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Summary

1. Evolutionary adaptations in interactions between plants, microbes and arthropods are gen-

erally studied in interactions that involve only two of these groups, that is, plants and

microbes, plants and arthropods or arthropods and microbes.

2. We review the accumulating evidence from a wide variety of systems, including plant- and

arthropod-associated microbes, and symbionts as well as antagonists, that selection and adap-

tation in seemingly two-way interactions between plants and microbes, plants and arthropods

and arthropods and microbes are often driven by the biotic context of a third partner.

3. We extend the concept of local adaptation from two-way interactions to scenarios for three-

way interactions. We show that consumers can locally adapt to specific host phenotypes that

are induced by a third species with which they do not directly interact. This emphasizes that

indirect interactions have not only ecological but also important evolutionary consequences,

and stresses the need to conduct studies of local adaptation in the proper ecological context of

the species involved.

4. Overall, our review underlines the importance of three-way interactions in the evolution of

plant–microbe, plant–arthropod and arthropod–microbe interactions, and we outline some

promising directions for future research.

Key-words: co-evolution, genotype-by-environment interactions, local adaptation, plant–-
insect interactions, plant–microbe–arthropod interactions, plant–pathogen interactions,
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Evolutionary three-way interactions between
plants, microbes and arthropods

Species interactions can drive evolutionary or co-evolution-

ary change in species, resulting in adaptive differentiation

within and between populations that can eventually lead to

ecological speciation (Schluter 2009). In recent years, it has

become clear that not only antagonistic interactions, but

also mutualistic interactions can drive such evolutionary or

co-evolutionary diversification (e.g. Janson et al. 2008;

Hoeksema 2010). Species interactions can therefore pro-

mote and maintain much of the biological diversity that we

see in natural systems. Interspecific interactions occur

within taxa, but also between taxa as diverse as plants,

microbes and animals. Here, we focus on interactions

between plants, microbes and arthropods. While our under-

standing of direct two-way interactions between plants and

microbes, plants and arthropods and arthropods and

microbes has a solid fundamental in the disciplines of ecol-

ogy and evolution (Begon, Harper & Townsend 2005),

studies exploring how indirect interactions among these

three taxa (Fig. 1) may drive ecological and evolutionary

patterns and processes have only recently been initiated.

Such three-way interactions between plants, arthropods

and microbes can have important consequences for the

performance of species in their local community (Barbosa,

Krischik & Jones 1991); for example, the presence and

identity of plant-associated microbes can affect the perfor-

mance of arthropods on their shared host plants and vice

versa (e.g. Jones 1984; Hatcher 1995; Felton & Korth

2000; Stout, Thaler & Thomma 2006; Pieterse & Dicke

2007; Hartley & Gange 2009; Tack & Dicke 2013), micro-

bial endosymbionts can affect the performance of their

arthropod hosts depending on food plant (e.g. Ferrari &

Vavre 2011; White 2011), and plants can affect the suscep-

tibility of arthropods to their microbial pathogens*Correspondence author. E-mail: a.biere@nioo.knaw.nl
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(e.g. Cory & Hoover 2006). There is now emerging evi-

dence that such three-way interactions between plants,

arthropods and microbes can play a major role in shaping

ecological communities (e.g. Frago, Dicke & Godfray

2012; Tack & Dicke 2013). However, an evolutionary

framework for understanding under which conditions

‘third parties’ can drive evolutionary change and even pro-

mote or impede adaptive evolutionary diversification in

interactions between two other species has only recently

been initiated (Janson et al. 2008). Two types of studies

can inform us about the role of three-way interactions

between plants, microbes and arthropods in evolutionary

and co-evolutionary diversification and adaptation of the

species involved: (i) studies examining contemporary pat-

terns of heritable variation, selection and adaptation in

interacting species and (ii) studies inferring longer-term

evolutionary patterns in traits involved in species interac-

tions using, for example, phylogenetic and molecular anal-

yses. Below, we first briefly outline when and how these

types of studies can be interpreted in the context of three-

way interactions and show how the concept of local

adaptation can be simply extended from a framework of

two-way interactions to scenarios for three-way interactions.

HERITABLE VAR IAT ION , SELECT ION AND ADAPTAT ION

IN THREE-WAY INTERACT IONS

For one species to drive evolutionary change in another

requires that it exerts significant and consistent selection

on heritable trait variation in that species. Co-evolutionary

change requires in addition that there is reciprocal selec-

tion, such that the fitness of the genotype of one species is

dependent on the genotype of the species with which it

interacts (genotype-by-genotype or G 9 G interaction). It

has long been realized that the abiotic component of the

environment can affect the strength and direction of selec-

tion and the local evolutionary outcome of two-way inter-

actions between hosts and their interacting antagonists

(Wolinska & King 2009) or beneficial organisms (Hoek-

sema 2010). This can be observed in the form of genotype-

by-environment (G 9 E) interactions for fitness in at least

one of the species, or genotype-by-genotype-by-environ-

ment (G 9 G 9 E) interactions for fitness, indicating

opportunities for locally variable evolution and co-evolu-

tion, respectively (Table 1). There is emerging evidence for

G 9 G 9 E interactions (Wolinska & King 2009), indicat-

ing local variability in the outcome of species interactions,

one of the pillars underlying the geographical mosaic of

co-evolution hypothesis (Thompson 1999) and thought to

be an important mechanism for maintaining polymor-

phisms in host–parasite interactions (Laine & Tellier

2008). For three-way interactions between plants, arthro-

pods and microbes to play an important role in evolution-

ary diversification of the species involved, it is essential

that not only the abiotic but also the biotic component of

the environment can modulate the evolutionary or co-evo-

lutionary outcome between two species. In other words,

we should observe that the community context alters the

pattern of (reciprocal) selection that two species exert on

each other’s ecologically important traits (Strauss, Sahli &

Conner 2005). As an example, interactions between barley

genotypes and aphid clones are affected by the presence or

absence of rhizobacteria (T�etard-Jones et al. 2007), as evi-

denced by a significant G[aphid] 9 G[barley] 9 E[rhizo-

bacteria] interaction for aphid fitness. In principle, the

interaction between barley genotypes and aphid genotypes

may be further dependent on the genotype of the rhizobac-

terial species associated with the plant, giving rise to more

complex G 9 G 9 G or G 9 G 9 G 9 E interactions

(Table 1). Although it has been argued that the presence

of additional species, resulting in more diffuse co-evolu-

tion, might decrease the strength and consistency of selec-

tion between any pair of species, it is important to realize

that there is no a priori reason that the presence of addi-

tional species would reduce the opportunity for any species

to be an important driver of trait diversification in another

species (Thrall et al. 2007; Hoeksema 2010). Rather, the

selection patterns may be more complex.

THE CONCEPT OR LOCAL ADAPTAT ION IN THREE-WAY

INTERACT IONS

When, as outlined above, a third species has the potential

to affect the evolution or co-evolution of the two interact-

ing species by altering the pattern of fitness interactions

between their genotypes, it becomes interesting to examine
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Fig. 1. Direct and indirect interactions between plants, microbes

and arthropods. Solid arrows (1–3) represent direct interactions;

organisms at the tail of arrows (‘agents’) cause changes in the phe-

notype or performance of organisms at the head of arrows (‘tar-

gets’) and can exert direct selection on target organisms. Dashed

arrows (4–6) indicate that organisms indirectly modulate the inter-

actions between two other organisms. For instance, selection

exerted by microbes on arthropods can be direct (e.g. endo-

symbionts or entomopathogens affecting arthropod performance

independent of food plant, arrow 1), but also indirect, for instance

when plant pathogens affect the (the distribution of) plant pheno-

types, which subsequently affects the performance and/or evolu-

tion of a herbivorous insect (arrows 2 and 3, respectively), or

when microbes affect arthropod traits that subsequently affect the

arthropod’s interaction with its food plants (both captured by

arrow 4).
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the exact pattern of such G 9 G 9 E or G 9 G 9 G

interactions. This will reveal whether there is any local

adaptation within the three-way interaction and, if so, who

is locally adapted to whom. In two-way interactions, for

instance between hosts and parasites, the diagnostic pat-

tern for parasite local adaptation is that parasite genotypes

originating from the local population of their hosts have

higher fitness on these hosts than parasite genotypes that

originate from other host populations (the so-called local

versus foreign comparison, sensu Kawecki & Ebert 2004).

