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1. INTRODUCTION 

Plants and insects constantly interact with each other under natural conditions. Over the years 

research on plant-insect interactions has tried to elucidate the molecular and chemical patterns 

behind these interactions. Given that plants and insects have coexisted for more than 350 million 

years, a variety of beneficial, neutral or negative interactions have developed (Gatehouse et al. 2002, 

Mithöfer et al. 2009). Studies investigating plant-insect interactions have mainly focused on 

herbaceous plants and here mainly crop plants, even though 33 % of the landmass of our planet is 

covered with forest (FAO 2015). The size, architecture and longevity of trees may result in a multitude 

of different interactions with a plethora of insects that are beneficial as well as detrimental for the 

host tree (Lämke & Unsicker 2018). This multitude of interactions and the resulting arms-race between 

insects and plants is suggested as the main driver of expansion of various plant defense strategies. 

However, trees are not only a host for various insects and vertebrates, but also for microorganisms. 

Each tree hosts an enormous diversity of microorganisms below- and aboveground that might 

influence the host plant chemistry either as mutualists, pathogens, or neutralists. Fossil records show 

that the interaction between fungi and plants is approximately 110 million years older than 

plant-insect interactions and started at least 460 million years ago (Redecker et al. 2000), indicating 

that an evolutionary arms race did not happen solely between plants and insects. These findings 

highlight the importance of microorganisms as potential drivers of plant-insect interactions.  

1.1 Plant-insect interactions 

Organisms unavoidably encounter interactions with other organisms, either within the same species 

or with other species. These interactions can be beneficial for only one partner (e.g., predation), 

negative for both partners (e.g., competition), or positive for both (e.g., symbiosis). These types of 

interactions result in strong interdependencies between organisms, since they directly affect the 

fitness of individuals and likely result in co-evolution. On the other hand, interactions that result in a 

neutral outcome for at least one of the involved organisms (e.g., commensalism, amensalism, and 

neutralism) are less likely to promote co-evolutionary processes. During the last 350 million years, 

interactions between plants and insects have evolved that are beneficial (e.g., pollination mediated 

by insects or zoochory) or deleterious (e.g., insect herbivory, insect gall-formation, or seed predation) 

(Gatehouse et al. 2002, Mithöfer et al. 2009). The deleterious interactions between plants and insects 

have led to the diversification of a plethora of specialized plant compounds. The awareness that these 

specialized compounds are not just waste products of plant metabolism, but instead contribute to 
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plant defense against herbivores and pathogens was one of the key steps to disentangle factors driving 

plant-insect interactions (Dyer et al. 2018, Fraenkel 1959).  

Plant defense strategies 

A large variety of different defense compounds as well as defense strategies have evolved over time. 

Plant defense strategies can be categorized according to various characteristics: temporal occurrence 

(constitutive or induced), effect on the attacking herbivore (direct or indirect), and functions (e.g., 

morphological, chemical, or biochemical defenses). Constitutive strategies include the permanent 

presence of defenses, like morphological and structural features (e.g., thorns, prickles, thick cell walls 

or cuticles) and constitutively produced chemical defense compounds (e.g., alkaloids and phenolics) 

(Hartmann & Ober 2000, Kaplan et al. 2008, Mithöfer et al. 2009). In contrast, induced defenses are 

activated upon herbivory or pathogen attack, e.g., the release of volatile organic compounds (VOCs). 

Activation requires recognition of herbivore- or pathogen-associated molecular patterns (HAMPs or 

PAMPs), such as chemical compounds from oral secretions from attacking insects or oviposition fluids 

(Basu et al. 2018, Mithöfer & Boland 2008).  

Both constitutive and induced defenses can be further classified into direct or indirect defenses. In 

direct defense, the insect herbivore is directly affected by morphological, chemical, or biochemical 

defenses. For instance, plant-produced specialized compounds are either deterrent or reduce the 

performance of the organism. A typical example of direct defense compounds are the constitutively 

produced pyrrolizidine alkaloids (PAs), which are nitrogen-containing specialized compounds and are 

known to lower the performance especially of generalist insect herbivores or deter potential attackers 

(Hartmann & Ober 2000, Kaur 2020). Indirect defenses employ a third trophic level like parasitoids 

and predators that are attracted by plants and attack the herbivore. For instance, constitutive 

defenses like extrafloral nectars, food bodies, and domatia can be additionally induced to attract 

natural enemies (Aljbory & Chen 2018 and references therein). The most prominent example of 

indirect defenses are herbivore-induced plant volatiles (HIPVs) to attract natural enemies of 

herbivorous insects, as was shown for nitrogenous compounds released by black poplar upon 

herbivory (Clavijo Mccormick et al. 2014a, Clavijo Mccormick et al. 2014b).  

HIPVs are by far the most important indirect defenses, as they are widespread and many possible 

recipients are reached. However, VOCs can also act directly to repel phytophagous insects (Irmisch et 

al. 2014a), or can further function as signal within the plant to adjust their defense response for an 

upcoming herbivore attack (Heil & Silva Bueno 2007, Mithöfer et al. 2009). Plants can emit a vast 

number of volatiles consisting of different volatile classes like green leaf volatiles 
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(C6 fatty-acid-derived), aromatic compounds, terpenoids, and nitrogen-containing compounds 

(Arimura et al. 2009, Irmisch et al. 2014b, Maffei et al. 2011). Among VOCs, terpenoids are the largest 

and most diverse compound class (Tholl 2015). All terpenoids are derived from the five-carbon 

building blocks, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), 

which are produced either by the mevalonate pathway or by the 2-C-methylerythritol-4-phosphate 

(MEP) pathway. A head to tail condensation of the five-carbon units results in products of different 

chain lengths: geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15), and geranylgeranyl 

diphosphate (GGPP, C20). Using these precursors as substrates, various terpene synthases (TPS) 

produce numerous different terpenoids (Degenhardt et al. 2009, Irmisch et al. 2014b). According to 

the importance of terpenoids in plant-insect interactions, a vast amount of research has been done to 

elucidate the biosynthesis of various terpenoids including the identification and characterization of 

terpene synthases (Degenhardt et al. 2009).  

Insect ecology 

Approximately half of the estimated known insect species feed on living plant material (Bernays 1992, 

Gullan & Cranston 2014, Speight et al. 1999). As primary producers, plants are the starting points in 

trophic networks generating nutrients through photosynthesis and making these nutrients then 

accessible for other organisms, like herbivores, decomposers and mutualists (Price et al. 2011). Each 

plant and plant organ thus provides different resources but also constrains the access to those 

resources by allelochemicals, resulting in different ecological niches for insects. This, in turn, leads to 

the diversification of different feeding guilds and specialization grades of insect herbivores. Therefore, 

herbivorous insects can be classified in various ways, according to their host range (monophagous, 

oligophagous, and polyphagous), their feeding guild (chewing versus piercing-sucking), the plant organ 

they feed on (e.g., leaves, stems, bark, seeds), and how they manipulate or process plant material 

(e.g., leaf rollers, gall formers, shredders) (Bernays 1992, Price et al. 2011, Strong et al. 1984). It is 

assumed that plant defense strategies are a key mechanism that leads to the diversification of insect 

herbivores. The Brassicaceae, for example, possess a two-component defense system, in which a non-

toxic precursor gets hydrolyzed to form toxic isothiocyanates. Even though the isothiocyanates 

themselves are effective against both generalist and specialist herbivores, larvae of Pieris rapae can 

circumvent this defense. By manipulating the hydrolysis reaction, they inhibit the formation of 

isothiocyanates in favor of the production of nitriles, which can be easily excreted (Wittstock et al. 

2004).  
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In general, studies on plant-insect interactions have mainly focused on herbaceous and economically 

important crop plants, whereas research on tree-insect interaction is scarce. Due to their various 

defense strategies, their architecture and their long lifetime, during which trees experience various 

environmental conditions, they represent a spatially and temporally heterogeneous environment that 

can harbor species-rich communities of herbivorous insects. The fact that trees can be colonized 

repeatedly during their lifetime even increases the species richness of herbivorous insect communities 

(Lämke & Unsicker 2018).  

1.2 Plant-fungus interactions 

Every single plant organ (roots, stem, bark, leaves, and flowers) can be inhabited by different 

microorganisms, such as bacteria, fungi, archaea, algae, and protists, either on the plant surface or 

within the plant tissue (Baldrian 2017). These interactions can be beneficial (e.g., in mycorrhiza), or 

negative (e.g., pathogenic fungi), or may shift from initially beneficial to later pathogenic. In my thesis, 

I focused on fungi that inhabit the inner leaf tissues without causing apparent disease symptoms. 

Fungi, as well as bacteria, that live inside a plant tissue and undergo a quiescent stage, for at least a 

part of their life cycle, are called endophytes (Petrini 1991). 

It is estimated that the global leaf surface of woody plants is several times bigger than the land area 

(Sieber 2021). The leaf surface as well as the inside of the leaf tissue are colonized by a variety of 

microorganisms, with fungi accounting for a large proportion of leaf colonizers (Sieber 2021, Yan et al. 

2019). Fungal endophytic hyphae and spores were found in 460 million-year-old fossilized plant tissue, 

indicating that the co-evolution between plants and fungi started as soon as plants first appeared on 

earth (Redecker et al. 2000). The definition of endophytes has changed over the years and now 

includes bacteria as well as endophytes with an epiphytic phase and latent pathogens (Yan et al. 2019). 

Since fungal organisms have been found inside all analyzed plant tissues so far without causing 

apparent disease symptoms, these have evoked curiosity since the 1970s about their potential role in 

an ecological context as well as a new source of novel bioactive compounds (Yan et al. 2019). 

Transmission and colonization of endophytic fungi in plants 

Plants are surrounded by a plethora of microorganisms. Many of the endophytic fungi originate from 

the surrounding soil, air, or from insects or other animals that serve as vectors (Rodriguez et al. 2009, 

Sasse et al. 2018). In general, there are two kinds of transmission patterns. Vertically transmitted 

endophytes are transferred via plant seeds to the next plant generation and systemically colonize the 

intercellular spaces of newly formed shoots (Gagic et al. 2018). This strategy is used by endophytic 
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species of the Clavicipitaceae, including e.g., Epichloë sp., Claviceps sp., and Balsania sp., which 

exclusively form symbioses with grass, rush, and sedge hosts (Bacon & White 2000, Saikkonen et al. 

2002). In contrast, the so called nonclavicipitaceous endophytes are predominantly transmitted 

horizontally via spores and/or hyphal fragmentation by wind, rain, and/or herbivores as vectors from 

plant to plant (Wiewiora et al. 2015). When endophytic spores germinate, the hyphae can enter the 

leaf tissue through penetration, stomata or other leaf openings and undergo a quiescent state after 

infection (Rodriguez et al. 2009, Sieber 2007). However, successful colonization depends on various 

factors like plant tissue type and genotype, environmental conditions and previous colonization 

events in the host plant (Bonito et al. 2014, Carroll & Carroll 1978, Hardoim et al. 2015, Yan et al. 

2019). It has been shown that the colonization of plants with beneficial microbes triggers a plant 

immune response comparable to that against pathogens. Signal molecules emitted by the microbes 

are perceived by the plant and activate the immune system in two different defense systems. First, 

the recognition of microbe-associated molecular patterns (MAMPs) via cell surface-localized pattern 

recognition receptors (PRRs) in the plant can lead to MAMP-triggered immunity (MTI) (Lopez-Gomez 

et al. 2012, Yan et al. 2019, Zamioudis & Pieterse 2012). Second, the plant identifies effectors 

(molecules produced by microorganism) and then activates the effector-triggered immunity (ETI) 

(Mendoza-Mendoza et al. 2018, Yan et al. 2019, Zamioudis & Pieterse 2012). It is known that beneficial 

soil-borne microbes manipulate the effector-triggered susceptibility state and therefore overcome 

defense responses and successfully colonize plant tissues (Zamioudis & Pieterse 2012 and references 

therein). Whether this is true for endophytic fungi colonizing leaf tissue needs to be investigated, as 

the molecular mechanisms that lead to an endophytic colonization in plant tissues are not fully 

understood.  

Effects of endophytic fungi on plants  

Plants harboring endophytes enjoy various benefits as endophytes may promote plant growth (Jaber 

& Enkerli 2016, Khan et al. 2016), increase plant resistance to abiotic stresses like drought (Bano et al. 

2012, Khan et al. 2015), metals (Wang et al. 2016), and temperature fluctuations, as well as protect 

plants against pathogen and herbivore attacks (Arnold et al. 2003, Jallow et al. 2004). Endophytic fungi 

can even produce VOCs that inhibit growth of other fungi as a direct defense or as allelochemicals for 

competitors of their host plant (Macias-Rubalcava et al. 2010). A vast amount of literature on plant-

derived VOCs exists, beginning with the characterization of a plant’s volatile profile and the changes 

in this profile due to different abiotic and biotic factors, the determination of the bioactivity of 

individual compounds, and the elucidation of the biosynthetic pathways via certain enzymes, e.g., 

terpene synthases. However, the discovery of endophytic organisms inside plant tissues has raised the 
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curiosity about the capabilities and functions of these microorganisms including the possibility that 

they also produce VOCs. Literature about VOCs isolated from endophytic fungi has increased over 

time, and currently 300 fungal VOCs have been characterized so far (Lemfack et al. 2014), with some 

of them already tested for their bioactivity potential. Yet, the biosynthesis of the VOCs and the 

mechanisms how endophytes produce VOCs inside leaf tissue is poorly understood. Furthermore, it 

has been shown that endophytic fungi are able to produce phytohormones that might influence leaf 

senescence and leaf fall (Nassar et al. 2005). So far, only a few studies have investigated the molecular 

mechanism of endophyte-mediated changes in plant metabolism. Hence, our understanding of the 

mechanisms by which endophytes lead to better plant fitness is still in its infancy (Chagas et al. 2018, 

Yan et al. 2019).  

A mutualistic endophyte-plant interaction is often shown, especially for grass-associated endophytic 

fungi, which are mostly transmitted vertically. However, endophyte species can also include latent 

pathogens, commensals, temporal residents or latent saprotrophs, resulting in no beneficial effect for 

the host plant (Davis & Shaw 2008, Suryanarayanan 2013). Further it is speculated that the type of 

plant-endophyte interaction may switch according to environmental conditions, which favor the 

endophytes and/or are unfavorable for the host plant (Sieber 2007). For example, it has been shown 

that endophytes reduce photosynthetic rate (Mejía et al. 2014) and facilitate diseases (Adame-Alvarez 

et al. 2014, Busby et al. 2016). Studies investigating the role of a certain endophytic fungus usually are 

carried out under controlled conditions favorable for the host plant and more studies under field-

realistic conditions are needed to reveal the role of a certain endophytic species (Hardoim et al. 2015). 

However, the lifestyle of most endophytic fungi associated with trees remains unknown (Hardoim et 

al. 2015). 

Endophytic fungi – a novel source for bioactive compounds 

Endophytic microorganisms are a rich source of potential agents for drug discovery. The bioactive 

metabolite classes present include alkaloids, polyketides, terpenoids, flavonoids, quinones, peptides, 

phenolic compounds, and steroids (Uzma et al. 2019, Zaferanloo et al. 2012). The first reported fungal 

metabolites that have an insecticidal purpose were alkaloids (Kaur 2020). Although, it was once 

believed that alkaloids only occur in plants, mainly in angiosperms (Waller & Nowacki 2012), four types 

of endophytic alkaloids are now known: ergot, indole-diterpene, pyrrolizidine, and peramine alkaloids 

(Bastías et al. 2017a). Chemically they represent a diverse group of nitrogen-containing compounds 

that do not share a common biosynthetic pathway (Saunders et al. 1992). They are synthesized from 

the amino acids lysine, phenylalanine, tyrosine, tryptophan, ornithine, histidine, or from purines and 



  INTRODUCTION 
 

 
7 

 

pyrimidines (Karban & Agrawal 2002, Walters 2011). The quantity and quality of alkaloids depends on 

the plant physiological state, such as the age of the plant and its stage of development (Kaur 2020).  

As already mentioned, endophytic fungi are also able to produce VOCs. Around 300 fungal volatiles 

have been described, including aliphatic alcohols, ketones, aldehydes, terpenoids, benzenoids and 

cycloalkanes (Effmert et al. 2012, Lemfack et al. 2014, Roy & Banerjee 2019). Many fungal VOCs are 

known to have antimicrobial activity, to induce the growth of host plants, or to shape plant 

communities, but these can also affect insect behavior (Daisy et al. 2002, Ezra & Strobel 2003, Macias-

Rubalcava et al. 2010, Roy & Banerjee 2019, Strobel et al. 2004, Ting et al. 2010). In contrast to plants, 

terpenoids in fungi are exclusively produced by the mevalonate pathway (Schmidt-Dannert 2015). 

However, for now only a few terpene synthases have been identified and characterized from 

endophytic fungi compared to enzymes known from plants and bacteria (Shaw et al. 2015, Wu et al. 

2016). 

In general, endophyte-plant interactions and their chemistry are best described for vertically 

transmitted grass-associated clavicipitaceous endophytes. However, a tree crown provides an 

enormous amount of space with different niches for fungal colonization, as there are vertical and 

horizontal gradients in abiotic conditions, which results in a diverse leaf chemistry environment within 

one tree crown (Lämke & Unsicker 2018). Thus, a tree crown can offer space for different endophytic 

fungi to colonize. Furthermore, horizontally transmitted non-clavicipitaceous endophytes, as they 

occur in trees, outnumber the amount of grass-associated clavicipitaceous endophytes (Rodriguez et 

al. 2009). These considerations together with their complex lifestyle behavior make tree-associated 

endophytes a fascinating and multifaceted system to study.  

1.3 Effects of endophytic fungi on plant-insect interactions 

The arms race between plants and herbivorous insects has resulted in a plethora of different plant 

defenses and an equivalent number of counter-defense strategies by herbivores (Schoonhoven et al. 

