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Abstract The symbiosis with beneficial soil microbiota importantly affects plant

physiology, growth and community structure. These effects are known to translate

into changes of aboveground plant-herbivore interactions, and there is increasing

evidence that microbial symbioses alter the defensive plant phenotype far beyond

the primary plant metabolism. Microbe-mediated changes in plant defensive traits

have been reported for various plant-microbe systems including both bacterial and

fungal mutualists. Microbial mutualists not only affect the expression of direct plant

defences, but also alter indirect defences like volatile production and extrafloral

nectaries and thus have cascading effects on higher trophic levels. By simulta-

neously affecting a suite of plant defensive traits, they may modulate the benefits

and costs of alternative defence strategies. Our understanding of the impact of

plant-associated microbial mutualists in food webs is critical to elucidate their

functional role in ecosystems. However, it is still limited by a lack of integration

of natural complexity and evolutionary context into concepts and studies of

microbe-plant-herbivore interactions.

1 Introduction

Plants growing in natural environments continually interact with a variety of other

co-occuring species. Amongst the most common partners are those that exhibit

beneficial interactions belowground like mycorrhizal fungi and nitrogen-fixing

bacteria. Mycorrhizal associations are traditionally classified as endomycorrhizae

and ectomycorrhizae. The most common endomycorrhizal fungi are obligate

biotrophic arbuscular (AMF) from the phylum Glomeromycota which are associ-

ated with the roots of more than 80% of plant species (Smith and Read 2008). In

contrast, ectomycorrhizal fungi (EMF) are associated with about only 3% of all

seed plants, but this spectrum involves the majority of trees. Both types of mycor-

rhizae provide nutrients (e.g. phosphorous, nitrogen) and water to the plant in

exchange to host photosynthates and are known to have important consequences

for the plants’ performance as well as the dynamics of plant populations and

communities (e.g. mycorrhizae: Smith and Read 2008; van der Heijden

et al. 1998b). Another important group of plant mutualists is the nitrogen-fixing

bacteria. Over 15,000 plant species from more than 12 families have the ability to

form associations with these microorganisms and therefore have access to the

atmospheric nitrogen pool (Corby 1981; Sprent 2001). Amongst them, the legumes

(Fabaceae) are associated with nitrogen-fixing rhizobia and have enormous eco-

nomic (e.g. soybean, common bean, alfalfa, clover, pea) and ecological value. The

contribution of legumes to productivity and the nitrogen pool of natural and
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agricultural ecosystems are considerable (Hector et al. 1999; Herridge et al. 2008;

Spehn et al. 2002; Waughman et al. 1981). Furthermore, mutualistic nitrogen

fixation influences plant community structure and diversity (van der Heijden

et al. 2006). Because of these effects, rhizobia are considered keystone species

(Wardle 2002) and ecosystem engineers (Crooks 2002). Other nitrogen-fixing

bacteria are actinomycetes from the genus Frankia which live in symbiosis with

plants from eight families (mainly shrubs and trees; see Wall 2000). Two other

diverse groups of beneficial soil organisms are free-living plant growth-promoting

bacteria (PGPB) and plant growth-promoting fungi (PGPF) which stimulate plant

growth in various ways, e.g. by increasing the availability of nutrients in the

rhizosphere, positively affecting root growth, promoting mutualistic relationships

and antagonizing pathogenic organisms (Glick 1995; Jogaiah et al. 2013; Pii

et al. 2015; Vessey 2003).

The mutualism with soil microbiota is seen as an important factor influencing the

colonization of land by plants and their evolution (Selosse et al. 2015). There is

increasing recognition that besides the impact on plant growth, beneficial soil

microbes further influence the relationship between plants and other associated

organisms. Virtually all terrestrial plants are associated with invertebrate herbivores

which affect plant growth and reproduction and shape the structure and dynamics of

plant communities (Crawley 1997; Schädler et al. 2004). Especially for mycorrhizal

fungi, it has been shown repeatedly that this mutualism affects plant tolerance,

resistance and defence against insect herbivores aboveground (Gehring and

Whitham 2002; Hartley and Gange 2009; Koricheva et al. 2009). However, both

types of interaction often simultaneously affect the same traits of plant growth and

physiology under natural conditions, and recently it has become evident that the

underlying genetic and physiological pathways induced by and involved in the

different interactions overlap substantially (Schenk et al. 2008). Belowground

mutualists can be thus seen as an integral part of the plant-herbivore relationship

with consequences for speciation processes (Gange et al. 2002b). Recent experi-

mental work shows that the link between root mutualists and herbivores not only

bases on the conventional concept of this relationship of an increased availability of

nutrients which change the nutritional value of plant tissue and may increase the

ability of plants to produce secondary compounds (Fig. 1). Further, the establish-

ment and maintenance of mutualism is associated with considerable physiological

costs due to the high demand of photosynthates (Kaschuk et al. 2009). Additionally,

the induction of specific defence traits by mutualists may further raise ecological

costs caused by the deterrence of potentially beneficial biotic partners (pollinators,

parasitoids) by direct and indirect defence mechanisms (Godschalx et al. 2015).

This implies complex links between root mutualists and defensive traits of plants.

In this review, we aim to discuss the ways how beneficial belowground microbes

affect the complete defensive phenotype of plants. We will further assess which

factors contribute to the variability of the observed effects and put this in the

context of the complexity of natural systems.
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2 Effects of Root Mutualists on Resistance and Direct
Defence Mechanisms

2.1 Plant Resistance Against Invertebrate Herbivores

The resistance of plants against herbivores may be modified by changes in the plant

nutritive value, plant tolerance and plant defence. Mutualistic relationships with

nutrient-providing microbes may have the potential to affect these traits. For

mycorrhizal fungi, effects on insect herbivores have been recognized for decades.

Firstly, by providing nutrients mycorrhizal fungi may increase the vigour of host

plants with positive effects on the performance of insect herbivores as well as

positive effects for the plant’s ability to tolerate herbivory (Borowicz 1997;

Gehring and Whitham 1994; Halldorsson et al. 2000). Secondly, the resources

Fig. 1 Conventional view of the influence of root symbionts on the interactions between plants

and herbivores. The symbiosis with root mutualists stimulates the production of secondary

compounds as a direct consequence of additional nutritional resources (a). The combined effects

of an enhanced direct defence and the increased level of nutrients in plant tissue (b) further depend
on the herbivore feeding mode. Secondary consumers are indirectly affected via changes in

herbivore performance and abundance. Feedback effects of herbivores on the mutualists are the

result of a reduced ability of plants to allocate resources below ground
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supplied by mycorrhizal fungi may allow plants to increase investment into plant

defence by upregulating secondary compounds against generalist insect herbivores

(Bi et al. 2007; Gange and West 1994; Jones et al. 1991; Yao et al. 2007). In

contrast, specialist and sucking herbivores, which are less influenced by specific

defence compounds (but see Ballhorn et al. 2007), tend to be generally positively

affected due to mycorrhization (Babikova et al. 2014a; Borowicz 2013; Demir€ozer
et al. 2014; Gehring and Whitham 2002; Hartley and Gange 2009; Koricheva

et al. 2009; Ueda et al. 2013). This is in accordance with observations of Ueda

et al. (2013) who found that the abundance of phloem feeders on soybean was

increased by mycorrhization even though chewing herbivores were not affected.

However, species which have a very similar feeding mode may also show different

responses to mycorrhization, e.g. parenchyma cell feeders (Borowicz 1997; Hoff-

mann et al. 2009; Koschier et al. 2007). Even for specific herbivores, it has been

shown that the effects may differ between sampling dates (Ueda et al. 2013) or

depend on soil conditions (Murrell et al. 2015). Moreover, different AMF species

may have different effects on a given herbivore, but the net effect of an AMF

community may largely reflect the effects of one of the component AMF species

(i.e. “super fungus”, see Bennett and Bever 2007). According to the high overall

variability of effects between and within feeding groups and species, Yang

et al. (2014) found no significant overall effect of AMF on aboveground herbivores

(but did find a negative effect on belowground herbivores) in a meta-analysis.

The variability of effects may also be explained by differences between

mycorrhized and non-mycorrhized plants in their responses to prior feeding by

herbivores. Using a number of grass and herb species, Kempel et al. (2010) showed

that a leaf-chewing herbivore (cotton leafworm, Spodoptera littoralis) may profit in

terms of biomass from mycorrhization but not if the plants experienced leaf damage

by a herbivore before. The observation that the increase of plant biomass caused by

mycorrhization was only evident for non-damaged plants indicates that the alloca-

tion of resources to plant growth and herbivore resistance is mediated by

mycorrhization. Barber (2013) demonstrated increased feeding by the closely

related Spodoptera exigua on mycorrhized plants only after prior damage but

observed no changes in herbivore biomass. This implies that in this case, a lowered

nutritional quality of leaf tissue was counterbalanced by compensatory feeding.

Obviously, the induction of resistance or tolerance mechanisms by previous herbi-

vore attack is an important mediator of the impact of mycorrhization on herbivore

performance and may be especially important for natural systems where plants are

commonly affected by multiple herbivory events. Again, the feeding style of the

herbivore may importantly affect the induction of defence responses.

AMF also can influence herbivore behaviour without immediate effects on

herbivory intensity. For instance, herbivores may spend more time or enhance

oviposition on leaves of mycorrhized plants without causing greater feeding dam-

age (Cosme et al. 2011; Kula et al. 2005).