Parasite local adaptation has been predicted for microbial

parasites of animal or plant hosts based on the generally

higher evolutionary potential of microbes compared with

their plant or animal hosts owing to their usually shorter

generation times, higher mutation rates and larger popula-

tion sizes. However, meta-analyses of experimental studies

have failed to show that parasite local adaptation is the

general pattern (Greischar & Koskella 2007; Hoeksema &

Forde 2008), underlining that many additional factors such

as their relative migration rates affect opportunities for

local adaptation (e.g. Gandon 2002). In three-way interac-

tions, the range of outcomes is clearly more complex, as

illustrated by just five of the more extreme cases of arthro-

pod responses to local and non-local genotypes of their

food plant and a food plant-associated microbe (Fig. 2).

In the simplest scenario, arthropods may adapt to their

local food plants, independent of a plant-associated

microbe (Fig. 2a). Alternatively, arthropods may adapt to

the specific combination of local host plant and microbe

(Fig. 2b), the microbe may alter the extent or direction of

local adaptation of the arthropod to the plant in various

other ways (Fig. 2c), or the arthropod may be adapted to

the plant phenotypes induced by the local plant-associated

microbe, independent of the genotype and origin of the

mediating plant, that is, even when it is not adapted to the

host plant itself that is harbouring the microbe (Fig. 2d).

Finally, the arthropod may not be locally adapted to plant

or microbe at all (Fig. 2e). It should be noted that the

illustrated scenarios all focus on local adaptation of the

arthropod. If we want to assess whether in these scenarios

the other players, plants and microbes, are locally (mal-)

adapted to each of the species with which they interact, we

would need additional information on the fitness parame-

ters of the plants and microbes themselves. Clearly, in

three-way and higher-order interactions, a plethora of

combinations of local adaptation, local maladaptation and

absence of adaptation among these different players is

possible.

MOLECULAR AND PHYLOGENET IC PATTERNS OF

DIVERGENCE IN THREE-WAY INTERACT IONS

Like in two-way interactions, studies using contemporary

variation and selection in three-way interactions, as

described above, may fail to recognize the importance of

such interspecific interactions in shaping evolutionary or

co-evolutionary diversification and adaptation. This is

because the genetic variation in traits of one or more spe-

cies that were initially involved in evolutionary diversifica-

tion may have become fixed at the species or even higher

taxonomic level over evolutionary time. For instance,

acquisition of microbial symbionts that provide nutritional

or defensive benefits to their arthropod hosts could enable

these arthropod hosts to shift onto novel host plants and

alter plant-mediated selection, contributing to plant-associ-

ated diversification and adaptation (Janson et al. 2008).

However, much of the variation in the traits that contrib-

uted to plant-associated diversification at the time that the

symbionts were acquired by the arthropod may now have

become fixed within species as a result of selection and

drift. Molecular studies tracing divergence of arthropod

lineages on different host plants following acquisition of

symbionts and co-divergence among arthropod and symbi-

onts on different plant species could then be helpful to

Table 1. Types of interactions that can potentially drive evolutionary or co-evolutionary diversification in plant–microbe–arthropod inter-

actions. An example is given for a plant-associated microbe (M) affecting the interaction between a plant (P) and an arthropod (A), but

similar tables can be constructed for arthropod-associated microbes, for arthropods affecting plant–microbe interactions or for plants

affecting arthropod–microbe interactions. Plant and arthropod genotypes either experience variation in the presence/absence of a plant-

associated microbe (EM) or experience different genotypes of the plant-associated microbe (GM). The plant and arthropod genotypes then

either do not respond (or do not differ in their response) to the plant-associated microbe (Fixed) or show genetic variation in their

response within or between populations (Different). Observed interaction types in bold are interactions between arthropod genotypes

(GA), plant genotypes (GP) and microbial presence/absence (EM) or genotype (GM) (detected for plant or arthropod traits involved in the

interaction) that facilitate microbial impact on plant–arthropod co-evolution. Types of interactions that facilitate microbial impact on the

evolution of plant or arthropod traits, but not necessarily their co-evolution are indicated in regular font

Type of variation in

plant-associated microbe (M)

Response of plant (P)

genotypes

Response of arthropod (A)

genotypes

Type of interaction for

plant trait

Type of interaction for

arthropod trait

Presence/absence Fixed Fixed – –
Different – GA 9 EM

Different Fixed GPxEM –
Different GP 3 GA 3 EM GA 3 GP 3 EM

Genotypic variation Fixed Fixed – –
Different – GA 9 GM

Different Fixed GP 9 GM –
Different GP 3 GA 3 GM GA 3 GP 3 GM

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 646–660

648 A. Biere & A. J. M. Tack



infer a role of three-way interaction in evolutionary

diversification and adaptation.

THE EVOLUT IONARY IMPL ICAT IONS OF

PLANT –MICROBE –ARTHROPOD INTERACT IONS

In this perspective, we place plant–microbe–arthropod

interactions within an evolutionary framework. (1) We first

synthesize the emerging evidence that each of the players

(plants, microbes and arthropods) can affect the evolution-

ary interactions between the other two players. To this

end, we have surveyed the literature for studies from a

wide array of systems that demonstrate (i) heritable varia-

tion in the outcome of three-way interactions as well as

evolutionary responses to selection and local adaptation in

three-way interactions, as revealed by artificial selection

and local adaptation studies, and (ii) evolutionary patterns

of divergence signifying a role of three-way interactions in

evolutionary diversification and adaptation as revealed by

molecular and phylogenetic studies. (2) We then synthesize

these results, outline the gaps in our current knowledge

and pinpoint promising directions for further research.

For convenience, we have somewhat artificially subdivided

the first part into three separate sections (Fig. 1 arrows 4,

5 and 6): microbial mediation of plant–arthropod interac-

tions, plant mediation of arthropod–microbe interactions

and arthropod mediation of plant–microbe interactions.

Microbial mediation of plant–arthropod
interactions

MEDIAT ION OF PLANT –ARTHROPOD INTERACT IONS BY

PLANT -ASSOCIATED MICROBES

Plants are associated with a vast array of microbes with

either beneficial or detrimental effects on their perfor-

mance. These include root-associated micro-organisms like

mycorrhizae, rhizobia, plant growth-promoting rhizobacte-

ria or fungi, root endophytes, soil pathogens and decom-

posers, as well as a wide variety of beneficial and

pathogenic fungi, bacteria, viruses and other micro-organ-

isms that are associated with above-ground plant parts.

These micro-organisms can cause significant phenotypic

changes (phenological, morphological, physiological or

biochemical) in their host plants and select for plant traits

involved in these plant–microbe interactions, which subse-

quently affect their attractiveness and suitability (phenol-

ogy, size, nutritional and defence status) as host plant for

arthropods, including herbivores, disease vectors, pollina-

tors and carnivores. Arthropods show various non-evolu-

tionary and evolutionary responses to these microbially

mediated changes. Below, we summarize some of these

responses and observed adaptation of arthropods to

microbially induced changes in their host plant.