2005, Speed et al. 2015). The discovery of endophytic microorganisms however raises doubt that the 

co-evolutionary process is a consequence of only two interacting species (Bastías et al. 2017a, 

Saikkonen et al. 2013). Especially for grass-associated endophytes a defense mutualism between the 

plant and the endophyte has often been shown, while for tree-associated endophytes this role is more 

inconsistent (Christian et al. 2020, Herre et al. 1999, Van Bael et al. 2009). Endophytic fungi can 

influence plant-insect interactions directly by acting on insects, or indirectly by modulating the 

defense signaling and chemistry of the host plant. However, most research has been done on bioactive 
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compounds of endophytic fungi with a strong focus on alkaloids produced by the clavicipitaceous fungi 

of grasses (Hardoim et al. 2015). It has been shown in several systems that endophytic fungi reduce 

pathogen and herbivore damage in a wide range of host plants (Arnold et al. 2003, Christian et al. 

2017a, Christian et al. 2020, Cosme et al. 2016, Estrada et al. 2013, Mejía et al. 2014). Already in 1978 

Carroll and Carroll suggested that endophytes influence the defense system of trees. However, 

literature on the underlying mechanisms is scarce and it is often unclear whether defense compounds 

are produced by the plant or by the endophytes (Soliman et al. 2013), and which compounds are 

induced by the interaction between the plant and the endophytes (Christian et al. 2020, Hartley et al. 

2015, Mejía et al. 2008). Furthermore, most of the studies, which address the molecular mechanisms 

behind insect-endophyte-plant interactions were done under laboratory conditions but rarely under 

field conditions. In contrast, field studies investigating the effect of endophytes on the herbivory load 

lack information about the plant chemistry. Considering the fact that all plants harbor endophytic 

microorganisms, investigating their impact on phytochemistry and plant-insect interactions is still an 

emerging research field, particularly in woody plants. Most of the knowledge on the chemical ecology 

of plant-insect interactions has been collected on economically important crop plant species and this 

is where most of the studies on plant-endophyte interactions and the influence of endophytes have 

also been done. As trees harbor a species-rich insect as well as endophyte community, research on 

endophytes of woody plants and their impact on associated insects is both complex and captivating.  

1.4 Study organisms 

To investigate the effects of endophytic microorganisms on plant chemistry and plant-insect 

interactions, I chose young black poplar trees (Populus nigra), the endophytic fungus Cladosporium 

sp., and the insect herbivores Lymantria dispar, Amata mogadorensis and Chrysomela tremulae.  

Black poplar 

The deciduous tree species black poplar (Populus nigra) belongs to the Salicaceae family and is 

distributed throughout the northern hemisphere (Isebrands & Richardson 2014), where it is adapted 

to flooding events and nutrient-poor soils in riverbanks and floodplain forests (Karrenberg et al. 2002). 

In Europe, black poplar is a key species for riparian ecosystems, where it plays an important role 

especially in the initial phase of the development of riparian forests (Smulders et al. 2008). As a woody 

model organism it is suitable because it grows fast and can be clonally propagated via stem cuttings 

(Regier et al. 2009). Further, the genome of a related poplar species, Populus trichocarpa, has been 

fully sequenced (Tuskan et al. 2006), leading to an increased usage of poplar species to study 

molecular mechanisms of trees (Regier et al. 2009).  



  INTRODUCTION 
 

 
9 

 

Poplar trees are also ecologically relevant as a host for a plethora of organisms. In Europe, 

approximately 525 arthropods are assumed to be associated with tress of the genus Populus (Philippe 

& Bohlmann 2007). As these trees are attacked by a large variety of different herbivores and 

pathogens, poplars have developed an arsenal of various chemical and biochemical defense 

mechanisms (Philippe & Bohlmann 2007). A group of chemical defense compounds that is specific for 

the Salicaceae family members are the salicinoids. This group of phenolic compounds consists of more 

than 20 different chemical structures that act as direct defenses against herbivores, especially 

generalist insect herbivores and mammals (Boeckler et al. 2011, Boeckler et al. 2016, Hemming & 

Lindroth 1995, Lindroth 1991). Another defense strategy against insects is the emission of VOCs. Upon 

feeding damage, poplar trees release a diverse blend of VOCs containing compounds that attract 

parasitoids as an indirect defense (Clavijo Mccormick et al. 2014a) or directly repel herbivorous insects 

(Irmisch et al. 2014a). The volatile blend of poplars consists of approximately 70 different VOCs upon 

feeding damage, including various mono-, sesqui- and homo-terpenoids, aromatic compounds, and 

nitrogenous compounds (Clavijo Mccormick et al. 2014b, Danner et al. 2011, Irmisch et al. 2013). 

Poplar trees also produce flavan-3-ols, which are effective against fungal pathogens, like catechin and 

proanthocyanidin B1 (Ullah et al. 2017). The vast variety of plant-insect and plant-microbe interactions 

and the longevity of these trees make black poplar an ideal research organism for studying chemical 

ecology.  

Poplar-associated fungi 

Extensive research on the pathogenic microbiome was done for poplar species, with hundreds of 

fungal and bacterial pathogens being reported (Duplessis et al. 2009). For example, the widely spread 

poplar rust Melampsora larici-populina causes high biomass losses in poplar plantations (Gérard et al. 

2006, Wan et al. 2013). Even though literature about endophytic microorganisms has increased during 

the last years, it mainly focused on bacterial endophytes. Only a few studies investigated the 

community of endophytic fungi colonizing poplars so far. However, they showed that poplar trees 

regularly harbor species of Alternaria, Epicoccum, Aureobasidium and Cladosporium (Martín-García et 

al. 2011). 

Fungi of the genus Cladosporium are cosmopolitan being found in natural and anthropogenic habitats 

(e.g., on plants, in the soil, or on food and textiles) (Bensch et al. 2012, Ellis 1971, Ellis 1976). Conidia 

of Cladosporium sp. are small and mostly spread by air (Bensch et al. 2012, Farr et al. 1989, Flannigan 

2001) over long distances (Bensch et al. 2012). Species of this genus are known as plant pathogens 

(Schubert 2005), hyperparasites on other fungi (Heuchert et al. 2005), and epiphytes in the 
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phyllosphere (Inácio et al. 2002, Islam & Hasin 2000, Jager et al. 2001, Levetin & Dorsey 2006, Stohr 

& Dighton 2004), but are also frequently isolated as endophytes (Bensch et al. 2012, Brown 1998, 

Riesen 1985). As endophytes, Huang et al. (2018) showed that hyphae of Cladosporium enter the 

inside of the leaf tissue of Populus trichocarpa via open stomata incidentally. No penetration through 

the cuticle was observed. In addition, species of Cladosporium were found to produce antifungal toxins 

(Bensch et al. 2012, Wang et al. 2013). Due to their widespread distribution and large environmental 

impact, this genus is of interest for researchers from variant scientific disciplines.  

Poplar-associated insects 

In Europe, poplar trees encounter approximately 525 different herbivorous insect species (Mattson et 

al. 2001), including defoliators, shoot feeders, and stem borers (Philippe & Bohlmann 2007). Usually 

poplar trees are able to stand the loss of larger quantities of leaves (Philippe & Bohlmann 2007), but 

during a mass outbreak, herbivorous insects can defoliate whole branches or young trees.  

Caterpillars of the moth A. mogadorensis and L. dispar (the gypsy moth) are generalists that feed on 

many species, including black poplar trees (Wink & Schneider 1990). The gypsy moth is a common 

threat to a variety of tree species and is considered one of the most destructive herbivores of the 

world (GISD 2021) as it feeds on approximately 40 different plant families, with a preference for 

deciduous tree species like oak, poplar, and birch (Robinson et al. 2010). Like, A. mogadorensis, 

L. dispar also belongs to the Erebidae family and is native to Europe, while it is invasive in North 

America, where it was first introduced in Massachusetts in 1869 (Hoover 2000). The larvae represent 

the most mobile phase and they are able to disperse up to 50 km. With the production of silk threads, 

they can be blown away via wind, which is called ballooning. As the females are unable to fly, the 

larvae choose the oviposition site for the next generation (Wilson 2021). L. dispar usually produces 

one generation per year, but during favorable environmental conditions they can produce a second 

generation within the same year, increasing the stress on their host plants.  

The leaf beetle C. tremulae is closely related to the poplar leaf beetle C. populi. It is a specialist on 

Populus and Salix species and a known pest species in forestry (Urban 2006). It occurs in most parts of 

Europe, as well as in America (Urban 2006). In this species, both adults and larvae feed on young leaves 

and reduce the growth rate of host plants (Leplé et al. 1995). The larvae of the poplar leaf beetle use 

the specialized metabolite salicin for their own protection against predators. By converting salicin to 

salicylaldehyde, they produce a bioactive volatile, which is deterrent to predators and reduces 

microbial infections (Strauss et al. 2014). 
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All three of these herbivore species may occur on back poplar trees at the same time, mainly at the 

end of the season (Fabisch et al. 2019). As they all are chewing insects, they can drastically reduce leaf 

foliage by removing large areas from the leaves.  

1.5 Aim of the thesis 

Endophytic microorganisms have gained much attention due to their potential role as mediators of 

plant-herbivore interactions, and their role as defense mutualists is often discussed. Most of the 

studies however have focused on grass endophytes, which are known to produce compounds with 

bioactive properties against herbivorous insects. Despite the omnipresence of fungal endophytes in 

forest ecosystems, their role on tree-insect interactions, either direct or indirect, is understudied.  

 

The aim of my thesis was to elucidate the role of endophytic fungi in tree-insect interactions in the 

model system black poplar (Populus nigra). To determine the potential role of endophytic fungi in the 

overall plant volatile blend, I analyzed the volatile profile of several endophytic fungi isolated from 

mature black poplar trees and characterized terpene synthases from the endophyte Cladosporium sp.. 

Further, we used this species to study the influence of an endophytic fungus on plant chemistry either 

directly or indirectly in face of herbivory. Lastly, we analyzed the ecological consequences of 

Cladosporium sp. colonization for single herbivores and arthropod communities in the lab and under 

field conditions, respectively.  
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2. OVERVIEW OF MANUSCRIPTS 

2.1 Manuscript I 

 

Friend or foe? 

The role of leaf-inhabiting fungal pathogens and endophytes in tree-insect interactions 

Franziska Eberl, Christin Uhe and Sybille B. Unsicker 

Published in Fungal Ecology (2019), 38, 104-112, doi:10.1016/j.funeco.2018.04.003 

 

Summary 

While studies on microbes and how they affect the interactions between herbaceous plants and insect 

herbivores are common in the literature, research on tripartite interactions between woody plants, 

insect herbivores and microbes is still in its infancy. This review summarizes current knowledge on the 

direct and indirect effects of pathogenic and endophytic fungi on trees and on tree-insect interactions. 

We focused on factors influencing fungal colonization and the phytochemical response from the host 

plant, as well as the consequences for attacking herbivorous insects. Further, we highlighted the use 

of different experimental conditions, such as the field, common gardens or the laboratory, and the 

different levels of observation used, such as the population, single trees or single leaves. Lastly, we 

recommended different methodological and experimental approaches, combining laboratory and 

field experiments for future research.  
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2.2 Manuscript II 

 

Volatile emission and biosynthesis in endophytic fungi colonizing black poplar leaves 

Christin Walther, Pamela Baumann, Katrin Luck, Beate Rothe, Peter H. W. Biedermann, Jonathan 

Gershenzon, Tobias G. Köllner, and Sybille B. Unsicker 

Published in Beilstein J. Org. Chem. (2021), 17, 1698-1711, doi:10.3762/bjoc.17.118 

 

Summary 

In this study, fungal endophytes were isolated and identified from leaves of mature black poplar 

(Populus nigra) trees and the volatile bouquet from each individual endophyte was qualitatively 

analyzed. Volatile organic compounds were detected from the endophytic fungi grown on agar 

medium that are also known to be produced by the host plant itself, e.g., 2-phenylethanol, 

3-methyl-1-butanol and various sesquiterpenes. Further, we were able to isolate and characterize two 

sesquiterpene synthases from a species of Cladosporium, which produced the sesquiterpene 

(E)-β-caryophyllene among others. Since some of the compounds produced by the endophytic fungi 

are known to play a role in plant-insect interactions, the question arises whether these fungal volatiles 

influence direct and indirect plant defenses. Our research demonstrates that the capability of 

endophytes to make their own volatiles should be considered in future studies on plant-insect 

interactions.  
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2.3 Manuscript III 

 

A fungal endophyte modifies leaf phytochemistry and shapes insect communities in 

poplar 

Christin Walther, Beate Rothe, Michael Reichelt, Pamela Medina van Berkum, Jonathan Gershenzon, 

and Sybille B. Unsicker 

In preparation  

 

Summary 

This study investigates the role of the endophyte Cladosporium sp. as a defense mutualist in black 

poplar (Populus nigra) against various herbivorous insect species. Larvae of the generalist 

lepidopteran Lymantria dispar preferred control over endophyte-inoculated leaf tissue in an in planta 

assay. The presence of the endophyte led to higher concentrations of constitutive as well as induced 

defense compounds after herbivory. Furthermore, the alkaloid stachydrine, which is produced by the 

endophyte, was found in leaves of inoculated plants. In a preference assay with stachydrine coated 

leaf discs, this compound deterred the generalist larvae Amata mogadorensis and attracted the 

specialist beetle Chrysomela tremulae. Under natural conditions, we showed that the endophyte also 

modulates the composition of the insect community. These findings reveal that rather than being a 

universal defense mutualist in plant-insect interactions, the studied endophyte Cladosporium sp. has 

a species-specific effect on herbivores.  
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3. MANUSCRIPT I 

Angaben zum Eigenanteil 

(gemäß der Durchführungsbestimmung zu § 8 Abs. 2 der Promotionsordnung vom 23.09.2019 der 
Fakultät für Biowissenschaften der FSU Jena, Anlage 1, Formular 1) 

Manuskript Nr. 1 

Titel des Manuskriptes: Friend or foe? The role of leaf-inhabiting fungal pathogens and endophytes 
in tree-insect interactions 

Autoren: Franziska Eberl, Christin Uhe and Sybille B. Unsicker 

Bibliographische Informationen: Eberl, F., Uhe, C., & Unsicker, S. B. (2019). Friend or foe? The role of 
leaf-inhabiting fungal pathogens and endophytes in tree-insect interactions. Fungal Ecology, 38, 104-
112. doi:10.1016/j.funeco.2018.04.003 

Die Kandidatin ist  

 Erstautor/-in,  Ko-Erstautor/-in,  Korresp. Autor/-in, × Koautor/-in. 

Status: publiziert am 06.06.2018 (online) in Fungal Ecology 
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4. MANUSCRIPT II 

Angaben zum Eigenanteil 

(gemäß der Durchführungsbestimmung zu § 8 Abs. 2 der Promotionsordnung vom 23.09.2019 der 
Fakultät für Biowissenschaften der FSU Jena, Anlage 1, Formular 1) 

Manuskript Nr. 2 

Titel des Manuskriptes: Volatile emission and biosynthesis in endophytic fungi colonizing black poplar 
leaves 

Autoren: Christin Walther, Pamela Baumann, Katrin Luck, Beate Rothe, Peter H. W. Biedermann, 
Jonathan Gershenzon, Tobias G. Köllner, and Sybille B. Unsicker 

Bibliographische Informationen: Walther, C., Baumann, P., Luck, K., Rothe, B., Biedermann, P. H., 
Gershenzon, J., Köllner, T. G. & Unsicker, S. B. (2021). Volatile emission and biosynthesis in endophytic 
fungi colonizing black poplar leaves. Beilstein Journal of Organic Chemistry, 17(1), 1698-1711. 
doi:10.3762/bjoc.17.118 

Der Kandidat / Die Kandidatin ist (bitte ankreuzen) 
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Jonathan 
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A fungal endophyte modifies leaf phytochemistry and shapes 

insect communities in poplar 

Christin Walther1, Beate Rothe1, Michael Reichelt1, Pamela Medina van Berkum1, Jonathan 

Gershenzon1 and Sybille B. Unsicker1* 

Address: 1Department of Biochemistry, Max Planck Institute for Chemical Ecology, Hans-Knöll Str. 8, 

07745 Jena, Germany 

* Corresponding author: Phone: +49(0)3641 571328; sunsicker@ice.mpg.de 

 

Summary  

Plants are exposed to a plethora of herbivores and microorganisms. Endophytic fungi isolated from 

grasses are a prominent example of a mutualistic plant-microbe interaction, however, the role of 

endophytic fungi in tree-insect interactions is hardly explored today. In this study, we investigated the 

influence of the endophytic fungus Cladosporium sp. on the constitutive and induced defense 

response of black poplar (Populus nigra) trees. Furthermore, we tested the consequences of fungus-

mediated changes in poplar defense compounds for insect herbivore feeding preference in lab 

experiments and for insect community assembly on phytometer trees in the field. In an in planta 

choice assay, larvae of the generalist gypsy moth (Lymantria dispar) preferred uninoculated control 

leaves over endophyte-inoculated leaf tissue. Exposure of P. nigra to the endophyte Cladosporium sp. 

increased constitutive defenses as well as induced defense compounds. Additionally, we were able to 

identify and quantify the endophyte produced alkaloid stachydrine in leaves of inoculated plants, with 

this compound being shown to be attractive to the specialist beetle Chrysomela tremulae, while being 

a deterrent to the generalist caterpillar Amata mogadorensis. Further, we could demonstrate, that 

the endophyte shapes the insect community in a field experiment, by attracting species of the order 

Hemiptera and deterring coleopteran and hymenopteran species. The findings show that the role of 

endophytes as defense mutualists in woody plants is species dependent.  

Keywords  

Alkaloids, Cladosporium, endophyte, insect community, Populus nigra (black poplar), salicinoids, 

stachydrine, tripartite interaction  
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Introduction 

Plants are in close association with a plethora of microbial species, colonizing every organ of a plant 

from the surface as well as inside of plant tissues. Fungal and bacterial microbes, which live within the 

plant tissues (e.g., leaves, flowers, roots) and undergo, for at least a part of their life cycle, a quiescent 

stage are called endophytes (Petrini 1991). With endophyte colonization being widespread in the plant 

kingdom, its influence on plant-insect interactions is highly discussed (Hyde & Soytong 2008). Fungal 

grass endophytes (clavicipitaceous endophytes) are a prominent example of mutualistic plant-

microbe interactions (Hartley & Gange 2009, Saikkonen et al. 2010), while contrastingly the ecological 

significance of nonclavicipitaceous endophytes, which occur also in trees, seem to be more equivocal 

(Eberl et al. 2019, Meister et al. 2006, Rodriguez et al. 2009).  