The influence of EMF on tree-aboveground herbivore interactions has received

much less attention by ecologists, probably due to the difficulty of using tree-EMF

systems for field or lab experiments (Hartley and Gange 2009). The few available
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studies produced contradictory results so far which do not yet allow for general-

izations (Manninen 1999; Manninen et al. 1998, 1999, 2000; Rieske 2001). More-

over, insect herbivores of tree species which are able to form mutualisms with both

AMF and EMF may show different responses to the degree of colonization by both

types of mycorrhiza (Gange et al. 2005; Mueller et al. 2005).

For rhizobia, the effects on aboveground herbivores were only recently investi-

gated by ecologists, though effects on belowground herbivores (Johnson

et al. 2006) and defence traits (Johnson et al. 1991) have been occasionally

documented. Traditionally, the potential influence of rhizobia has been suggested

to be positive for aboveground herbivores due to an increased level of N in plant

tissues (Wilson and Stinner 1984). In an experiment Kempel et al. (2009) demon-

strated positive effects of rhizobia on the performance of a leaf-chewing insect on

an acyanogenic strain of white clover (Trifolium repens), whereas on a cyanogenic

strain, this effect was not evident. This implies that the effect of increased nutri-

tional quality might be alleviated by increased production of secondary compounds.

In contrast aphid reproduction showed no consistent pattern based on rhizobial

mutualism. Accordingly, Thamer et al. (2011) documented an increased production

of cyanogenic compounds by lima beans growing with rhizobia and an increased

resistance against a specialized leaf-feeding beetle (Mexican bean beetle;

Epilachna varivestis), but no changes in the amount of soluble protein in leaf tissue

or leaf mass per area. In the – to our knowledge – only study on the effects of

Frankia on herbivores, Hendrickson et al. (1993) showed that an inoculation with a
mixture of Frankia isolates increased the occurrence of aphids on seedlings of

different Alnus species.
N-fertilization reduces the dependency of plant growth on nitrogen made avail-

able by rhizobial mutualism, and the use of N-fertilized plants in experiments is a

suitable way to disentangle the effects of N-availability from other effects of

rhizobia. Whilst some studies showed higher aphid reproduction on rhizobial plants

(Whitaker et al. 2014), other studies demonstrated reduced reproduction of aphids

on rhizobial plants compared to N-fertilized plants (Brunner et al. 2015; Dean

et al. 2009; but see Dean et al. 2014), indicating that nodulation may have different

effects on phloem-feeding herbivores depending on the plant’s dependency on

rhizobia-derived N. In contrast Katayama et al. (2010) found that a herbivorous

spider mite on nodulated soybeans showed higher reproduction rates also at higher

soil N levels. Thus, the different form of N derived from rhizobial symbiosis may

favour herbivores compared to the form of N derived from soil. Again, this effect

may differ between feeding guilds. Dean et al. (2014) showed that the performance

of a leaf chewer was higher on rhizobial plants than on fertilized plants with similar

total N levels in plant tissue but found no changes in the performance of aphids.

Further, abiotic conditions may mediate the link between beneficial soil

microbes and herbivores. Pangesti et al. (2015a) observed the influence of soil

composition on the effects of the rhizobacterium Pseudomonas fluorescens on a leaf
herbivore and the expression of defence-related genes of plants. This is in line with

the knowledge that the efficiency of N-fixation by rhizobia also varies across soil

types and climatic conditions (Gopalakrishnan et al. 2015). Since differences in
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light conditions may also affect carbon availability for plants, a mediating effect of

light intensity on the link between symbionts and herbivores seems to be plausible.

However, Heath and McGhee (2012) found little evidence for such an effect.

Most experimental studies, however, consider root symbionts as a presence/

absence-treatment but ignore the fact that in natural systems plants do not grow

with or without mutualists, but instead may differ in the degree of colonization.

Whilst it is known that the abundance of mutualists importantly mediates plant

performance (Gange and Ayres 1999), its consequences for plant-herbivore inter-

actions are poorly understood. The degree of colonization may affect the plant’s
ability to cope with herbivory on the one hand, but on the other microbial mutualists

and herbivores depend on plant resources and likely compete especially under

resource-limited conditions. Garrido et al. (2010) demonstrated that plant tolerance

to herbivores was negatively related to AMF colonization, and Vannette and Hunter

(2013) showed that the performance of a specialist herbivore was increased with

increasing colonization by AMF. These different patterns can be caused by the

nonlinearity of the cost-benefit ratio of mutualistic relationships. For instance, the

physiological costs of maintaining a mutualism should increase linearly with the

degree of mycorrhization or nodulation, whereas the nutritional benefits should –

depending on the level of nutrient availability in the environment – not exceed

above a certain threshold (Vannette and Hunter 2011). These authors further found

a quadratic response to the intensity of mycorrhization by the production of

secondary compounds indicating that the cost-benefit ratio of mutualisms may

feedback on defence strategies.

2.2 Production of Secondary Plant Compounds

Changes in both plant nutritional quality and defence chemistry have been

suggested to be the basis of the effects of root mutualists on herbivore performance

(Hartley and Gange 2009, Fig. 1). The differential responses of specialist versus

generalist herbivores and leaf chewers versus sap feeders further imply that both

mechanisms work simultaneously. Whilst it was initially suggested that additional

resources provided by mutualists may make plants more attractive to herbivores on

the one hand, but also relax the trade-off between plant growth, tolerance and

defence (Herms and Mattson 1992), some studies have shown that the effects on

resistance cannot be exclusively explained by a higher availability of nutrients

(Fritz et al. 2006; Katayama et al. 2014; Liu et al. 2003). Whilst the effects of root

mutualists on plant nutrition and nutritional quality of plant tissue are common

knowledge, changes in plant secondary chemistry have become increasingly

acknowledged in the last years.

Mutualism with AMF affects the biosynthesis of a wide range of secondary plant

compounds that function as anti-herbivore defences (Bi et al. 2007), possibly a relic

of the parasitic nature of their evolutionary history (see Sect. 4). Stimulation of the

production of a wide range of compounds like terpenes and terpenoids (Demir€ozer
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et al. 2015; Gerlach et al. 2015; Kapoor et al. 2007; Karst et al. 2015; Shrivastava

et al. 2015; Tao et al. 2016; Wang et al. 2015), alkaloids (Abu-Zeyad et al. 1999;

Andrade et al. 2013), flavonoids (Zubek et al. 2015) and phenolics (Araim

et al. 2009; Ceccarelli et al. 2010; Toussaint et al. 2007) is reported in the literature

for herbaceous plant species as well as for trees (Mechri et al. 2015). The mutualism

with AMF has been repeatedly shown to affect the production of phenolic com-

pounds both quantitatively and qualitatively. This has been found to be especially

relevant for soluble phenolic compounds, whereas cell wall-bound phenolics are

less affected (Yao et al. 2007). Again, evidence for the effects of EMF on defence

compounds is scarce. However, mutualisms with EMF have been shown to increase

levels of phytoalexins in roots of trees (Morandi 1996).

The effects of species interactions on the production of plant secondary metab-

olites seem to be context dependent. For instance, several studies demonstrated the

presence and absence of these effects using the same mutualistic partners (Fontana

et al. 2009). Moreover, plant ontogeny has been shown to modify the effects of

AMF on the cyanogenic potential of plants (Miller et al. 2014). Similarly, for EMF

it was shown that different fungus x tree species combinations may either decrease

or increase phenol concentrations in willows (Baum et al. 2009).

The ability to increase the production of defence compounds upon herbivore

attack (induced defence) is a common way for plants to overcome the high

physiological and ecological costs that would occur if maintaining chemical

defence under herbivore-free conditions (Ballhorn et al. 2014a). Surprisingly, the

research on the effects of root mutualists on secondary chemistry has focused on the

expression of constitutive levels of resistance and defence. The few studies which

consider induced defence, however, produced conflicting results and demonstrated

decreased (Bennett et al. 2009) as well as increased induction (Kempel et al. 2010)

of resistance against herbivores or even both patterns across a range of plant species

(Kempel et al. 2013). The basis of this altered ability of the plant to respond to

herbivore attack seems to be less related to an increase in available resources due to

mutualism, but rather is driven by influencing the crosstalk between the salicylic

acid (SA)- and jasmonate (JA)-dependent defence pathways (see Sect. 4). However,

Bennett et al. (2009) found that the inoculation with a mix of AMF may also

suppress inducible direct defence in Plantago lanceolata in terms of iridoid glyco-

side production, whereas Pankoke et al. (2015) found no effect of mycorrhization

by Rhizophagus intraradices on the metabolome of the same plant species. In

contrast and again for P. lanceolata, Wang et al. (2015) showed increased levels

of catalpol (an iridoid glycoside) due to mycorrhization by Funneliformis mosseae
already prior to exposure to herbivory and no further increase due to herbivory and

therefore suggest a systemic induction rather than priming. It might be speculated

that different species of mycorrhizal fungi (or any other variability in experimental

conditions) may induce different plant responses. Fontana et al. (2009) demon-

strated for the same plant species that mycorrhization by R. intraradices also did not
increase direct defence via iridoid glycosides but did induce changes in the emis-

sion of volatile compounds (see Sect. 3.3). This implies that mycorrhization does

not generally enhance the plant’s ability to increase defence responses but may
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cause a shift of defence strategies. This suggestion was also supported for oaks

growing with EMF which showed a decreased expression of genes related to direct

defence mechanisms and plant regrowth due to herbivore attack in inoculated oak

trees, but a stronger expression of genes related to indirect defence via volatile

production and the attraction of natural enemies of herbivores (Bacht 2015).