Heritable variation, selection and local adaptation

Several studies have shown heritable variation in the per-

formance of arthropods on particular combinations of

host plants and associated microbes that can facilitate evo-

lutionary adaptation. T�etard-Jones et al. (2007) showed

that the presence of a growth-promoting rhizobacterium,

Pseudomonas aeruginosa, alters the interactions between

barley (Hordeum vulgare) genotypes and strains of the

grain aphid Sitobion avenae (GA 9 GP 9 EM, see

Table 1). The presence of the rhizobacterium either

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M1

A1

A2

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M2

A1

A2

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M1

A1

A2
A
rth
ro
po
d
fit
ne
ss

P1 P2

With M2

A1

A2

(a)

(b)

(c)

(d)

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M2

A1

A2
A
rth
ro
po
d
fit
ne
ss

P1 P2

With M1

A1

A2

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M2

A1

A2

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M1

A1

A2

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M1

A1
A2

(e)

A
rth
ro
po
d
fit
ne
ss

P1 P2

With M2
A1
A2

Fig. 2. Hypothetical examples of patterns of local adaptation in

plant–microbe–arthropod interactions, exemplified by arthropod

local adaptation in a three-way interaction between a plant,

arthropod and plant-associated microbe. Graphs display fitness of

arthropod genotypes (A1, black circles; A2, open circles; sub-

scripts 1 and 2 refer to population origin) on genotypes of food

plants from their local populations (P1 and P2, respectively) and

non-local populations, in the presence of genotypes of plant-asso-

ciated microbes from their local populations (M1 and M2, respec-

tively, left and right panels) and non-local populations. (a)

Arthropod local adaptation to food plants independent of their

microbes; (b) arthropod adaptation to the local combination of

food plant and microbe; (c) arthropod local adaptation to plants

depends on the microbial associate of the plant; (d) arthropod

local adaptation to the plant’s local microbial associate, indepen-

dent of the plant itself; (e) no arthropod local adaptation; arthro-

pods perform uniformly better on host plants and plant-associated

microbes from population 2.
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increased or decreased the performance of the aphids,

depending on the combination of barley and aphid geno-

type. Further studies identified five barley quantitative trait

loci (QTL) affecting aphid population growth of which the

expression was altered by the rhizobacterium (T�etard-

Jones, Kertesz & Preziosi 2012), providing unique insight

into the genetics underlying variation in plant-mediated

interactions between microbes and arthropods. Differential

responses of arthropods to the microbial extension of

their host plants have also been observed for arthropods

feeding on grasses that differ either in the presence or

absence, or in the particular strains of associated clavicipi-

taceous endophytes (Class I, sensu Rodriguez et al. 2009)

that they harbour. These endophytes produce alkaloids

that generally reduce arthropod performance (defensive

mutualism, see upcoming special feature edited by Keith

Clay). However, their effects often vary among genotypes

within herbivore species. For instance, while most clones

of the bird cherry-oat aphid (Rhopalosiphum padi) perform

better on tall fescue (Lolium arundinaceum) when it is

endophyte-free, some perform better when this host is

infected by a strain of Neotyphodium coenophialum

(GA 9 EM, see Table 1) (Bieri et al. 2009). The response

of the herbivore is further contingent upon host plant

genotype (Bultman et al. 2006) and the specific endophyte

strain associated with the host plant (Bultman et al. 2009).
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Fig. 3. Examples of studies of adaptation in three-way interactions between plants, microbes and arthropods. (a) Adaptation of arthro-

pods to host plant phenotypes induced by soil biota (after Bonte et al. 2010). Spider mites (Tetranychus urticae) selected for 15 generations

on common bean (Phaseolus vulgaris) plants have higher population growth rates on plants with the specific soil biota (mycorrhiza, Glo-

mus mosseae, or nematodes, Pratylenchus penetrans) that they experienced during selection than on plants without these soil biota. (b)

Lack of adaptation of insect/endosymbiont combinations to the food plant species from which they originate (after McLean et al. 2011).

Pea aphid clones (Acyrthosiphon pisum) do not enjoy higher reproductive benefit from their facultative endosymbionts (Hamiltonella de-

fensa or Regiella insecticola) on the host plant species from which they originate (white clover, Trifolium repens, great bird’s foot trefoil,

Lotus pedunculatus, or alfalfa, Medicago sativa) than on another host plant (broad bean, Vicia faba). On the contrary, the benefit to aphid

clones from Trifolium and Lotus is consistently lower on their ‘home’ plant species. Data were recalculated from Fig. S1 as 100*(S-NS)/

(S) where S and NS are the # offspring of aphids with symbionts and aphids from which symbionts were removed, respectively. (c) Lack

of adaptation of nutritional symbiotic fungi to the host plant chemotype from which their vectoring insects originate (after Davis & Hof-

stetter 2012). Strains of the nutritional mutualist fungus Entomocorticum sp. B, that is vectored and inoculated in their galleries by western

pine bark beetles (Dendroctonus brevicomis), do not perform best on diets representing the monoterpene chemotype of the host tree (Pon-

derosa pine, Pinus ponderosa) from which the beetles originated. Fungi isolated from beetles originating from the two more extreme chem-

otypes, dominated by a-pinene and delta-3-carene, respectively, tend to grow better on media mimicking their own chemotype than on the

other extreme chemotype, but both grow better on diets mimicking a third, less extreme, intermediate chemotype. (d) Partial adaptation

of entomopathogens to insect host phenotypes induced by their food plants (after Cory & Myers 2004). Strains of the nucleopolyhedrovi-

rus (McplNPV) of western tent caterpillars (Malacosoma californicum pluviale) originating from Canadian Islands dominated by red alder

(Alnus rubra) and wild rose (Rosa nutkana) kill their host caterpillars most quickly when hosts feed on these host plants, but the pattern is

not observed for strains from apple (Pyrus malus). Data were recalculated from Fig. 1 as 1/rate of kill at a standardized virus dose of 316

occlusion bodies per larva.
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Interestingly, densities of the fall armyworm (Spodoptera

frugiperda) were less impacted by a novel strain of N. coe-

nophialum than by a common strain (Bultman, Aguilera &

Sullivan 2012), which might indicate some adaptation of

the arthropods to the common strain.

While all these studies clearly show the potential for

microbially mediated selection and adaptation in the

plant–arthropod interaction, few have actually docu-

mented such evolutionary processes. One of the most con-

vincing studies showing that arthropods can evolutionarily

respond to selection mediated by plant-associated microbes

and adapt to the plant’s local microbial associate is that

by Bonte et al. (2010) (Fig. 3a). In an artificial selection

experiment, they raised spider mites (Tetranychus urticae)

originating from a large, genetically diverse base popula-

tion for 15 generations on common bean plants (Phaseolus

vulgaris). The plants were consistently grown under one of

three specific soil biota conditions: (i) presence of mycor-

rhizae (Glomus mosseae); (ii) presence of plant parasitic

nematodes (Pratylenchus penetrans) or (iii) control plants

without these soil biota. After 15 generations of selection,

spider mites selected in the presence of mycorrhizae or

nematodes had significantly higher population growth

rates on plants inoculated with these soil biota than on

control plants and vice versa. This indicates adaptation of

the arthropods to the phenotypes of their host plant that

were induced by the presence of their local soil biota

(GA 9 EM, Table 1). This study importantly shows, first,

that there was genetic variation in the response of the spi-

der mites to microbially induced phenotypic variation in

their host plants and, second, that the effect of the micro-

bially induced phenotype was large and consistent enough

across generations to result in directional selection within

the spider mite population.

