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1. INTRODUCTION 

Plants are growing in a sophisticated multitrophic environment and may have trophic 

relations to numerous other organisms both below- and aboveground. Such food webs 

usually consist of many interrelated interactions among species of different kingdoms and 

taxa and plants are playing a central role in these webs (Dicke and Vet 1999). With a few 

exceptions, the roots of nearly all plant species can form associations with mycorrhizal 

fungi, generally with benefits for both symbiotic partners (Hoeksema et al. 2010). 

Mycorrhizae may not only significantly change the host plant’s chemistry, physiology and 

morphology by helping the plant to obtain nutrients that are otherwise inaccessible, 

especially phosphorus, from the soil, but also affect other soil microbes such as nitrogen-

fixing bacteria. These interactions can be either direct by metabolic exchange or indirectly 

mediated by changes in the shared host plant (Smith and Read 2008). On the other hand, 

there are also interactions that negatively affect plant growth, both above- and 

belowground. Herbivory, for example, can decrease plant fitness by reducing the 

photosynthetic area needed to grow reproductive tissue, increase plant defense responses 

and even lead to the plants death (Smith and Read 2008). In the event of herbivore attack, 

plants commonly ‘cry for help’ by emitting herbivore-induced plant volatiles (HIPVs) to 

enhance recruitment of the herbivores’ natural enemies (Dicke and van Loon 2000). The fact 

that above- and belowground plant-associated organisms interact was, until recently, 

largely disregarded in multitrophic studies and most scientists focused either on 

aboveground or on belowground organisms. However, to gradually improve our 

understanding of the ecology of plant growth and defense in multitrophic environments, we 

have to consider that belowground organisms have an impact on aboveground species and 

vice versa (van der Putten et al. 2011). 

Recent scientific findings showed that arbuscular mycorrhizal fungi (AMF) may elicit 

changes in the blend of HIPVs released by bean plants in the event of attack by herbivorous 

spider mites (Schausberger et al. 2012). Additionally, AMF improve the quality of the spider 

mites as prey for their prime natural enemies, predatory mites (Hoffmann et al. 2011a). 

Predatory mites that are specialized on spider mite prey are able to perceive those 

mycorrhiza-induced changes in HIPVs, which ultimately benefits their own fitness 

(Hoffmann et al. 2011a; Schausberger et al. 2012). 
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Here, I pursued the hypothesis that only specialized spider mite predators are able to detect 

mycorrhiza-induced changes in HIPVs, because indicating higher prey quality, but not 

omnivorous diet generalists for which spider mites are only one of many possible food 

types. 

1.1 Study organisms 

1.1.1 Arbuscular mycorrhizal fungi (AMF) 

The symbioses between arbuscular mycorrhizal fungi and autotrophic plants are generally, 

but not necessarily, regarded as mutualistic with benefits for both partners (Smith and Read 

2008; Hoeksema et al. 2010). These symbioses are called arbuscular mycorrhizae (AM), 

which are ubiquitous phenomena in the natural environment of plant roots and are found in 

every terrestrial ecosystem on the planet (Koricheva et al. 2009). The fungi provide their 

host plants with mineral nutrients (especially phosphorus but, depending on the context, 

also nitrogen and others) through its hyphal network, receiving carbohydrates in return 

(Smith and Read 2008). Approximately 70 % of all land plants form symbioses with AMF 

(Hodge 2000), while the proportion of the world’s flora associating with ectomycorrhizal 

fungi (EMF) amounts to 3 % (Smith and Read 2008). Currently, about 150 species of AMF 

are known, most of which are associating with a wide range of plants, whereas some plant 

species only associate with particular fungal symbionts (Hodge 2000). 

The AM symbiosis consists of three important components: the root itself, the fungal 

structures within and between the cells of the root and an extraradical mycelium in the soil. 

Mycorrhizal colonization of roots can arise from spores, infected root fragments and hyphae 

(Smith and Read 2008). Hyphal contact with the root is followed by adhesion of the hypha to 

the root surface and with the formation of swollen appressoria after 2 to 3 days, followed by 

root penetration and formation of arbuscules after another 2 days (Rosewarne et al. 1997). 

Initially, hyphae grow intercellularly (Garriock et al. 1989), with arbuscules and vesicles 

forming after 5 to 10 days (Brundrett et al. 1985). Inside the plant cell, the forming main 

trunk of the arbuscule is invaginated in an apoplastic compartment outside the plant cell 

cytoplasm, with the result that the plasma membrane of the plant cell is not penetrated 

(Smith and Read 2008). Consequently, the AMF colonizes two different apoplastic 

compartments in the root, the intercellular spaces between cortical cells and a more 

specialized intracellular apoplast surrounding the coils (Smith and Read 2008). The transfer 



3 | P a g e  

 

of nutrients between the fungus and the plant occurs across symbiotic interfaces in these 

apoplastic compartments (Smith and Read 2008). Hyphae are also growing from the root 

into the soil and have two functions: to obtain nutrients from the soil and to establish 

secondary infections in other roots of the same or different plants (Rosewarne et al. 1997). 

The AM-enhanced nutrient uptake depends on three essential processes: uptake of nutrients 

by the fungal mycelium in the soil, transportation within the hyphae to the arbuscules 

within the roots and transfer to the plant cells across the complex interface between the 

symbionts (Smith and Read 2008). The fungal mycelium enlarges the soil volume which can 

be naturally depleted for nutrients from the plants roots and penetrates smaller soil pores, 

resulting in context-dependent improved phosphorous (P), nitrogen (N), zinc (Zn) and/or 

copper (Cu) supply for the plant. Also the concentrations of potassium (K) in AMF plants are 

occasionally higher than those in non-infested plants, but depend on various factors as for 

instance the availability of N and P and the mobility of K-ions in the soil (Smith and Read 

2008). A review published by Read and Perez-Moreno (2003) reported, that AMF might 

even be involved in direct attack upon nutrient containing organic polymers and may also 

be able to compete effectively with soil-inhabiting microorganisms for recently mineralized 

nutrients. 

Mycorrhizal plants generally benefit from an improved nutrient uptake, which in turn may 

enhance plant growth, size, vigor etc. (Smith and Read 2008), but these benefits on plant 

performance greatly depend on plant and fungal genotypes and soil abiotic and biotic 

conditions (Hoeksema et al. 2010). 

In return for providing nutrients to the plant, AMF are entirely dependent on an organic 

carbon (C) supply from their photosynthetic partner. Between 4 and 20 % of the plant’s net 

photosynthate is transferred to the fungus and used in production of both vegetative and 

reproductive structures (Smith and Read 2008). 

1.1.2 The arbuscular mycorrhizal fungus Glomus mosseae 

Glomus mosseae (Nicol. & Gerd.), the fungus applied in this study, is a worldwide distributed, 

ubiquitous arbuscular mycorrhizal fungus able to form symbioses with a wide range of 

vascular plants (Smith and Read 2008). Several studies examined the effects of G. mosseae 

on its host plants (e.g. Ortas and Akpinar 2006). Regarding the host plant species used in my 

study, common bean Phaseolus vulgaris L., Isobe and Tsuboki (1999) discovered that the 
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symbiosis with G. mosseae exerted positive effects on the growth and grain yield of the bean 

plant. Hoffmann et al. (2009) examined the influence of G. mosseae on plant growth of P. 

vulgaris and the effects of an altered nutrient content on the two-spotted spider mite 

Tetranychus urticae Koch, a polyphagous herbivore. Hoffmann et al. (2009) recently showed 

that T. urticae benefits from increased P and K content levels in the leaves of its host plants 

and preferentially feeds and oviposits on mycorrhizal plants. Furthermore, AMF symbiosis 

shortens their egg developmental time and increases the oviposition rate and female 

offspring proportion. Patiño-Ruiz and Schausberger (2014) recently found that adaptive 

learning enables T. urticae to perceive mycorrhiza-induced changes in host plant volatiles 

leading the herbivores to a more favorable food source. The enhanced life history 

performance of T. urticae on mycorrhizal plants seems to be detrimental for both partners of 

the mycorrhizal symbiosis, the host plant and the AMF (Hoffmann et al. 2011b). However, 

Hoffmann et al. (2011a; 2011b) showed that AM may also affect indirect plant defense 

mechanisms via enhancing the performance of the prime natural enemies of the herbivores, 

predatory mites, and thereby render the bean plant-fungus symbiosis net positive for both 

partners, despite enhanced spider mite proliferation. 