Rhizobial symbioses have been found to be especially stimulating for the

synthesis of nitrogen-intensive compounds (HCN: Thamer et al. 2011, alkaloids:

Irmer et al. 2015; Johnson et al. 1987) and also indole as a volatile compound with

direct functionality as a repellent against herbivores (Ballhorn et al. 2013). This

suggests that in fact changes in the N-availability trigger these effects. In the case of

pyrrolizidine alkaloids, nodules are obviously the site of biosynthesis and the

source from which these compounds are transported throughout the plant (Irmer

et al. 2015). Interestingly, Thamer et al. (2011) showed that nodulation increased

the production of cyanogenic defence compounds but not the amount of soluble

proteins in tissue. Protein content is an important measure of the plant’s nutritional
quality, and some proteins are also required for enzymatic detoxification of cyanide

(Ballhorn et al. 2009). Thus, the increase of cyanogenic potential of plants was not

compensated for by the use of additional N from the rhizobial mutualism for the

synthesis of proteins, suggesting a selective channelling to specific physiological

pathways. However, this selective channelling might be the result of herbivore

feeding since in another study using the same study system but without an attacking

herbivore, the levels of both cyanogenic compounds and proteins were increased

with rhizobial mutualism (Godschalx et al. 2015). In some cases the contribution of

rhizobia to defence compound production seems to be even more complex. Valdez

Barillas et al. (2007) have found that rhizobia contribute to the synthesis of

alkaloids produced by a fungal endophyte in locoweed (Oxytropis sericea), possi-
bly also by supplying nitrogen in the form of specific amino acids, which are

precursors of alkaloids.

3 Effects of Root Mutualists on Indirect Plant Defences

3.1 Effects on Herbivore-Natural Enemies Relationships

Since insect herbivores are often strongly controlled by their natural enemies in

natural systems, direct or indirect effects of belowground mutualists on parasitoids

and predators may importantly mediate the influence of symbionts on plant-

herbivore interactions. This idea, however, has received comparatively little atten-

tion until now. Gange et al. (2003) found lower infestation rates of leaf miners on

plants in relation to AMF colonization in a field assay, but showed under controlled

conditions that different AMF species may have varying effects. Likewise, other

authors found higher infestation rates and parasitoid performance on mycorrhized

plants (Guerrieri et al. 2004; Hempel et al. 2009; Hoffmann et al. 2011a, c, d;
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Wooley and Paine 2011). The effects of mycorrhization on the third trophic level

are not necessarily a reflection of the effects on herbivores. Moon et al. (2013)

demonstrated the positive effects of AMF on different gall makers and leaf miners

but observed inconsistent effects on their parasitoids. Similarly, Ueda et al. (2013)

showed that the effects of AMF on a predator differed between sampling dates.

The influence of root mutualists on parasitic infections of herbivores has been a

rather unexplored area of research until now. In a study system consisting of

different milkweed species and commercial AMF inoculation treatments, the mon-

arch butterfly and its protozoan parasite, Tao et al. (2015) found that resistance and

tolerance of the caterpillars to the parasite were affected by mycorrhiza via plant

species-specific effects on primary (phosphorous) and secondary plant compounds

(cardenolides). To our knowledge, this is the only study until now demonstrating

effects of root mutualists on herbivore-parasite interactions. Likewise, only few

studies have demonstrated that the effects of root mutualists on the third trophic

level have the potential to alleviate the more detrimental effects of herbivores on

mycorrhized plants (Hoffmann et al. 2011b, c).

3.2 Production of Extrafloral Nectar

One widespread strategy of plants to reduce herbivory is the production of

extrafloral nectar (EFN) to attract mutualistic predators, particularly ants (Weber

and Keeler 2012). Plants may be obligate ant mutualists that constitutively produce

EFN or facultatively ant-defended plants that express EFN upon herbivore attack

(Kost and Heil 2008; Wagner 1997). The production of EFN is associated with

metabolic costs (Heil 2011), and its production may therefore be constrained by

C-allocation within the plant (Ballhorn et al. 2014b). Additional C sinks like root

mutualists thus may reduce the plant’s ability for EFN production. Accordingly,

inoculation with AMF has been found to cause a reduction of the production of EFN

by Vicia faba (Laird and Addicott 2007). EFN production may not only have

physiological but also ecological costs since the attraction of ants has been shown

to deter beneficial pollinators (Ness 2006). Thus, since mycorrhized plants often

show increased levels of secondary compounds (see Sect. 2.2), the reduced pro-

duction of EFN might not be due to C limitation but as an option to save unneces-

sary expenditure on defence.

The first study investigating the influence of rhizobial mutualism on EFN

showed that rhizobia decreased EFN production only upon induction by herbivore

feeding whilst non-induced plants showed no effect (Summers and Mondor 2011).

This implies that nodulated plants favour other resistance mechanisms than indirect

defence via predator attraction. Interestingly, the only study so far which has

investigated the effects of rhizobial nodulation on direct and indirect plant defence

demonstrated that the decrease of EFN production in rhizobial plants was

counteracted by an increased production of N-based cyanogenic compounds

(Godschalx et al. 2015, Fig. 2). Thus, additional resources from root mutualists
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might induce a shift towards direct defences as a way to avoid physiological and

ecological costs associated with indirect defences and the maintenance of the

mutualism.

3.3 Production of Volatile Organic Compounds

Whilst in some studies it has been concluded that mycorrhizal fungi attract para-

sitoids via changes in plant architecture (Gange et al. 2003), others demonstrated

that mycorrhized plants are clearly more olfactory attractive to parasitoids than

un-mycorrhized plants (Guerrieri et al. 2004). Plants produce a wide range of

volatile organic compounds (VOCs) upon herbivore attack some of which are

known to attract carnivores, mainly parasitoid wasps, and therefore act as an

indirect defence (e.g. Rostás and Turlings 2008). VOCs can also have a function

in intra- and interspecific defence-associated plant-plant signalling (Heil and Bueno

2007) and may serve as a direct defence by repelling herbivores (Heil 2004).

The first evidence of mycorrhizal effects on the production of VOCs comes from

observations of the mutualism with EMF, which has been found to increase the

production of several volatile compounds in roots of trees which are known to

Fig. 2 Relationship between rhizobial symbiosis and plant traits related to growth and defence in

lima bean (Phaseolus lunatus). The potentially positive effects of rhizobia on herbivores by

increasing plant biomass and leaf quality (concentration of soluble proteins) are counteracted by

an increase of cyanogenesis in leaves. Plant growth and leaf quality showed significant positive

covariation with each other but also marginally significant positive covariation (thin lines) with
direct defence. Thus, root mutualists can relax growth-defence trade-offs in plants instead of

favouring one of these processes as alternative strategies. Moreover, rhizobia induced a switch in

the defence strategies. Plants growing without rhizobia showed a higher production of extrafloral

nectar (EFN) which showed no covariation with other plant traits. Higher production of EFN

attracted more natural enemies of herbivores (ants). The high carbon demand of both rhizobia and

EFN can be interpreted as the physiological basis of the switch in defence strategies. Modified

from Godschalx et al. (2015)
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impede the growth of pathogenic fungi (Karst et al. 2015; Krupa et al. 1973; Krupa

and Fries 1971). Some of these compounds have also been found to be more

abundant in the aboveground parts of mycorrhized trees and are effective as direct

and indirect defences via predator attraction (Karst et al. 2015). In contrast,

Manninen et al. (1998) found no changes in volatile compounds emitted from the

shoots and roots of pine growing with or without EMF. The mycorrhiza-induced

production of VOCs seems to be not only triggered by herbivore feeding but also

other stress factors. For instance, pine seedlings showed a pronounced production

of volatiles when grown in caesium-contaminated soil together with mycorrhizal

fungi (Henke et al. 2015).

The colonization of AMF is also known to affect volatile production in plants.

For Satureja macrostema, it was shown that the presence of AMF caused a higher

production of volatile terpenes (Carreon-Abud et al. 2015). In contrast, upon

induction by an herbivore, AMF-mycorrhized plants showed a weaker production

of volatile sesquiterpenes (Fontana et al. 2009). This was also demonstrated by

Babikova et al. (2014a) together with an increased attractiveness of mycorrhized

plants for aphids. Interestingly, this effect was independent of a previous infestation

by aphids. Again, rather than a general reduction or increase of volatile production,

the composition of the volatile blend was found to be differentially altered by AMF

colonization (Leitner et al. 2010; Rapparini et al. 2008; Schausberger et al. 2012).

Schausberger et al. (2012) demonstrated that the responsiveness of a predatory mite

to mycorrhiza-mediated changes in volatile blend depends on the duration of

feeding by an herbivorous mite, with strong effects observed only if the plants

were infested for at least 6 days. Thus, differences in intensity, duration and

possibly also the feeding mode of herbivores may contribute to the variability of

the observed effects. To complicate things further, different fungal species may

have different effects on volatile blends of belowground (Sun and Tang 2013) or

aboveground parts of the plant (Hart et al. 2015).

The importance of rhizobia for volatile production was investigated for the first

time in the study of Ballhorn et al. (2013). In their experiment, rhizobial lima bean

plants produced less VOCs overall following induction by jasmonic acid applica-

tion but showed strong changes in the composition of the volatile blend compared

to rhizobia-free controls. Rhizobia-colonized plants emitted lower amounts of

compounds produced via the octadecanoid, mevalonate and non-mevalonate path-

ways, whereas the same plants released higher amounts of the shikimic acid-

derived compounds. In particular, the amount of the N-containing indole was

enhanced by nodulation, suggesting a role for the additional N derived from

rhizobia. In an olfactometer trial, Ballhorn et al. (2013) sowed that a specialist

herbivorous beetle preferred non-rhizobial plants and that indole acts as a direct

repellent compound (see also Veyrath et al. 2016). Moreover, recent studies

revealed an even more complex role for indole in plant-herbivore interactions.