Arthropods also commonly show innate and/or

learned behavioural responses to microbially induced

changes in their host plants that result in altered visita-

tion, oviposition or feeding rates (e.g. Hatcher 1995;

Stout, Thaler & Thomma 2006). Often, these behavioural

responses are adaptive, that is, they either result in better

exploitation of positive effects of microbially induced

changes on plant quality (e.g. Jallow, Dugassa-Gobena

& Vidal 2008) or negate the negative effects of the

induced changes on plant quality (e.g. Biere et al. 2002;

Biere & Honders 2006; but see, e.g., Bosque-P�erez &

Eigenbrode 2011). Such behavioural adaptations can

even be specific to the pathogen strain associated with

the plant (e.g. Cardoza & Tumlinson 2006). Behavioural

responses are not only important because they can pro-

vide a direct selective advantage, but also because they

can allow arthropods to perform sufficiently well on

microbially infected plants to create a window of oppor-

tunity for genetic adaptation to occur. In some cases,

these behavioural adaptations may have been co-opted

by the arthropod from behaviours evolved in response to

other biotic or abiotic selection pressures that result in

similar phenotypic changes in its host plant (exaptations,

sensu Gould & Vrba 1982). Regardless, it would be

interesting to see whether there is contemporary intraspe-

cific genetic variation in the extent or pattern of arthro-

pod behavioural responses to microbially induced

changes in plant phenotypes, which could facilitate evo-

lutionary fine-tuning of the behaviour in response to mi-

crobially mediated selection. Surprisingly, such

intraspecific variation has been seldom reported. It is

therefore still an open question whether these behaviour-

al responses are generally fixed at the species level or

that this type of variation exists but has rarely been

explored.

Longer-term evolutionary patterns

There has been recent speculation that the evolved

behavioural responses of arthropods to microbially

induced changes in the host plant are exploited by

microbes that rely on these arthropods for their transmis-

sion by manipulating the plant cues to which the arthro-

pods respond (Mauck, De Moraes & Mescher 2010; Mann

et al. 2012; McMenemy et al. 2012; Mauck et al. 2012).

Many arthropods are important vectors of plant viruses.

The evolutionary interactions between plant, virus and

vector are complex (Blanc, Uzest & Drucker 2011). Viruses

have evolved intricate ways to hijack and exploit host

plant metabolic, defence and other pathways (Lozano-

Duran et al. 2011; Gutierrez et al. 2013) to alter the attrac-

tion, the propensity to initiate sustained feeding and the

performance of their insect vectors in ways that can

increase their transmission (e.g. Stafford, Walker & Ull-

man 2011). Interestingly, there is increasing evidence that

viruses with different transmission modes differ in the way

that they modulate their host plant’s phenotype and that

the specific pattern of modulation triggers behavioural

responses in their insect vectors that match the virus’

requirement for effective transmission (Mauck et al. 2012).

Specifically, all viruses are expected to increase the attrac-

tiveness of host plants to insect vectors. But only viruses

with a persistent transmission mode, which require sus-

tained feeding by the vector for effective transmission, are

expected to enhance the quality of the plant as a resource

for the vector and to enhance plant traits that promote the

propensity of vectors to settle and feed. By contrast, for

viruses with a non-persistent transmission mode, which

can be quickly acquired by their vectors, it would be more

beneficial to affect plant traits that do not encourage pro-

longed feeding, but instead encourage their immediate dis-

persal to uninfected host plants to speed up transmission.

Several studies support these ideas (reviewed in Mauck

et al. 2012), suggesting that the distinct patterns of how

viruses manipulate the plant mechanisms that underlie

their interactions with vectoring arthropods have evolved

in parallel with the distinct specialized transmission modes

of these viruses (adaptive parasite manipulation, Poulin

1995; Lefevre & Thomas 2008). This illustrates not only

the pervasive role that microbes can play in determining
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the outcome of plant–arthropod interactions, but also the

complexity of interspecific feedbacks involved in the

evolution of virus transmission modes.

MEDIAT ION OF PLANT –ARTHROPOD INTERACT IONS BY

ARTHROPOD-ASSOCIATED MICROBES

Arthropods are associated with a wide variety of micro-

organisms. These include viral, fungal and bacterial ento-

mopathogens as well as endo- or ectosymbionts that can

play important ecological roles in nutrient provisioning,

food plant exploitation, defence against natural enemies

and stress tolerance of the arthropods. Much of our current

insight into the role of arthropod-associated microbes as

mediators of evolution in plant–arthropod interactions

comes from studies of obligate and facultative endo-

symbionts of phloem- and xylem-feeding arthropods that

have addressed their role in the evolution of food plant use

and specialization of their arthropod hosts. Obligate (pri-

mary) endosymbionts are vital for survival and reproduc-

tion of their hosts. They are often located in special organs

such as bacteriomes or midgut crypts and are predomi-

nantly vertically (maternally) transmitted. Hence, they

become part of the heritable genetic variation of their hosts,

sometimes referred to as the holosymbiont (Feldhaar 2011).

Acquisition of these symbionts is often followed by an evo-

lutionary process of complementary and irreversible gene

loss in host and symbiont and extreme genome reduction

on the side of the symbiont. Facultative (secondary) endos-

ymbionts, on the other hand, are not indispensable for

arthropod survival and reproduction. Although heritable,

they are often not strictly vertically transmitted, and they

provide benefits that are conditional on abiotic and biotic

environmental conditions. Janson et al. (2008) distin-

guished two processes by which microbial endosymbionts

of arthropods could affect the evolution of food plant use

and food plant-associated differentiation of their hosts. The

first is through extension of the arthropod’s phenotype in

terms of nutritional, defensive or stress tolerance abilities,

thereby enhancing (or, theoretically, reducing) the

arthropod’s ability to exploit novel host plants (‘ecological

opportunity’). The second is through altering food plant-

associated selection, that is, favouring high performance of

the arthropod on some plants but not on others (‘modulat-

ing selection’). In this section, we will first discuss evolution-

ary patterns that strongly suggest a prominent role of

primary endosymbionts in enhancing the ecological oppor-

tunity of arthropods. Thereafter, we will discuss the role of

primary endosymbionts, secondary endosymbionts and

ectosymbionts in modulating host plant-associated selec-

tion, using studies of heritable variation, selection and local

adaptation. These studies will show that the benefits of all

these symbionts to the arthropods are indeed often host

plant specific, but seldom provide higher benefit on the

local host plant of the arthropod. Finally, this section

will discuss the impact of entomopathogens on host plant

adaptation in arthropods.

Primary endosymbionts

There is no doubt that the evolution of a phloem- or

xylem-feeding strategy by arthropods was facilitated by

the acquisition of endosymbionts that contributed to the

provisioning of the essential amino acids and vitamins that

lacked from these imbalanced host plant resources and

that could not be synthesized by the arthropods themselves

(Douglas 1998). For instance, in sharpshooters, a subfam-

ily of leafhoppers feeding on xylem sap, phylogenetic anal-

yses indicate that the shift to xylem sap feeding occurred

shortly after they acquired the obligate bacterial nutri-

tional endosymbiont, Baumannia cicadellinicola (Takiya

et al. 2006). After that, hosts and endosymbionts diversi-

fied in parallel. Much earlier, the acquisition of another

endosymbiont, Sulcia muelleri, had enabled their ancestors

to adopt a general sap-feeding lifestyle on primitive vascu-

lar plants (Takiya et al. 2006). Thus, the initial acquisition

of obligate endosymbionts was probably responsible for a

major innovation in arthropods that broadened their eco-

logical niche and enabled them to utilize novel resources.

Further support that endosymbionts can enhance their

host’s opportunities for exploitation and utilization of

novel host plants comes from a number of elegant endo-

symbiont manipulation studies (e.g. Hosokawa et al. 2007;

Tsuchida et al. 2011) that clearly illustrate enhancement of

ecological opportunity by acquisition of endosymbionts,

even though in nature such horizontal transfer events may

be extremely rare (Oliver et al. 2010), especially for

obligate endosymbionts.