In my study system, spider mite feeding negatively affects root colonization by AMF 

(Hoffmann et al. 2011b) but the effects of herbivory on AMF are not always negative, also 

depending on whether herbivory occurs above- or belowground (Wamberg et al. 2003). For 

example, root herbivory by Tipula paludosa larvae on Agrostis capillaris changed the 

quantity and composition of root exudates, thus leading to increased colonization by G. 

mosseae and G. intraradices (Currie et al. 2006).  

1.1.3 Linking above- and belowground interactions 

Research during the last two decades revealed that plants are often simultaneously 

influenced by both above- and belowground organisms. However, most studies focused 

exclusively on aboveground tritrophic interactions, possibly also because interactions in the 

soil are not that easy to monitor, sample and manipulate experimentally. For a better 

understanding of plant defense mechanisms, above- and belowground plant-associated 

organisms need to be linked and the influence of belowground organisms such as root-

feeding herbivores, soil pathogens or mycorrhizal fungi on aboveground organisms and the 

ecology of the plant as a whole has to be considered (reviewed by van der Putten et al. 

2001). 
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Both above- and belowground organisms have an impact on trophic cascades which may be 

characterized by “top-down” and “bottom-up” forces. Top-down phenomena are, for 

example, caused by predators influencing species in a lower trophic level in the food chain. 

In contrast, interactions between e.g. primary producers and their root symbionts cascading 

up in trophic webs are typical bottom-up phenomena. Because all members of the web are 

directly or indirectly connected to each other, species at any trophic level vary in 

importance and flows can be upward and downward. This permits species to dominate the 

trophic system through feedback loops and pervasively influence all other species in the 

web (Hunter and Price 1992). 

For my study system, Hoffmann et al. (2011a) discovered a bottom-up trophic cascade 

caused by changes in bean plants P. vulgaris triggered by the mycorrhizal fungus G. mosseae. 

The fungus induced plant-mediated changes in the prey quality of an aboveground 

herbivore, the spider mite T. urticae, which in turn resulted in increased fitness of the 

predatory mite Phytoseiulus persimilis Athias-Henriot feeding on the spider mites. The 

increased fitness of the predator cascaded down and compensated the negative effects of 

the mycorrhiza-enhanced life history performance of T. urticae (Hoffmann et al. 2009) to the 

fitness benefit of the host plant. Follow-up research (Hoffmann et al. 2011b) revealed a 

positive feedback loop on the AMF caused by the enhanced predator performance. Due to P. 

persimilis reducing the numbers of T. urticae, the roots supply with carbon was enhanced, 

thus leading to a higher root colonization level by G. mosseae. To my knowledge, the study 

by Hoffmann et al. (2011b) was the first experimental proof for a mutually beneficial 

interaction between a belowground AMF and an aboveground third trophic level enemy. 

1.1.4 Plant defense and herbivore-induced plant volatiles 

In 1980, Price et al. published a seminal review about the role of natural enemies of plant 

herbivores in plant defense. These authors highlighted the relevance of natural enemies as 

mutualists of plants and the importance of integrating third trophic level interactions in 

plant defense mechanisms. 

Plant defense strategies are highly diverse and can be divided into direct and indirect 

defenses. Direct plant defense mechanisms are for example plant morphological structures 

such as trichomes and thorns or chemical compounds such as toxins and digestibility 

reducers, which negatively affect the performance of herbivores or pathogens. Indirect 
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defense strategies target the natural enemies of the pathogens or herbivores, for example by 

emitting attractive volatiles or enhancing the performance and effectiveness of the 

carnivores by providing food supplements or shelter (e.g. domatia). Induced indirect plant 

defense mechanisms include volatiles or food supplements that are not constitutively 

present but only produced in the event of plant attack by herbivores or pathogens. Inducible 

expression of defense minimizes the metabolic costs of the production of defense chemicals 

(reviewed by van der Putten et al. 2001, Bezemer and van Dam 2005). 

Upon attack, plants are able to produce a diversity of secondary metabolites like for instance 

herbivore-induced plant volatiles (HIPVs). HIPVs are produced in response to herbivore 

attack or egg deposition to enhanced recruitment of the herbivores’ natural enemies. These 

secondary plant metabolites may consist of hundreds of single compounds and mainly 

comprise terpenoids, fatty acid derivatives, phenyl propanoids and benzenoids. They are 

either produced de novo by attacked plants or, if also produced by undamaged plants, with 

quantitatively changed synthesis in case of infestation (Dicke and van Loon 2000). 

Furthermore, the induced release of the volatiles is commonly systemic and is not restricted 

to the site of damage (Dicke et al. 1990). Also mechanically damaged plants may change 

their volatiles, but in a different quantity and quality compared to volatiles induced by 

herbivory (Dicke and Vet 1999). Herbivore-induced and constitutively emitted blends of 

plant volatiles do not only differ in the quantity of volatiles released per unit of plant 

biomass but also in the composition of the volatile mixtures (Dicke and van Loon 2000). 

Some plants produce qualitatively similar chemical mixtures irrespective of the herbivore 

that feeds on them, therefore the specificity in plant response often lies in the quantity of 

blend components (Dicke and Vet 1999). 

The released HIPVs can be specific for a given plant species attacked by a given herbivore 

species, but in many cases such plant volatiles also affect other plants, herbivore 

competitors or predators of the carnivores. This implies that the food web is overlaid with a 

more complex information web, because information transmission may occur irrespective 

of trophic relationships (Dicke and Vet 1999). 

Up to now, indirect plant defense through the attraction of third trophic level predators was 

found in more than 49 plant species and at least 25 different predator species (Mumm and 

Dicke 2010). Research on HIPVs started in the 1980s, when Sabelis and van de Baan (1983) 

observed that the specialist predatory mites P. persimilis and Metaseiulus occidentalis 
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reacted positively to the odor stream emitted by leaves of lima bean plants Phaseolus 

lunatus infested with T. urticae. The generalist predatory mites Amblyseius andersoni 

(Chant) (= A. potentillae) and Euseius finlandicus (Oudemans) (=Amblyseius finlandicus) 

preferred the odor of apple leaves infested by the European Red Mite (Panonychus ulmi) to 

the odor of clean leaves. Hence, phytoseiid predators preying on or having a preference for a 

particular tetranychid species reacted to the odor of leaves infested by their preferred 

species, in order to maximize their reproductive success. Further research by Dicke et al. 

(1990) on similar tritrophic systems consisting of P. lunatus, T. urticae and the two 

carnivores P. persimilis and A. andersoni revealed that P. persimilis was especially attracted 

by the four herbivore-induced volatile compounds linalool, methyl salicylate, (E)-β-ocimene, 

and (E)-4,8-dimethyl-1,3,7-nonatriene, whereas the green leaf volatiles (Z)-3-Hexen-1-ol 

and (Z)-3-hexenyl acetate, which are released after herbivory as well as physical damage 

(Reddy et al. 2002), are not appealing for P. persimilis. To the contrary, A. andersoni only 

responded to linalool and methyl salicylate when reared on a carotenoid-deficient diet 

consisting of Vicia faba pollen (Dicke et al. 1990). 

Koveos et al. (1995) found that A. andersoni responded positively to odors emanating from 

P. vulgaris infested with T. urticae, providing additional behavioral evidence for the plant 

being the producer of the carnivore attractants. 

Shimoda et al. (2005) showed that also the generalist predatory mite Neoseiulus californicus 

(McGregor) may be attracted by the odor from leaves of P. lunatus infested with the spider 

mite T. urticae. The finding that significantly more predators preferred spider mite damaged 

leaves after removing T. urticae to artificially damaged leaves suggested that N. californicus 

is capable of perceiving a variety of plant-derived volatile infochemicals induced by their 

prey. Similar to P. persimilis, also N. californicus was attracted by both linalool and methyl 

salicylate (Shimoda et al. 2005). 