Erb et al. (2015) showed that herbivore-induced indole enhances the induction of

defensive volatiles in neighbouring plants and primes defence reactions in leaves of

the attacked plant.
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Changes in herbivore-induced production of VOCs by plants have also been

observed for other beneficial soil-borne microbes. For instance, the volatile blend of

rhizobacteria (P. fluorescens)-treated Arabidopsis plants was less attractive to

parasitoids (Pineda et al. 2013b) but more attractive in other studies using different

strains of the same bacterium (Pangesti et al. 2015b). Further, a non-mycorrhizal

plant growth-promoting fungus caused an increased attractiveness of tomato plants

for an aphid parasitoid (Battaglia et al. 2013). Clarification is required of whether

there is a general pattern of a reduction or increase of certain volatile compounds

from specific metabolic pathways and with specific functions in communication

between plants, herbivores and parasitoids in response to beneficial soil microbiota.

Plant growth-promoting soil bacteria may further produce VOCs themselves

(reviewed in Choudhary et al. 2016) which may serve as signal molecules for

plant defence. A role of these compounds for anti-herbivore defence seems to be

possible but has not been demonstrated yet.

4 Molecular Background of Plant-Mediated
Mutualist-Herbivore Interactions

First explanations of the increased resistance of mycorrhized plants against herbi-

vores favour the role of increased availability of nutrients and the accompanying

changes in the C:N ratio (Jones et al. 1991), P-content (Sampedro et al. 2011) or the

relaxation of the defence-growth trade-off (Bennett et al. 2006). However, several

experiments have demonstrated that a higher availability of nutrients does not

mimic or alleviate the effects of root mutualists on plant resistance (e.g. Brunner

et al. 2015; Dean et al. 2009, 2014; Fritz et al. 2006; Katayama et al. 2014; Liu

et al. 2007). Together with the fact that many of the changes in plant resistance and

defence depend on previous induction by herbivore feeding (see above), this

indicates that the mutualism causes modifications within the host plant. Ultimately,

the interactions between fungi, plants and herbivores depend on the regulation of

plant gene activities. Recent developments in genomics allow the analysis of the

genetic basis of biotic interactions (e.g. Cartieaux et al. 2008; Colebatch

et al. 2002a, b; Michel et al. 2006). These patterns are the first step for the

identification of genes involved in biotic interactions including interactions with

the mycorrhizal fungi and herbivores (Wullschleger et al. 2007). Herbivores influ-

ence the transcription for hundreds of target plant genes (Baldwin et al. 2001;

Hermsmeier et al. 2001; Roda and Baldwin 2003; Schmidt et al. 2005), perhaps

leading to an entire metabolic reorganization (Hui et al. 2003). Similarly, interac-

tions between plants and root symbionts lead to changes in the expression of genes

in the host plant (Wiemken and Boller 2002). Some of these genes are relevant for

the allocation of resources as well as reactions to stress and defence (Herrmann and

Buscot 2007; Liu et al. 2007). Therefore, the interactions between mycorrhizal
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fungi and herbivory are strongly accompanied by changes in genetic expression

processes in host plants.

Several publications have extensively reviewed the molecular background of

root mutualist-mediated induced resistance of plants to herbivores and pathogens

(e.g. Cameron et al. 2013; Jung et al. 2012; Pangesti et al. 2013; Pieterse et al. 2013;

Pozo and Azcon-Aguilar 2007; Zamioudis and Pieterse 2012); thus we will only

give a short outline here. The establishment and maintenance of symbiosis with

beneficial root microbiota are dependent upon a modulation of molecular pathways

related to the synthesis of the plant hormones jasmonic acid (JA), salicylic acid

(SA) and others. This modulation can be interpreted as a result of the possible

evolution of mycorrhizal mutualism from a parasitic interaction (Remy et al. 1994)

which is obviously still reflected by an initial recognition of mutualists as patho-

genic invaders (Pozo and Azcon-Aguilar 2007). The resulting suppression of SA

production in plants is necessary for the establishment of both rhizobial and

mycorrhizal mutualism (Zamioudis and Pieterse 2012) and is compensated by an

increased JA production (reviewed in Pozo and Azcon-Aguilar 2007). Accordingly,

increased JA levels have been observed in mycorrhized roots of several plants (see

Bi et al. 2007 for review), but also free-living plant growth-promoting bacteria are

known to induce anti-herbivore defence via the expression of the JA pathway and

suppression of the SA pathway (Pangesti et al. 2015a; Pineda et al. 2012;

Planchamp et al. 2015). In the study of Pineda et al. (2012), transcriptomic analyses

revealed an expression of the JA pathway only upon attack by a generalist aphid but

not by a specialized aphid. Thus, the degree of specialization may not only

determine the responsiveness of defence reactions but also their induction. The

pathways of both hormones are activated by different plant enemies and induce

different defence responses. Whilst the SA pathway induces plant responses upon

attack by biotrophic pathogens, JA coordinates defence responses against

necrotrophic pathogens and herbivores (Glazebrook 2005; Pieterse et al. 2008).

The trade-off between the synthesis and the corresponding defence pathways is the

result of the depression of both the sensitivity and biosynthesis of JA by SA

(reviewed by Ballare 2011). The stimulated JA pathway and accompanying expres-

sion of defence-related genes lead to a primed plant state which allows for a quick

and efficient activation of defence mechanisms like the production of toxic sec-

ondary compounds (Jung et al. 2012; Pozo and Azcon-Aguilar 2007). This phe-

nomenon is referred to as induced systemic defence and has been described for

mycorrhizal fungi and rhizobacteria (Conrath 2009; Pineda et al. 2010; van Loon

et al. 1998). In accordance with the finding of Kempel et al. (2010) who demon-

strated interacting effects of induction and mycorrhization on an increased resis-

tance against herbivores in different herb and grass species, JA is known to induce

defence responses in both monocotyledonous and dicotyledonous plants (Okada

et al. 2015). The cross-communication of JA- and SA-related signalling pathways

(including other plant hormones like ethylene, abscisic acid, etc.) regulates plant

resistance against both pathogens and herbivores (Koorneef and Pieterse 2008;

Pozo et al. 2004) and results in a trade-off between the resistance against these

two groups of organisms (Beckers and Spoel 2006).
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This makes the possible role of root mutualists in the overall resistance of plants

against biotic antagonists even more complex. In addition to the effects of defence

expression, an increased level of JA may lead to rapid photosynthate export from

leaves to stems and roots thus decreasing nutritional quality of leaf tissue for

herbivores, but may also lead to greater plant tolerance by shielding resources

(Babst et al. 2005). Further, defence-related signalling may also operate via mycor-

rhizal networks and may therefore not only induce defences in the attacked plants

but also in neighbouring plants (Babikova et al. 2014b).

Pineda et al. (2013a) demonstrated that stressful environmental conditions

(e.g. nutrient deficiency, drought, salt and ozone) intensify the impact of beneficial

soil microbiota on herbivores. This suggests a mediation of the crosstalk of plant

signalling pathways by abiotic conditions and provides a conceptual framework for

placing microbe-plant-herbivore interactions in the context of a changing

environment.

5 Digging Deeper into Complexity

5.1 Effects on the Consumer Community

Since root mutualists are known to not only affect plant performance and defence

against herbivores but also the structure and dynamics of plant communities (van

der Heijden et al. 1998a, b, 2006, 2008), it might be a trivial assumption that they

also affect the structure of consumer communities. However, empirical evidence

for such effects is scarce, especially for natural systems where experimental

manipulations are difficult.

Fungicides are sometimes applied to reduce mycorrhization in plant communi-

ties in order to investigate accompanying changes of the consumer community. For

the invasive plant Deinandra fasciculata, it was shown that the suppression of soil

fungi in the new range does not affect herbivore density and community composi-

tion but increased predator density and altered predator community composition

(Schreck et al. 2013). Kula and Hartnett (2015) interpreted the negative effects of

AMF reduction by fungicides on herbivory in a tallgrass plant community as a

result of the increased plant diversity in this treatment. However, in natural plant

communities, mycelia of mycorrhizal fungi produce so-called common mycelial

networks which connect the roots of individuals within and across plant species

(Simard and Durall 2004). These networks may serve as paths for the exchange of

herbivory-induced defence molecules. Babikova et al. (2013) demonstrated that the

composition of volatiles of noninfested plants changes if they are connected to

aphid-infested plants via mycorrhizal hyphae causing lower attractiveness of plants

for aphids and higher attractiveness for aphid parasitoids. Thus, in addition to the

nutritional benefit to plants involved in these hyphal networks (Simard and Durall
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2004), they also may have community wide consequences for associated consumer

species even if only single plants are attacked by herbivores.

In general, the rhizobial symbiosis seems to favour the abundance and to change

the community composition of herbivores (and their natural enemies) in plant

communities, whereas there seem to be no general effects on species richness or

evenness (Katayama et al. 2011b; Simonsen and Stinchcombe 2014).Katayama

et al. (2011a) found an increased abundance of both sap-feeding and chewing

insects on soybeans growing with rhizobia under field conditions; thus, the herbi-

vore feeding mode seems to be of minor importance in this case. Unfortunately,

from the data provided by the authors, it is not clear if this increase is caused by the

build-up of higher population densities of herbivore species or by an increase of

species numbers.

Nodulation by rhizobia has been shown to change the composition of honeydew

produced by aphids feeding on the host plants. Whitaker et al. (2014) showed that

aphids on plants with rhizobia produced honeydew with higher contents of sugar

and lower contents of nitrogen, probably due to the fact that the nitrogen form

derived from the mutualism can be better assimilated by the aphids. This qualitative

change in honeydew composition may not only affect mutualistic relationships

between aphids and ants but also nutrient dynamics in the soil and food webs (Milcu

et al. 2015; Stadler et al. 2001).