It has been shown, that endophytic metabolites are detectable in the plant matrix, which may impact 

plant-insect interactions. For instance, the rugulosin producing endophyte Phialocephala scopiformis 

isolated from white spruce (Picea glauca) is one example of a mutualistic relationship between an 

endophyte and a tree, where rugulosin negatively affects the growth of different herbivorous insects 

(Miller et al. 2002, Miller et al. 2008, Sumarah et al. 2008, Sumarah & Miller 2009, Sumarah et al. 

2010). However, most of the literature concerning endophytic metabolites and how they influence 

plant-insect interactions is dominated by the alkaloid producing Epichloë and Neotyphodium species 

in fescue grasses (Clay 1988, Popay & Bonos 2005, Saikkonen et al. 2013). Alkaloids, being 

nitrogen-containing compounds typically derived from amino acids, are mainly found in herbaceous 

plants and fungi, and are known for their detrimental effects on herbivore performance (Dewick 2002, 

Kaur 2020). For example, the annual ryegrass Lolium multiflorum inoculated with the endophytic 

fungus Epichloë occultans, which is able to synthesize loline alkaloids, reduced the performance of the 

aphid Rhopalosiphum padi (Bastías et al. 2017b). Since alkaloids are widespread in fungi, woody plants 

harboring an alkaloid-producing endophyte may therefore use the alkaloid for their own benefit 

against herbivore insects as a common pattern in forest ecosystems.  

It has been shown, that endophytes can manipulate plant defense against pathogens (Hartley et al. 

2015, Mejía et al. 2014, Soliman et al. 2013). Qin et al. (2019) found increased total phenolic content 

and phenylalanine ammonia lyase activity in Achnatherum sibiricum when the plant was inoculated 

with an Epichloë endophyte and further treated with methyl jasmonate simultaneously, which led to 

an enhanced resistance to the locust Locusta migratoria. In another experiment, inoculation of 

Theobroma cacao with the endophyte Colletotrichum tropicale lead to changes in host specialized 
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chemistry (Christian et al. 2020). However, it remains unknown, which specialized compounds were 

regulated in response to the endophyte colonization and how this would affect herbivore insect 

behavior. More research is needed in order to observe endophytic mediated changes in 

phytochemistry, especially in response to herbivory. 

Studies investigating endophytic mediated changes in the phytochemistry are especially rare in trees, 

even though trees host a plethora of different insect herbivores. It has been shown that trees benefit 

from endophytic infection by reduced insect herbivory (Albrectsen et al. 2010, González-Teuber 2016), 

and pathogen damage in the field, as shown for some endophyte species in Populus trichocarpa 

reducing poplar-rust infection (Busby et al. 2016). However, we know little about the role of 

endophytic fungi for poplar-insect interaction and their possible influence to shape a whole insect 

community. With specific reference to the field, plants are exposed to a wide range of different 

insects, where a single endophyte may negatively affect one herbivore insect and positively affect 

another (Eberl et al. 2019, Gange et al. 2012). Therefore, field studies with monitored arthropod 

communities, would help to understand the complex plant-herbivore-endophyte interaction.  

As primary producers, plants developed numerous defense strategies and compounds against 

herbivorous insects with toxic, repellent, or anti-nutritive properties (Jander & Howe 2008), which can 

be produced constitutively or induced in response to wounding or herbivore attack (Wu & Baldwin 

2010). Numerous plant species produce phenolic compounds as efficient defenses against herbivores 

and pathogens (Boeckler et al. 2011, Boeckler et al. 2013). In poplar trees condensed tannins and 

salicinoids are the major groups of phenolic compounds, and can make up to 30% of the leaf dry 

weight, with these salicinoids being shown to negatively affect the performance of generalist insect 

herbivores (Boeckler et al. 2016, Hemming & Lindroth 1995, Lindroth 1991). Furthermore, salicinoids 

can be induced upon herbivory, but literature reports regarding induction are inconsistent (Boeckler 

et al. 2013, Fields & Orians 2006, Osier & Lindroth 2001, Ruuhola et al. 2001, Stevens & Lindroth 2005, 

Young et al. 2010). In smaller amounts, Salicaceae also contain other flavan-3-ols (e.g., catechin, 

proanthocyanidin B1) and phenolic acids (e.g., caffeic acid, coumaric acid) (Boeckler et al. 2013). While 

phenolic acids are mainly known as herbivore defenses (Lindroth & Peterson 1988), catechin and 

proanthocyanidin B1 act as defenses against fungal pathogens (Ullah et al. 2019) rather than against 

insect herbivores (Boeckler et al. 2013).  

The aim of the study was to test how a single endophytic fungus might manipulate constitutive and 

induced defense compounds of young black poplar trees (Populus nigra) under controlled conditions 

and how this might influence the feeding behavior of herbivore insects. Therefore, we inoculated black 
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poplar trees with the endophyte Cladosporium sp., and compared changes in constitutive and induced 

defense compounds upon herbivory. Via LC-MS analysis we searched for compounds in black poplar 

leaves, originating from the endophyte and tested their potential as possible herbivore feeding 

attractants or deterrents. To reveal the ecological significance of the endophyte in a more natural 

scenario, we performed a field experiment with inoculated trees and observed the visiting arthropod 

community.  

Materials and Methods 

Plants and insects 

Young black poplar trees (Populus nigra L.) were reared under sterile conditions in a growth chamber. 

Briefly, 10 cm cuttings from the apex of saplings (50 cm tall) grown in a growth chamber were surface 

sterilized by immersing the cuttings in 100 mL water containing 20 mL 2% NaOCl and 1.2 mL Tween 20 

for 3 min. The cuttings were rinsed five times with sterile distilled water. The ends of the cuttings were 

removed and 1 cm long cuttings were cut and placed in a petri dish with growth medium (McGowan’s 

Woody Plant media WPM, Duchefa). After root development, cuttings were placed in Magenta™ 

boxes (Sigma-Aldrich) filled with the same medium as described before and placed in a growth 

chamber (day/night: 21/19 °C, photoperiod 16 h). After 8 weeks, the small plants were transferred 

into 1 L pots filled with soil (1:1 sand and soil; Klasmann potting substrate; Klasman-Deilmann, Geeste, 

Germany) and were further grown in a climate chamber (day/night: 21/19 °C, photoperiod 16 h). After 

another 4 weeks, the plants were again transferred to another climate chamber (day/night: 20/18 °C, 

photoperiod 16 h, humidity 60%). Two weeks later, 10 leaves per plant (with a height of at least 50 

cm) were inoculated with endophyte fungal spore solution or with fungus free control solution as 

described below.  

Gypsy moth (Lymantria dispar) caterpillars were hatched from eggs (kindly provided by Hannah Nadel, 

US Department of Agriculture, Buzzards Bay, MA, USA) and reared on artificial diet (Frontier Scientific 

Services Agriculture, Newark, USA) in a climate chamber (60% humidity, 20 °C, photoperiod 14 h) until 

the start of the experiment. Eggs from Amata mogadorensis were obtained from a private breeder 

(https://www.entomologenportal.de) and reared on black poplar saplings under laboratory 

conditions. Beetles and egg clutches from Chrysomela tremulae were collected from old-growth black 

poplar trees and reared on black poplar saplings under laboratory conditions.  
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Endophytic Fungus 

Spores were collected from 4 weeks old Cladosporium sp. cultures grown on potato dextrose agar 

(PDA) in the dark at 25 °C. Cladosporium sp. was previously isolated from mature black poplar trees 

growing in a natural population in a floodplain forest in northeastern Germany (52°34’13.6’’N, 

14°37’57.1’’E) as described in Walther et al. (2021). Spores from fungal cultures were scratched off in 

approximately 12 mL of solution containing 0.01% Triton X-100 (Sigma-Aldrich), 0.9% (w/v) NaCl 

(Roth), 0.3% (w/v) glucose (Roth) and 0.2% (w/v) peptone (Roth). The spore solution was filtered 

through sterile glass wool to separate the spores from the mycelium, and the filtrate diluted to 

107 spores/mL by using a hemocytometer. To determine the spore germination rate, the spore 

solution was diluted to approximately 100 spores/mL. From this solution 100 mL were plated on PDA 

medium and germinating spores were counted (Tab. S1).  

Plant treatments and harvesting 

To examine the impact of herbivory on black poplar infected with the endophytic fungus Cladosporium 

sp., plants were split into four treatments (fungus, fungus + herbivory, uninfected control, uninfected 

control + herbivory). For each treatment, 9-10 fully developed leaves of four plants were sprayed 

(approximately 1.5 mL per leaf) with either endophyte spore solution (as described above) or a 

spore-free control solution (0.01% Triton X-100, 0.9% (w/v) NaCl, 0.3% (w/v) glucose and 0.2% (w/v) 

peptone) on both sides of the leaf. To avoid contamination with other microorganisms and 

contamination of the control treatment, plants were wrapped in polyethylene terephthalate (PET) 

bags (Bratschlauch, Toppits, Minden, Germany), that were opened 2 days post infection (dpi). To 

explore the effect of herbivory on endophyte-treated and uninfected control plants, 15 gypsy moth 

caterpillars (4th to 5th instar) were released per plant on the inoculated leaves 15 dpi. After 48 h 

caterpillars were removed. On the following day, herbivore-treated leaves were weighed, 

photographed, flash-frozen in liquid nitrogen, and lyophilized. Leaf damage was analyzed with Adobe 

Photoshop® 2020 as described in Boeckler et al. (2013). 

Preference assays 

To elucidate whether the pyrrolidine alkaloid stachydrine might affect herbivore preferences, we 

conducted choice assays on leaf discs with larvae of L. dispar (3rd instar, n = 20), Amata mogadorensis 

(4-5th instar, n = 20) and beetles of Chrysomela tremulae (n = 20). Leaves (8th-15th leaf from apex) from 

10 trees were coated with either a control solution containing 0.01% Silwet (Silwet®Gold, UPL 

Deutschland GmbH, Brühl, Germany) or a stachydrine solution containing 0.01% Silwet, and 
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1.5 µg/mL stachydrine solution per 40 cm² leaf surface (Tab. S3B; respective to 45 nmol/g dw 

stachydrine). After leaves dried, 16 mm leaf discs were cut and offered in a modified Petri dish arena 

(Boeckler et al. 2014) to the insects. All insect species were reared on black poplar leaves prior to the 

experiment. L. dispar caterpillars were allowed to feed for 48 h, while beetles of C. tremulae fed for 

24 h and A. mogadorensis for 3 h. The remaining leaf tissue was photographed and analyzed by using 

Adobe Photoshop® 2020. To evaluate the stachydrine concentration in the leaf material, leaves were 

flash frozen and analyzed (see below) (Tab. S3D).  

To study the effect of endophytic infection on herbivore preference in planta, plants were inoculated 

with either endophyte spore solution (n = 4) or a control solution (n = 4) as described above. Two 

leaves, one from an endophytic plant 15 dpi and one from an uninfected control plant, were wrapped 

together in a cellophane bag and one L. dispar caterpillar (2nd instar) was added inside the cellophane 

bag. A total of 21 replicates were set up, and the caterpillars were allowed to feed for 48 h. Afterwards 

leaf damage was analyzed with Adobe Photoshop® 2020 as described in Boeckler et al. (2013). 

Field experiment 

To examine the impact of the endophytic fungus Cladosporium sp. on the insect community of black 

poplar trees, fungus-infected and uninfected control trees were transferred to a field site in a 

floodplain forest with a natural population of old-growth black poplar located in Northeastern 

Germany (52°34’03.1’’N, 14°38’06.8’’E). Trees for this experiment were grown in climate chambers 

(as described above) for 2 weeks, before they were treated with either Cladosporium sp. spore 

solution (n = 10) or control solution (n = 10) as described above. At 15 dpi the trees were transferred 

in pots to the field and placed at fixed intervals of 1 m on a 4 x 5 grid (Fig. S1). Plants were watered 

twice per day with an automated drip irrigation system and pots were fixed with tent pegs. A fence 

(Wita Pro, Grube KG Forstgerätestelle, Bispingen, Germany) was installed at a 2 m distance from the 

experimental plants to protect them against herbivory and trampling by large mammals. To monitor 

visiting insects, trees were observed four times per day (9 a.m., 12 a.m., 3 p.m., 6 p.m.) for nine days 

by two experimenters. All arthropods observed on the trees were classified at least to order. Due to 

the time-consuming nature of counting wingless aphids on the trees, this was only done twice a day. 

At 20 days after the start of the experiment, leaves that had been inoculated either with endophyte 

spore solution or a control solution were harvested. Leaves showing leaf chewer damage and non-

damaged leaves were harvested separately. All leaves were photographed, flash-frozen in liquid 

nitrogen and lyophilized for further analysis. Leaf damage was analyzed with Adobe Photoshop® 2020 

as described in Boeckler et al. (2013). 
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Quantification of endophytic genomic DNA 

To quantify Cladosporium sp. abundance in the leaves, genomic DNA was extracted using Invisorb Spin 

Plant Mini Kit (Stratec Biomedical AG, Birkenfeld, Germany) following the manufacturer’s instructions. 

The genomic DNA was quantified with a NanoDrop 2000c Spectrophometer (Peqlab Biotechnology 

GmbH, Erlangen, Germany) and diluted to 100 ng/µL. To quantify fungal genomic DNA, primers 

specific to the internal transcribed spacer (ITS) region of Cladosporium sp. (Tab. S2) were used. The 

reaction mixture contained Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent), DNA (1 µL), 

and forward and reverse primers (10 µmol each). The quantitative PCR was performed in a CFX 

Connect Real-Time PCR Detection System (Bio-Rad) using the following program: initiation and 

activation of polymerase (95 °C/5 min), 35 cycles of denaturation (95 °C/30 s), annealing (65 °C/30 s), 

and elongation (72 °C/90 s), a single, final elongation step (72 °C/10 min). Data were analyzed using 

Bio-Rad CFX Manager3.1 (∆∆cq). For normalization poplar ACTIN2-specific primers (Ramírez‐Carvajal 

et al. 2008) were used. A non-template control was included in each run and primer efficiencies were 

tested, followed by a gel electrophoresis to verify the amplicon length. The sequence was further 

verified by cloned PCR amplicons.  

Leaf chemical analysis 

Extraction 

A 10 mg quantity of lyophilized ground leaf material was extracted with 1 mL methanol containing 

internal standards for the later quantification of phytohormones (40 ng/mL D6-jasmonic acid (D6-JA), 

D6-abscisic acid (D6-ABA), D4-salicylic acid (D4-SA), and 8 ng/mL D6-jasmonic acid-isoleucine (D6-JA-

Ile)), phenolics (0.8 mg/mL phenyl-β-glucopryranoside (Sigma Aldrich), and phenolic acids (10 ng/mL 

trifluoro-methyl-cinnamic acid (triF-methyl-CA, Alfa Aesar). The suspension was homogenized by 30 s 

shaking in a paint shaker (Skandex SO-10M, Fluid Management Europe, The Netherlands), followed 

by 30 min shaking at 240 rpm on a horizontal shaker (IKA® Labortechnik, Steifen im Breisgau, Germany) 

and centrifuged at 6363 g for 5 minutes. The supernatants were split for HPLC-UV and LC-MS/MS 

measurements.  

Phenolic compound analysis 

For analyzing phenolic compounds (salicinoids, flavonoids, and flavan-3-ols) the supernatant was 

diluted 1:2 with ultrapure water (Milli-Q® Synthesis A10). Phenolic compounds were measured by 

HPLC-UV as described in Boeckler et al. (2013) on a HPLC 1100 Series (Hewlett Packard, Berlin, 
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Germany) on a reversed phase column (Nucleodur Sphinx, RP 5 µm, 250 mm x f.6 mm, Machery-Nagel, 

Düren, Germany), with ultrapure water and acetonitrile as mobile phases A and B, respectively in the 

following gradient (min/% acetonitrile): 0/14; 22.0/58; 22.1/100; 25.0/100; 25.1/14; 30.0/14 with a 

constant flow rate of 1 mL/min. The column oven temperature was set to 25 °C. The analytes were 

quantified relative to the peak area of the internal standard, phenyl-β-glucopyranoside.  

Phytohormone and phenolic acid analysis 

The measurements were conducted on a HPLC-MS/MS system as described in Fernández-Milmanda 

et al. (2020) with some modifications on an HPLC 1260 Infinity II (Agilent Technologies, Santa Clara, 

CA, USA) coupled to a triple quadrupole mass spectrometer (QTrap® 6500+, AB Sciex, Waltham, MA, 

USA) in multiple reaction monitoring (MRM) mode. The analytes were separated on a reversed phase 

column (ZORBAX Eclipse XDB-C18, 1.8 µm, 4.6 mm x 50 mm, Agilent Technologies, Santa Clara, CA, 

USA), with 0.05% formic acid (diluted in water) and acetonitrile as mobile phases A and B, respectively 

in the following gradient (min/% acetonitrile): 0-0.5/5; 0.5-6/5-37.4; 6.02-7/100; 7-9.5/5; with a 

constant flow rate of 1.1 mL/min. Negative ionization mode was used at an ionization energy 

of -4500 eV for the electrospray ionization source with a declustering potential of -30 V. Other MS 

source parameters include a curtain gas of 40 psi, electrospray and drying gas of 60 psi, with the 

temperature of the drying gas being set to 650 °C. Details of the instrument parameters and response 

factors for quantification can be found in Tab. S7. Peak integration was carried out utilizing the 

software MultiQuant™ 3.0.3 (Sciex, Waltham, Massachusetts, USA). Phytohormones and phenolic 

acids were quantified using the respective internal standards, and the results for JA, JA-Ile, OH-JA, 

OH-JA-Ile, and COOH-JA-Ile were summed up to get concentration for “jasmonates”. 