In contrast to the strong support for a role of primary

endosymbionts in increasing ecological opportunity, there

seems to be far less support for an important role of these

endosymbionts as modulators of host plant-associated

selection in ways that shape contemporary patterns of host

plant use and adaptation of their phloem- and xylem-feed-

ing arthropod hosts. This is best illustrated by recent

results from the intensively studied system of pea aphids

(Acyrthosiphon pisum) and their obligate and facultative

endosymbionts. Pea aphids form a series of genetically dif-

ferentiated, food plant-associated populations, connected

by varying degrees of gene flow. The clones show trade-

offs in performance on different host species and exhibit a

strong pattern of local adaptation to their preferred host

plant species (Via 1991; Ferrari, Via & Godfray 2008; Pec-

coud et al. 2009). The role of endosymbionts in the

observed patterns of host plant-associated differentiation

and adaptation of pea aphids has long been enigmatic. Pea

aphids partly rely on their obligate endosymbiont Buchner-

a aphidicola for the synthesis of essential amino acids that

are not, or insufficiently, provided by the phloem of their

leguminous host plants. Interestingly, combinations of pea

aphid clones and their Buchnera symbionts differ in their

requirements of dietary essential amino acids, the so-called

nutritional phenotype of the symbiosis. Some aphid clones

are relatively independent of the provisioning of essential

amino acids in their diet, whereas others require several of
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them for growth and reproduction (Douglas 1998). There-

fore, we could argue that if variation in the nutritional

phenotype of the symbiosis is largely explained by varia-

tion in the nutritional capacities of the endosymbiont, the

endosymbiont could also potentially play an important

role in the observed host plant-associated differentiation

and adaptation.

Surprisingly, recent molecular and metabolic modelling

studies do not support an important role of the endosym-

biont in explaining the nutritional phenotype. It had been

anticipated that functional variation in Buchnera genes

involved in the biosynthesis of essential amino acids would

be an important source of variation in nutritional pheno-

types and partly represent endosymbiont adaptation to

host plant variation in the provisioning of amino acids and

their precursors. However, first, analyses of the genomes

of Buchnera (Shigenobu et al. 2000) and pea aphids (Wil-

son et al. 2010) unexpectedly revealed that the biosynthesis

of several of the essential amino acids is not simply medi-

ated by symbiont genes, but requires an intimate collabo-

ration between pea aphid and symbiont genes (Hansen &

Moran 2011). This is because the aphid and symbiont have

experienced strong, even within-pathway, complementary

loss of functional genes involved in the biosynthesis of

essential amino acids over evolutionary time, thus requir-

ing coordinated action of aphid and symbiont to produce

them (Hansen & Moran 2011). Second, while a number of

studies have indeed found functional sequence variation in

genes involved in the endosymbiont-mediated steps of

amino acid biosynthesis in at least some Buchnera strains

in some aphid clones (Wernegreen & Moran 2000; Moran

& Degnan 2006; Vogel & Moran 2011), this variation does

not appear to be a dominant factor in explaining overall

variation in nutritional phenotypes. Instead, an elegant

metabolic modelling study by MacDonald, Thomas &

Douglas (2011) revealed that variation in nutritional phe-

notypes can be largely explained by aphid variation in the

provisioning of nutrient precursors necessary for the steps

in the essential amino acid biosynthesis that are mediated

by the endosymbiont. In other words, not the symbiont

but the aphid appears to be in control of the nutritional

phenotype and may regulate their joint metabolic path-

ways depending on the host plant species with which they

are associated. Overall, these data thus do not provide

convincing support that Buchnera has been an important

driver of the current pattern of host plant use and adapta-

tion in pea aphids by incurring selective advantages or dis-

advantages on specific host plants due to variation in its

potential to provide essential amino acids to its aphid

hosts.

Secondary endosymbionts

In contrast to the obligate endosymbionts discussed above,

facultative endosymbionts of pea aphids are not indispen-

sible for survival and growth and have been experimentally

manipulated to study their role in host plant-associated

differentiation and in the current patterns of host plant use

and local adaptation in pea aphids. Remarkably, this had

led to the same conclusion as above, that is, that they pro-

vide benefits that are conditional on host plant, but do not

generally increase their host’s fitness specifically on the

food plant that they are specialized on. Pea aphids har-

bour several secondary endosymbionts. The prevalence of

these secondary endosymbiont species strongly differs

among aphid clones specialized on different plant species

(Simon et al. 2003; Ferrari et al. 2012). However, while

such non-random distribution patterns of secondary sym-

bionts are interesting, they do not tell us whether they are

a cause or a consequence of the divergence of pea aphids

on different host plant species. The co-association may be

observed either because particular aphid–endosymbiont

combinations perform best on particular host plants or

simply because aphids specialized on different host plant

species tend to get associated with different assemblages of

facultative endosymbionts.

Recent experimental manipulation studies have specifi-

cally tested (i) whether benefits provided by secondary

endosymbionts are host plant specific, and hence could

modulate selection on host plant use in their aphid hosts;

and (ii) whether any benefits that aphids gain from their

local endosymbionts is higher on the host plant species on

which they are specialized than on any other plant species,

suggesting local adaptation. While evidence for the former

is strong, there appears to be no general evidence for the

latter. Initial studies showed that removing the dominant

endosymbiont Regiella aphidicola from an aphid clone spe-

cialized on clover reduced the performance of this aphid

specifically on its local host plant, clover, but not on Vicia

faba, a general host plant that is widely accepted by pea

aphids (Tsuchida, Koga & Fukatsu 2004). This supports

the idea that the benefit of the local endosymbiont is larg-

est on the food plant that the aphid is specialized on.

However, removal of R. aphidicola from two other aphid

clones specialized on clover did not reduce their perfor-

mance on this host plant (Leonardo 2004), and introduc-

tion of R. aphidicola strains into R. aphidicola-free aphid

clones had inconsistent effects on their performance on

clover (Ferrari, Scarborough & Godfray 2007). In even

more striking contrast to the findings by Tsuchida, Koga

& Fukatsu (2004) are recent studies by McLean et al.

(2011). They showed that removal of endosymbionts from

pea aphid clones specialized on clover generally leads to a

clone-specific reduction in aphid performance on clover.

Thus, aphid clones benefit, to different extent, from the

presence of their associated endosymbionts on their local

host plant. However, in sharp contrast to the idea that the

assemblage of co-transmitted secondary endosymbionts

specifically benefits the aphids in exploiting the local host

plant on which they are specialized, the benefit of these

associated symbionts appeared to be consistently higher on

the non-local host plant V. faba (Fig. 3b). The same was

true for aphids specialized on Lotus, whereas aphids from

three other host plants suffered as much from
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endosymbiont removal on their local host plant as on

V. faba. This strengthens the conclusion that secondary

endosymbionts can modulate food plant-associated selec-

tion by providing host plant-dependent benefits, but also

suggest that they have not played a major role in the

observed local adaptation of the aphids to their food

plants, given the lack of specific benefits on the host plants

on which the aphids are specialized. Based on additional

studies, Ferrari et al. (2012) concluded that the host plant-

associated distribution of secondary symbionts in the pea

aphid complex is more likely a consequence than a cause

of the host plant-associated divergence of their pea aphid

hosts (Ferrari et al. 2012). This does not rule out that sec-

ondary endosymbionts could be involved in patterns of

adaptation at a finer scale (below the plant species level),

which would require studies involving plants, aphids and

endosymbionts from local and non-local populations.

Ectosymbionts

A few groups of arthropods form symbioses with plant-

feeding fungi that they farm in fungal gardens. These fungi

are inoculated and grown on food sources that they can

break down more efficiently than the arthropods, enabling

the arthropods to extend the range of food sources that

the arthropods can exploit. Therefore, they are often con-

sidered as nutritional ectosymbionts. Few studies in these

systems have investigated the question that was posed ear-

lier for endosymbionts, that is, whether the benefits that

these fungi provide to their arthropod hosts are highest on

the local food plant of the arthropod. Davis & Hofstetter

(2012) did not find strong evidence for such local adapta-

tion (Fig. 3c). They studied the performance of strains of a

fungal nutritional symbiont (Entomocorticium sp.) farmed

by western pine bark beetles (Dendroctonus brevicomis) on

local versus non-local host plant chemotypes of ponderosa

pine (Pinus ponderosa). During colonization of pine trees,

the adult beetles inoculate tree vascular tissues with fungal

mycelia that they carry in special exoskeletal fungal trans-

port structures (mycangia). The fungi themselves are con-

sidered to be non-pathogenic and harmless to the trees,

but beetle larvae feed on the fungal mycelia in vascular tis-

sues, creating galleries that usually result in tree death.