As described, mutualistic interactions between plants and predatory arthropods are 

widespread and strongly suggest co-evolution (Dicke and Vet 1999). Volatiles that are 

attractive to carnivorous arthropods may be induced by herbivores from six different insect 

and mite orders: Lepidoptera, Diptera, Thysanoptera, Coleoptera, Hemiptera and Acari 

(Mumm and Dicke 2010). The tritrophic system worked with in my study, consisting of bean 

plants such as P. lunatus or P. vulgaris, T. urticae and predatory mites such as P. persimilis or 
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N. californicus is one of the best known and most often applied model system in research on 

HIPVs (e.g. Sabelis and van de Baan 1983; Dicke et al. 1990; Shimoda et al. 2005). 

1.1.5 The effect of arbuscular mycorrhiza on herbivore-induced plant volatiles 

Belowground organisms, such as AMF, can influence defense responses aboveground and, 

vice versa, aboveground organisms such as herbivores can influence belowground defenses 

(Bezemer and van Dam 2005). Studies on the impact of AMF on the metabolization of HIPVs 

are extremely scarce (Fontana et al. 2009; Leitner et al. 2010) and only Guerreri et al. 

(2004) and Schausberger et al. (2012) additionally focused on the associated attraction of 

AMF influenced plant volatiles to aboveground natural enemies of herbivores. The AMF 

Glomus intraradices induces quantitative and qualitative changes in the volatile compounds 

emitted by Plantago lanceolata (Fontana et al. 2009) and Medicago truncatula (Leitner et al. 

2010) in case of herbivory by caterpillars of Spodoptera spp. Guerreri et al. (2004) linked 

the mycorrhizal symbiosis of Glomus mosseae and tomato plants with the increased 

attraction of the parasitic wasp Aphidius ervi to changes in plant-emitted volatiles. However, 

in the study by Guerreri et al. (2004) the parasitoids were more strongly attracted by 

mycorrhizal plants, irrespective of the presence of their hosts, the aphid Macrosiphum 

euphorbiae, and aphid feeding on the plant, respectively. 

Schausberger et al. (2012) used the abovementioned well-known tritrophic system of the 

bean plant P. vulgaris, the spider mite T. urticae and the predator P. persimilis to investigate 

and link mycorrhiza-induced changes in HIPV emission and attraction of natural enemies. 

Their analysis using proton-transfer mass spectrometry revealed remarkable mycorrhiza-

induced changes in the HIPV composition. Two compounds metabolized de novo in case of 

spider mite attack, β-ocimene and β-caryophyllene, were increasingly emitted by 

mycorrhizal plants whereas emission of the constitutively present methyl salicylate was 

increased by infestation with T. urticae but decreased in presence of mycorrhiza. However, 

no single compound was metabolized de novo following mycorrhization. The fact that the 

HIPVs of spider mite infested mycorrhizal plants were more attractive to P. persimilis than 

the HIPVs of spider mite-infested non-mycorrhizal plants allowed the conclusion that the 

predatory mite P. persimilis can discriminate mycorrhizal from non-mycorrhizal plants 

(Schausberger et al. 2012) and is more strongly attracted to mycorrhizal plants harboring 

more nutritious prey, and thus ultimately enhancing predator fitness (Hoffmann et al. 

2011a).  
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1.1.6 The spider mite Tetranychus urticae 

The two-spotted spider mite Tetranychus urticae belongs to the family of the true spider 

mites, the Tetranychidae. It is a worldwide distributed, highly polyphagous crop pest, 

causing serious plant damage, yield loss and even death of the plant (Helle and Sabelis 

1985a). T. urticae may feed on the leaves of more than 800 plant species, including 

vegetables, fruit trees, maize and a wide range of ornamentals (van Leeuwen et al. 2010). 

The spider mites penetrate the leaf tissue with their stylets and suck out the parenchyma 

cell contents (Tomczyk and Kropczynska 1985). Spider mite feeding severely impairs the 

health of their host plants, because of the loss of mineral elements and loss of water by 

increased transpiration leading to water stress. However, most damage is caused by the loss 

of chlorophyll resulting in a reduced photosynthetic rate (Tomczyk and Kropczynska 1985). 

When searching for suitable host plants, T. urticae often exploits plant volatiles emitted by 

both herbivore-uninfested and infested plants (Dicke and van Loon 2000). The complex web 

produced by these spider mites protects them from many predator species and from 

desiccation under low relative humidity (Saito 1985). 

Although biological control of T. urticae has proven successful in many crops, the use of 

insecticides and acaricides is still very common. The high fecundity (up to 10 

eggs/female/day at 25 °C) and relatively short life cycle of T. urticae facilitate quick 

development of resistance to many chemicals used in food crops (van Leeuwen et al. 2010). 

Table 1: Taxonomic classification of T. urticae (after Hoy 2011) 

Taxonomic level  Name 

Kingdom 
Phylum 
Subphylum 
Class 
Subclass 
Order 
Suborder 
Family 
Genus 
Species 

Animalia 
Arthropoda 
Chelicerata 
Arachnida 
Acari 
Acariformes 
Actinedida 
Tetranychidae 
Tetranychus 

Tetranychus urticae C. L. Koch 1836 
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1.1.7 The predatory mites 

Many predatory mites of the family Phytoseiidae, including the predatory mite species used 

in my study, P. persimilis, N. californicus, A. andersoni and E. finlandicus, are very successful 

agents of biological control against the two-spotted spider mite T. urticae and the European 

Red Mite Panonychus ulmi, respectively. Approximately 2000 species belong to the family of 

Phytoseiidae, many of which are considered to be valued natural enemies of herbivorous 

mites and insects in diverse greenhouse and outdoor crops (e.g. Helle and Sabelis 1985b; 

McMurtry and Croft 1997). The Phytoseiidae represent the best and most comprehensively 

studied group of predatory mites used in biological control; their members may occur in all 

different kinds of natural and agricultural ecosystems. Depending on their diet 

specialization, they usually prey on other mites and small insects, but the generalists may 

also feed on pollen, honeydew, fungi or even suck plant liquids (Helle and Sabelis 1985b; 

McMurtry and Croft 1997). 

Table 2: Taxonomic classification of Phytoseiidae (after McMurtry and Croft 1997) 

Taxonomic level Name 

Kingdom 
Phylum 
Subphylum 
Class 
Subclass 
Superorder 
Order 
Family 

Animalia 
Arthropoda 
Chelicerata 
Arachnida 
Acari 
Parasitiformes 
Mesostigmata 
Phytoseiidae 

McMurtry and Croft (1997) proposed four major types of phytoseiid mites, with respect to 

their role as natural enemies of spider mites and differences in food utilization, respectively. 
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Fig. 1: Phytoseiulus persimilis female (right) hunting for Tetranychus urticae (left; © Krister Hall). 

Phytoseiulus persimilis is categorized as a type I predator. It is specialized to feed on 

Tetranychus species and is well able to cope with the dense, irregular webs produced by 

these spider mites (McMurtry and Croft 1997). Morphological adaptations, e.g. long dorsal 

setae (Sabelis and Bakker 1992), and behavioral adaptations such as cutting the threads 

with the pedipalps and chelicerae (Shimoda et al. 2009), enables specialist predatory mites, 

such as P. persimilis, to move inside dense webs without getting entangled in the sticky 

silken strands. Schmidt (1976) found, that P. persimilis is more strongly attracted by the 

webs of T. urticae and associated chemical cues than by their eggs and exuviae and thus uses 

the silken threads for prey location. Furthermore, P. persimilis takes advantage from the 

dense webbings of their prey. It oviposits as well as resides inside the webs, which protects 

themselves and their progeny from intraguild predators like the western flower thrips, 

Frankliniella occidentalis (Roda et al. 2000). For its well-developed adaption on spider mites, 

P. persimilis became one of the most successful biological control agents on various crops 

such as beans, peaches and roses and is being used in many parts of the world (Gerson et al. 

2003). 

Neoseiulus californicus is also able, but less so than P. persimilis, to cope with the dense 

webbing of T. urticae. Accordingly, this species is categorized as a type II predator 

(McMurtry and Croft 1997). In addition to T. urticae, N. californicus also feeds on other 

spider mites, e.g. Panonychus citri, small insects such as thrips and on plant-derived 

substances such as pollen. Despite lesser specialization, N. californicus may be used, on 
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certain crops and under certain circumstances, to control spider mite pests (Gerson et al. 