Phenylacetaldoxime analysis 

Phenylacetaldoxime was analyzed in the same extracts as used for phytohormone and phenolic acid 

analysis as described in Irmisch et al. (2013) with some modifications. The measurements were 

conducted on a HPLC-MS/MS system with the same reversed phase column as described above. The 

column was eluted with 0.2 % formic acid (diluted in water) and acetonitrile as mobile phases A and 

B, respectively in the following gradient (min/ % acetonitrile): 0/10; 0-4.0/10-70; 4.0-4.1/70-100; 

4.1-5.0/100; 5.0-5.1/100-10; 5.1-8.0/10; with a constant flow rate of 1.1 mL/min. Positive ionization 

mode was used at ionization energy of 5500 eV for the electrospray ionization source with a 

declustering potential of 20 V. Other MS source parameters include a curtain gas of 40 psi, 

electrospray and drying gas of 70 psi, with the temperature of the drying gas being set to 650 °C. The 
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MRM for phenylacetaldoxime was the following: m/z 136.1-119.1; collision energy (CE) 17 V). Analyte 

concentrations were deduced from the external standard curves made with authentic standards 

synthesized as described in Irmisch et al. (2013). Peak integration was carried out utilizing the software 

MultiQuant™ 3.0.3 (Sciex, Waltham, MA, USA).  

Stachydrine analysis 

Leaf extracts of black poplar infected with the endophyte Cladosporium sp. and control leaf extracts 

were compared by LC-MS using a Bruker Esquire 6000 ion trap mass spectrometer (Bruker Daltonics, 

Bremen, Germany) operated in positive ion mode in the range m/z 60–1,200 (Skimmer voltage, 40 eV; 

capillary exit voltage, 113.5 eV; capillary voltage, 4000 V; nebulizer pressure, 35 psi; drying gas, 

11 l/min; gas temperature, 330°C) coupled to an Agilent 1100 series HPLC (Agilent Technologies, 

Waldbronn, Germany). Elution was accomplished using a Nucleodur Sphinx RP column (250 × 4.6 mm, 

5 μm; Macherey-Nagel, Düren, Germany). Mobile phases were 0.2% formic acid (v:v) (A) and 

acetonitrile (B) with the following gradient (min/% acetonitrile): 0/14; 22.00/58; 22.10/100; 

25.00/100; 25.10/14; 30.00/14, flow rate of 1 mL/min. Comparison of the mass spectrometer total ion 

chromatogram of fungus inoculated and uninoculated control leaf extracts (using the software 

package Metabolite Detect 1.1, Bruker Daltonics, Bremen, Germany) identified a compound with an 

m/z of 144 ([M+H]+) in the inoculated leaf extract. This was tentatively identified as stachydrine by its 

identical retention time with an authentic stachydrine standard (Roth, Karlsruhe, Germany).  

For further structure confirmation of stachydrine, fungal mycelium was scratched from PDA plates 

and flash frozen in liquid nitrogen. A quantity of 10 mg of lyophilized ground fungal material were 

extracted with 1 mL methanol for analysis using a Dionex Ultimate 3000 series UHPLC (Thermo 

Scientific) and a Bruker timsToF mass spectrometer (Bruker Daltonik, Bremen, Germany). UHPLC was 

used applying a reversed-phase Zorbax Eclipse XDB-C18 column (100 mm × 2.1 mm, 1.8 µm, Agilent 

Technologies, Waldbronn, Germany) with a solvent system of 0.1% formic acid (A) and acetonitrile (B) 

at a flow rate of 0.3 ml/min. The elution profile was the following (min/% acetonitrile): 0-0.5/5; 

0.5-11.0/5-60; 11.0-11.1/60-100; 11.1-12.0/100; 12.0-12.1/100-5; 12.1-15.0/5. Electrospray 

ionization in positive ionization mode was used for the coupling of LC to MS. The mass spectrometer 

parameters were set as follows: capillary voltage 4.5 KV, end plate offset of 500 V, nebulizer pressure 

2.8 bar, nitrogen at 280 °C at a flow rate of 8 L/min as drying gas. Acquisition was achieved at 12 Hz 

with a mass range from m/z 50-1500. At the beginning of each chromatographic analysis 10 µL of a 

sodium formate-isopropanol solution (10 mM solution of NaOH in 50/50 (v/v %) isopropanol water 

containing 0.2% formic acid) was injected into the dead volume of the sample injection for re-



MANUSCRIPT III   
 

 
50 
 

calibration of the mass spectrometer using the expected cluster ion m/z values. The target compound 

showed a signal at m/z of 144.1018 for the [M+H]+ ion (C7H14NO2, theoretical value: 144.1019; 

∆ 0.73 ppm) with a fragment ion at m/z 84.0808 (C5H10N) after collision induced dissociation (Fig. S2) 

fully consistent with that of authentic stachydrine. 

For quantification of stachydrine, the sample extract was diluted 1:10 with ultrapure water (Milli-Q® 

Synthesis A10) containing isotopically labeled amino acid mix including proline (13C, 15N labelled amino 

acid mix at a concentration of 10 μg of the mix per mL; from Isotec, Miamisburg, OH, USA). The 

measurements were conducted on the triple quadrupole HPLC-MS/MS system with the same column 

as described above. Elution was carried out with 0.05 % formic acid (diluted in water) and acetonitrile 

as mobile phases A and B, respectively with the following gradient (min/% acetonitrile): 0-1.0/3; 

1.0-2.7/3-100; 2.7-3.0/100; 3.1-6.1/3. Positive ionization mode was used at ionization energy of 5500 

eV for the electrospray ionization source with a declustering potential of 20. Other MS source 

parameters include a curtain gas of 40 psi, electrospray and drying gas of 70 psi, with the temperature 

of the drying gas being set to 650 °C. The MRMs were the following: stachydrine (m/z 144 - 84; CE 

19 V), U-13C,15N-proline (m/z 122 - 75; CE 19 V). Peak integration was carried out utilizing the software 

MultiQuant™ 3.0.3 (Sciex, Waltham, Massachusetts, USA). Stachydrine was quantified relative to the 

peak area of the internal standard U-13C,15N-proline applying an experimentally determined response 

factor of 0.23. 

Statistical analysis 

To evaluate the influence of the endophyte fungus Cladosporium sp. and the gypsy moth caterpillar 

on black poplar phytochemistry, a two-way ANOVA (sum of squares type I) was applied. “Fungus”, 

“herbivory” (both as a factor with two levels) and their interactions were treated as fixed variables 

and concentrations of the compounds as response variables. To test differences in stachydrine 

concentration of black poplar trees in the field, a generalized mixed model was performed, with 

“fungus”, “herbivory” (both as a factor with two levels) and their interactions were treated as fixed 

variables, and “tree” as a random variable. Percentage leaf area loss was included as a covariate and 

entered before the explanatory variables in the model to account for variation attributable to the 

amount of damage. To test whether the alkaloid stachydrine influences the feeding preference of 

specialist and generalist herbivore insects (leaf discs preference assay), a paired t-test or Wilcoxon 

signed-rank test was applied with of leaf area loss (cm2) used as a response variable and treatment as 

a dependent variable (as a factor with two levels). To evaluate the preference of young gypsy moth 

larvae between uninoculated control plants and plants inoculated with the endophyte Cladosporium 
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sp. (in planta preference assay), we constructed a mixed effect model with “percentage of leaf area 

loss” (arcsine transformed) as response variable, “fungus” as a fixed variable and “caterpillar” nested 

in “tree” as a random variable. We excluded all replicates (caterpillars) which fed on one endophytic 

tree and the respective control trees, due to three outliers within this group. Lastly, we evaluated the 

impact of the endophytic fungus Cladosporium sp. on the insect community of black poplar trees. A 

general linear model (Poisson error distribution and log link function) was performed with “fungus” 

and “observed time” as fixed variables and the “total number of each arthropod group observed on 

the plant” as a response variable. To visualize the impact of the fungus on the arthropod community 

of black poplar trees, a cumulative visitation bipartite network was constructed. For the field 

experiment the difference in percentage of leaf area loss (arcsine transformed) between plants 

treated either with spores (fungus) or control solution (control) was tested with Student’s t-test.  

Statistical analyses were done using IBM SPSS statistics 25 (SPSS, Chicago, IL, USA), except for the 

construction of the bipartite network (bipartite package) (Dormann et al. 2008) and mixed model 

regressions (lme4 package) (Bates et al. 2014), that were performed on R version 3.6 (R Core Team 

2021). All data were checked for statistical assumptions like normal distribution and homogeneity of 

variances. Whenever statistical assumptions were not fulfilled, data were log transformed, added by 

1 following log transformation, or log-log transformed. Percentage data were arcsine transformed. 

Results  

Endophyte deters a generalist insect herbivore in laboratory bioassay 

To test whether the fungal endophyte Cladosporium sp. might protect the plant against a generalist 

insect herbivore, we conducted an in planta preference assays (with leaves still attached to the plant) 

on young endophyte-infected (fungus) and uninfected (control) black poplar trees (Fig. 1A). In the 

preference assay, young gypsy moth larvae significantly preferred uninoculated over endophyte-

inoculated plants (Fig. 1B). 
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Figure 1: A Preference assay of young gypsy moth larvae between poplar plants inoculated with the endophyte 

Cladosporium sp. (fungus) and uninoculated (control) plants. Two leaves, one from each treatment, were 

wrapped in a cellophane bag (blue color) 15 dpi. Each bag contained one (2nd instar) gypsy moth larvae. Larval 

movement from one leaf to the other was facilitated by a wooden stick (brown color). After 48 h larvae were 

removed and leaf area loss was documented. B Preference was evaluated as leaf area loss (%) of total leaf area. 

Mean ± SE are shown (n = 21). Asterisks indicate significant difference of a linear mixed effect model with tree 

as a random factor (F = 10.47, p = 0.002; with outliers: F = 3.392, p = 0.071, n = 27).  

 

The endophyte enhances the concentrations of some poplar defense compounds  

To test if changes in known poplar defense compounds might be responsible for the caterpillar 

preference observed, we compared the levels of salicinoids, flavonoids, phenolic acids and 

phenylacetaldoxime in leaves of black poplar inoculated with the endophytic fungus Cladosporium sp. 

vs. uninoculated controls both with and without caterpillar herbivory. 

Although non-significant, the quantitatively more abundant salicinoids, salicortin and homaloside D, 

showed a trend towards increased concentrations in the treatment with the fungus + herbivory 

compared to the other treatments (Fig. 2A). For the quantitatively less abundant salicinoids salicin and 

nigracin, their concentrations significantly increased in the presence of the endophytic fungus both 

with and without herbivory, while 6’-O-benzoylsalicortin was not affected (Fig. 2A). However, after 

herbivory there was a trend towards increased 6’-O-benzoylsalicortin concentration for the 

endophyte-inoculated plants compared to the uninoculated control (Fig. 2A). 
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Figure 2: A Effect of fungal endophyte inoculation on salicinoid levels of black poplar leaves. Plants inoculated 

with the endophyte (fungus) were compared with uninoculated (control) plants either with or without herbivory 

by gypsy moth caterpillars. Trees were either inoculated with endophyte spore solution or a control solution 15 

d before the onset of caterpillar feeding. Gypsy moth caterpillars were allowed to feed for 48 h. Results of two-

way ANOVA (top left) to estimate the effect of fungus inoculation (f), caterpillar herbivory (h) and the interaction 

of both (f x h), (* p < 0.05; ** p < 0.01; *** p < 0.001; n.s. = not significant). Mean ± SE are shown (n = 4). On the 

x-axis, the herbivory treatment on control and endophyte inoculated plants is depicted by a vertical line. B 

Structures of major salicinoids of black poplar: salicin, salicortin, homaloside D, 6’-O-benzoylsalicortin and 

nigracin.  
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Turning to other types of defense compounds, there were no significant differences in catechin 

content across treatments (Fig. 3). In contrast, the concentration of proanthocyanidin B1 (PAB1) 

increased in response to the endophytic fungus and herbivory compared to the other treatments 

(Fig. 3). Among the phenolic acids, the concentration of caffeic acid increased significantly in response 

to the fungus, but only with herbivore damage, leading to a significant effect on the interaction of 

both treatments (Fig. 3). The phenolic acids, p-coumaric acid and ferulic acid, however, responded to 

the endophyte with a decrease in concentration, irrespective of herbivory (Fig. 3, Tab. S4-5). The 

fungus alone had no significant effect on phenylacetaldoxime concentration, but a trend is observable 

for increased concentrations in the combined treatment fungus + herbivory (Tab. S4-5).  

 

 

Figure 3: A Effect of a fungal endophyte inoculation on the levels of other defense compounds in black poplar 

leaves. Plants inoculated with the endophyte (fungus) were compared with uninoculated (control) plants either 

with or without herbivory by gypsy moth caterpillars. Trees were either inoculated with an endophyte spore 

solution or a control solution 15 d before the onset of caterpillar feeding. Gypsy moth caterpillars were allowed 

to feed for 48 h. Results of two-way ANOVA (top left) to estimate the effect of fungus inoculation (f), caterpillar 

herbivory (h) and the interaction of both (f x h), (* p < 0.05; ** p < 0.01; *** p < 0.001; n.s. = not significant). 

Mean ± SE are shown (n=4). On the x-axis, the herbivory treatment on control and endophyte inoculated plants 

is depicted by a vertical line. B Structures of the defense compounds: catechin, proanthocyanidin B1, p-coumaric 

acid, and caffeic acid. 
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Endophyte increases herbivore-induced jasmonate concentrations in poplar leaves  

To explore what factors might cause the changes in defense compounds observed after endophyte 

infection, we measured the levels of various defense hormones in black poplar leaves after gypsy moth 

feeding on endophyte-inoculated and uninoculated control plants. The leaf area consumed by gypsy 

moth caterpillars did not differ between the endophyte and control plants (Fig. S3). The jasmonates 

significantly increased in response to herbivory (Fig. 4) and there was a trend towards increased 

concentration in the endophyte over control treatments after herbivory (Fig. 4). Salicylic acid (SA) 

concentrations were not affected by the presence of the endophyte or the herbivory treatment 

(Fig. 4). Caterpillar herbivory significantly increased abscisic acid (ABA) concentrations in black poplar 

leaves, but the endophytic fungus had no effect on the concentrations of ABA (Fig. 4). 

 

 

Figure 4: Effect of fungal endophyte inoculation on concentrations of phytohormones of black poplar leaves. 

Plants inoculated with the endophyte (fungus) were compared with uninoculated (control) plants either with or 

without herbivory by gypsy moth caterpillars. Trees were either inoculated with endophyte spore solution or a 

control solution 15 d before the onset of caterpillar feeding. Gypsy moth caterpillars were allowed to feed for 

48 h. Results of two-way ANOVA (top left) to estimate the effect of fungus inoculation (f), caterpillar herbivory 

(h) and the interaction of both (f x h), (* p < 0.05; ** p < 0.01; *** p < 0.001; n.s. = not significant). Mean ± SE 

are shown (n = 4). On the x-axis, the herbivory treatment on control and endophyte inoculated plants is depicted 

by a vertical line. 
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Endophyte-specific alkaloid influences feeding preferences of various herbivore insects 

By untargeted LC-MS analysis with a quadrupole-time-of-flight mass spectrometer, we detected a 

compound present in leaves of black poplar inoculated with the endophyte Cladosporium sp. but not 

in uninfected leaves. The compound was identified as the simple pyrrolidine alkaloid stachydrine, 

known from other fungi, algae and higher plants (Murata et al. 2011), by computation of its exact 

mass and sum formula, and by demonstrating an identical retention time and mass spectrum to those 

of an authentic standard (Fig. S2). In comparing endophyte and plant tissues, the fungal mycelium 

contained the highest amount of stachydrine with 6050 ± 460 nmol/g dw (Fig. 5A). However, readily 

detectable amounts (34.52 ± 8.53, and 45.80 ± 8.03 nmol/g dw) of stachydrine were also found in 

endophyte-treated plants. Trace quantities of stachydrine (1.03 ± 0.1 - 1.82 ± 0.22 nmol/g dw) were 

also measured in the uninoculated control treatments, likely due to contamination from the 

inoculated plants. Herbivory and the interaction of herbivory and endophyte inoculation did not have 

significant effects on stachydrine concentration (Fig. 5A).  

To test whether stachydrine might influence the feeding decisions of specialist and generalist 

herbivore insects, we conducted a preference assay with leaf discs which were coated either with 

stachydrine or a control solution (Fig. 5B). Larvae of the generalist herbivore A. mogadorensis 

consumed significantly more leaf material from control leaves compared to stachydrine coated leaves 

(Fig. 5C). In contrast, beetles of the specialist herbivore C. tremulae significantly preferred stachydrine 

coated leaves (Fig. 5C). However, larvae of the generalist herbivore L. dispar did not show a significant 

preference for either treatments (Fig. 5C).  
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Figure 5: A Levels of the alkaloid stachydrine in leaves of black poplar trees inoculated with the endophyte 

Cladosporium sp. (fungus) compared to uninoculated (control) plants either with or without herbivory by gypsy 

moth caterpillars. We also measured the levels of stachydrine in cultured fungus (mycelium). Trees were either 

inoculated with endophyte spore solution or a control solution 15 d before the onset of caterpillar feeding. 

Gypsy moth caterpillars were allowed to feed for 48 h. Results of two-way ANOVA (top left) to estimate the 

effect of fungus inoculation (f), caterpillar herbivory (h) and the interaction of both (f x h). The concentration of 

stachydrine in the mycelium was not included in the statistical analysis. Mean ± SE are shown (n = 3-4). On the 

x-axis, the herbivory treatment on control and endophyte inoculated plants is depicted by a vertical line. 

B Preference arena containing leaf discs coated either with a stachydrine or control solution. A. mogadorensis 

(4-5th instar) were allowed to feed for 3 h, L. dispar (3rd instar) fed for 48 h and beetles of C. tremulae fed for 

24 h. C Results of the preference assay for A. mogadorensis, L. dispar and C. tremulae (left to right). Asterisks 

indicate significant differences based on related samples Wilcoxon signed-rank test (L. dispar, A. mogadorensis,) 

or a paired t-test (C. tremulae) (* p < 0.05; ** p < 0.01; *** p < 0.001; n.s. = not significant). Preference was 

evaluated as leaf area loss (cm²). Mean ± SE are shown (n = 20).  
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Endophyte shapes insect communities in the field 

To examine the impact of the endophytic fungus Cladosporium sp. on the arthropod community of 

black poplar trees, we transferred fungus-inoculated and uninoculated control saplings to a field site 

with mature black poplar trees (Fig. 6A). There was no difference in the amount of damage received 

by endophyte-inoculated vs. control trees (Fig. 6B).  