5.2 Interacting Effects in the Rhizosphere

The taxonomic and functional diversity of organisms in soil is known to be

extremely high, and soil food webs are characterized by a multitude of species

interactions with potential effects on plants and ecosystem processes. Our percep-

tion of the effects of soil biota on the performance of plants and their associated

organisms is predominantly based on studies investigating separate effects of

specific biota but only rarely considers the role of potential interactions between

soil biota. However, these interactions are often an implicit part of many experi-

ments which manipulate one group but neglect the potentially mediating role of

other organisms. This is especially evident in field studies or even experiments with

non-sterilized soils where one group is manipulated (excluded or added), and any

effects have to be interpreted as the combined effects of the specific player and its

interactions. There are only few studies which investigated how interactions in the

soil community involving mutualistic organisms cascade up to aboveground

herbivores.

Multiple mutualist effects are a common phenomenon in natural systems, and

their consequences for the partners are affected by a number of factors in complex

ways (Afkhami et al. 2014). In essence, such effects are mediated by the balance

between costs and benefits between partners and the control by plants over these

interactions. However, these relationships are constrained by the overlap and

crosstalk between shared genetic pathways of the host that control the different
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mutualists (Marx 2004; Genre and Russo 2016). In the case of two nutrient-

provisioning mutualistic partners, the possibility that one mutualist may reduce

the benefit of the other partner, along with the prospect of competition for coloni-

zation sites of plant roots between mycorrhiza and rhizobia, has been discussed

(Kiers and Denison 2008; Larimer et al. 2010). However, positive feedbacks

between mycorrhization and nodulation have been also observed (Antunes

et al. 2006). Depending on resource conditions both in terms of soil nutrients and

photosynthates produced by the plant (e.g. depending on light conditions) syner-

gistic, neutral and antagonistic consequences of these tripartite mutualisms on plant

growth can be expected. However, synergistic effects of co-inoculations of rhizobia

and mycorrhizal fungi on plant performance seem to be the prevailing pattern

(Ossler et al. 2015). The combination of field studies and greenhouse experiments

suggests that inoculation with one mutualistic partner may limit the ability to

colonize the plant root by the other partner on the one hand but that colonization

by both rhizobia and AMF is positively genetically correlated and no evidence for a

colonization trade-off under field conditions on the other (Ossler et al. 2015).

Mycorrhizal fungi and rhizobia do not only interact with each other but are also

known to interact with a multitude of other microbiota in soil with consequences on

plant growth (e.g. Chandanie et al. 2009; Frey-Klett et al. 2007; Medina et al. 2003).

The co-inoculation of rhizobia with a wide range of free-living plant growth-

promoting bacteria was found to enhance nodulation, N-fixation, the production

of phytohormones and consequently the performance of several legumes (see

Gopalakrishnan et al. 2015 for review). It seems to be a reasonable assumption

that such effects will translate into changes of the relationship between plants and

herbivores. The co-inoculation with AMF and PGPB can have positive effects on

plant performance (Medina et al. 2003). Synergistic effects of AMF and free-living

N-fixing bacteria on the production of secondary defence compounds have also

been demonstrated (Awasthi et al. 2011). Interacting effects of AMF and PGPF are

more rarely investigated but may also have synergistic effects on plant growth and

resistance against soil-borne pathogens (Chandanie et al. 2009). Only very few

studies investigated consequences of interactions between different soil microbiota

on aboveground herbivores. The interaction of AMF and free-living N-fixing

bacteria was shown to have independent and additive effects on host plant choice

and performance of a herbivorous mite (Khaitov et al. 2015), but synergistic effects

on the production of secondary compounds have also been described (Awasthi

et al. 2011). Martinuz et al. (2012) showed that rhizobia and a mutualistic strain of

the root-colonizing endophyte Fusarium oxysporum independently induced sys-

temic resistance against an aphid on squashes but had no interacting effects.

Moreover, some free-living bacteria (mycorrhization helper bacteria) are known

to be closely associated with mycorrhizal fungi and are now seen as an integral

component of the mycorrhizal mutualism (Bonfante and Anca 2009). Gram-

positive actinomycetes represent a widespread group of such helper bacteria

(Frey-Klett et al. 2007) that have a number of effects on plant growth, enzyme

production and disease resistance (Lehr et al. 2007; Tarkka and Hampp 2008).
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In general, the multitude of responses arising from interacting effects of rhizo-

sphere mutualists on plant growth and herbivore performance are in line with the

current recognition of the whole soil microbiome as a complex mediator of plant

growth and ecosystem functions (Berendsen et al. 2012; Hol et al. 2010). Recent

studies do not show a clear relationship between microbiome complexity and

effects on plant-insect interactions (Pangesti et al. 2013). Future studies should

focus on patterns and principles in the complexity of systemic effects of the soil

community on plants and aboveground interactions. An important aspect within this

framework is the ability of the plant to actively modulate the soil community

(Bezemer et al. 2010). Recently, it has been discussed that the stimulation of the

plant’s defence system cannot be assigned to the exclusive influence of mutualists

like mycorrhizal fungi but has to be interpreted as a cumulative effect of the

microbial community in the mycorrhizosphere including nonpathogenic microbiota

(Cameron et al. 2013). This is supported by a number of studies which shows

interacting effects of root mutualists and free-living bacteria and fungi on plant

performance and plant resistance (see above). Similarly, Santhanam et al. (2015)

showed that a consortium of five root-associated bacteria was necessary to induce

resistance against sudden-wilt disease in Nicotiana attenuata, whereas single bac-
teria species did not show such effect (see also Sarma et al. 2015 for the enhanced

efficiency of microbial consortia). Taken together, this orchestrated action of plants

and their associated herbivores and microorganisms above- and belowground

strongly concurs with the concept of a holobiont-like system (Castell et al. 2015).

Such systems are evolving systems of interacting biological units (in this case

individuals and populations) with the ability to adapt to changing environments.

The close physiological and genetic interplay between the mycorrhizosphere

microbiome and the plant can thus be interpreted as integral part of the coevolution

with plant enemies (herbivores, pathogens).

5.3 Feedback Effects of Herbivores on Root Mutualists

Since herbivory may limit the ability of the plant to allocate resources to their

mutualists, colonization rates and abundance of beneficial microbiota may be

affected by herbivore damage. For instance, EMF may use between 10 and 50%

of the photosynthates of host plants (Hobbie and Hobbie 2006; Simard et al. 2002)

and may therefore be very sensitive to herbivory-induced changes in C-allocation

(Markkola et al. 2004). For seedlings of red oak, Frost and Hunter (2008) observed

a 63% decrease in allocation of carbon belowground and an increased allocation to

new foliage following herbivory. Similarly, herbivory by caterpillars of the gypsy

moth (Lymantria dispar) decreased C-partitioning towards belowground parts with

mature leaves being the carbon sink (Babst et al. 2008). Accordingly, several

studies demonstrated detrimental effects of herbivory on mycorrhizal colonization

(Gange et al. 2002a; Gehring and Whitham 1994; Markkola et al. 2004; Saravesi

et al. 2014; Trocha et al. 2016). Other studies, however, showed no effects (Varga
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et al. 2009) or an increase of AMF colonization upon vertebrate or invertebrate

grazing but also changes in the diversity and composition of the AMF community

(Eom et al. 2001; Kula et al. 2005; Mikola et al. 2005; Tawaraya et al. 2012; Techau

et al. 2004). However, Wearn and Gange (2007) found that the intensity of grazing

might play a role, and compared to no or intensive grazing, moderate herbivory by

rabbits increased mycorrhization of grasses under field conditions. This is in line

with the observation that moderate levels of feeding may increase the allocation of

carbon belowground (Babst et al. 2005). Of course, soil conditions may shape such

effects since the allocation of C to the mutualist is dependent on the benefit of the

interaction for the plant. In a recent meta-analysis, Barto and Rillig (2010) found

that biologically meaningful reductions of mycorrhizal colonization due to herbiv-

ory are rather rare. Moreover, herbivory-induced changes in mycorrhizal coloniza-

tion seem to be transient and may disappear within a few days after the absence of

herbivory (Nishida et al. 2009). Further, the reduction of photosynthetic capacity by

defoliation may change the strategy of mutualists to invest resources. For instance,

Garcia and Mendoza (2012) found that defoliation did not change root length

colonized by AMF and spore density but decreased vesicular colonization and

increased hyphal density. Accordingly, with these controversial findings, a recent

meta-analysis showed a general but nonsignificant trend towards negative effects of

herbivory on AMF (Yang et al. 2014). Similarly, defoliation has been shown to

have no (Pastore and Russell 2012; Techau et al. 2004), positive (Heath and Lau

2011) or negative effects (Kempel et al. 2009) on the number of nodules. However,

at least in some cases, this effect is solely attributable to changes in root biomass but

not to relative nodulation intensity (Kempel et al. 2009).