2003). 

Type III and IV phytoseiids, such as Amblyseius andersoni (McMurtry et al. 2013) and Euseius 

finlandicus (McMurtry and Croft 1997), are described as broad diet generalists, but some 

species are still capable of controlling pestiferous spider mites (Gerson et al. 2003). Type III 

and IV predators do not aggregate in spider mite prey colonies as extensively as Type I and 

II predators do (Zhang et al. 1992). Due to their short mid-dorsal setae, they can get easily 

entangled in dense spider mite webbing and may consequently die of starvation (Sabelis and 

Bakker 1992). 

McMurtry et al. (2013) categorized A. andersoni as a subtype III-b generalist predator living 

on glabrous leaves, feeding on different kinds of spider mites, pollen and fungi (McMurtry 

and Croft 1997; Pozzebon and Duso 2008). 

Euseius finlandicus (Oudemans) is categorized as a type IV phytoseiid, meaning that it is a 

pollen-feeding generalist predator (McMurtry and Croft 1997). It has a high reproductive 

capacity when feeding on pollen, but can also live on eriophyoid and tetranychid species as 

well as on fungi (McMurtry and Croft 1997; Schausberger 1998; Pozzebon and Duso 2008). 

In contrast to many other Euseius species living in semi-tropical or tropical areas, E. 

finlandicus mostly occurs in temperate zones on deciduous shrubs and trees (Croft et al. 

1998). 

1.1.8 Study rationale and hypothesis 

Plants are living in a complex multitrophic environment. As interactions between above- 

and belowground plant-associated organisms cannot be examined that easily, they have not 

yet been well studied and are still poorly understood (van der Putten et al. 2011). 

Commonly, G. mosseae-colonized plants benefit from an improved nutrient uptake (Isobe 

and Tsuboki 1999; Hoffmann et al. 2009). As a consequence, the life history performance of 

the herbivorous spider mite T. urticae is enhanced when feeding on mycorrhizal P. vulgaris 

plants, as compared to non-mycorrhizal plants (Hoffmann et al. 2009). The negative effects 

of increased spider mite performance on plant fitness may be outweighed by enhanced 

recruitment of the natural enemies of the spider mites, such as P. persimilis (Hoffmann et al. 

2011a), through mycorrhiza-induced changes in the chemical composition of HIPVs emitted 

by the plant (Schausberger et al. 2012). In return, P. persimilis benefits from more nutritious 
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prey living on mycorrhizal plants, resulting in increased predator fitness (Hoffmann et al. 

2011a). The fact that reduced numbers of spider mites increase fungal root colonization 

levels provides evidence of a mutually advantageous interaction of the AMF and the 

specialized predatory mite P. persimilis (Hoffmann et al. 2011b). 

It is known that also the generalist N. californicus prefers spider mite-infested bean leaves to 

non-infested leaves and is attracted by the volatile infochemicals linalool and methyl 

salicylate originating from attacked bean plants (Shimoda et al. 2005). 

Koveos et al. (1995) and Sabelis and van de Baan (1983) provided the behavioral proof that 

also the generalist A. andersoni is able to discriminate spider mite-infested bean and apple 

leaves from non-infested leaves. 

Similarly, the generalist E. finlandicus has been reported to use plant volatiles for long 

distance detection of its prey mites. The volatiles emitted by apple leaves infested by the 

spider mite Panonychus ulmi (Sabelis and van de Baan 1983) and leaves of Castanea species 

infested by Oligonychus ununguis (Sun et al. 2002) allowed E. finlandicus to target these prey 

species. 

However, while also the generalists N. californicus, A. andersoni and E. finlandicus are 

principally able to orient themselves on HIPVs, it is unknown whether they are, similar to P. 

persimilis, also able to discriminate HIPVs emitted by T. urticae-infested mycorrhizal plants 

from T. urticae-infested non-mycorrhizal plants. Considering prey-predator co-evolution 

and given the high specialization of P. persimilis on T. urticae, which contrasts the more 

generalized feeding habits of the other three predators, N. califonicus, A. andersoni and E. 

finlandicus, I hypothesized that only P. persimilis but not the generalist predators have been 

selected to perceive and recognize the subtle mycorrhiza-induced changes in HIPVs 

providing information of T. urticae’s quality as prey. 

In order to test my hypothesis, I performed experiments, using a Y-tube olfactometer, 

assessing the discrimination ability and preference of P. persimilis, N. californicus, A. 

andersoni and E. finlandicus given a choice between odors from T. urticae-infested 

mycorrhizal (+M) and non-mycorrhizal (-M) bean plants. 
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2. MATERIALS AND METHODS 

For the experiments, four different species of predatory mites were reared, mycorrhizal and 

non-mycorrhizal bean plants were grown and the percentage of root length colonized by the 

mycorrhizal fungus (RLC) was estimated. All adult female predatory mites used in the 

experiments were pre-experimentally starved in acrylic cages and then given a choice 

between a mycorrhizal and non-mycorrhizal odor source in a Y-shaped olfactometer. 

2.1 Rearing of predatory mites 

The laboratory-reared population of Phytoseiulus persimilis originally derived from a 

population in Valencia/Spain, those of Neoseiulus californicus and Amblyseius andersoni 

came from Sicily/Italy and Euseius finlandicus was collected from horse-chestnut trees in 

Türkenschanzpark, Vienna/Austria. 

Specimens of the four different species of predatory mites used in the experiments, P. 

persimilis, N. californicus, A. andersoni and E. finlandicus, were reared separately on detached 

leaves of non-mycorrhizal common bean plants Phaseolus vulgaris. Single primary bean 

leaves were placed upside down on moist filter paper covering a water-saturated foam cube 

located in a 20 x 20 cm plastic tray half filled with water. The leaf margins were covered 

with moist filter paper to prevent the mites from escaping (Figure 2). Leaves used to rear E. 

finlandicus were additionally provided with small pieces of a transparent plastic sheet (1 to 

2 cm2) folded in the shape of a tent with tufts of cotton threads underneath, serving as egg-

laying sites and shelter (Kostiainen and Hoy 1994). Rearing units of E. finlandicus were 

stored at 25 ± 1 °C, 45 ± 5% rH and 16:8 h (light:dark period) L:D, those of the other three 

predator species were stored at 25 ± 1 °C, 60 ± 5 % rH and 16:8 h L:D. 

P. persimilis, N. californicus and A. andersoni were fed every two days with two-spotted 

spider mites, reared on whole non-mycorrhizal bean plants under standardized 

environmental conditions (25 ± 5 °C, 60-80 % rH, 16:8 h L:D), by brushing the spider mites 

from infested bean leaves onto the rearing units. E. finlandicus was fed birch pollen 

(Schausberger 1992) by dusting pollen onto the leaves once a week. To avoid any effects 

induced by different pre-experimental diets and to familiarize the predatory mites to T. 

urticae prey, adult females of E. finlandicus were moved to arenas infested with spider mites 

three days prior to the olfactometer tests.  
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Fig. 2: Rearing unit for E. finlandicus, consisting of a primary bean leaf placed upside down on a water-saturated foam 
cube inside a plastic box half-filled with water. 

2.2 Mycorrhizal and non-mycorrhizal bean plants, Phaseolus vulgaris 

The leaflets used as odor sources in the olfactometer choice tests were taken from 

mycorrhizal and non-mycorrhizal common bean plants Phaseolus vulgaris (var. `Taylor’s 

Horticultural’) grown in a walk-in climatic chamber (60 ± 5 % rH, 16:8 h L:D, 23/18° C L:D) 

in the laboratory (Figure 3). Except of the addition of mycorrhizal inoculum powder to the 

planting substrate, everything else such as the use of autoclaved substrate, watering, etc. 

was the same for growing mycorrhizal and non-mycorrhizal plants. 

First, seeds of P. vulgaris were surface-sterilized in 75% commercial bleach for 3 min, and 

then thoroughly rinsed with clear water. 

