some insects harbor obligate symbionts, whereas

others seem to have more ephemeral, stochastic, and

flexible associations with microbes. The causes and

consequences of these differences are highly relevant

to understand the evolutionary and ecological dynam-

ics between the microbes within the microbiome.

Insects evolve strong associations with obligate pri-

mary endosymbionts, which may lead to the forma-

tion of a core microbiome in which these primary

endosymbionts are well integrated. This contrasts

with pests that can independently derive the necessary

nutrients from their resource or from naturally occur-

ring environmental microbes on their resources. In

these cases, it might be difficult to pinpoint a core

microbiome and identify key organisms associated

with the pest insect. Does the lack of a core species

make it difficult to work on the microbial control of

pests? Or shall we look for a core microbial genome

(set of specific microbial functions rather than spe-

cies) required for pest survival to build microbial con-

trol strategies?

(3) How do the additive effects of the total microbiome

work? We are yet to witness how the interplay among

microbial partners influences insect biology. In order

to do so, we argue that we need to use an ‘ecosystem’

approach, in which the biotic and abiotic interactions

of associated microbial components are addressed

simultaneously (insect host as a complex ecosystem).

Given that the field of microbiome research is pro-

gressing in metagenomics, emphasis on both taxo-

nomic and functional characterization of microbial

communities should allow us to raise hypotheses

about their interactions (amplicon sequencing), their

functions, and their impact on hosts (shotgun

sequencing and metatranscriptomics), as well as how

these patterns vary in space and time (between and

within developmental stages). However, given the cor-

relational nature of this type of data, culturable

approaches should be performed concomitantly with

genomics, and both should be used to design experi-

ments to manipulate the microbiome and draw causal

relationships from microbiome interactions and their

insect hosts.
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