Alternatively to changes in C-allocation patterns, colonization rates of root

mutualists might be affected by herbivory via changes in signalling networks. For

instance, the herbivory-induced increase of jasmonic acid levels has been found to

increase both nodulation (Hause and Schaarschmidt 2009) and mycorrhization rates

(Kiers et al. 2010). Landgraf et al. (2012) found that repeated wounding of leaves of

Medicago truncatula locally and systemically increased JA levels and the expres-

sion of JA-induced genes with positive effects on AMF colonization, but no effects

on nodulation. Using a field quantitative genetic approach, Heath and McGhee

(2012) found that the negative phenotypic correlation between nodulation and

herbivory was mediated by plant biomass allocation patterns. There was, however,

a positive genetic correlation between nodulation and herbivory indicating shared

genetic pathways for both interactions. The exact underlying basis for this relation-

ship remains still elusive, but a central role for the regulation of JA-dependent plant

responses seems to be plausible (Heath and McGhee 2012). This again points

towards the role of a common evolutionary background of nodulation (and probably

other forms of symbiosis) and resistance against herbivores in plants. This common

background again may account for the parasitic origin of the mutualism with both

mycorrhizal fungi (Remy et al. 1994) and rhizobia (Dresler-Nurmi et al. 2007)

which can be interpreted as the basis for the induction of plant defence responses by

these mutualists (see Sect. 4).
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Beside effects of herbivores on root symbionts via changes in plant physiology,

herbivores may directly affect plant-symbiont interactions. For instance, aphid

honey dew production may not only influence nitrogen availability in soil but

also the relative importance of the direct uptake via plant roots and biological

nitrogen fixation via rhizobia (Katayama et al. 2014).

5.4 The Role of Genotypic Variability of Microbiota
and Plants

Both the interaction between plants and their mutualists and the interactions

between plants and herbivores are the result of a coevolutionary history which

may show a high spatial variability (Thompson 2005). Thus, ecologically differing

environments (selection mosaics) may lead to genotypes with locally adapted

interaction traits. In the case of root mutualists, variation of abiotic resources is

known to affect the benefit/cost relationship of this interaction both by affecting the

beneficial role of mutualists as providers of nutrients (Neuhauser and Fargione

2004; Weese et al. 2015) and by affecting the ability of plants to provide photo-

synthates under different light conditions (Ballhorn et al. 2016). Similarly, plant

defence and resistance are highly variable amongst populations and genotypes

(Castillo et al. 2014; Schädler et al. 2010). In a tritrophic interaction between

plants, root mutualists and consumers, this leads to genotype x genotype x genotype
x environment interaction and consequently to a high variability of possible out-

comes of this interaction especially along gradients of environmental variability or

experimental conditions. However, evidence for selection mosaics of plant-root

mutualist relationships is still limited and contradictory (Barrett et al. 2012; Heath

et al. 2010; Hoeksema et al. 2009; Piculell et al. 2008). Nevertheless, genotypic

effects on the outcome of mutualisms are known both for the microbial mutualist

and the plant, and plants growing in the field with locally adapted mycorrhizal fungi

have been shown to grow better and suffer less herbivore damage than plants

growing with a commercial inoculum (Middleton et al. 2015).

It has been shown that the effects of AMF colonization on the enhancement of

alkaloid content in the roots of P. lanceolata and on volatile blends released upon

herbivore feeding by M. truncatula (Leitner et al. 2010) are plant genotype depen-

dent. Also, the effect of leaf herbivory on nodulation was found to be variable

amongst plant populations (Heath and Lau 2011). In comparison, the genotype of

AM fungi has been found to have rather minor effects on the herbivores in some

cases (Wooley and Paine 2007) but important effects in others (Roger et al. 2013).

Further, different AMF genotypes differentially attracted a parasitoid wasp

(Wooley and Paine 2011), whilst several studies showed contrasting effects of

different strains of the same free-living PGPB on defence traits, e.g. of

P. fluorescens (e.g. Pineda et al. 2013b; Pangesti et al. 2015b, see also Pangesti

et al. 2013). Moreover, some genotypes of mutualists may be potentially
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exploitative partners of plants (Douglas 2008) that can be interpreted as a relic of

their parasitic evolutionary origin (Remy et al. 1994). These genotypes gain fitness

benefits from the plants without providing resources to the plant (Bronstein 2001).

The effects of such “cheating” genotypes for rhizobia-plant-insect interactions have

been investigated by Simonsen and Stinchcombe (2014). They found that herbivore

damage in the field was higher on plants with beneficial rhizobia than on plants with

inefficient rhizobia. Thus, herbivory may help to stabilize the coexistence of

beneficial and exploitative mutualists by causing a higher damage to plants with

beneficial mutualists.

6 Conclusions and Future Directions

6.1 Root Mutualists and the Defensive Phenotype of Plants

Traditionally, the main role of root mutualists for plant performance has been

discussed as the result of increased nutrient availability with positive effects on

plant growth and nutrition. Accordingly, the impact of these mutualists on herbi-

vores was initially interpreted as an effect of this increased availability of resources

on the herbivores directly or as a mediator of trade-offs between growth, defence

and tolerance in plants (Bennett et al. 2006; growth-differentiation balance hypoth-

esis, see below). Here, we show that root mutualists like mycorrhizal fungi and

rhizobia can be seen as an integral part of the plant’s defence system and mediate

the link between herbivores and plants in multiple ways (Fig. 3). In recent years it

became obvious that virtually all aspects of plant defence are affected by root

mutualists which can therefore be seen as important mediator of the plant’s
defensive phenotype. Root mutualists are part of the soil community, and their

effects on plants depend on synergistic and antagonistic interactions with other soil

biota. This review focussed on interactions with microbiota but interactions with

soil fauna are also common (Alguacil et al. 2011; Johnson and Rasmann 2015;

Koller et al. 2013a; Koller et al. 2013b; Li et al. 2013; but see Eisenhauer

et al. 2009). The resulting changes in nutritional quality of the plant and the

activation of signalling pathways are often modulated by an induction through

herbivore feeding which may determine the production of compounds and sub-

stances related to direct or indirect defence, but also the allocation of nutrients and

photosynthates to growth or resistance responses of the plant. The direct impact of

such changes on the herbivore is the net effect of changes in nutrient content and

production of secondary compounds and depends on the herbivore feeding mode

and the resulting sensitivity to plant defence responses. Recently, there has been an

increasing awareness of a mediation of indirect defence mechanisms by root

mutualists via a changed production of volatile organic compounds and a reduced

production of extrafloral nectar with consequences for the attraction of natural

enemies of the herbivores. Direct and indirect defences seem to be used by plants
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Fig. 3 Conceptual model of the influence of root symbionts on the defensive genotype of plants.

The activity of root symbionts and their interactions with other biota of the soil community (a)
cause an increase of plant nutrition and priming of plants via modulation of signalling pathways

(b). This leads to modification of the plant’s defence system (c) which is often triggered by an

induction by stresses like herbivore feeding (d ). As a result, the production of secondary defence

compounds is often increased (e). Root symbionts do also affect indirect defence traits. The

composition of volatile organic compounds (VOC) has been observed to change due to symbiosis

( f ) with consequences for parasitoid attraction (i), repellence of herbivores ( j) and probably also
for plant–plant communication (k). Plants growing with root symbionts have been shown to

produce less extrafloral nectar (EFN) (g) resulting in a reduced attractiveness for predators (h).
Therefore, root symbionts interfere with trade-offs between several defence mechanisms (l ),
e.g. by shifting resources to direct defence and tuning down indirect defences which may compete

with symbionts for the same resources (photosynthates) like EFN. The interplay between increased

nutritional quality (m) and plant defence syndromes affects the performance of herbivores

depending on their feeding mode and specialization. Finally, due to the plant-mediated effects

of symbionts on the performance and behaviour of herbivores and their natural enemies as well as

due to consequently changed top-down and bottom-up effects (n), root symbionts are mediators of

the structure of aboveground consumer communities. By reducing the amount of available

photosynthates and inducing responses in signalling pathways (o), herbivory may feedback on

root symbionts and interacting biota in the soil (b)

326 M. Schädler and D.J. Ballhorn



to a certain degree as alternative strategies (Ballhorn et al. 2008) with given costs

and benefits which can be mediated by mutualists. Trophic linkages between

herbivores and their predators and parasitoids further lead to changes in the

consumer community associated with plants. Whilst this review focusses on the

linkages between belowground mutualists and aboveground enemies, there is

increasing evidence that also the linkages involving aboveground mutualists like

pollinators and seed dispersers are further important in this context (Rodriguez-

Echeverria and Traveset 2015). Finally, even if there is evidence that the establish-

ment of mutualisms and herbivory have a joined genetic basis, herbivory-induced

changes in C-allocation and defence responses may lead to feedback responses of

mutualists to herbivory.

6.2 Root Mutualists in the Context of the Rhizosphere
Microbiome

The stimulation of the defence system of plants leading to priming and systemic

induced resistance seems to be a key process regulating the plant-mediated inter-

actions between belowground mutualists and aboveground herbivores. However,

given the holobiont-like nature (Castell et al. 2015; see Sect. 5.4) of the plant-soil

microbiome system, interactions with functionally diverse mycorrhizosphere

organisms may importantly mediate these effects and may also have shaped the

coevolutionary dynamics within this system. This aspect has been largely neglected

in many experiments using inoculation with a given root symbiont without con-

trolling for the (interacting) effects of other microbiota. Future studies should

experimentally disentangle the effects of specific biota in the rhizosphere. A further

possible way to assess the importance of mycorrhizal fungi without affecting the

root-associated microbiome might be the use of transformed plant lines with

silenced key genes of the symbiosis pathway (Groten et al. 2015). However, it

has to be taken into account that there might also be indirect or side effects upon

transformation within the metabolic response network. In a further step, it would be

experimentally and conceptually challenging to scale up from controlled experi-

ments under artificial and sometimes axenic conditions to the patterns which can be

observed in natural systems with a functionally complex microbiome.

6.3 Linking Mechanisms to Defence Strategies

Again, special attention has to be turned on the crosstalk between differentially

expressed signalling pathways and phytohormones as well as the underlying

genetic mechanisms (e.g. transcriptional changes) and element allocation patterns.