Second, 12 seeds were pre-germinated in 1 liter pots filled with perlite, which was 

previously autoclaved for 20 min at 121 °C. After 7 days, 3 seedlings per pot were 

transferred to 1 liter pots sterilized with ethanol and filled with an autoclaved 1:1:1 silicate 

sand/expanded clay/soil substrate mixture. 
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For generating mycorrhizal bean plants (+M), ~5 g per pot of Glomus mosseae inoculum 

(BEG 12; International Bank of Glomeromycota) was added to the substrate when potting 

the seedlings (Hoffmann et al. 2009). Furthermore, some mycorrhizal soil from previous 

tests was added to each pot to ease and accelerate the establishment of the mycorrhizal 

symbiosis between the bean plants and the mycorrhizal fungus (Hoffmann et al. 2011b). 

For non-mycorrhizal pots (-M), a water filtrate of the mycorrhiza inoculum was added. 

Third, both mycorrhizal and non-mycorrhizal bean plants were left to grow for 3 to 5 weeks 

under standardized environmental conditions (60 ± 5 % rH, 16:8 h L:D, 23/18 °C L:D). The 

plants were watered once a week with a P-reduced nutrient solution (Ca(NO3)2 0.472g/l, 

K2SO4 0.256 g/l, MgSO4 0.136 g/l, MoO3 0.07 g, NH4NO3 8 mg/l, Fe6H5O7 x 3H2O 50 mg/l, 

Na2Bo4O7 X 4H2O 1.3 mg/l, MnSO4  x 4H2O 1.5 mg/l, ZnSO4 x 7H2O 0.6 mg/l, CuSO4 x 5H2O 

0.54 mg/l, Al2(SO4)3 0.028 mg/l, NiSO4 x 7H2O 0.028 mg/l, Co(NO3)2 x 6H2O 0.028 mg/l, TiO2 

0.028 mg/l, LiCl2 0.014 mg/l, SnCl2 0.014 mg/l, KJ 0.014 mg/l, and KBr 0.014 mg/l) and 

twice a week with a NO3 – fertilizer (KNO3 1.01g/l, CaNO3 2.36 g/l) to avoid nodulation of 

rhizobia (Hoffmann et al. 2009).  

Fourth, each of the three bean plants (+M or –M) was infested with 30 adult females of T. 

urticae 5 days before being used in the olfactometer tests. Clipping the leaves, to be used in 

the olfactometer tests, from infested plants not later than 5 days after releasing the spider 

mites ensured that every plant used in the experiments had the same spider mite infestation 

level because eggs of T. urticae need 5-6 days to hatch. For the olfactometer test, the three 

youngest fully developed trifoliate leaves were detached from the infested bean plants and 

immediately used. 
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Fig. 3: Mycorrhizal and non-mycorrhizal bean plants Phaseolus vulgaris grown in the walk-in climatic chamber. 

2.3 Proof of mycorrhizal symbiosis 

To quantify the level of mycorrhizal colonization of the roots of bean plants used in the 

olfactometer test, the method proposed by Vierheilig et al. (1998) was applied. After 

running the olfactometer tests, the roots of the plants were removed from the pots and 

rinsed with tap water until all remaining soil particles were washed off. The roots were cut 

into pieces of 2 to 3 cm length and boiled in KOH for 10 min. Then the root samples were 

thoroughly rinsed with tap water and boiled for 5 min in a 5 % ink-vinegar solution 

consisting of Schaeffer black ink and household vinegar (5 % acetic acid). Finally, the roots 

were destained with rinsing tap water and placed in a petridish equipped with gridlines 

(Giovannetti and Mosse 1980). The percentage of root length colonized by the mycorrhizal 

fungus (RLC) was estimated according to the method of Newman (1966). 
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2.4 The Y-tube olfactometer 

The Y-tube olfactometer used in the experiments (Figure 4) was the same as the one 

described by Schausberger et al. (2012), which is a modification of the olfactometer 

developed by Sabelis and van de Baan (1983). Three glass tubes (40 mm inner diameter) of 

equal length (130 mm) were melted together forming a Y-shape. The angle formed between 

each upper or choice arm and the base arm was 142.5°, the angle in between the choice 

arms was 75°. The two odor sources, consisting of three mycorrhizal or three non-

mycorrhizal trifoliate leaves, were located in two airtight sets of acrylic chambers connected 

to each of the choice arms. Each set consisted of three tubular acrylic chambers, with a total 

length of 55 mm and an inner diameter of 35 mm. The outer chamber was filled with 

activated charcoal to purify the air sucked into the olfactometer; the middle chamber 

contained the leaves and was connected to the other two chambers with female joints. A 

male joint, reaching approximately 20 mm inside the choice arm, formed the connection 

between the set of leaf-containing acrylic chambers and the glass tube. The inner and outer 

chambers were sealed with gauze, which prevented the predatory mites from entering the 

chambers or leaf samples and enclosed the charcoal in the outer chamber. A Y-shaped 

stainless steel wire was placed in equidistance to the glass walls inside the Y-shaped tube 

and served as a walking path for the predatory mites. The wire started 20 mm inside the 

bottom of the base arm and was fixed by a vertical 20 mm long extension held in place by a 

plastic piece placed into a small hole in the upper wall of the Y-tube. The wire branched at 

the centre of the intersection of the three arms, led through either choice arm and was fixed 

in the middle of the inner acrylic chambers by inserting it into a small hole in the gauze. To 

generate an airflow from the odor sources through the choice arms to the end of the base 

arm towards the predatory mites, which were released on the wire at the bottom end of the 

base arm, a mini-diaphragm-vacuum pump (Laboport® N 86 KN.18; KNF Neuberger, 

Freiburg, Germany) was connected to the base arm, sucking air through the olfactometer 

with a flow rate of 5 liter min-1. 

During the tests, the olfactometer was placed on a table covered with black cardboard in an 

air-conditioned room at 25 ± 1 °C. A cold light lamp was placed above the intersection of the 

Y-tube to prevent any inadvertent bias towards the right or left choice arm caused by the 

light source. 
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Fig. 4: Y-tube olfactometer used in the experiments (Schausberger et al. 2012). 
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2.5 Choice tests 

All gravid females used in the study were randomly withdrawn from their respective rearing 

units and singly starved in acrylic cages for approximately 12 h prior to running the choice 

tests. Each cage consisted of a circular hole (1.5 x 0.3 cm) laser-cut into a rectangular piece 

of acrylic glass with one side closed by a fine nylon mesh (Schausberger 1997). The mites 

were confined to the cage by closing the other side of the cage with a transparent 

microscope glide fixed with a binder clip (Figure 5). 

 

Fig. 5: Acrylic cages used to starve the predators before tests (Schausberger 1997). 

Each predatory mite was picked up from the starvation cage, using a moistened camel’s hair 

brush, and released singly at the bottom end of the wire inside the glass tube. Each mite was 

given a choice between the volatiles emitted by the mycorrhizal and non-mycorrhizal leaf 

samples and observed for 5 min at maximum whether it decided to move up in one of the 

two choice arms and reach the end of it, respectively. Predatory mites falling from the wire 

were discarded from analyses. Predatory mites not reaching the end of a choice arm within 

5 min were judged as non-responsive. For each responsive mite, the decision for the +M or  

–M odor source, the left or right arm and the time needed until reaching the end of an arm 

were recorded. 

The olfactometer experiments were conducted on eight days within a 3.5 weeks period in 

November 2012. On every olfactometer testing day, five to nine mites of each of the four 

predatory mite species were tested with the same pair of a mycorrhizal and a non-

mycorrhizal leaf sample. Altogether, 60 individuals of N. californicus and 47 individuals each 

of P. persimilis, A. andersoni and E. finlandicus were tested to obtain the data of 40 

responsive mites per species. The wire was cleaned with ethanol, using a cotton swab, in 
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between testing the different species, to avoid any influence by traces left by the mites of 

another species on the wire. The four species were used in mixed orders on the different 

days of the experiment. To avoid any inadvertent positional effect, the +M and –M leaf 

sample pairs were switched between choice arms on every olfactometer testing day, 

resulting in eight switches between right and left side and eight tested leaf samples 

throughout the experiments. 