Ponderosa pine populations in northern Arizona are poly-

morphic for oleoresin chemotype. A few chemotypes can

be distinguished based on oleoresin monoterpene composi-

tion, predominantly those dominated by (i) alpha-pinene;

(ii) delta-3-carene and (iii) a chemotype with intermediate

concentrations of both of these monoterpenes. Fungi iso-

lated from beetles collected from these three chemotypes

were reciprocally grown on media amended with monoter-

pene mixtures that closely mimicked these chemotypes.

Control media without monoterpenes were included to

assess the growth reduction experienced on each of the

monoterpene mixtures. Contrary to expectations based on

a general pattern of local adaptation, fungi did not per-

form best on the mixture representing the tree chemotype

from which their beetle host had been collected. Instead,

they performed best on the mixture representing the inter-

mediate chemotype, irrespective of their origin, suggesting

that more extreme chemotypes may be more challenging to

the fungus. Moreover, fungi originating from beetles col-

lected from the intermediate tree chemotype tended to out-

perform fungi isolated from beetles collected from the two

more extreme tree chemotypes on all media (Fig. 3c). The

results suggest that chemotypic variation in plants does

exert selection on mutualistic nutritional microbes of bark

beetles, affecting arthropod performance, but that such

selection has not resulted in bark beetles farming nutri-

tional microbes best adapted to exploit the tree chemo-

types of their current choice.

By contrast, some studies of longer-term evolutionary

patterns do provide some support to the idea that fungi

domesticated by arthropods adapt to the host plants of

their arthropods (Semenova et al. 2011). Attine ants rear

basidiomycete fungi on a substrate consisting of plant

material that they collect in fungal gardens. The fungi

break down the plant material using proteinases, making

nitrogen more easily available to the ants. Semenova et al.

(2011) showed that the proteinase activity of fungi associ-

ated with lower attine ants is dominated by metallopro-

teinases, whereas that of fungi tended by higher, more

derived, attine ants, that have no known free-living fungal

relatives, is dominated by serine proteinases. The latter

have a higher enzyme activity, a pH optimum that is much

closer to that of the gardens and more buffering capacity

at this pH than the former. This suggests that the irrevers-

ible domestication of these fungi by attine ants on their

particular plant substrates has been instrumental in the

evolution of the fungal proteinases, increasing the benefit

of these symbionts to their tending arthropods. Interest-

ingly, there is also support for an alternative way of

increasing the benefits of fungal symbionts, namely by

arthropods adjusting their food plant choice to match the

current abilities of their tended fungi (Saverschek et al.

2010).

Entomopathogens

Not only symbionts, discussed above, but also entomo-

pathogens can affect host plant-associated selection in their

arthropod hosts. For instance, entomopathogens can affect

the rate of evolution of resistance of arthropods to host

plant defences (Gould, Kennedy & Johnson 1991). A study

by Johnson, Gould & Kennedy (1997) showed that ento-

mopathogens accelerated the rate of adaptation of the

tobacco budworm (Heliothis virescens) to transgenic

tobacco plants that contained sublethal concentrations of

the Bacillus thuringiensis (Bt) toxin. During 8–10 genera-

tions of selection, the arthropod adapted quicker to Bt

tobacco in the presence of the fungal entomopathogen

Nomuraea rileyi than in its absence (Johnson, Gould &

Kennedy 1997). Larvae of the budworm that were slightly

more adapted to Bt were less inclined to move immediately
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to another plant in search of less toxic food, thereby

reducing their encounter rate with the entomopathogen.

This in turn reduced their entomopathogen-induced mor-

tality and enhanced their fitness advantage over less

adapted larvae, speeding up selection. Interestingly,

whereas the presence of the fungus affected the arthropod’s

rate of adaptation to the plant (a three-way interaction), it

did not result in any adaptation of the arthropod to the

fungus (a direct, two-way interaction) on a given plant.

Plant mediation of arthropod–microbe
interactions

PLANT -MED IATED SELECT ION IN

ARTHROPOD –ENTOMOPATHOGEN INTERACT IONS

Previously, we have seen how entomopathogens can affect

selection in plant–arthropod interactions. Conversely,

plants can have a large impact on selection in arthropod–-
entomopathogen interactions. Entomopathogens are a

diverse group of organisms that include fungi, bacteria

and viruses, predominantly nucleopolyhedroviruses

(NPVs) and other baculoviruses. Many studies have illus-

trated the importance of bottom-up (plant-mediated)

effects in interactions between arthropods and their ento-

mopathogens (Duetting et al. 2003; Raymond & Hails

2007; Shikano et al. 2010), and plants have been shown to

affect entomopathogens either directly or indirectly (i.e.

mediated by the arthropod) (reviewed in Cory & Hoover

2006; Cory & Ericsson 2010). Most studies documenting

that variation in plant attributes can affect arthropod–

entomopathogen interactions are based on effects of plant

interspecific variation. For example, entomopathogens

show genetic variation in their response to interspecific

variation in the food plants of their herbivores (Hodgson

et al. 2002). This could lead to adaptation of entomopath-

ogens to the local food plant species of their herbivorous

hosts, as suggested by a study of Cory & Myers (2004).

They showed that entomopathogens kill off their arthro-

pod hosts faster when these are reared on the host plant

with which they had a co-evolutionary history than on

other host plants (Fig. 3d). Strains of the nucleopoly-

hedrovirus (McplNPV) of western tent caterpillars (Mala-

cosoma californicum pluviale) were collected from three

distinct island populations in the southern Gulf Islands in

Haro Strait, Canada. The islands were dominated by red

alder (Alnus rubra), wild rose (Rosa nutkana) and apple

(Pyrus malus), respectively. The first two represented stable

populations of tent caterpillars, whereas populations on

the apple-dominated island were characterized by frequent

extinctions and recolonizations from adjacent islands that

could be dominated by other food plants than apple. NPV

performance was tested on caterpillars that were fed either

the dominant food plant species at the NPV’s site of origin

(local food plant) or the two non-local food plants

(Fig. 3d). As expected based on a scenario of adaptation

to the local food plants of their caterpillars, NPV strains

from the stable populations (islands dominated by red

alder and rose) had the highest speed of kill when their

hosts were reared on the plant species that corresponded

to the locally most dominant food plant at the NPV’s ori-

gin. This pattern was not observed for the strains originat-

ing from the non-stable populations that probably

experienced different host plants during their recent evolu-

tionary history. Obviously, speed of kill is only one aspect

of virus fitness; virus isolates did not differ in pathogenicity

(virus-induced mortality), and relationships between speed

of kill and virus yield differed among isolates. Yet, for

speed of kill, the results suggest that entomopathogens can

adapt to the local food plants of their hosts with which

they have a co-evolutionary history. It should be noted

that the design of the above-mentioned study puts some

important limitations to the interpretation of the results in

the context of local adaptation, which are exemplary for

studies of adaptation in more complex interactions. Virus

isolates from each population were pooled per island, and

hence, within-island replication was essentially lost, pre-

venting us to draw conclusions at the population level that

are required for inferences about general patterns of local

adaptation. Also, the herbivores were collected from a

common source that was non-native to all islands, so that

any evolved responses of herbivores to their local food

plants that would affect their phenotype as experienced by

the virus is taken out of the interaction. There are obvi-

ously good reasons for such design limitations; the size of

full factorial experiments quickly increases beyond the

experimenter’s abilities. Yet, these limitations are a main

constraint to our current insight into patterns of more

complex local adaptation.