Despite the considerable progress regarding molecular techniques and the
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generation of transcriptomes in the last years, our understanding of the relationship

between changes in the regulation of genes as well as gene families (related to

certain metabolic pathways) due to biotic interactions and observed physiological

effects and ecological effects is still in its infancy. Tarkka et al. (2013) assessed

transcriptional changes in oak RNA in response to seven functionally different

biotic interactors including EMF and herbivores and found highly diverse patterns

of differentially expressed contigs related to different metabolic pathways like

growth, defence, nutrient and sugar transport as well as the production of different

hormones. This supports the view of Pangesti et al. (2013) that the outcome of

microbe-plant-insect interactions depends on the orchestrated interplay of different

hormonal pathways regulating not only defence but also growth and development

of plants. The relative importance of growth and defence as functions of the primary

and secondary metabolism, respectively, is hypothesized to vary across levels of

resource availability (growth-differentiation balance hypothesis, see Herms and

Mattson 1992). The decrease of sink strength of growth which may lead to a higher

availability of carbon to differentiation processes including defence is usually

related to low levels of nutrients which are provided by root mutualists like nitrogen

and phosphorous (Matyssek et al. 2012). Thus, root mutualists can be expected to

be important mediators of this relationship since they do not only provide additional

resources but also modulate metabolic pathways. By doing so, however, root

mutualists may not necessarily favour growth or defence as alternative strategies

(see also Fig. 2). Accordingly, Tao et al. (2016) demonstrated that the effects of

AMF on tolerance and chemical defence in milkweeds are correlated with their

effects on plant nutrition and growth, suggesting that an increased resource acqui-

sition due to mutualism compensates costs of chemical defence. Similarly, in lima

bean nodulation has been shown to favour both plant growth and anti-herbivore

defence by cyanogenesis (Thamer et al. 2011), a kind of defence for which evidence

for the validity of the growth-differentiation hypothesis has been demonstrated

(Ballhorn et al. 2014a).

6.4 Cultivated Plant Species: Application or Special Case?

A large part of studies have been conducted with crop plants or other cultivated

plant species (especially in the case of legumes and rhizobia). This might have

consequences for any findings regarding the influence of root mutualists on defence

strategies of plants. Kempel et al. (2011) demonstrated that certain trade-offs

between defence strategies can be found in wild plants but not in cultivated plants.

Cultivated plants are the result of artificial selection without any selection pressure

by herbivores, and therefore these plants are released from evolutionary forces that

shape trade-offs in nature (Leimu and Koricheva 2006). In contrast, secondary

compounds have sometimes been selectively eliminated in cultivated plants (Wink

1988), resulting in a greater resistance of wild ancestors against various pests than

their cultivated counterpart (de Lange et al. 2014). The loss of defence trade-offs in
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cultivated plants indicates that evolutionary rather than physiological forces shape

these trade-offs (Kempel et al. 2011). Thus, the transfer of findings from studies

with cultivated plants to natural systems has to be questioned. The importance of

beneficial soil microbiota for plant resistance and defence syndromes in wild versus

cultivated plants deserves further experimental comparisons. This might be a

precondition for the application of beneficial microbiota to pest-related problems

in agriculture and the enhancement of plant productivity (Crotti et al. 2012; Tkacz

and Poole 2015; Vannette and Hunter 2009). Moreover, breeding crop plants for

traits that promote beneficial linkages between root mutualists and plant resistance

and the use of mutualists have been suggested to be a potential contributor of food

security (Orrelland and Bennett 2013). This of course requires in-depth knowledge

of the underlying evolutionary and genetic basis of these interactions.

6.5 Considering Multilevel Complexity

The challenge of future studies will be to integrate natural complexity into the

research on root symbiont-plant-herbivore interactions. This applies to all levels of

organization and ranges from the complexity in the rhizosphere community (includ-

ing genotypic variability) to complex crosstalking networks of genetic and physi-

ological plant responses, the within- and between-species diversity at the level of

plant populations to multiple herbivory and their integration in aboveground food

webs. This review demonstrates that there are different ways in which belowground

mutualists may modulate the plant response to herbivory. Some of these responses

may act as alternative strategies, e.g. the expression of direct and indirect defence

mechanisms. Thus, in natural systems the decreased performance of herbivores due

to higher contents of secondary compounds in plants growing with beneficial soil

microbes may be alleviated by a reduced control by predators due to a lower

investment in indirect defence mechanisms. The benefit for the plant is then not

determined in terms of reduced herbivore pressure but rather by the relative

physiological and ecological costs of the different strategies on the background

of, e.g. resource availability, plant competition and more. These complex situations

can only hardly be mimicked in manipulative experiments, and a deeper under-

standing of the role of belowground mutualists requires a combination of experi-

mental, observational and theoretical approaches. Further, the plant-mediated

linkages between soil microbes and herbivores can be assumed to be the basis for

selection pressures and eco-evolutionary feedbacks between the communities,

organismal traits and species interactions (Biere and Tack 2013). Genotypic vari-

ability and locally adapted interaction traits in mutualist-plant-herbivore interac-

tions (see above) have to be interpreted in this context and are a promising area of

future research. Global change phenomena are of increasing relevance in this

context, since plant-mediated linkages between below- and aboveground biota

have been shown to be affected by the abiotic environment (see Sect. 2.1) which
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also may serve as selection pressure for the genetic and evolutionary architecture of

this relationship.
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Kempel A, Schädler M, Chrobock T, Fischer M, van Kleunen M (2011) Tradeoffs associated with

constitutive and induced plant resistance against herbivory. Proc Natl Acad Sci U S A

108:5685–5689. doi:10.1073/pnas.1016508108

Kempel A, Nater P, Fischer M, van Kleunen M (2013) Plant-microbe-herbivore interactions in

invasive and non-invasive alien plant species. Funct Ecol 27:498–508. doi:10.1111/1365-2435.

12056

Khaitov B, Pati~no-Ruiz JD, Pina T, Schausberger P (2015) Interrelated effects of mycorrhiza and

free-living nitrogen fixers cascade up to aboveground herbivores. Ecol Evol 5:3756–3768.

doi:10.1002/ece3.1654

Kiers ET, Denison RF (2008) Sanctions, cooperation, and the stability of plant-rhizosphere

mutualisms. Annu Rev Ecol Evol Syst 39:215–236

Kiers ET, Adler LS, Grman EL, van der Heijden MGA (2010) Manipulating the jasmonate

response: how do methyl jasmonate additions mediate characteristics of aboveground and

belowground mutualisms? Funct Ecol 24:434–443. doi:10.1111/j.1365-2435.2009.01625.x

Koller R, Rodriguez A, Robin C, Scheu S, Bonkowski M (2013a) Protozoa enhance foraging

efficiency of arbuscular mycorrhizal fungi for mineral nitrogen from organic matter in soil to

the benefit of host plants. New Phytol 199:203–211. doi:10.1111/nph.12249

Koller R, Scheu S, Bonkowski M, Robin C (2013b) Protozoa stimulate N uptake and growth of

arbuscular mycorrhizal plants. Soil Biol Biochem 65:204–210. doi:10.1016/j.soilbio.2013.05.

020

Koorneef A, Pieterse CMJ (2008) Cross-talk in defense signalling. Plant Physiol 146:839–844

Koricheva J, Gange AC, Jones T (2009) Effects of mycorrhizal fungi on insect herbivores: a meta-

analysis. Ecology 90:2088–2097

Koschier EH, Khaosaad T, Vierheilig H (2007) Root colonization by the arbuscular mycorrhizal

fungus Glomus mosseae and enhanced phosphorous levels in cucumber do not affect host

acceptance and development of Frankliniella occidentalis. J Plant Interact 2:11–15. doi:10.
1080/17429140701231459

Kost C, Heil M (2008) The defensive role of volatile emission and extrafloral nectar secretion for

Lima Bean in nature. J Chem Ecol 34:2–13. doi:10.1007/s10886-007-9404-0

Krupa S, Fries N (1971) Studies on ectomycorrhizae of pine. I Production of volatile organic

compounds. Can J Bot 49:1425–1431. doi:10.1139/b71-200

Krupa S, Andersson J, Marx DH (1973) Studies on ectomycorrhizae of pine III. Volatile organic

compounds in mycorrhizal and nonmycorrhizal root systems of Pinus echinata Mill. Eur J For

Pathol 3:194–200. doi:10.1111/j.1439-0329.1973.tb00394.x

Kula AAR, Hartnett DC (2015) Effects of mycorrhizal symbiosis on aboveground arthropod

herbivory in tallgrass prairie: an in situ experiment. Plant Ecol 216:589–597. doi:10.1007/

s11258-015-0461-0

Kula AAR, Hartnett DC, Wilson GWT (2005) Effects of mycorrhizal symbiosis on tallgrass

prairie plant-herbivore interactions. Ecol Lett 8:61–69

Laird R, Addicott J (2007) Arbuscular mycorrhizal fungi reduce the construction of extrafloral

nectaries in Vicia faba. Oecologia 152:541–551. doi:10.1007/s00442-007-0676-4
Landgraf R, Schaarschmidt S, Hause B (2012) Repeated leaf wounding alters the colonization of

Medicago truncatula roots by beneficial and pathogenic microorganisms. Plant Cell Environ

35:1344–1357. doi:10.1111/j.1365-3040.2012.02495.x

Larimer AL, Bever JC, Clay K (2010) The interactive effects of plant microbial symbionts: a

review and meta-analysis. Symbiosis 51:139–148. doi:10.1007/s13199-010-0083-1

Lehr NA, Schrey SD, Bauer R, Hampp R, Tarkka MT (2007) Suppression of plant defence

response by a mycorrhiza helper bacterium. New Phytol 174:892–903. doi:10.1111/j.1469-