2.6 Statistical analyses 

All statistical analyses were performed with SPSS 15.0 (SPSS Inc. Chicago, IL, USA). In order 

to determine a preference of P. persimilis, N. californicus, A. andersoni or E. finlandicus for the 

odors of mycorrhizal or non-mycorrhizal bean plants and a possible inadvertent bias 

towards the left or right hand side of the olfactometer two-tailed binomial tests assuming 

random choice were performed. To assess the effect of the level of mycorrhization on the 

choice within each predatory mite species for the emitted odors of mycorrhizal or non-

mycorrhizal bean plants bivariate Pearson correlation coefficient analyses were conducted. 

Separate generalized linear models (GLM) were performed to compare the responsiveness 

and preference towards the left or right hand side (binomial distribution, logit link) and the 

mean response times (normal distribution, identity link) among the four species. In order to 

compare the response times for mycorrhizal or non-mycorrhizal odors of P. vulgaris within 

each predatory mite species, Mann-Whitney U tests were performed. 
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3. RESULTS 

3.1 Root length colonization (RLC) 

The roots of all mycorrhizal and non-mycorrhizal bean plants used in the experiments were 

analyzed for their level of mycorrhizal colonization. The total of eight mycorrhizal plants 

used in the experiments had an average RLC of 26 % ± 5.5 % (SE). All eight non-mycorrhizal 

plants were free of mycorrhiza, i.e. had an RLC of 0 %. 

3.2 Responsiveness 

The generalized linear model (GLM, binomial distribution, logit link; posthoc pairwise least 

significance difference – LSD-tests) showed that N. californicus was less responsive than P. 

persimilis, A. andersoni and E. finlandicus (Wald  = 8.416, P = 0.038). 33 % (20 out of 60) of 

tested females of N. californicus did not make a decision for either mycorrhizal or non-

mycorrhizal bean plants within 5 min. By comparison, only 15 % (7 out of 47) of each P. 

persimilis, A. andersoni and E. finlandicus were non-responsive (Figure 6). 

 

Fig. 6: Responsiveness of the adult females of four species or predatory mites towards odors emitted by mycorrhizal 
and non-mycorrhizal bean plants (P. vulgaris) in the Y-tube olfactometer tests. 
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3.3 Choice of mycorrhizal or non-mycorrhizal bean plants 

A total of 40 out of 47 individuals each of P. persimilis, A. andersoni and E. finlandicus 

responded within 5 min to the odors of either mycorrhizal or non-mycorrhizal bean plants. 

To obtain 40 responsive mites of N. californicus 60 individuals were needed in total. Two-

tailed binomial tests within each species, assuming random choice, revealed that only P. 

persimilis preferred mycorrhizal (+M) to non-mycorrhizal (-M) odors (P < 0.05), whereas all 

other three species showed no preference for the odor of either mycorrhizal or non-

mycorrhizal plants (P > 0.05) (Figure 7). Similarly, cross comparison among species by a 

generalized linear model (binomial distribution, logit link) showed that the preference for 

mycorrhizal plants differed among species (Wald  = 10.842, P = 0.013), with P. persimilis 

being different from the other three species (Sequential Sidak; P < 0.05. for each pairwise 

comparison), which were similar to each other (Sequential Sidak; P > 0.05 for each pairwise 

comparison). 

 

Fig. 7: Choice of the adult females of four species of predatory mites for the odor of mycorrhizal or non-mycorrhizal 
bean plants (P. vulgaris) in the Y-tube olfactometer tests. P-values refer to the results of binomial tests within each 
species, assuming random choice. 

  



24 | P a g e  

 

No species had a bias towards the left or right hand side of the olfactometer (two-tailed 

binomial tests within each species, P > 0.6; Figure 8). Accordingly, movement towards the 

left or right hand side of the olfactometer did also not differ among species (GLM; binomial 

distribution, logit link; Wald  = 1.168, P = 0.761) 

 
Fig. 8: Decision for the right or left hand side of the adult females of four species of predatory mites for the odor of 
mycorrhizal or non-mycorrhizal bean plants (P. vulgaris) in the Y-tube olfactometer tests. 
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3.4 Correlations between RLC levels and choice 

The Pearson correlation coefficients revealed that the level of mycorrhization (RLC) did not 

have any effect on the decision of any species choosing the odors of mycorrhizal or non-

mycorrhizal bean plants (Table 3). 

Table 3: Results of bivariate Pearson correlation analyses within each predatory mite species between odor 
preference for mycorrhizal or non-mycorrhizal bean plants (P. vulgaris) and level of mycorrhization of plants used in 
the Y-tube olfactometer tests. 

Correlations between choice and mycorrhization level 

Species Pearson correlation index (2-tailed) P-value 

P. persimilis 0.064 0.693 

N. californicus 0.036 0.827 

A. andersoni 0.118 0.469 

E. finlandicus 0.075 0.644 

 

3.5 Response/decision times 

Mann-Whitney U tests within each species revealed that there was no significant difference 

in intraspecific response times between the decisions for mycorrhizal (+M) or non-

mycorrhizal (-M) bean plant odors (Table 4). 

Table 4: Response times (seconds; mean ± SE) of the four predatory mite species for the odor of mycorrhizal (+M) or 
non-mycorrhizal (-M) bean plants (P. vulgaris) in the Y-tube olfactometer tests and results of Mann-Whitney U tests. 

Intraspecific response time for +M or –M  

Species Choice N Mean Rank Mean ± SE Asymptotic (2-tailed) P-value 

P. persimilis 
+M 28 19.68 9.883 

0.497 
 -M 12 22.42 18.131 

N. californicus 
+M 18 23.36 14.203 

0.159 
 -M 22 18.16 3.829 

A. andersoni 
+M 20 23.65 10.384 

0.088 
 -M 20 17.35 10.081 

E. finlandicus 
+M 19 22.74 10.984 

0.248 
 -M 21 18.48 8.213 
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GLM (normal distribution, identity link) showed that P. persimilis was the species taking the 

longest to decide for mycorrhizal or non-mycorrhizal bean plants (GLM; Wald  = 8.090, P = 

0.043; Figure 9). However, posthoc LSD-tests revealed that this was only significant in the 

pairwise comparison to N. californicus (P = 0.006) which was the fastest in response, and 

marginally significant in comparison to E. finlandicus (P = 0.09). All other pairwise 

comparisons were non-significant (P > 0.1). 

 

Fig. 9: Response times of all four species to odors emitted by mycorrhizal and non-mycorrhizal bean plants (P. 

vulgaris) in the Y-tube olfactometer tests. 
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4. DISCUSSION 

Plants are an important link between below- and aboveground living organisms, as they are 

primary producers consisting of both belowground (roots) and aboveground (leaves, stems 

and flowers) organs (Bezemer and van Dam 2005). Some belowground organisms, such as 

mycorrhizal fungi, form tight associations with plant roots, then called mycorrhiza or 

mycorrhizal symbiosis, which affect other soil (micro-) organisms as well as the host plants’ 

physiology, chemistry and morphology (Hodge 2000). Mycorrhizal effects cascade up to 

aboveground plant parts and there influence the plants’ interactions with other plant-

associated organisms (van der Putten et al. 2001). Mycorrhizal symbioses are ubiquitous in 

the natural environment, generally, but not always, with benefits for both symbiotic 

partners (Hoeksema et al. 2010). The mycorrhizal fungus may have a far-reaching effect on 

the metabolism of its host plant, through the improved supply with nutrients (Smith and 

Read 2008), and even influence plant defense mechanisms against pathogens and 

herbivores, for example through attraction of third trophic level enemies via HIPVs (van der 

Putten et al. 2001). However, since soil communities cannot be monitored that easily, 

research on HIPVs has mainly focused on aboveground organisms and largely ignoring the 

fact that above- and belowground plant-associated organisms interact (van der Putten et al. 

2001). 

In my thesis I tried to find out if the aboveground, plant-inhabiting, third trophic level 

predatory mites N. californicus, A. andersoni and E. finlandicus, all of which are diet 

generalists, are similarly able to perceive subtle G. mosseae-induced changes in HIPVs 

emitted by the common bean plant P. vulgaris infested with the herbivorous two-spotted 

spider mite T. urticae, as is the specialized spider mite predator P. persimilis (Hoffmann et al. 

2011a; Schausberger et al. 2012). 