 

 

Figure 6: A View of experimental plot at field site in a floodplain forest in northeastern Germany containing 

mature black poplar trees. Trees in pots were placed in a grid of 4 x 5 plants in an alternate manner by treatment 

with a distance of 1 m between each plant and the others. Plants were watered twice per day. B Leaf area loss 

(%) of black poplar saplings treated with either a fungal endophyte spore solution (fungus) or a spore-free 

solution (control). Trees were brought to the field site 15 dpi. Leaves were harvested 35 dpi and leaf area loss 

was documented. Student’s t-test (T = 0.090, p = 0.930, n = 10). 

 

Differences were noted, however, in the composition of arthropod communities on the saplings after 

observations four times per day for nine days. Endophytic plants were visited significantly more often 

by species of the order Hemiptera, and the time and the interaction of time and treatment significantly 

influenced insect visitation. Aphids (Sternorrhyncha: Aphididae) made up the largest proportion of 
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hemipteran species, representing 93.75 % of the visitors (Tab. S8). In contrast, Hymenoptera were 

found significantly more often on control plants (Fig. 7). Formicidae made up the vast majority 

(94.16 %) of the individuals within the order Hymenoptera, whereas the rest consisted of species from 

the family Ichneumonidae (Tab. S8). Furthermore, coleopteran species were counted significantly 

more often on control plants, but time and the interaction of time and treatment did not have a 

significant impact (Fig. 7).  

When the same chemical compounds analyzed in the laboratory experiment were also checked in the 

field plants, no similar patterns were observed except for stachydrine (Tab. S6). The stachydrine 

concentration was significantly higher in the presence of the endophyte fungus, but in contrast to the 

laboratory results herbivory also increased stachydrine significantly (Tab. S3B). We found higher 

amounts of stachydrine in our uninoculated control plants in the field experiment compared to the 

laboratory experiment (Tab. S3). However, the endophyte-inoculated plants had significantly higher 

amounts of stachydrine compared to the uninoculated control plants in both experiments (Tab. S3).  
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Figure 7: Bipartite network of plant-arthropod interactions for black poplar trees inoculated with either an 

endophyte spore solution (endophyte-inoculated tree) or a spore-free control solution (control tree) and placed 

in the field. Trees were inoculated 15 d before plants were brought to the field site. To monitor visiting 

arthropods, trees were observed four times per day (9 a.m., 12 a.m., 3 p.m., 6 p.m.) for nine days. The lower 

part of the figure shows a bipartite network for the whole arthropod community depicting the number of 

arthropods per order visiting endophyte-inoculated vs. control trees. The upper part of the figure shows a 

bipartite network for arthropods identified from “others” shown below. Thicknesses of lines are scaled to the 

abundance of individuals within an arthropod group on the treatment. Green colors highlight insect orders which 

significantly differ among the treatments (Poisson loglinear regression; Coleoptera: treatment p < 0.001, time 

p < 0.001, treatment x time p = 0.159; Hemiptera: treatment p < 0.001, time p < 0.001, treatment x time 

p < 0.001; Hymenoptera: treatment p < 0.001, time p < 0.001, treatment x time p = 0.740) (n = 10).  
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Discussion 

Endophytic fungi may mediate plant-insect interactions either indirectly via induction and priming of 

plant-produced defenses or directly by producing toxic or deterrent allelochemicals on their own 

(Eberl et al. 2019 and references therein). Here we observed that the endophytic fungus 

Cladosporium sp., previously isolated from mature black poplar (Populus nigra) trees, deterred 

feeding by larvae of the gypsy moth (Lymantria dispar), a generalist herbivorous insect. The 

endophytic fungus was shown to act indirectly by increasing the levels of constitutive defenses in the 

plant and modifying the herbivore-induced response. The fungus also acted directly by producing an 

alkaloid, stachydrine, which was only detectable in endophyte-inoculated trees. Coating stachydrine 

on leaves deterred larvae of the generalist lepidopteran Amata mogadorensis, but attracted the 

specialist leaf beetle (Chrysomela tremulae). Further, a field experiment showed that the endophyte 

shapes the insect community of inoculated poplar.  

Endophyte increases levels of poplar defense compounds  

In this study it was shown that the fungal endophyte had a profound influence on the levels of the 

major poplar defense compounds known to be involved in protection against herbivores and 

pathogens. Salicinoids, which are exclusively produced by Salicaceae species, are known to be 

repellent or toxic to generalist insect herbivores, but not necessarily to specialists (Boeckler et al. 

2016, Hemming & Lindroth 1995, Lindroth 1991) with their content variably increasing following 

herbivory (Boeckler et al. 2013, Fields & Orians 2006, Osier & Lindroth 2001, Ruuhola et al. 2001, 

Stevens & Lindroth 2005, Young et al. 2010). Nevertheless, here we could show that salicin and 

nigracin concentrations increase significantly in the presence of the fungal endophyte (Fig. 2A). 

Herbivory also led to higher levels of both compounds, and these increases were greater in the 

presence of the fungus (Fig. 2A). For the other major salicinoids in black poplar, homaloside D and 

salicortin, a trend towards higher concentrations was observed in fungus-treated plants after 

herbivory. These findings suggest that endophyte infection might represent an advantage for poplar 

in case of insect herbivore attack, as it increases the constitutive amounts of certain salicinoids as well 

as enhancing the herbivore-induced levels.  

The flavan-3-ols catechin and proanthocyanidin B1 are known as anti-microbial defenses in poplar 

(Ullah et al. 2019), but their role in anti-herbivore defense is still unclear (Boeckler et al. 2014). While 

the levels of catechin did not respond to Cladosporium sp. infection, proanthocyanidin B1 significantly 

increased upon infection (Fig. 3), suggesting that this endophyte may also increase plant resistance to 
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pathogens. Other endophytic microorganisms have been shown to reduce pathogen damage, but the 

underlying mechanisms are poorly understood (e.g., Arnold et al. 2003, Hartley et al. 2015, Mejía et 

al. 2014, Rodriguez et al. 2009, Yue et al. 2000). Since the amount of proanthocyanidin B1 was highest 

after herbivory coupled with endophyte infection, we speculate that this compound might especially 

prevent pathogen infection at freshly wounded sites. The increased amounts of proanthocyanidin B1 

might also negatively affect the endophyte itself, but this has not been tested.  

Simple phenolic acids are also known to have detrimental effects on herbivorous insect performance. 

p-Coumaric acid has been shown to have a deterrent and toxic effect on the lepidopterans Spodoptera 

litura and Amsacta albistriga (Sambangi & Rani 2016), while caffeic acid inhibits the gut proteases of 

Helicoverpa armigera (Dixit et al. 2017). Furthermore, both compounds exhibit antimicrobial and 

antifungal activity (Aziz et al. 1998), and both may serve as precursors in lignin formation, which also 

defends plants against pathogen infection (Xie et al. 2018). Following endophyte infection, caffeic acid 

was found to increase while p-coumaric and ferulic acids decreased significantly upon fungal 

inoculation, irrespective of herbivory (Fig. 3, Tab. S4-5). The greater concentration of caffeic acid in 

endophytic plants may have resulted from conversion from p-coumaric acid (Zhong et al. 2000).  

To date there has been little research on how endophyte infection affects the quantities of plant-

produced anti-herbivore defense compounds. Christian et al. (2020) compared the metabolome from 

cacao (Theobroma cacao) inoculated with the endophytic fungus Psychotria sp. with endophytic free 

plants and found some alterations in the plant secondary chemical profile, but this was not connected 

with defensive potential. Thus, more research is needed to determine if the ability of endophytes to 

enhance plant defenses is a general trend.  

Endophyte infection had only minor effects on known defense hormones  

To test whether the increase in poplar defenses caused by the endophyte resulted from changes in 

any of the well-studied plant defense signaling pathways, we analyzed the levels of defense hormones 

after endophyte inoculation. There was no significant increase in the hormones jasmonates, ABA and 

salicylic acid (SA) (Fig. 4), although herbivory alone significantly increased the concentrations of 

jasmonates and ABA, agreeing with previous work in poplar (Boeckler et al. 2013) and a number of 

other plant species (Vos et al. 2013, Wasternack & Hause 2013). We observed a trend towards 

increased jasmonate concentration when endophyte-treated plants were subject to herbivory 

(compared to endophyte-free controls), which may partially explain the increased chemical defense 

profile of endophytic plants. A meta-analysis of the well-known Epichloë-grass endophyte system 
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reported that jasmonic acid was significantly elevated when grasses were infected with endophytes, 

thus boosting resistance against chewing insects (Bastías et al. 2017a). Additionally, the endophyte 

Sphaeropsis sp. B301 was reported to induce ABA levels in suspension cells of Ginkgo biloba leading 

to an increase in flavonoids. While jasmonic acid likely plays a role in the rise of defense in poplar after 

Cladosporium sp. infection, other jasmonate-independent signaling pathways may also be involved.  

The symbiosis of a plant with an endophytic fungus often results in down-regulation of the SA 

pathway, as activation of the SA pathway is generally thought to have a negative impact on the growth 

and colonization of endophytic fungi (Bastías et al. 2018, Dupont et al. 2015, Johnson et al. 2003). For 

instance, Bastías et al. (2018) have shown that the presence of an Epichloë-grass endophyte 

suppressed the SA pathway, while the application of exogenous SA in turn suppressed endophyte 

growth and simultaneously reduced the production of endophytic alkaloids, which led to a higher 

susceptibility to aphids. In poplar leaves, no significant changes in levels of SA were observed after 

Cladosporium sp. inoculation (Fig. 4).  

Endophyte produces a potential defense compound – the alkaloid stachydrine 

The role of endophyte alkaloids in the anti-herbivore defense of their host plants is well documented 

for many grass endophytes (Bastías et al. 2017b, Faeth & Bultman 2002, Faeth & Hammon 1997), but 

there is little information about endophyte alkaloids in other types of endophyte-plant associations. 

Here, we were able to identify the pyrrolidine alkaloid stachydrine in the Cladosporium sp. fungal 

mycelium and in inoculated plants (Fig. 5A), which was initially detected in an untargeted screen for 

metabolites found in Cladosporium-inoculated, but not endophyte-free poplar leaves. Stachydrine has 

been isolated from Citrus, Medicago, Chrysanthemum and Stachys species, as well as from various 

algal and fungal taxa (Murata et al. 2011 and references therein), however this is the first report of an 

alkaloid in a plant of the Salicaceae (Desgagné-Penix 2017). Stachydrine shows a variety of activities 

against human diseases (Cheng et al. 2020), but in a more ecological context, stachydrine acts in a 

mixture as feeding stimulant for larvae of the citrus swallowtail butterfly (Papilio xuthus) and 

oviposition stimulant for their adults (Honda 1990, Murata et al. 2011). Other functions of this alkaloid 

in plant-insect interaction studies are not yet known.  

To test the impact of stachydrine on poplar insect herbivores, we tested the preference of insects for 

leaf discs coated with stachydrine versus those coated with a control solution. While the specialist leaf 

beetle (C. tremulae) preferred the stachydrine coated leaf discs, the generalist A. mogadorensis 

favored the control, and the oligophagous L. dispar did show a significant preference (Fig. 5C). The 
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literature indicates that alkaloids are most effective against generalist insect herbivores since 

specialists can often detoxify them (Saunders et al. 1992). However, in order to determine a general 

pattern for herbivore response to stachydrine in poplar, studies with many more herbivores are 

necessary. Future experiments should therefore include varying concentrations of stachydrine to 

determine a threshold value for behavioral response, which may not have been reached in our 

experiments with L. dispar. The amounts of stachydrine in the coated leaves were somewhat lower 

than the amounts measured in leaf tissue inoculated with the Cladosporium sp. endophyte (Tab. S3D).  

Alkaloids in general are toxic to herbivorous insects, although some species are able to detoxify or 

sequester them as protection against predators (Dobler et al. 2000, Haberer & Dobler 1999, Waller & 

Nowacki 2012). For example, the leaf beetle Longitarsus anchusae is able to detoxify pyrrolizidine 

alkaloids through N-oxidation and store them as protection against predators (Narberhaus et al. 

2005). As C. tremulae and L. anchusae belongs to the same family, there is a possibility that the leaf 

beetle is able to sequester or detoxify the pyrrolidine alkaloid stachydrine. To examine the benefits of 

stachydrine for the specialist C. tremulae and the negative effects on A. mogadorensis requires further 

experiments to monitor the performance and physiology of these insects. The discovery of stachydrine 

in endophyte-infected poplar leaves hints at the unexplored diversity of endophyte-produced 

defenses in plants. Since most plant endophytes or endophyte-inoculated tissue have not been 

screened at all for defense compounds, many new discoveries are likely to be made in this area. 

Endophyte deters a generalist insect herbivore and shapes insect communities  

In order to integrate the effect of stachydrine with the effects of other endophyte changes in poplar 

defense compounds, we conducted a preference assay on whole poplar leaves with and without 

endophyte infection that were still attached to the plant (Fig. 1A). This experimental design better 

reflects a natural scenario, as it allows the exchange and transport of defense signaling, precursors, 

and products throughout the plant during feeding (Gange et al. 2019 and references therein). With 

whole attached leaves, L. dispar caterpillars significantly avoided endophyte-infected plants (Fig. 1B), 

consistent with the up-regulation of several poplar defense compounds upon endophyte infection or 

production of its own defenses (Fig. 2-5).  

In the field, the patterns of herbivore visitation on endophyte-inoculated vs. uninoculated control 

poplar saplings were quite different from the preference tests in the laboratory. Lepidopterans did 

not distinguish among the two treatments, while coleopterans were counted more often on control 

plants (Fig. 7). The lack of congruence with laboratory results may stem from the absence of biotic 
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and abiotic factors that contribute to complex tripartite plant-herbivore-endophyte interactions 

(Hardoim et al. 2015). A lack of congruence with expectations was also seen in a field experiment with 

sleepy grass (Achnatherum robustum) containing the alkaloid producing endophyte (Neotyphodium), 

which revealed that endophyte infection caused increased herbivore abundance and species richness 

compared to plants without endophytes or plants infected with an endophyte lacking alkaloids.  

In our field experiment, species of the family Hemiptera were observed significantly more on poplar 

plants harboring the endophyte than on those without endophyte infection, with the vast majority of 

Hemiptera present being aphids (Aphidoidea) (Tab. S8). Numerous studies on grasses with alkaloid-

producing endophytes have shown the detrimental effects of endophytes on aphid performance (e.g., 

Bastías et al. 2017b, Shymanovich et al. 2015, Siegel et al. 1990). However, not every alkaloid 

produced by the fungi has a negative effect on the aphid population, as was shown for the alkaloid 

ergovaline (Siegel et al. 1990). Furthermore, Gange et al. (1996) could show in a field experiment that 

leaves of the Acer pseudoplatanus harboring the endophyte Rhytisma acerinum contained more 

aphids.  

As ants are often involved in close mutualistic interactions with aphids, we expected that the increase 

in aphids on endophytic plants would result in higher numbers of ants as well. In contrast to this 

expectation, Hymenoptera (94.16 % of them belonging to the Formicidae) were counted more often 

on control plants. The mutualism between ants and aphids is based on collection of aphid sugary 

excrement by ants, which in turn provide aphids protection against predators and parasitoids (Banks 

1962, Nielsen et al. 2010). Züst et al. (2017) argued that a successful ant-aphid mutualism is likely 

dependent on the honeydew quality, where they could show that aphids feeding on plants high in 

cardenolides, were visited less often by ants, since the aphids excreted cardenolides via their 

honeydew. If the aphids in our field experiment were able to excrete the alkaloid stachydrine via their 

honeydew, this may have led to the observed reduction in visitation by ants. Further analysis of 

honeydew is needed to test this hypothesis. The occurrence of more aphids on the endophytic plants 

suggests that the missing mutualistic interaction with ants has not reduced the population. Aphids 

might even benefit from the endophyte if the alkaloid stachydrine functions in protection against 

predators and parasitoids.  

In general, the pattern of herbivore response to endophyte-inoculated vs. uninoculated plants 

depended on the herbivore species. The endophyte Cladosporium sp. we studied deterred the 

generalist herbivore L. dispar in the lab, and coleopteran and hymenopteran species in the field, while 

attracting hemipteran species in the field. Such differences in herbivore response have been reported 
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in previous endophyte-infected vs. uninfected plant comparisons (Gange et al. 2012) and illustrates 

that the role of endophytes as defense mutualists in woody plants is species dependent. 

Conclusion  

Here we could demonstrate that the endophyte Cladosporium sp. alters the concentrations of several 

poplar defense metabolites, produces the alkaloid stachydrine in planta, and modifies the behavior of 

herbivorous insects in the laboratory and in the field. Endophytes of herbaceous and woody plants 

include latent pathogens and dormant saprotrophs, and as a possible consequence are thought to be 

less mutualistic, leading to an ambiguity in their ecological role (Bahnweg et al. 2005, Davis & Shaw 

2008, Herre et al. 1999, Suryanarayanan 2013, Van Bael et al. 2009). Therefore, as reflected in our 

own field experimental work, a more species-specific response of insect herbivores to woody plants 

harboring endophytic fungi is expected. Although more experimentation is needed to understand the 

complex nature of endophyte-tree system interactions, this work represents important steps towards. 
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6. DISCUSSION 

In recent decades, researchers have gained a good understanding of the chemical and molecular 

patterns underlying plant-insect interactions. However, plants provide a large number of different 

niches that harbor a wide diversity of microorganisms. Therefore, a more holistic perception is needed 

in plant-insect interaction studies to include the “plant microbiome” (Vandenkoornhuyse et al. 2015). 

Some plant-associated microorganisms, such as mycorrhizal fungi, are well-known to promote plant 

productivity and health under natural conditions (Trivedi et al. 2020). But knowledge about 

endophytes is still in its infancy, especially of horizontally transmitted endophytes in woody plants. 

Trees typically have long generation times and therefore evolve more slowly than pathogens and 

herbivore insects. For this reason, it has been suggested that a beneficial microbiome may add a layer 

of phenotypic plasticity that could help the tree to defend against potential attackers (Albrectsen & 

Witzell 2012, Albrectsen et al. 2018, Christian et al. 2017b). However, the role of horizontally 

transmitted endophytes as defense mutualists is ambiguous compared to the well-established 

vertically transmitted Epichloë endophytes. New insights about the interactions between endophytic 

fungi and their host trees would therefore make important contributions to basic and applied 

knowledge on forest protection.  