8137.2007.02021.x

Leimu R, Koricheva J (2006) A meta-analysis of tradeoffs between plant tolerance and resistance

to herbivores: combining the evidence from ecological and agricultural studies. Oikos 112:1–9.

doi:10.1111/j.0030-1299.2006.41023.x

Beneficial Soil Microbiota as Mediators of the Plant Defensive Phenotype and. . . 337

http://dx.doi.org/10.1073/pnas.1016508108
http://dx.doi.org/10.1111/1365-2435.12056
http://dx.doi.org/10.1111/1365-2435.12056
http://dx.doi.org/10.1002/ece3.1654
http://dx.doi.org/10.1111/j.1365-2435.2009.01625.x
http://dx.doi.org/10.1111/nph.12249
http://dx.doi.org/10.1016/j.soilbio.2013.05.020
http://dx.doi.org/10.1016/j.soilbio.2013.05.020
http://dx.doi.org/10.1080/17429140701231459
http://dx.doi.org/10.1080/17429140701231459
http://dx.doi.org/10.1007/s10886-007-9404-0
http://dx.doi.org/10.1139/b71-200
http://dx.doi.org/10.1111/j.1439-0329.1973.tb00394.x
http://dx.doi.org/10.1007/s11258-015-0461-0
http://dx.doi.org/10.1007/s11258-015-0461-0
http://dx.doi.org/10.1007/s00442-007-0676-4
http://dx.doi.org/10.1111/j.1365-3040.2012.02495.x
http://dx.doi.org/10.1007/s13199-010-0083-1
http://dx.doi.org/10.1111/j.1469-8137.2007.02021.x
http://dx.doi.org/10.1111/j.1469-8137.2007.02021.x
http://dx.doi.org/10.1111/j.0030-1299.2006.41023.x


Leitner M, Kaiser R, Hause B, Boland W, Mithofer A (2010) Does mycorrhization influence

herbivore-induced volatile emission in Medicago truncatula? Mycorrhiza 20:89–101. doi:10.

1007/s00572-009-0264-z

Li H et al (2013) Impact of the earthworm Aporrectodea trapezoides and the arbuscular mycor-

rhizal fungusGlomus intraradices on N-15 uptake by maize from wheat straw. Biol Fertil Soils

49:263–271. doi:10.1007/s00374-012-0716-z

Liu JY et al (2003) Transcript profiling coupled with spatial expression analyses reveals genes

involved in distinct developmental stages of an arbuscular mycorrhizal symbiosis. Plant Cell

15:2106–2123. doi:10.1105/tpc.014183

Liu J, Maldonado-Mendoza I, Lopez-Meyer M, Cheung F, Town CD, Harrison MJ (2007)

Arbuscular mycorrhizal symbiosis is accompanied by local and systemic alterations in gene

expression and an increase in disease resistance in the shoots. Plant J 50:529–544. doi:10.1111/

j.1365-313X.2007.03069.x

Manninen AM (1999) Susceptibility of Scots pine seedlings to specialist and generalist insect

herbivores – importance of plant defense and mycorrhizal status. Natural and Environmental

Sciences 100. PhD, University Kuopio, Kuopio University Publications C

Manninen AM, Holopainen T, Holopainen JK (1998) Susceptibility of ectomycorrhizal and

nonmycorrhizal Scots pine (Pinus sylvestris) seedlings to a generalist insect herbivore, Lygus
rugulipennis, at two nitrogen availability levels. New Phytol 140:55–63

Manninen AM, Holopainen T, Holopainen JK (1999) Performance of grey pine aphid,

Schizolachnus pineti, on ectomycorrhizal and non-mycorrhizal Scots pine seedlings at differ-

ent levels of nitrogen availability. Entomol Exp Appl 93:117–120

Manninen AM, Holopainen T, Lyytikaeinen-Saarenmaa P, Holopainen JK (2000) The role of

low-level ozone exposure and mycorrhizas in chemical quality and insect herbivore perfor-

mance on Scots pine seedlings. Glob Chem Biol 5:1–11

Markkola A, Kuikka K, Rautio P, Harma E, Roitto M, Tuomi J (2004) Defoliation increases

carbon limitations in ectomycorrhizal symbiosis of Betula pubescens. Oecologia 140:234–240.
doi:10.1007/s00442-004-1587-2

Martinuz A, Schouten A, Menjivar RD, Sikora RA (2012) Effectiveness of systemic resistance

toward Aphis gossypii (Hom., Aphididae) as induced by combined applications of the endo-

phytes Fusarium oxysporum Fo162 and Rhizobium etli G12. Biol Control 62. doi:10.1016/j.

biocontrol.2012.05.006

Marx J (2004) The roots of plant-microbe collaborations. Science 304:234–236

Matyssek R, Koricheva J, Schnyder H, Ernst D, Munch JC, Oßwald W, Pretzsch H (2012) The

balance between resource sequestration and retention: a challenge in plant science. In:

Matyssek R, Schnyder R, Oßwald W, Ernst D, Munch JC, Pretzsch H (eds) Growth and

defence in plants. Springer, Heidelberg, pp 3–23. doi:10.1007/978-3-642-30645-7_1

Mechri B, Tekaya M, Cheheb H, Attia F, Hammami M (2015) Accumulation of flavonoids and

phenolic compounds in olive tree roots in response to mycorrhizal colonization: a possible

mechanism for regulation of defense molecules. J Plant Physiol 185:40–43. doi:10.1016/j.

jplph.2015.06.015

Medina A, Probanza A, Gutierrez Ma~nero FJ, Azcón R (2003) Interactions of arbuscular-

mycorrhizal fungi and Bacillus strains and their effects on plant growth, microbial rhizosphere

activity (thymidine and leucine incorporation) and fungal biomass (ergosterol and chitin). Appl

Soil Ecol 22:15–28. doi:http://dx.doi.org/10.1016/S0929-1393(02)00112-9

Michel K, Abderhalden O, Bruggmann R, Dudler R (2006) Transcriptional changes in powdery

mildew infected wheat and Arabidopsis leaves undergoing syringolin-triggered hypersensitive

cell death at infection sites. Plant Mol Biol 62:561–578. doi:10.1007/s11103-006-9045-7

Middleton EL, Richardson S, Koziol L, Palmer CE, Yermakov Z, Henning JA, Schultz PA, Bever

JD (2015) Locally adapted arbuscular mycorrhizal fungi improve vigor and resistance to

herbivory of native prairie plant species. Ecosphere 6:276. doi:10.1890/ES15-00152.1
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Thamer S, Schädler M, Bonte D, Ballhorn DJ (2011) Dual benefit from a belowground symbiosis:

nitrogen fixing rhizobia promote growth and defense against a specialist herbivore in a

cyanogenic plant. Plant and Soil 341:209–219. doi:10.1007/s11104-010-0635-4

Thompson JN (2005) The geographic mosaic of coevolution. University Chicago Press, Chicago

Tkacz A, Poole P (2015) Role of root microbiota in plant productivity. J Exp Bot 66:2167–2175.

doi:10.1093/jxb/erv157

Toussaint JP, Smith FA, Smith SE (2007) Arbuscular mycorrhizal fungi can induce the production

of phytochemicals in sweet basil irrespective of phosphorus nutrition. Mycorrhiza 17:291–297.

doi:10.1007/s00572-006-0104-3

Trocha LK, Weiser E, Robakowski P (2016) Interactive effects of juvenile defoliation, light

conditions, and interspecific competition on growth and ectomycorrhizal colonization of

Fagus sylvatica und Pinus sylvestris seedlings. Mycorrhiza 26:47–56. doi:10.1007/s00572-

015-0645-4

Ueda K et al (2013) Effects of arbuscular mycorrhizal fungi on the abundance of foliar-feeding

insects and their natural enemy. Appl Entomol Zool 48:79–85. doi:10.1007/s13355-012-0155-1

Valdez Barillas JR, Paschke MW, Ralphs MH, Child RD (2007) White locoweed toxicity is

facilitated by a fungal endophyte and nitrogen-fixing bacteria. Ecology 88:1850–1856

van der Heijden MGA, Boller T, Wiemken A, Sanders IR (1998a) Different arbuscular mycor-

rhizal fungal species are potential determinants of plant community structure. Ecology

79:2082–2091

van der Heijden MGA et al (1998b) Mycorrhizal fungal diversity determines plant biodiversity,

ecosystem variability and productivity. Nature 396:69–72

van der Heijden MGA et al (2006) Symbiotic bacteria as a determinant of plant community

structure and plant productivity in dune grassland. FEMS Microbiol Ecol 56:178–187

van der Heijden MGA, Bardgett RD, van Straalen NM (2008) The unseen majority: soil microbes

as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol Lett 11:296–310

van Loon LC, Bakker PAHM, Pieterse CMJ (1998) Systemic resistance induced by rhizosphere

bacteria. Annu Rev Phytopathol 36:453–483. doi:10.1146/annurev.phyto.36.1.453

Vannette RL, Hunter MD (2009) Mycorrhizal fungi as mediators of defence against insect pests in

agricultural systems. Agric For Entomol 11:351–358. doi:10.1111/j.1461-9563.2009.00445.x

Vannette RL, Hunter MD (2011) Plant defence theory re-examined: nonlinear expectations based

on the costs and benefits of resource mutualisms. J Ecol 99:66–76. doi:10.1111/j.1365-2745.

2010.01755.x

Vannette RL, Hunter MD (2013) Mycorrhizal abundance affects the expression of plant resistance

traits and herbivore performance. J Ecol 101:1019–1029. doi:10.1111/1365-2745.12111
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