The performed olfactometer choice tests revealed that N. californicus, A. andersoni and E. 

finlandicus do not discriminate HIPVs emitted by T. urticae-infested mycorrhizal plants from 

those emitted by T. urticae-infested non-mycorrhizal plants. This result supports my 

hypothesis that generalist predatory mites with little adaption on T. urticae prey are not 

able to perceive the highly sophisticated mycorrhiza-induced changes in the chemical blend 

of HIPVs emitted by T. urticae-infested bean plants. In contrast, prey-predator co-evolution 

of T. urticae and its prime third trophic level enemy P. persimilis apparently selected for such 

discrimination abilities in this specialist predator, allowing to recognize mycorrhiza-induced 
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changes in HIPVs (Schausberger et al. 2012). Discriminating spider mite-induced HIPVs 

from mycorrhizal and non-mycorrhizal plants is adaptive for P. persimilis because 

mycorrhizal host plants render the spider mites a more nutritious prey, which consequently 

increases predator fitness (Hoffmann et al. 2011a). Since also the fungus benefits from 

reduced herbivore pressure on mycorrhizal plants, the interaction between G. mosseae and 

P. persimilis may be described as indirectly mutualistic (Hoffmann et al. 2011b).  

Across different levels of dietary specialization, many predatory mite species are principally 

able to exploit plant-emitted infochemicals to locate distant herbivore-infested plants 

(Steidle and van Loon 2003). Nevertheless, the ability of predators to adjust and fine-tune 

their behavioral response to HIPV blends strongly relies on the dietary specialization of the 

predators and their prey (Vet and Dicke 1992). During foraging, specialist predators such as 

P. persimilis more likely and more frequently use highly specific cues, such as mycorrhiza-

induced changes in HIPVs, which indirectly provide subtle information on the quantity and 

quality of their main food source, the spider mite T. urticae. To the contrary, generalists such 

as N. californicus, A. andersoni and E. finlandicus, which are able to feed on various species of 

mites, insects or pollen, are assumed to make use of general cues providing general 

information on food availability of different sources but no detailed information on food 

identity and/or quality (Steidle and van Loon 2003). Therefore, generalists need a broad 

sensory capacity combined with an ability to switch attentiveness, enabling them to 

compute the great diversity of perceived infochemicals (Bernays 2001). As the central 

nervous system of all animals incl. arthropods is limited in its capacity to deal with multiple 

inputs, generalists are expected to exhibit reduced behavioral efficacy, in response to subtle 

changes within the infochemicals associated with one and the same food source, as 

compared to specialists (Bernays 2001). The described general cognitive constraint is a 

plausible explanation why the generalists used in my experiment did not discriminate 

between the spider mite-induced odors of mycorrhizal and non-mycorrhizal bean plants, 

whereas the spider mite specialist did discriminate them. 

In my experiments, I only used mycorrhiza-naïve predators, i.e. predators that did not have 

any experience with spider mite prey feeding on mycorrhizal plants and the HIPVs induced 

by them on mycorrhizal plants, respectively. Therefore, the ability of P. persimilis to 

discriminate mycorrhizal from non-mycorrhizal odors is obviously innate, whereas N. 

californicus, A. andersoni and E. finlandicus lack such an innate ability. However, the 

generalists might be able to learn discriminating the HIPVs from mycorrhizal and non-
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mycorrhizal plants, as generalists rather learn to respond to infochemicals than specialists 

do (Steidle and van Loon 2003). For example, Gols et al. (2012) found that both, the 

generalist parasitoid Diadegma fenestrale and the specialist parasitoid Diadegma 

semiclausum only distinguished between plant volatiles induced by host caterpillars, the 

diamondback moth Plutella xylostella, and those induced by non-host herbivores when the 

host caterpillars had been feeding on Brassica oleracea, the plant on which also the 

parasitoids had been reared on, but not on other plants. This was likely due to conditioning 

of the parasitoids to volatiles emitted by their rearing host plant B. oleracea (Gols et al. 

2012). It could thus be that the generalist predatory mites used in my study might possibly 

learn to perceive subtle changes in HIPVs emitted by mycorrhizal and non-mycorrhizal 

plants when they are reared on mycorrhizal spider mite-infested bean plants. 

Egan and Funk (2006) were the first to provide individual-level evidence of specialist 

herbivores making host-associated decisions more effectively than generalists and thus 

enjoy associated fitness advantages. Both larvae and adults of three specialist and generalist 

conspecific host forms of leaf beetles, Neochlamisus bebbianae, were examined. The more 

specialized beetle host forms exhibited greater efficiency and accuracy than the generalist 

host forms, both as larvae and adults. This finding suggests that the degree of host specificity 

is likely to have a major impact on the fitness of N. bebbianae and the evolutionary dynamics 

of ongoing ecological specialization in this species. 

Specialists, being able to more accurately locate their optimal prey resource, enjoy a higher 

relative fitness because their eggs may be laid on plants which provide prey for superior 

larval growth, thus individual fitness is increased through elevated longevity and fecundity 

(Egan and Funk 2006). 

For herbivores, Bernays (2001) emphasized that specialists may take very good decisions 

with respect to host quality but that it takes time to make them. This leads us to another 

finding of my study, the interspecific differences in response times toward the plant odors. 

The slower response time of P. persimilis towards the odors of mycorrhizal and non-

mycorrhizal bean plants in comparison to the other three species may have been influenced 

by the species-specific running speeds but may have been primarily due to the additional 

time needed for olfactory information processing and decision-making. With extended 

odorant sampling time the accuracy of odor discrimination increases, which may 

consequently lead foraging arthropods to a more favorable and more nutritious food source 
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(Rinberg et al. 2006). Therefore, one cost of obtaining valuable information about prey or 

host plant quality may be the additional time needed to decide between various, 

simultaneously offered options (Bernays 2001; Chittka et al. 2009). Hence, to locate more 

nutritious prey the specialist predatory mite P. persimilis takes longer decision-making 

times, which may come at the cost of reduced attentiveness to other major life activities 

such as predator avoidance (Bernays 2001). In the Y-shaped olfactometer P. persimilis had 

to slow down and compare the odors coming from the right and left arms of the tube in 

order to finally reach the preferred mycorrhizal odor source. In contrast, assuming lacking 

discrimination ability, N. californicus, A. andersoni and E. finlandicus may have just walked 

up the wire without stopping at the intersection to evaluate possible differences in the 

composition of HIPVs, or alternatively or additionally, they may just have run faster than P. 

persimilis. 

Regarding decision times, Patiño-Ruiz and Schausberger (2014) observed a similiar 

phenomenon when examining the possible effects of mycorrhiza on host plant choice of T. 

urticae. Mycorrhiza-experienced spider mites distinguished between the odors of spider 

mite-uninfested mycorrhizal and non-mycorrhizal bean plants P. vulgaris, preferring the 

former. Due to the fact that mycorrhiza-naïve mites showed no preference for one of the 

odor sources, Patiño-Ruiz and Schausberger (2014) concluded that the spider mites 

adaptively learned recognizing mycorrhiza-induced changes in host plant volatiles, guiding 

them to more nutritious host plants. Similar to my study, mycorrhiza-experienced spider 

mites took more time to decide for the preferred volatiles than indiscriminative mites, very 

likely reflecting the costs of the olfactory information and decision making processes. 

Up to now, only very few studies have focused on the impact of mycorrhizal fungi on the 

volatile emissions of their host plants (e.g. Guerreri et al. 2004; Leitner et al. 2010; 

Schausberger et al. 2012). Schausberger et al. (2012) quantified the mycorrhiza-induced 

changes in the composition of HIPVs of the same variety of P. vulgaris employed in my 

experiments, using proton-transfer mass spectrometry, and revealed that, among other 

changes, the mycorrhizal plants emitted the two volatile infochemicals β-ocimene and β-

caryophyllene at higher amounts than non-mycorrhizal plants, whereas they decreased 

emission of the constitutively emitted methyl salicylate. As N. californicus is attracted to 

spider mite-infested leaves by linalool and methyl salicylate (Shimoda et al. 2005), the 

reduced emission of methyl salicylate might be one of the reasons why N. californicus was 

not more strongly attracted by the odors of mycorrhizal bean plants, as compared to non-
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mycorrhizal plants. However, although predatory mites may be attracted to single 

compounds of HIPVs induced by spider mite-infestation, it seems that, when making 

sophisticated choices, they more likely respond to the changed HIPV blends as a whole (van 

Wijk et al. 2010; Schausberger et al. 2012). 