6.1 Endophytes produce VOCs overlapping with the volatile bouquet of their 

host plant 

Compared to the intense research on the biosynthesis and bioactivity of plant-derived volatile organic 

compounds (VOCs), we only know little about volatiles produced by endophytic fungi isolated from 

trees. In manuscript II we investigated the volatile profile of 13 different endophytic species isolated 

from old growth black poplar trees. Overall, the volatile profile of the endophytic fungi was 

species-specific, meaning that none of them shared the same volatile profile, as shown in other studies 

(Hung et al. 2015). Most of the endophytic fungi produced aliphatic or aromatic compounds 

(manuscript II, Farh & Jeon 2020), with some of them known to have bioactive properties. For 

instance, endophytic fungi are able to release volatiles with antifungal and phytotoxic activity to 

defend their niche within the plant matrix, like ethanol or 2-phenylethanol (Farh & Jeon 2020). From 

77 detected volatiles, 50 different sesquiterpenes were emitted by seven endophytic fungi 

(manuscript II). In general, sesquiterpenes make up the largest proportion of fungus-produced 

compounds (Souza et al. 2011) and it has been shown that they are able to mediate plant-plant, 

plant-microbe, and microbe-microbe interactions (Ditengou et al. 2015, Schmidt et al. 2015). For 
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instance, sativene and (E)-β-caryophyllene are known to promote plant growth and plant immunity 

against attackers (Paul & Park 2013, Yamagiwa et al. 2011).  

Almost all endophytic fungi isolated from black poplar were able to produce volatiles that are known 

from plant-insect interaction, highlighting the importance of endophytic fungi as potential driver for 

the ecology of plant-insect interactions. Some of the volatiles produced by the endophytic fungi are 

also produced by the host plant black poplar itself (manuscript II), including the alcohols 

3-methyl-1-butanol and 2-phenylethanol, and the sesquiterpenes (E)-β-caryophyllene, and 

α-muurolene. Especially (E)-β-caryophyllene is known for its bioactive potential, as it is was shown to 

attract insect herbivores or mediate tri-trophic interactions (Rasmann et al. 2005, Wang et al. 2015b). 

Other studies have shown that endophytes are able to manipulate the volatile profile of their host 

plants. For example, the tomato plant Solanum lycopersicum emits a different volatile profile when 

inoculated with the endophyte Acremonium strictum, which leads to attraction and oviposition of the 

moth Helicoverpa armigera (Jallow et al. 2008). The emission of several terpenes was also increased 

upon endophytic infection with the fungus Beauveria bassiana in tomato plants, affecting the defense 

response against Spodoptera exigua (Shrivastava et al. 2015). In these cases, it is not clear whether 

the endophyte triggers the production of terpenes by the host plant or if the fungus directly 

contributes to the overall volatile bouquet of the plant as a holobiont via its own production of 

terpenes. To solve this issue, the isolation and characterization of volatile biosynthetic enzymes, such 

as terpene synthases (TPSs), from the endophyte is crucial, but information in the literature are scarce. 

So far, only twelve TPSs have been characterized for endophytic fungi isolated from leaf tissues 

(manuscript II). As Cladosporium sp. is a cosmopolitan fungus and is also frequently isolated as an 

endophyte (Bensch et al. 2012, Brown 1998, Riesen 1985), we screened this isolate for potential TPSs, 

as it produced (E)-β-caryophyllene on medium (manuscript II). We identified and characterized two 

TPSs, CxTPS1 and CxTPS2. The heterologous expression of the TPS genes showed, that CxTPS1 

produced a variety of different terpenes, while CxTPS2 showed a narrower product profile. Both TPSs 

produced several monoterpenes that were not detected when the fungus grew on medium. 

Therefore, we speculate that geranyl diphosphate (GPP), the substrate for monoterpene production, 

is not available in the fungus when growing on artificial medium. However, among sesquiterpenes, we 

found that CxTPS1 produced (E,E)-α-farnesene, while CxTPS2 produced (E)-β-caryophyllene. The 

fungus itself only emitted (E)-β-caryophyllene when growing on medium (manuscript II). Thus, we 

speculate, that CxTPS1 might not be expressed in the fungus under the culture conditions used, or 

that (E,E)-α-farnesene is produced and further metabolized. The identification and characterization of 

endophytic TPSs allows us to elucidate the impact of endophytic fungi on the plant volatile blend, 
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which could directly affect our interpretation of certain plant-fungus and plant-insect interactions 

(Albrectsen et al. 2010, Albrectsen et al. 2018, Jia et al. 2020).  

6.2 Endophytic fungus mediates plant defenses and deters a generalist 

caterpillar 

Tripartite interactions between endophytes, host plants and herbivorous insects in woody species are 

understudied and have focused mostly on the correlation between endophyte infection and herbivore 

load (manuscript I, Albrectsen et al. 2010, Bittleston et al. 2011) or between the concentrations of 

certain plant specialized compounds, plant genotype and endophyte infection (Albrectsen et al. 2018, 

Bailey et al. 2005). Little is known about how a single endophyte influences plant specialized 

compounds alone and in response to insect herbivory. In manuscript III, we investigated the impact 

of the endophyte Cladosporium sp. on the phytochemistry of black poplar trees and the consequences 

for herbivorous insects. We focused on differences in defense hormones and several defense 

compounds due to endophyte infection, herbivory and a combination of both treatments. 

Colonization with the endophytic fungus Cladosporium sp. did not lead to an increase of either of the 

defense hormones, salicylic acid (SA) or jasmonates in black poplar (manuscript III). However, a trend 

towards increased jasmonate concentration was shown when endophyte infection was combined 

with herbivory by the generalist caterpillar L. dispar. Jasmonates are important signaling hormones in 

the anti-herbivore defense response of plants. Therefore, plants harboring Cladosporium sp. might be 

better protected from chewing insects. Studies investigating levels of defense hormones in response 

to endophyte infection and herbivory are best described for the grass-endophyte system, soil-borne 

bacteria, and soil-borne fungi, while literature on horizontally transmitted endophytes in woody plants 

is rare. It is argued that an endophyte infection causes a plant immune response similar to pathogen 

infection. Yet, endophytes may manipulate the effector-triggered susceptibility state and overcome 

plant defense responses, as was shown for beneficial soil-borne microorganisms (Zamioudis & 

Pieterse 2012 and references therein). For instance, the root endophytic fungus Piriformospora indica 

is able to induce the jasmonic acid (JA) signaling pathway in Arabidopsis thaliana to suppress SA 

signaling (Millet et al. 2010, Zamioudis & Pieterse 2012). Thereby, the activation of the SA signaling 

pathway, as it is the case for pathogens, would negatively affect successful endophyte colonization 

(Bastías et al. 2018, Bastías et al. 2017a, Dupont et al. 2015, Johnson et al. 2003). Other beneficial 

microorganisms are able to produce phytohormone-like compounds, like auxins and gibberellins that 

may negatively affect the SA signaling pathway, leading to the speculation that for successful 
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colonization beneficial microbes produce phytohormones to suppress the SA pathway (Zamioudis & 

Pieterse 2012). This is true, for example for the endophyte Epichloë occultans that is able to suppress 

the SA pathway in its host plant Lolium multiflorum (Bastías et al. 2018). 

In this thesis, abscisic acid (ABA) was only induced upon herbivory, irrespective of the presence of an 

endophyte (manuscript III). ABA is best known for enhancing plant tolerance against drought stress 

(Cutler et al. 2010, Jia et al. 2016), but has also gained attention as a defense against plant pathogens, 

as it regulates stomata closing, and thus prevents pathogens from entering the leaf tissue (Melotto et 

al. 2006, Sun et al. 2014, Ullah et al. 2019). Increases in jasmonates and ABA are well-known plant 

defense strategies against chewing insects (Boeckler et al. 2013, Vos et al. 2013, Wasternack & Hause 

2013) that is also supported by the results obtained. As ABA and SA are not induced upon endophyte 

infection, it is possible that the endophyte Cladosporium sp. is not recognized as a pathogen by black 

poplar. In contrast, there was a trend towards increased levels of jasmonates upon endophyte 

infection accompanied by herbivory, indicating that black poplar might be better defended against 

herbivorous insects. 

Literature on foliar endophytic fungi in poplars has mainly focused on the question which factors 

influence endophyte communities in poplar trees (Albrectsen et al. 2010, Albrectsen et al. 2018, Bailey 

et al. 2005). For instance, levels of condensed tannins, which are known to have antimicrobial activity, 

were negatively correlated to endophyte infection, while levels of salicinoids, a major group of 

defense compounds of Salicaceae, were not affected (Albrectsen et al. 2018, Bailey et al. 2005). 

However, there has been no information about the combined effect of herbivory and endophytic 

infection on leaf chemistry in black poplar. Here, we could show that the salicinoids, salicin, 6’-O-

benzoylsalicortin and nigracin are induced upon caterpillar feeding, but also the endophyte alone and 

in combination with herbivory lead to an induction of salicin and nigracin (manuscript III). Fabisch et 

al. (2019) showed that salicin is induced upon herbivory, but findings from the literature are 

contradictory (Boeckler et al. 2013, Lackner et al. 2019). It has been often shown that salicinoids have 

detrimental effects on a broad spectrum of different herbivores, like generalist chewing insects, (e.g., 

L. dispar, Malacosoma disstria), leaf miner (e.g., Phyllocnistis populiella), and mammalian herbivores 

(Boeckler et al. 2011 and references therein). Thus, we speculate, that the endophyte Cladosporium 

sp. might be beneficial for the tree against generalist insect herbivores, as it increases the constitutive 

amounts of salicin and nigracin, as well as the herbivore-induced defense response (manuscript III).  

In manuscript III, the patterns of phenolic acids in response to endophyte infection and herbivory 

were inconsistent, as caffeic acid was increased after endophyte infection as well as when combined 
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with herbivory, while p-coumaric and ferulic acid decreased. The phenolic acids caffeic acid and 

p-coumaric acid are specialized compounds with known anti-herbivore effects (Dixit et al. 2017, 

Sambangi & Rani 2016). Thus it needs to be tested how the responses observed would affect the 

preference and performance of insect herbivores. Furthermore, phenolic acids are known as signaling 

molecules in plant-microbe symbioses, especially for the initation of legume-rhizobia and arbuscular 

symbioses (Mandal et al. 2010 and references therein). Coumaric acid, for example, promotes the 

growth and colonization of white clover (Trifolium repens) and sorghum (Sorghum bicolor) roots by 

the arbusculuar mycorrhizal fungus Glomus in a dose dependent manner (Fries et al. 1997). It is 

known, that coumaric and gallic acids act as antimicrobial agents directly and indirectly as part of lignin 

biosynthesis (Aziz et al. 1998, Xie et al. 2018). As many different functions are described for phenolic 

acids, more studies are needed to elucidate the role of these compounds in the interactions among 

the endophyte Cladosporium sp., its host black poplar and insect herbivores.  

The poplar flavan-3-ols catechin and proanthocyanidin B1 (PAB 1) are described as antifungal defense 

compounds effective against rust infection (Ullah et al. 2017). While levels of catechin did not respond 

to endophyte infection, PAB 1 significantly increased upon endophyte infection as well as herbivory 

(manuscript III). The pathogenic rust fungus Melampsora larici-populina is a common and serious 

threat of poplar trees that can lead to a dramatic economic loss in poplar plantations world-wide 

(Pinon et al. 1987). It has been shown that presence of the foliar symbiont Cladosporium sp., among 

other symbionts, reduced the disease severity of the rust fungus M. x columbiana in Populus 

trichocarpa (Busby et al. 2016). However, the underlying mechanisms were not considered in this 

paper. It is possible that the endophyte primed the plant defense response against rust infection, or 

that the increase of PAB 1 is a direct antimicrobial reaction to the endophyte. 

To summarize, endophyte infection alone increased the concentrations of the black poplar defense 

compounds salicin, nigracin as well as the phenolics PAB 1, and caffeic acid, suggesting that an 

increase in defensive potential is a consequence of endophyte infection. The effect was even stronger 

after herbivory for some compounds. A trend towards increased jasmonate concentrations after 

endophyte infection and herbivory is also consistent with this view. Therefore, we tested, whether 

the endophyte plays a role as a defense mutualist against a generalist insect herbivore. We conducted 

an in planta choice assay with L. dispar with leaves still attached to the plant. Plants harboring the 

endophytic fungus suffered less leaf damage showing that the endophyte helped the plant to defend 

against a generalist herbivorous insect (manuscript III). Our data on differences in plant defense 

compounds between endophyte-infected and uninfected poplar foliage provide a chemical rationale 

for this defensive phenotype. 
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6.3 Endophytic fungus produces an alkaloid with bioactive properties  

The protective role of endophytic fungi is well described for grass-associated endophytic fungi, with a 

strong focus on the fungal production of alkaloids. In manuscript III, we were able to identify the 

pyrrolidine alkaloid stachydrine in fungal mycelium of the endophyte Cladosporium sp., which is also 

detectable in inoculated black poplar plants. So far, no alkaloids were previously detected in 

Salicaceae (Desgagné-Penix 2017). In medicine, stachydrine has been used for the treatment of 

fibrosis, cardiovascular diseases, cancer, and inflammation (Cheng et al. 2020 and references therein). 

In general, alkaloids are effective defense compounds against generalist insects, while specialists are 

able to detoxify alkaloids (Narberhaus et al. 2005). However, literature about the role of stachydrine 

in plant-insect interactions is scarce. In a mixture, stachydrine was shown to act as feeding attractant 

for larvae of the citrus swallowtail butterfly (Papilio xuthus) and as oviposition stimulant for their 

adults (Honda 1990, Murata et al. 2011). Endophyte researchers have often looked for new bioactive 

compounds, but only a few studies focusing on woody plants that host endophytes have pursued this 

goal (manuscript I). For example, the rugulosin producing endophyte Phialocephala scopiformis 

isolated from white spruce (Picea glauca) was shown to reduce the performance of several insect 

herbivores (Miller et al. 2002, Miller et al. 2008, Sumarah et al. 2008, Sumarah & Miller 2009, 

Sumarah et al. 2010). Other examples are the taxol producing endophytes isolated from the western 

yew (Taxus brevifolia), which is used as an anti-cancer drug (Zhou et al. 2010 and references therein).  

In order to test the impact of stachydrine on the preference of insect herbivores known to feed on 

poplar plants, leaf discs coated with stachydrine were offered to two generalist insects, L. dispar and 

Amata mogadorensis, and the specialist leaf beetle Chrysomela tremulae. Caterpillars of 

A.  mogadorensis avoided feeding on leaf discs coated with stachydrine, while the specialist leaf beetle 

C. tremulae consumed significantly more leaf material containing the alkaloid (manuscript III). 

Wink & Schneider (1990) could show that A. mogadorensis avoided plant species with high amounts 

of allelochemicals, including alkaloids, when given the choice. The results support the 

abovementioned hypothesis, that alkaloids are more effective against generalist herbivorous insects, 

but a larger sample size of insect species is needed to validate this conclusion. However, L. dispar did 

not show any preference for either control or stachydrine coated leaf discs. The concentration of 

stachydrine in the coating experiment was lower than that of leaves infected with the endophytes 

(supplemental of manuscript III). Either the concentration of stachydrine was too low for an insect to 

respond to or the gypsy moth has no receptor for tasting stachydrine. Still, we could show with the 

previously discussed bioassay data that the endophyte defends its host plant against the generalist 
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gypsy moth, irrespective of this alkaloid. Based on a meta-analysis of alkaloid producing endophytes 

associated with grasses, it was proposed, that endophytes that produce alkaloids ineffective to a 

certain attacker, would still have a protective effect against a chewing insect attacker 

(Bastías et al. 2017a). This is explained by the promotion of the JA signaling pathway as a consequence 

of the endophyte colonization process and the associated suppression of the SA pathway, as it was 

shown for beneficial soil-borne microbes (Bastías et al. 2017a, Zamioudis & Pieterse 2012 and 

references therein). However, whether this proposal can be adopted for endophyte-tree-insect 

interactions is questionable as several cases are described where endophytes had a neutral or positive 

effect on insect herbivores (manuscript I). As the specialist leaf beetle C. tremulae preferred 

stachydrine coated leaves in a leaf disc assay, it needs to be tested whether this preference persists 

in an in planta choice assay. Since we detected increased amounts of salicin after endophyte infection, 

we might expect a stronger preference of the leaf beetles towards endophyte-infected poplar plants.  

Our finding that a plant endophyte produces a nitrogen-containing defense compound is relevant for 

the assessment of the nutritional value of the plant. It can no longer be assumed from measurements 

of total nitrogen that all nitrogen-containing compounds are beneficial to herbivorous insects 

(Bastías et al. 2017b). Nitrogen incorporated in toxic defense compounds, like alkaloids, 

glucosinolates, or cyanogenic glucosides (Bastías et al. 2017b, Karban & Agrawal 2002, 

Schoonhoven et al. 2005, Walters 2011) may be harmful and so full chemical profiles of endophytes 

in woody plant species should be considered in future studies focusing on plant-insect interactions.  

In the field, we were able to detect stachydrine along with the endophyte Cladosporium sp. in natural 

old growth black poplar trees (unpublished) showing the importance of this compound under natural 

conditions. Whether stachydrine is exclusively produced by Cladosporium sp., or also by other 

endophytes previously isolated from black poplar trees (manuscript II) needs to be tested. 

Teimoori-Boghsani et al. (2019) were able to detect stachydrine in the endophytic fungus 

Fusarium dlaminii isolated from Salvia abrotanoides roots. As we also found Fusarium sp. in old 

growth black poplar trees (manuscript II), further analysis needs to be done to find out, whether this 

endophyte is also able to produce stachydrine.  
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6.4 Endophytic fungus shapes arthropod community composition in the field 

Having shown in manuscript III that the endophytic fungus Cladosporium sp. caused induction of 

several poplar-derived defense compounds and, in addition, contributed to the plant’s defense 

chemistry by its own production of the alkaloid stachydrine, we next explored how this endophyte-

plant interaction would affect the arthropod community under field conditions.  