Entomopathogen adaptation to the local host plant of

arthropods has experimentally been observed for non-

microbial entomopathogens using artificial selection stud-

ies (Barbercheck, Wang & Brownie 2003). However, not

all studies show indications of local adaptation of entomo-

pathogens to the food plant of their arthropod hosts. For

example, Raymond et al. (2002) found no evidence that

the NPV of the winter moth, Operophtera brumata, from

oak (Quercus robur) and Sitka spruce (Picea sitchensis),

had higher rates of host kill or virus yield on the host plant

species from which they originated. Another promising

system for studying evolutionary effects of host plants on

arthropod–pathogen interactions revolves around the

interaction between the protozoan parasite Ophryocystis

elektroscirrha and its monarch butterfly host Danaus

plexippus. This interaction is strongly affected by the chem-

ical composition of their milkweed host plants, and it was

shown that host plant variation can drive virulence evolu-

tion in the arthropod’s parasite (de Roode et al. 2011).

Several studies have shown that arthropod–entomo-

pathogen interactions can also be modulated by extant

intraspecific genetic variation in plants. For instance, mul-

berry genotypes (Morus spp.) differ in their effects on NPV

efficacy in the silk worm Bombyx mori (Sosagomez, Alves

& Marchini 1991). Furthermore, chickpea (Cicer
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arietinum) genotypes differ in their effects on NPV efficacy

as mortality factor in the cotton bollworm Helicoverpa

armigera (Cowgill & Bhagwat 1996). This indicates the

opportunity for reciprocal evolutionary interactions

between plants and entomopathogens of their arthropods.

ENTOMOPATHOGENS AS PLANT BODYGUARDS

The observation that host plant attributes can have strong

direct and indirect effects on the encounter rate and sus-

ceptibility of herbivorous arthropods to their entomopath-

ogens has also repeatedly inspired the question whether

such plant attributes evolved, at least partly, in response to

these biotic interactions and whether these traits can be

considered as an indirect defence strategy by which plants

recruit entomopathogens as bodyguards against herbi-

vorous arthropods (Elliot et al. 2000; van Munster et al.

2005; Cory & Hoover 2006; Cory & Ericsson 2010). This is

analogous to the long-standing question whether plants

use herbivore-induced volatile organic compounds as an

indirect defence strategy to attract parasitoids and preda-

tors as bodyguards against herbivores (Dicke & Sabelis

1988; Turlings et al. 1995; van der Meijden & Klinkhamer

2000; Allison & Hare 2009) and whether under stressful

conditions plants can attract rhizobacteria to trigger a

priming response that enhances their defence against herbi-

vore attacks (Pineda et al. 2013). In evolutionary terms,

the crucial question is whether there is heritable variation

in plant traits that consistently increase the efficiency of

entomopathogens in reducing plant feeding by herbivorous

arthropods and whether that indeed results in increased

plant fitness. Unfortunately, despite the clear demonstra-

tion of effects of plant traits on entomopathogen efficacy

and of evolutionary responses of entomopathogens to the

local food plants of their hosts, crucial pieces of evidence

for their benefits to the host plant are even more scant

than for the hypothesis that plant volatiles can be seen as

an indirect defence strategy by which plants recruit arthro-

pod natural enemies as bodyguards. Notably, studies often

fail to show consistent numerical or functional responses

of herbivorous arthropods to entomopathogens in

response to host plant variation, and effects on plant fit-

ness have rarely been addressed (Cory & Ericsson 2010).

This hypothesis therefore awaits further study.

Arthropod mediation of plant–microbe
interactions

While many studies have investigated whether and how

microbes alter selection on arthropods by modulating

plant–arthropod interactions, only few have, conversely,

addressed the question whether arthropods exert indirect

selection on microbes by modulating plant–microbe inter-

actions. Two types of studies have illustrated the role of

arthropods in modulating selection in plant–microbe inter-

actions. First, studies of plant virus–vector interactions

have recently addressed the impact of variation in the

behaviour of the vectoring arthropod on plant virus evolu-

tion. For instance, different plant-feeding strategies among

insect vectors can have major implications for the evolu-

tion of plant viruses by enhancing or reducing their oppor-

tunities for recombination. These issues are addressed by

Gutierrez et al. (2013) in this issue. A second type of stud-

ies involves indirect effects of arthropods on microbes in

the plant’s rhizosphere. Rhizosphere microbial communi-

ties can adapt to the specific plant species and genotypes

that they are associated with (Schweitzer et al. 2008). For

instance, soil microbial communities are often better at

decomposing litter from plant species that are native to

that soil microbial community than litter from foreign

plants (the so-called home field advantage, Gholz et al.

2000). Such microbial adaptation has been observed both

at the level of plant species and at the level of individual

plant genotypes (Madritch & Lindroth 2011). In turn, the

plant-mediated changes in soil microbial community can

positively feed back on plant genotype fitness through, for

example, benefits of increased local mineralization (Smith

et al. 2012). Interestingly, recent studies have shown that

herbivorous arthropods can modulate these plant–soil

microbe interactions. Herbivorous arthropods alter plant

tissue quality, thereby affecting soil microbial communities

through altered root exudation profiles and litter quality

(e.g. Madritch, Donaldson & Lindroth 2007; Hamilton

et al. 2008). Arthropods thus exert selection on the rhizo-

sphere microbial community through altering properties of

their host plants. Studies by Kostenko et al. (2012) suggest

that such arthropod-mediated selection creates a soil leg-

acy effect that can affect the fitness of both the plant’s off-

spring and the arthropod’s offspring. Shoot herbivory by

the noctuid Mamestra brassicae altered the rhizosphere

fungal community of ragwort (Jacobaea vulgaris). This cre-

ated a soil legacy effect: ragwort offspring exposed to soil

inoculated with the altered soil biota originating from the

rhizosphere of the mother plant produced less root bio-

mass and had lower levels of shoot secondary metabolites

(pyrrolizidine alkaloids), which interestingly supported

higher growth rates of Mamestra larvae in the next genera-

tion. Not all studies of arthropod effects on plant–soil

microbe interactions provide evidence that arthropods can

modulate selection in these interactions. For instance, after

twenty years of experimental removal of the stem-boring

moth, Dioryctria albovittella, from moth-susceptible pin-

yon pines (Pinus edilis), ectomycorrhizal communities asso-

ciated with these trees did not differ from the communities

on susceptible trees that had received continued herbivory

(Sthultz et al. 2009). Thus, the moth did not appear to

impose selection on the ectomycorrhizal community of its

host plant. However, ectomycorrhizal communities on

resistant trees significantly differed from those on suscepti-

ble trees, so it is possible that the moth can impose indirect

selection on the ectomycorrhizal community by favouring

tree genotypes with insect resistance traits. Heath & Lau

(2011) also failed to find evidence that the generalist herbi-

vore, Spodoptera exigua, alters selection between barrel

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 646–660
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medic (Medicago truncatula) and its associated rhizobium,

Sinorhizobium meliloti. Herbivory generally increased the

nodulation rate, but did not significantly alter the strength

or direction of the effect of the rhizobium on the biomass

and reproduction across the studied plant families within

populations.

Synthesis and future directions

TOWARDS MULT IFACETED THREE-WAY

EVOLUT IONARY INTERACT IONS BETWEEN PLANTS ,

M ICROBES AND ARTHROPODS

In the two decades since Barbosa, Krischik & Jones (1991)

published their seminal book on microbial mediation of

plant–insect interactions, numerous studies have contrib-

uted to our insight into the fascinating and intricate ways

in which microbes, often as ‘hidden players’, affect interac-

tions between plants and arthropods and the molecular

mechanisms underlying these effects (Pieterse et al. 2012).