4.1 Conclusion 

Herbivorous as well as carnivorous arthropods may exploit volatile chemical information 

from plants when foraging for food. These chemicals may be produced constitutively by the 

plant or may be induced by herbivores attacking the plant (Dicke and van Loon 2000). The 

emission and composition of aboveground HIPVs may not only be affected by events 

occurring aboveground, but also by belowground processes and organisms such as 

mycorrhizal fungi (e.g. Guerreri et al. 2004; Schausberger et al. 2012). Although many 

generalist predators such as N. californicus, A. andersoni and E. finlandicus are principally 

able to exploit HIPVs when foraging for prey, my thesis revealed that these species are not 

able to discriminate HIPVs emitted by T. urticae-infested mycorrhizal plants from T. urticae-

infested non-mycorrhizal plants. Being able to feed on different species of mites, insects and 

pollen (McMurtry and Croft 1997), N. californicus, A. andersoni and E. finlandicus are 

apparently not able to search for and forage on T. urticae as efficiently as is the specialist P. 

persimilis. During life, generalist predators must be able to deal with a large number of food 

options and associated infochemicals, which is, due to the limited nervous system, traded-off 

against accuracy in discrimination ability within a given food source (Bernays 2001; Rinberg 

et al. 2006; Chittka et al. 2009). In contrast, the Tetranychus-specialized P. persimilis is able 

to more accurately identify and precisely locate its optimal prey resource and benefits from 

recognizing differences in the nutritious value within its preferred prey species, ultimately 

enhancing its fitness. Co-evolution of P. persimilis and its spider mite prey likely resulted in 

prey-specific adaptations of the predator’s sensory and nervous systems, allowing 

channeling information and enabling the predator to recognize information about prey 

quality via subtle mycorrhiza-induced changes in HIPVs (Bernays 2001; Hoffmann et al. 

2011a; Schausberger et al. 2012). 
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8. ABSTRACT 

Some belowground micro-organisms, such as arbuscular mycorrhizal fungi (AMF), form 

tight associations with plant roots, which may have far-reaching effects upon plant 

metabolism. AMF may influence plant defense responses both above- and belowground, a 

fact that was neglected in the past. Only recently, research has begun to consider that above- 

and belowground organisms may interact across trophic levels of multi-trophic food webs. 

Previous studies revealed that (1) the herbivorous two-spotted spider mite Tetranychus 

urticae performs better on mycorrhizal than non-mycorrhizal bean plants; (2) mycorrhizal 

symbiosis (AM) between the AMF Glomus mosseae and the common bean plant Phaseolus 

vulgaris cascades up the food web and also influences aboveground indirect defense 

responses of the plant, recruiting the spider mites’ prime natural enemy, the predatory mite 

Phytoseiulus persimilis; (3) this specialist predator is able to recognize mycorrhiza-induced 

changes in the composition of herbivore induced plant volatiles (HIPVs), guiding it to more 

nutritious spider mite prey. In my thesis, I asked whether recognition of subtle mycorrhiza-

induced changes in HIPVs emitted by spider mite-infested plants is due to co-evolution 

between the specialized spider mite predator P. persimilis and its prey. Accordingly, I 

hypothesized that more generalized third trophic level predatory mites, such as Neoseiulus 

californicus, Amblyseius andersoni and Euseius finlandicus, are incapable of discriminating 

HIPVs emitted by T. urticae-infested mycorrhizal plants from T. urticae-infested non-

mycorrhizal plants. To address this hypothesis, I performed Y-tube olfactometer 

experiments comparing the response of the spider mite specialist P. persimilis and the diet 

generalists N. californicus, A. andersoni and E. finlandicus to simultaneously offered odors 

from mycorrhizal and non-mycorrhizal spider mite-infested bean plants. Only P. persimilis 

but none of the diet generalists preferred the HIPVs of mycorrhizal plants to those of non-

mycorrhizal plants. Additionally, P. persimilis took longer decision times than the 

generalists, probably reflecting the costs of decision-making as compared to being 

indiscriminate. Altogether, these results support the hypothesis that, in contrast to the 

spider mite specialist P. persimilis, generalist predatory mites with little adaption on T. 

urticae prey have not been selected to innately recognize mycorrhiza-induced changes in 

the chemical blend of HIPVs emitted by T. urticae-infested bean plants. 
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9. KURZZUSAMMENFASSUNG 

Manche unterirdisch lebende Mikroorganismen, wie zum Beispiel Arbuskuläre 

Mykorrhizapilze (AMF), gehen enge symbiotische Verbindungen mit Pflanzenwurzeln ein, 

und können dadurch weitreichende Auswirkungen auf den Stoffwechsel der Pflanze haben. 

AMF können sowohl ober- als auch unterirdische Abwehrreaktionen der Pflanze gegen 

Fressfeinde und Pathogene beeinflussen, eine Tatsache, die lange außer Acht gelassen 

wurde. Erst seit Kurzem wird in der Forschung berücksichtigt, dass ober- und unterirdische, 

mit Pflanzen assoziierte Organismen über verschiedene trophische Level in vielschichtigen 

Nahrungsnetzen interagieren können. Frühere Studien belegen, dass (1) die herbivore 

Gemeine Spinnmilbe Tetranychus urticae auf mykorrhizierten Bohnenpflanzen besser 

gedeiht als auf nicht mykorrhizierten; (2) die Symbiose zwischen dem AMF Glomus mosseae 

und der Gartenbohne Phaseolus vulgaris trophische Kaskaden auslöst, die oberirdisch den 

wichtigsten natürlichen Fressfeind der Spinnmilben, die Raubmilbe Phytoseiulus persimilis, 

positiv beeinflussen; (3) dieser, auf T. urticae spezialisierte, Räuber Mykorrhiza-induzierte 

Veränderungen in der Zusammensetzung der von den Herbivoren induzierten Pflanzendüfte 

(herbivore-induced plant volatiles – HIPVs) wahrnehmen kann, welche ihn folglich zu 

nahrhafteren Beutetieren führen. Grundlage meiner Diplomarbeit war die Annahme, dass 

die Wahrnehmung und Erkennung der subtilen Mykorrhiza-induzierten Veränderungen in 

den HIPVs von spinnmilbeninfizierten Pflanzen auf die Koevolution von P. persimilis und 

ihrer Beute zurückzuführen ist. Demnach habe ich die Hypothese aufgestellt, dass omnivore 

Raubmilben mit einem breiten Nahrungsspektrum, wie z.B. Neoseiulus californicus, 

Amblyseius andersoni und Euseius finlandicus, im Gegensatz zu P. persimilis nicht in der Lage 

sind, die Unterschiede zwischen den HIPVs von Spinnmilben-infizierten mykorrhizierten 

und nicht mykorrhizierten Bohnenpflanzen zu erkennen. Zur Überprüfung dieser 

Hypothese, habe ich ein Wahl-Experiment mit einem Y-förmigen Olfaktometer durchgeführt, 

in welchem die Reaktionen des Spinnmilbenspezialisten P. persimilis und der omnivoren 

Raubmilben N. californicus, A. andersoni and E. finlandicus auf die simultan angebotenen 

Düfte von mykorrhizierten und nicht mykorrhizierten spinnmilbeninfizierten 

Bohnenpflanzen getestet wurden. Nur P. persimilis erkannte und bevorzugte die HIPVs von 

mykorrhizierten Pflanzen, die omnivoren Räuber zeigten keine Präferenz. Darüber hinaus 

brauchte P. persimilis länger für die Entscheidungsfindung als die anderen Raubmilbenarten. 

Dies reflektiert höchstwahrscheinlich die ökologischen Kosten des Vergleichens und der 

Entscheidungsfindung, im Vergleich zur Indifferenz. 
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Zusammenfassend bestätigen meine Resultate die These, dass omnivore Raubmilben, die im 

Gegensatz zu P. persimilis nicht auf T. urticae als Beute spezialisiert sind, aufgrund fehlender 

enger Koevolution nicht dahin gehend selektiert wurden, subtile Mykorrhiza-induzierte 

Veränderungen in den HIPVs von spinnmilbeninfizierten Pflanzen wahrzunehmen. 
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