Endophyte infection caused significant changes in the number of visiting insects for Hemiptera, 

Hymenoptera and Coleoptera (manuscript III). Species of the order Hemiptera were counted more 

often on plants harboring the endophyte, with aphids of the suborder Sternorrhyncha making up the 

largest proportion with 93.75 % (manuscript III). Alkaloids are commonly known for their negative 

effects on various insect species, including aphids (Bastías et al. 2017a, Bastías et al. 2017b, 

Shymanovich et al. 2015). In contrast, Siegel et al. (1990) could not show a detrimental effect of 

alkaloids on aphid populations, concluding that not all alkaloids are effective against aphids. It is 

argued that plants with ineffective alkaloids would be even more susceptible to sap-sucking insects, 

taking into account that endophytes suppress the SA pathway (a well-known defense strategy against 

sucking insects) for their successful colonization (Bastías et al. 2017a). In our field data, we could not 

detect any changes of SA among the treatments (supplemental of manuscript III). Further, we could 

show that the endophyte is able to inhabit the mutualistic interaction between aphids and ants. In 

contrast to the findings for Hemiptera species preferring endophytic plants, we more frequently 

counted Hymenoptera species (94.16 % Formicidae) on non-endophytic control plants 

(manuscript III). It has been shown that the mutualistic relationship between aphids and ants likely 

depends on the quality of the honeydew. For example, aphids feeding on plants containing high levels 

of cardenolides, were visited less often by ants due to the aphids excreting cardenolides via the 

honeydew (Züst & Agrawal 2017). Whether aphids exposed to plants harboring Cladosporium sp. 

excrete stachydrine in their honeydew or are able to detoxify stachydrine, needs to be tested. Like 

Hymenoptera, Coleoptera species were also found more frequently on control plants, with species of 

the family Chrysomelidae occurring exclusively on control plants (manuscript III). These results are in 

contrast to our expectations derived from the increase of salicin after endophyte infection, a chemical 

defense tolerated by specialist chrysomelid beetles and the observed preference of a chrysomelid 

beetle for stachydrine (manuscript III). Such seeming contradictions underscore the complexity of 

endophyte-plant interactions under field conditions.  

Furthermore, we could not detect a significant difference of the leaf area loss between plants 

harboring the endophyte or not (manuscript III). Other studies have found a negative correlation 
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between the density of endophytes and herbivory damage in trees (Albrectsen et al. 2010, González-

Teuber 2016). However, studies focusing on a single endophyte and its impact on plant-insect 

interactions under natural conditions are scarce, especially those employing horizontally transmitted 

endophytes in herbaceous and woody plants. It is proposed that horizontally transmitted endophytes 

are less mutualistic compared to vertically transmitted endophytes (manuscript I) (Herre et al. 1999 

and references therein, Van Bael et al. 2009) and act in a species-specific manner on herbivores or 

only on those with a certain level of feeding specialization (Gange et al. 2012). For example, this was 

shown with several herbivorous insects feeding on creeping thistle (Cirsium arvense) inoculated with 

different endophytes (Gange et al. 2012). 

As endophytes affect the biochemistry of host plants and can equip their hosts with new 

allelochemicals, they may have a cascading effect on arthropod communities (Clay & Schardl 2002). 

Comparing chemical results obtained from the lab experiments with field data, however, revealed few 

similar patterns except for the presence of stachydrine (manuscript III). The differences between 

laboratory and field results might be explained by the longer time span the plants were exposed to 

endophytes in the field, the different dynamics for the induction and depletion of defense compounds 

under the two settings, or variability in the insect species present and the time span between the last 

herbivory event and the sampling time (Fabisch et al. 2019, Karban 2011, Wang et al. 2015a). 

Stachydrine, however, stands out as a stable marker for the endophyte, and as an allelochemical with 

the potential to shape insect communities.  

To summarize, a single endophytic fungus influenced the preference of different insect orders and 

species in different ways: The generalist L. dispar in the lab, and coleopteran and hymenopteran 

species in the field were deterred by the endophyte, while hemipteran species were attracted. 

Therefore a general role of the endophyte Cladosporium sp. as defense mutualist can be rejected, but 

we instead showed a more species-specific response to insect herbivores, which is consistent with the 

study of Gange et al. (2012). These results highlight the significant impact of endophytic fungi on plant-

insect interactions, as a single endophyte is able to shape a whole arthropod community.  

6.5 Conclusion and future perspectives 

Horizontally transmitted endophytic fungi can be found in almost all plants. However, the potential of 

endophytes to alter plant defense compounds or to produce compounds of their own, and its resulting 

effects on plant-insect interactions are poorly understood, particularly in woody plant species. The 

results obtained here should change our perspective on plant-fungus and plant-insect interactions as 
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the isolated endophytes were found to emit VOCs that were previously reported to be released from 

their host plant black poplar and are known to mediate plant-insect interactions. To confirm the 

endophyte’s release of volatiles, we investigated the volatile biosynthetic machinery of the endophyte 

Cladosporium sp. by characterizing its terpene synthases. Furthermore, the endophyte Cladosporium 

sp. directly and indirectly influenced host tree-insect interactions via the production of a bioactive 

alkaloid and the modulation of typical poplar defense compounds. Taken together, these processes 

affected poplar herbivorous insects in a species-specific way, and shaped the arthropod community 

in the field. These findings emphasize the importance of endophytic fungi for tree-herbivore 

interactions and suggest that these relationships are more than just simple two-way interactions 

between an insect and a plant. 

This work also provides a firm basis for further research on topics ranging from the identification of 

molecular mechanisms to a broader knowledge about the ecological consequences of endophyte 

infection on arthropod community compositions. Until now, we have only analyzed a small fraction of 

cultivable endophytes from black poplar trees. New molecular approaches like metabarcoding will 

help to gain a deeper understanding of the whole endophyte community and to investigate which 

factors might determine the diversity and distribution of endophytes. Further, the combination of 

metabolomics and arthropod community data would provide a more comprehensive survey of tree-

endophyte-arthropod interactions. Since literature has shown that endophyte infection affects 

interactions among plants, as was shown for grasses (Clay & Schardl 2002 and references therein), 

infestations with endophytic microorganisms might influence the species composition of the plant 

community and its successional progress. Since black poplar is described as a key species in the initial 

phase of succession of riparian forests, further studies on its endophytes may reveal much about plant 

community dynamics. 

Screening for new compounds produced by endophytic fungi using modern metabolomic approaches 

will shed light on tree-insect, as well as tree-pathogen interactions. As we already identified 

endophytic VOCs with antimicrobial activity and an endophytic alkaloid with bioactive potential 

against herbivorous insects, further knowledge of the chemistry of endophytic fungi might have useful 

application in forestry or commercial wood production. Future studies, should investigate the role of 

the alkaloid stachydrine in the endophyte itself. At present, only 1-2 % of plant species have been 

investigated for endophytic associations (Khare et al. 2018, Strobel & Daisy 2003). Thus more research 

in this area is urgently needed to increase our understanding of these microorganisms and the roles 

they play in interactions with the plant, its herbivores and other microbes. 
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7. SUMMARY 

Each plant species is exposed to a plethora of different microorganisms that colonize all organs and 

tissue types, including the surface and internal tissues. Microorganisms that colonize the inside of a 

plant tissue but do not act as pathogens, for at least a part of their life cycle, are called endophytes. 

Endophyte colonization is widespread in plant species, and it has been shown that endophytes are 

able to affect plant-insect interactions, either directly via production of metabolites that deter or 

attract insects, or indirectly via altering plant defense response against attackers. The impact of 

endophytes on plant-insect interactions is best described for vertically transmitted grass-associated 

endophytes. On the contrary, only a few studies have focused on the interaction between endophytes 

and woody plants, even though forests cover 33 % of our planet’s landmass. Little is known about 

phytochemical changes upon endophyte colonization in trees and their consequences for single insect 

species as well as arthropod communities.  

In my thesis, I studied the role of endophytic fungi in tree-insect interactions. Volatile organic 

compounds (VOCs) play a prominent role in the direct and indirect defenses of plants against insects. 

Since fungi are also known to emit volatiles, I investigated the volatile profile emitted by endophytic 

fungi isolated from mature black poplar (Populus nigra) trees. Among the isolated fungi, I investigated 

the biosynthesis of terpenes in the cosmopolitan fungus Cladosporium sp. and its effect on the 

quantities of defense compounds produced by poplar trees alone and in response to herbivory. In 

addition, the fungus itself was examined for its production of bioactive compounds and their effects 

on plant-insect interactions. 

The endophytic fungi isolated from mature black poplar trees showed species-specific volatile 

emission patterns. Most of these fungi produced a blend of short-chained aliphatic alcohols and a 

diverse mixture of sesquiterpenes. These mixtures included VOCs with known bioactive properties 

against microbes, herbivores, or other plants. Remarkably, most endophytic fungi emitted VOCs that 

were also known to be produced by their host plant black poplar (Figure 1, II Endophytic VOC 

emission). To understand what controls the formation of VOCs in endophytes, we investigated two 

terpene synthases, biosynthetic enzymes involved in the formation of volatile terpenes.  

The inoculation of black poplar saplings with the endophyte Cladosporium sp. resulted in an increase 

of constitutive as well as herbivore-induced poplar defense compounds (Figure 1, IIIa 

Phytochemistry). The generalist insect herbivore Lymantria dispar avoided feeding on plants 

harboring the endophyte, which might be explained by the increased plant defense response in 
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endophyte-inoculated plants. Furthermore, leaves of inoculated plants contained the alkaloid 

stachydrine, which is produced by the endophyte Cladosporium sp.. In a preference assay with 

stachydrine-coated leaf discs, herbivore insects responded in a species-specific manner to the alkaloid, 

with the generalist caterpillar Amata mogadorensis avoiding the stachydrine-coated leaves, while the 

specialist beetle Chrysomela tremulae consumed more of the stachydrine-coated leaves (Figure 1, IIIb 

Preference assays). In a field experiment, the presence of the endophytic fungus Cladosporium sp. 

changed the composition of plant-visiting arthropods with plants containing the endophyte being 

visited more often by hemipteran species (mainly aphids), while control plants were visited more 

frequently by coleopteran and hymenopteran species (mainly ants) (Figure 1, IIIc Field experiment). 

These findings support the hypothesis that the role of horizontally transmitted endophytes as defense 

mutualists is species-specific.  

This thesis highlights the importance of including endophytic microorganisms in future plant-insect 

interaction studies since these microbes were demonstrated to (1) produce known bioactive VOCs (2) 

influence the concentrations of plant defense compounds, (3) produce their own defense compounds, 

and (4) modify the behavior of herbivorous insects. Consideration of endophytes allows a more holistic 

approach to studying plant-insect interactions, which have historically been treated as strict two-way 

relationships. Adding endophytes to the mix will undoubtedly make experiments more complex, but 

will surely increase our understanding of both the mechanisms and outcomes of plant-insect 

interactions.  
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Figure 1. Graphical summary of the direct and indirect effects of endophytes on tree-insect 
interactions, focusing on black poplar (Populus nigra) -associated endophytic fungi and their 
influence on herbivorous insects. Even though endophytes can be found in all plants, their impact on 
the phytochemistry and the resulting consequences for plant-insect interactions is less studied, 
especially in woody plants (I The role of endophytes in tree-insect interactions, manuscript I). 
Endophytic fungi isolated from mature black poplar trees produce volatile organic compounds (VOCs), 
which are also known to be emitted by the host plant itself, e.g., 2-phenylethanol, 3-methyl-1-butanol, 
α-muurolene, and (E)-β-caryophyllene (II Endophytic VOC emission, manuscript II). In the endophytic 
fungus Cladosporium sp. (E)-β-caryophyllene is biosynthesized by the fungal terpene synthase CxTPS1. 
Further, the inoculation of the endophyte Cladosporium sp. in young poplar trees induces several anti-
herbivore defense compounds that deter the generalist caterpillar Lymantria dispar (IIIa 
Phytochemistry, manuscript III). The endophytic fungus Cladosporium sp. is also able to produce the 
alkaloid stachydrine, which is detectable in inoculated plants. This compound shows a species-specific 
response, as it deters the larvae of the generalist caterpillar Amata mogadorensis and attracts the 
specialist beetle Chrysomela tremulae (IIIb Preference assays, manuscript III). Furthermore, the 
above-mentioned endophytic fungus can shape a whole arthropod community in the field, as it 
attracts hemipteran species (mainly aphids), and deters coleopteran and hymenopteran species 
(mainly ants) (IIIc Field experiment, manuscript III). These findings highlight the significance of 
endophytic fungi as mediators in tree-insect interactions. Figure created with BioRender.com. 
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8. ZUSAMMENFASSUNG 

Jede Pflanzenart ist einer Vielzahl verschiedener Mikroorganismen ausgesetzt, die alle Organe und 

Gewebearten, einschließlich der Oberfläche und des inneren Gewebes, besiedeln. Mikroorganismen, 

die im Inneren eines Pflanzengewebes leben und zumindest einen Teil ihres Lebenszyklus keine 

Krankheiten in ihrer Wirtspflanze auslösen, werden als Endophyten bezeichnet. Die Besiedlung mit 

Endophyten ist im Pflanzenreich weit verbreitet, und es hat sich gezeigt, dass Endophyten in der Lage 

sind, die Wechselwirkungen zwischen Pflanzen und Insekten zu beeinflussen. Dies geschieht entweder 

direkt durch die Produktion von spezialisierten Verbindungen, die Insekten abschrecken oder 

anlocken, oder indirekt durch die Veränderung der pflanzlichen Abwehrreaktion gegen Angreifer. Die 

Auswirkungen von Endophyten auf Interaktionen zwischen Pflanzen und Insekten sind am besten für 

vertikal übertragene grasassoziierte Endophyten beschrieben. Im Gegensatz dazu haben sich nur 

wenige Studien auf die Interaktion zwischen Endophyten und Gehölzpflanzen konzentriert, obwohl 

Wälder 33 % der Landmasse unseres Planeten bedecken. Über die phytochemischen Veränderungen 

bei der Besiedlung von Bäumen mit Endophyten und deren Auswirkungen auf einzelne Insektenarten 

sowie auf Arthropodengemeinschaften ist hingegen wenig bekannt.  

In meiner Dissertation untersuchte ich die Rolle endophytischer Pilze in Baum-Insekten-Interaktionen. 

Flüchtige organische Verbindungen (volatile organic compounds, VOCs) spielen eine wichtige Rolle bei 

der direkten und indirekten Abwehr von Pflanzen gegen Insekten. Da auch Pilze bekanntermaßen 

VOCs abgeben, untersuchte ich das Profil der flüchtigen Stoffe, die von endophytischen Pilzen 

abgegeben werden, welche zuvor aus ausgewachsenen Schwarzpappeln (Populus nigra) isoliert 

wurden. Unter den isolierten Pilzen untersuchte ich die Biosynthese von Terpenen in dem 

kosmopolitischen Pilz Cladosporium sp., sowie auch dessen Wirkung auf die pflanzlichen 

Abwehrstoffe, die von Pappelbäumen allein und als Reaktion auf Herbivorie gebildet werden. Darüber 

hinaus wurde der Pilz selbst auf die Produktion bioaktiver Verbindungen und deren Auswirkungen auf 

die Interaktionen zwischen Pflanzen und Insekten untersucht. 

Die aus Schwarzpappeln isolierten endophytischen Pilze wiesen artspezifische Emissionsmuster 

flüchtiger Stoffe auf. Die meisten dieser Pilze produzierten eine Mischung aus kurzkettigen 

aliphatischen Alkoholen und verschiedenen Sesquiterpenen. Diese Mischungen enthielten VOCs mit 

bekannten bioaktiven Eigenschaften gegen Mikroben, Pflanzenfresser oder andere Pflanzen. 

Bemerkenswerterweise emittierten die meisten endophytischen Pilze Duftstoffe, von denen bekannt 

ist, dass sie auch von ihrer Wirtspflanze, der Schwarzpappel, produziert werden (Abbildung 1, II 
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Endophytic VOC emission). Um zu verstehen, was die Bildung von VOCs in Endophyten steuert, 

untersuchten wir zwei Terpensynthasen, biosynthetische Enzyme, die an der Bildung flüchtiger 

Terpene beteiligt sind.  

Die Inokulation von Schwarzpappel-Setzlingen mit dem Endophyten Cladosporium sp. führte zu einem 

Anstieg der konstitutiven sowie der durch Herbivoren induzierten Abwehrstoffe der Pappel 

(Abbildung 1, IIIa Phytochemistry). Die generalistische Raupe Lymantria dispar vermied es, sich von 

Pflanzen zu ernähren, die den Endophyten enthielten, was durch die verstärkte Abwehrreaktion in 

Endophyten geimpften Pflanzen erklärt werden kann. Außerdem enthielten die Blätter der beimpften 

Pflanzen das Alkaloid Stachydrin, das vom Endophyten Cladosporium sp. produziert wird. In einem 

Präferenztest mit Stachydrin-beschichteten Blattscheiben reagierten pflanzenfressende Insekten 

artspezifisch auf das Alkaloid: während die generalistische Raupe Amata mogadorensis die Stachydrin-

beschichteten Blätter mied, bevorzugte der spezialisierte Käfer Chrysomela tremulae die mit 

Stachydrin-beschichteten Blätter (Abbildung 1, IIIb Preference assays). In einem Feldexperiment 

veränderte das Vorhandensein des endophytischen Pilzes Cladosporium sp. die Zusammensetzung der 

pflanzenbesuchenden Arthropoden: Pflanzen, die den Endophyten enthielten, wurden häufiger von 

Hemipteren-Arten (hauptsächlich Blattläusen) besucht, während die Kontrollpflanzen häufiger von 

Coleopteren- und Hymenopteren-Arten (hauptsächlich Ameisen) aufgesucht wurden (Abbildung 1, 

IIIc Field experiment). Diese Ergebnisse stützen die Hypothese, dass die Rolle von horizontal 

übertragenen Endophyten als Verteidigungs-Mutualisten eher artspezifisch ist.  