While the huge ecological implications of such three-way

interactions have long been recognized, it is only recently

that the importance of these three-way interactions for the

evolution of the species involved becomes fully appreci-

ated. Microbes exert strong effects on the nutritional,

defensive and stress tolerance abilities of their arthropod

and plant hosts. These effects in turn can strongly impact

the evolutionary trajectories on three-way interactions

(Janson et al. 2008), both by modifying the range of spe-

cies that their hosts can exploit or resist, respectively (eco-

logical opportunity), and by imposing benefits or costs

that are contingent upon host genotype (modulating selec-

tion in plant–arthropod interactions). We explicitly sur-

veyed genetic variation in the effects of microbes on

plant–arthropod interactions, a basic requirement for their

ability to affect evolution in three-way interactions by

modulating selection. Our survey revealed the ubiquity of

such conditional effects across the whole spectrum of

microbes, from arthropod- to plant-associated microbes,

from mutualists to antagonists and from obligate and fac-

ultative endosymbionts to ectosymbionts. Effects of

microbes on plant–arthropod interactions were generally

contingent upon the genotype of at least one of the species

involved (microbe, plant or arthropod), and in a few inves-

tigated cases on more than one (e.g. GP 9 GA 9 EM,

Table 1), indicating the potential for evolutionary and

co-evolutionary responses to microbially mediated selec-

tion. We expect that such microbially mediated selection

may in fact be common and that it may be a frequently

overlooked aspect of evolutionary differentiation and

adaptation in plant–arthropod interactions. Our survey

further illustrates that microbial mediation of plant–-
arthropod interactions represents only one facet of a com-

plex set of three-way interactions occurring between

plants, microbes and arthropods (Fig. 1, arrows 4–6).

Likewise, plants can mediate evolutionary interactions

between arthropods and microbes, for instance by driving

virulence evolution in an arthropod’s associated entomo-

pathogen, and arthropods can mediate evolutionary inter-

actions between plants and microbes, for instance by

exerting selection on the plant’s rhizosphere microbial

community. Ultimately, plant–microbe–arthropod interac-

tions provide an arena for dynamic evolutionary responses

and counter-responses among all the partners. This is

exemplified by studies of plant virus–vector interactions

suggesting that evolved behavioural responses of arthro-

pod vectors to phenotypic variation in particular plant

traits have in turn exerted selection on plant viruses to

modulate these plant traits in ways that evoke the precise

vector behaviour that optimizes their transmission (e.g.

Mauck et al. 2012).

LOCAL ADAPTAT ION IN THREE-WAY INTERACT IONS

In the Introduction, we have shown that the concept of

local adaptation in two-way interactions can be simply

extended to three-way interactions by including how the

fitness of the directly interacting species is modulated by

the local genotypes or local presence/absence of an associ-

ated third species. In the simplest case (strictly vertical

transmission of a microbial symbiont associated with

either the plant or the arthropod), selection may essentially

operate at the level of the ‘holosymbiont’ and the three-

way interaction simply reduces to a two-way interaction in

terms of local adaptation. In other cases, the three-way

interaction will lead to one of a set of more complex pat-

terns of local adaptation, some of which are illustrated in

Fig. 2. In our survey of evolutionary studies of three-way

interactions between plants, microbes and arthropods, we

found only few studies that addressed local adaptation in

these more complex interactions. Nonetheless, these few

studies clearly show that consumer species can evolution-

arily adapt to the local host phenotypes that are induced

by a third species. The most clear-cut examples that we

have seen are arthropods (spider mites) that evolutionarily

adapt to the phenotypes of their host plants that are

induced by the host plant’s local microbial associates

(mycorrhizae) (Bonte et al. 2010) and microbes (viral ento-

mopathogens) that evolutionarily adapt to the phenotypes

of their herbivore hosts that are induced by their local

food plants (Cory & Myers 2004). This importantly indi-

cates that local adaptation is not a phenomenon restricted

to organisms that directly interact, but can also occur

between species that interact only indirectly, emphasizing

that indirect interactions can have ecological as well as

important evolutionary consequences. Moreover, it stresses

the need to conduct local adaptation studies in their

proper ecological context. If a consumer species locally

adapts to the phenotypes of its host that are induced by an

associated third species, studies that do not incorporate

this third species will obviously fail to detect this pattern

of local adaptation.

Meta-analyses of local adaptation in two-way interac-

tions between parasites and their plant or animal hosts are

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 646–660
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now starting to reveal patterns that provide insight into

key factors that determine whether a host or parasite is

likely to show local adaptation (e.g. Greischar & Koskella

2007; Hoeksema & Forde 2008). At present, there are far

too few studies to reveal any patterns of local adaptation

in three-way interactions. For example, is local adaptation

more frequently occurring among directly than among

indirectly interacting species? Does the probability that

local adaptation is driven by an indirectly interacting spe-

cies depend on the mechanism underlying the indirect

interaction? Which of the three partners is most likely to

show local adaptation and to whom? What is the role of

transmission mode, dispersal ability, life history, etc.? One

factor expected to facilitate local adaptation to evolve in

three-way interactions is a high consistency of the associa-

tion between the plant, herbivore and microbe across gen-

erations within local populations. This is supported by the

finding (Cory & Myers 2004) that adaptation of entomo-

pathogens to the arthropod phenotypes induced by their

local food plants occurred in stable host populations, but

not in populations where arthropods and entomopatho-

gens frequently went extinct and then recolonized from

populations that could have been dominated by other food

plants. For the same reason, local adaptation may not be

observed in three-way interactions involving species that

have only recently been introduced (Raymond et al. 2002).

FUTURE DIRECT IONS

The importance of three-way interactions in evolutionary

diversification and adaptation in plant–arthropod, plant–-
microbe and arthropod–microbe interactions is now

becoming fully appreciated. An important step forward

has been the recent insight that modification of host or

consumer traits by a third species can alter their evolution-

ary trajectories and patterns of local adaptation. However,

surprisingly, none of the studies have addressed the ques-

tion of how important these indirect interactions are in

driving patterns of local adaptation as compared to the

more direct two-way interactions. For example, if arthro-

pods adapt to their local host plant population, how often

do they adapt to the specific plant phenotypes induced by

their local microbial symbionts rather than to the host

plants per se? Unfortunately, studies performed thus far

cannot answer this question because, to our knowledge, no

published studies to date have explored the performance of

any species in a full factorial combination of local versus

non-local plants, local versus non-local microbes and local

versus non-local herbivores from natural populations. As

mentioned earlier, a uniform non-local stock of herbivores

was used to test whether entomopathogen virulence was

higher on herbivores reared on host plants that were local

versus non-local to the entomopathogen (Cory & Myers

2004). Likewise, evolutionary adaptation of spider mites to

the mycorrhizal associate of its host plant was studied

using a uniform plant line (Bonte et al. 2010). This is not

surprising; experiments testing the full set of local versus

non-local plants, microbes and insects would be logistically

very demanding. However, without such studies, it is hard

to find out whether indirect interactions are generally insig-

nificant for patterns of local adaptation (Fig. 2a), play an

equal role (Fig. 2b) or are modifying (Fig. 2c) or even

dominating (Fig. 2d) the patterns of local adaptation

(Fig. 2d). Such full factorial studies will then provide

insight into whether a full understanding of the pattern of

local adaptation requires inclusion of local versus non-local

combinations of third species that mediate the interaction

or not. For many of the potential microbial mediators of

indirect interactions, their role in adaptation has been diffi-

cult to assess because of a lack of proper methods to deter-

mine their presence and screen for genetic variants. The

rapid development of novel molecular tools that are now

widening our opportunities for identification of this large

community of ‘hidden’ plant and insect symbionts and

pathogens, as well as screening for their genetic variants

within populations, will enable studies contributing to a

better understanding of their role as mediators of adapta-

tion in more complex biotic interactions in the near future.

Overall, our review provides strong evidence that three-

way interactions among plants, microbes and arthropods

play an important role in shaping evolutionary patterns in

natural and agricultural communities. However, our ability

to predict where and when we need to incorporate a three-

way perspective to understand evolutionary trajectories is

still limited. We hope this review will stimulate work that

will eventually lead to such an understanding of the

evolutionary implications of three-way interactions.
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