Diese Arbeit unterstreicht, wie wichtig es ist, endophytische Mikroorganismen in künftige Studien zur 

Interaktion zwischen Pflanzen und Insekten einzubeziehen, da diese Mikroben nachweislich (1) 

bekannte bioaktive flüchtige Stoffe produzieren, (2) die Konzentrationen pflanzlicher Abwehrstoffe 

beeinflussen, (3) ihre eigenen Abwehrstoffe produzieren und (4) das Verhalten pflanzenfressender 

Insekten verändern. Die Berücksichtigung von Endophyten ermöglicht einen ganzheitlicheren Ansatz 

bei der Untersuchung der Wechselwirkungen zwischen Pflanzen und Insekten, die in der 

Vergangenheit als streng zweiseitige Beziehung behandelt wurden. Durch die Einbeziehung von 

Endophyten werden die Experimente zweifellos komplexer, dafür tragen die Erkenntnisse zu einem 

besseren Verständnis über die Mechanismen und Ergebnisse der Interaktionen zwischen Pflanzen und 

Insekten bei.  
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13. SUPPLEMENTARY MATERIAL 

13.1 Manuscript I 

Table S1: Taxonomic classification of tree, fungal and insect species presented in Table 1 of the main 

manuscript. Information was withdrawn from USDA (https://plants.usda.gov) for tree species, 

Mycobank (http://www.mycobank.org) for fungal species and Bug Guide (https://bugguide.net) for 

insect species. Species within trees, pathogens, endophytes and insects are listed in alphabetic order. 

 Species Family Order Phylum 

Tree species Acacia dealbata Fabaceae Fabales Magnoliophyta 
 Arbutus unedo Ericaceae Ericales Magnoliophyta 
 Betula pendula Betulaceae Fagales Magnoliophyta 
 Betula pubescens Betulaceae Fagales Magnoliophyta 
 Cinnamomum yabunikkei Lauraceae Laurales Magnoliophyta 
 Cordia alliodora Boraginaceae Lamiales Magnoliophyta 
 Embothrium coccineum Proteaceae Proteales Magnoliophyta 
 Picea glauca Pinaceae Pinales Coniferophyta 
 Picea rubens Pinaceae Pinales Coniferophyta 
 Pinus nigra Pinaceae Pinales Coniferophyta 
 Populus nigra Salicaceae Malpighiales Magnoliophyta 
 Populus spp. Salicaceae Malpighiales Magnoliophyta 
 Populus tremula Salicaceae Malpighiales Magnoliophyta 
 Pseudotsuga menziesii Pinaceae Pinales Coniferophyta 
 Quercus emoryi Fagaceae Fagales Magnoliophyta 
 Quercus garrayana Fagaceae Fagales Magnoliophyta 
 Quercus robur Fagaceae Fagales Magnoliophyta 
 Quercus rubra Fagaceae Fagales Magnoliophyta 
 Quercus spp. Fagaceae Fagales Magnoliophyta 
 Salix viminalis Salicaceae Malpighiales Magnoliophyta 
 Salix x cuspidata Salicaceae Malpighiales Magnoliophyta 

Fungal species Drepanopeziza populi Dermateaceae Helotiales Ascomycota 

(pathogens) Erysiphe alphitoides Erysiphaceae Erysiphales Ascomycota 
 Marssonia betulae Dermateaceae Helotiales Ascomycota 
 Melampsora allii-fragilis Melampsoraceae Pucciniales Basidiomycota 
 Melampsora epitea Melampsoraceae Pucciniales Basidiomycota 
 Melampsora larici-populina Melampsoraceae Pucciniales Basidiomycota 
 Melampsoridium betulinum Pucciniastraceae Pucciniales Basidiomycota 
 Melanopsichium onumae Ustilaginaceae Ustilaginales Basidiomycota 
 Phytophtora plurivora Pythiaceae Peronosporales Oomycota 
 Sphaeropsis sapinea Botryosphaeriaceae Botryosphaeriales Ascomycota 
 Uromycladium spp. Pileolariaceae Pucciniales Basidiomycota 

Fungal species Asteromella sp.1 Mycosphaerellaceae Capnoidales Ascomycota 
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 Species Family Order Phylum 

(endophytes) Aureobasidium sp. Dothioraceae Dothideales Ascomycota 
 Diplodia pinea Botryosphaeriaceae Botryosphaeriales Ascomycota 
 Discula quercina Gnomoniaceae Gnomoniaceae Ascomycota 
 Fusicladium sp. Venturiaceae Pleosporales Ascomycota 
 Melanconium sp. Melanconidaceae Diaporthales Ascomycota 
 Phialocephala sp. Vibrisseaceae Helotiales Ascomycota 
 Plectophomella sp.2 Botryosphaeriaceae Botryosphaeriales Ascomycota 
 Rhabdocline parkeri Hemiphacidiaceae Helotiales Ascomycota 
 Talaromyces pinophilus Trichocomaceae Eurotiales Ascomycota 
 Phialocephala scopiformis Vibrisseaceae Helotiales Ascomycota 

Insect species Acronicta psi Noctuidae Lepidoptera Arthropoda 
 Acyrthosiphon pisum Aphididae Hemiptera Arthropoda 
 Arge sp. Argidae Hymenoptera Arthropoda 
 Atta colombica Formicidae Hymenoptera Arthropoda 
 Bassettia ligni Cynipidae Hymenoptera Arthropoda 
 Besbicus mirabilis Cynipidae Hymenoptera Arthropoda 
 Cameraria sp. Gracillariidae Lepidoptera Arthropoda 
 Choristoneura fumiferana Tortricidae Lepidoptera Arthropoda 
 Contarinia spp. Cecidomyiidae Diptera Arthropoda 
 Cynipidae Cynipidae Hymenoptera Arthropoda 
 Deporaus betulae Rhynchitinae Coleoptera Arthropoda 
 Dineura pullior Tenthredinidae Hymenoptera Arthropoda 
 Epirrita autumnata Geometridae Lepidoptera Arthropoda 
 Eriophyes rudis Eriophyidae Trombidiformes Arthropoda 
 Euceraphis betulae Aphididae Hemiptera Arthropoda 
 Lambdina fiscellaria Geometridae Lepidoptera Arthropoda 
 Lymantria dispar Erebidae Lepidoptera Arthropoda 
 Neodiprion sertifer Diprionidae Hymenoptera Arthropoda 
 Phratora vitellinae Chrysomelidae Coleoptera Arthropoda 
 Phratora vulgatissima Chrysomelidae Coleoptera Arthropoda 
 Plagiodera versicolor Chrysomelidae Coleoptera Arthropoda 
 Priophorus pallipes Tenthredinidae Hymenoptera Arthropoda 
 Tischeria ekebladella Tischeriidae Lepidoptera Arthropoda 
 Zeiraphera canadensis Tortricidae Lepidoptera Arthropoda 

1 Synonyme for Mycosphaerella sp.  
2 Synonyme for Dothiorella sp.  

  



  SUPPLEMENTARY MATERIAL 
 

 
105 

 

13.2 Manuscript II 

Table S1: Endophytes were identified to genus level via sequencing of ribosomal DNA (ITS1F/ ITS4). 

The obtained sequences were compared to the NCBI sequence database and the identity (%) of best 

hits with their accession number is given in the main document. 

 
Species Sequence 

Alternaria infectoria TGTCTTTTGCGTACTTCTTGTTTCCTGGGTGGGCTCGCCCGCCCTCAGGACCAACCACAAAC
CTTTTGCAATAGCAATCAGCGTCAGTAACAACGTAATTAATTACAACTTTCAACAACGGATC
TCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATACGTAGTGTGAATTGCAGAA
TTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCTTTGGTATTCCAAAGGGCATGCC
TGTTCGAGCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGGGCGTCTTTTGTCTCCAGTTC
GCTGGAGACTCGCCTTAAAGTCATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGCACAAG
TCGCGCTCTTCGCCAGCCAAGGTCAGCGTCCAGCAAGCCTTTTTTTCAACCTTTGACCTCGG
ATCAGGTAGGGATACCCG 

Alternaria sp. 1 TTCTTGTTTCCTTGGTGGGTTCGCCCACCACTAGGACAAACATAAACCTTTTGTAATTGCAAT
CAGTGTCAGTAACAAATTAATAATTACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCG
ATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGA
ATCTTTGAACGCACATTGCGCCCTTTGGTATTCCAAAGGGCATGCCTGTTCGAGCGTCATTT
GTACCCTCAAGCTTTGCTTGGTGTTGGGCGTCTTGTCTCTAGCTTTGCTGGAGACTCGCCTTA
AAGTAATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGCACAAGTCGCACTCTCTATCAGC
AAAGGTCTAGCATCCATTAAGCCTTTTTTTCAACTTTTGACCTCGGATCAGGTAGGGATACC
CGCTGAACTTAAGCATATCAATAAGCGGAGGA 

Stemphylium sp. AAAAATGTGGTCTTGATGGATGCTCAACCAAGGCCGATTCAAAGTGCAAGAATTGTGCTGC
GCTCCGAAACCAGTAGGTCGGCTGCCAATCATTTTAAGGCGAGTCTCGTGAGAGACAAAGA
CGCCCAACACCAAGCAAAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCTTTGGA
ATACCAAAGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACAC
TACGTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAG
TTGTAATAATTACATTGTTTACTGACGCTGATTGCAATTACAAAAAGGTTTATGGTTTGGTCC
TGGTGGCGGGCGAACCCGCCCAGGAAACAAGAAGTGCGCAAAAGACATGGGTGAATAATT
CAGACAAGCTGGAGCCCTCACCGAGGTGAGGTCCCAACCCGCTTTCATATTGTGTAATGAT
CCCTCCGCAGGTTCACC 

Aureobasidium sp. 1 GTCCCAGGCGAGCGCCCGCCAGAGTTAAACCAAACTCTTGTTATTTAACCGGTCGTCTGAGT
TAAAATTTTGAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTCGCATCGATGAAGA
ACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGA
ACGCACATTGCGCCCCTTGGTATTCCGAGGGGCATGCCTGTTCGAGCGTCATTACACCACTC
AAGCTATGCTTGGTATTGGGCGTCGTCCTTAGTTGGGCGCGCCTTAAAGACCTCGGCGAGG
CCACTCCGGCTTTAGGCGTAGTAGAATTTATTCGAACGTCTGTCAAAGGAGAGGAACTCTG
CCGACTGAAACCTTTATTTTTCTAGGTTGACCTCGGATCAGGTAGGGATACCC 
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Species Sequence 
Aureobasidium sp. 2 ATAAAGGTTTCAGTCGGCAGAGTTCCTCTCCTTTGACAGACGTTCGAATAAATTCTACTACG

CCTAAAGCCGGAGTGGCCTCGCCGAGGTCTTTAAGGCGCGCCCAACTAAGGACGACGCCC
AATACCAAGCATAGCTTGAGTGGTGTAATGACGCTCGAACAGGCATGCCCCTCGGAATACC
AAGGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTT
ATCGCATTTCGCTGCGTTCTTCATCGATGCGAGAACCAAGAGATCCGTTGTTGAAAGTTTTG
ATTTATTCAAAATTTTAACTCAGACGACCGGTTAAATAACAAGAGTTTGGTTTAACTCTGGC
GGGCGCTCGCCTGGGACGAATCCCCAGCGGCTCGAGACCGAGCGGTCCCGCCAAAGCAAC
AAGGTAGTTTTAACAACAAAGGGTTGGAGGTCGGGCGCTGAGCACCCTTACTCTTTAATGA
TCCTTCCGCAGGTTCACCTACGGAAGNGGATNATTAAAGAGTAAGGGTGCTCAGCGCCCG
ACCTCCAACCCTTTGTTGTTAAAACTACCTTGTTGCTTTGGCGGGACCGCTCGGTCTCGAGC
CGCTGGGATTCGTCCCAGGCGAGCGCCCGCCAGAGTTAAACCAAACTCTTGTTATTTAACCG
GTCGTCTGAGTTAAAATTTNGAATAAATNAAAACTTTNACAACGGANCTCTTGGTTCTCGCA
TCGA 

Didymella glomerata CCGCCGATTGGNCAATTTAAACNATTTGCAGTTGCAATCAGCGTCTGAAAAAACTTAATAGT
TACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGA
TAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCT
TGGTATTCCATGGGGCATGCCTGTTCGAGCGTCATTTGTACCTTCAAGCTCTGCTTGGTGTT
GGGTGTTTGTCTCGCCTCTGCGTGTAGACTCGCCTCAAAACAATTGGCAGCCGGCGTATTG
ATTTCGGAGCGCAGTACATCTCGCGCTTTGCACTCATAACGACGACGTCCAAAAGTACATTT
TTACACTCTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCG
G 

Didymella sp. 1 CCGCCGATTGGACAATTTAAACCATTTGCAGTTGCAATCAGCGTCTGAAAAAACTTAATAGT
TACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGA
TAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCT
TGGTATTCCATGGGGCATGCCTGTTCGAGCGTCATTTGTACCTTCAAGCTCTGCTTGGTGTT
GGGTGTTTGTCTCGCCTCTGCGTGTAGACTCGCCTCAAAACAATTGGCAGCCGGCGTATTG
ATTTCGGAGCGCAGTACATCTCG 

Didymella sp. 2 CTTTTAAGTACCTTACGTTTCCTCGGCGGGTCCGCCCGCCGATTGGACAATTTAAACCATTTG
CAGTTGCAATCAGCGTCTGAAAAAACTTAATAGTTACAACTTTCAACAACGGATCTCTTGGT
TCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGT
GAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGGGCATGCCTGTTCG
AGCGTCATTTGTACCTTCAAGCTCTGCTTGGTGTTGGGTGTTTGTCTCGCCTCTGCGTGTAG
ACTCGCCTCAAAACAATTGGCAGCCGGCGTATTGATTTCGGAGCGCAGTACATCTCGCGCTT
TGCACTCATAACGACGACGTCCAAAAGTACATT 

Cladosporium sp. TCGGGCGGGGGCTCCGGGTGGACACTTCAAACTCTTGCGTAACTTTGCAGTCTGAGTAAAC
TTAATTAATAAATTAAAACTTTTAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGC
AGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGC
ACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTTCGAGCGTCATTTCACCACTCAAGC
CTCGCTTGGTATTGGGCAACGCG 

Fusarium sp. GGGACGGCCCGCCGCAGGAAACCCTAAACTCTGTTTTTAGTGGAACTTCTGAGTATAAAAA
ACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAG
CAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAC
ATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCCC
AGCTTGGTGTTGGGATCTGTGTGCAAACACAGTCCCCAAATTGATTGGCGGTCACGTCGAG
CTTCCATAGCGTAGTA 
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Species Sequence 
Sordaria sp. CGGGCCCCCGGATCCTCGGGTCTCCCGCTCGCGGGAGGCTGCCCGCCGGAGTGCCGAAAC

CAAACTCTTGATATTTTATGTCTCTCTGAGTAAACTTTTAAATAAGTCAAAACTTTCAACAAC
GGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTG
CAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCTCGCCAGTATTCTGGCGAGC
ATGCCTGTTCGAGCGTCATTTCAACCATCAAGCTCTGCTTGCGTTGGGGATCCGCGTCTGAC
GCGGTCCCTCAAAAACAGTGGCGGGCTCGCTAGTCACACCGAGCGTAGTAACTCTACATCG
CTATGGTCGTGCGGCGGGTTCTTGCCGTAAAACCCCCAATTTCTAAGGTTGACCTCGGATCA
GGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA 

Arthrinium sp. AAAAATGTGGTCTTGATGGATGCTCAACCAAGGCCGATTCAAAGTGCAAGAATTGTGCTGC
GCTCCGAAACCAGTAGGTCGGCTGCCAATCATTTTAAGGCGAGTCTCGTGAGAGACAAAGA
CGCCCAACACCAAGCAAAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCTTTGGA
ATACCAAAGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACAC
TACGTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAG
TTGTAATAATTACATTGTTTACTGACGCTGATTGCAATTACAAAAAGGTTTATGGTTTGGTCC
TGGTGGCGGGCGAACCCGCCCAGGAAACAAGAAGTGCGCAAAAGACATGGGTGAATAATT
CAGACAAGCTGGAGCCCTCACCGAGGTGAGGTCCCAACCCGCTTTCATATTGTGTAATGAT
CCCTCCGCAGGTTCACC 

 

Table S2: Primers used in this study.  

Name Sequence Purpose 

CxTPS1_Fwd CACCATGAGCTCTAGCACGGGTC cloning 

CxTPS1_Rev TCACGACGCCCCTCG cloning 

CxTPS2_Fwd CACCATGTCAGACCCTACTCGCC cloning 

CxTPS2_Rev TCAGCAACACTCCAGATAGCTAGG cloning 

ITS1F CTTGGTCATTTAGAGGAAGTAA amplify fungal rRNA ITS  

ITS4 TCCTCCGCTTATTGATATGC amplify fungal rRNA ITS  

 

Table S3: Numbers for volatile organic compounds, which are shown in the total ion chromatograms 

of the volatile bouquet for each endophytic fungus in Figure S1.  

# Volatile organic compound R.T. (min) 

1 Ethanol 1.525 

2 2-Butanone 1.855 

3 Ethyl Acetate 1.940 

4 2-Methyl-1-propanol 2.020 

5 unknown 1 2.265 

6 3-Hydroxy-2-Butanone 2.720 
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# Volatile organic compound R.T. (min) 

7 3-Methyl-1-butanol 3.035 

8 2-Methyl-1-butanol 3.070 

9 unknown 2 3.780 

10 3-Methylbutyl acetate 6.100 

11 Ethenylbenzene 6.325 

12 unknown 3 6.730 

13 unknown 4 10.380 

14 unknown 5 10.655 

15 2-Phenylethanol 12.240 

16 unknown 6 17.465 

17 unknown 7 17.650 

18 α-Cubebene 17.920 

19 unknown 8 17.950 

20 unknown 9 18.075 

21 unknown 10 18.245 

22 unknown 11 18.330 

23 α-Copaene 18.525 

24 unknown 12 18.765 

25 unknown 13 18.850 

26 Sativene 18.985 

27 α-Gurjunene 19.280 

28 unknown 14 19.300 

29 unknown 15 19.380 

30 unknown 16 19.400 

31 unknown 17 19.460 

32 Aristolene 19.485 

33 (E)-β-Caryophyllene 19.500 

34 unknown 18 19.535 

35 unknown 19 19.675 

36 unknown 20 19.695 
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# Volatile organic compound R.T. (min) 

37 Bicyclosesquiphellandrene 19.745 

38 β-Gurjunene 19.775 

39 unknown 21 19.790 

40 unknown 22 19.845 

41 unknown 23 19.880 

42 α-Guaiene 20.000 

43 unknown 24 20.015 

44 unknown 25 20.120 

45 unknown 26 20.140 

46 (E)-β-Farnesene 20.195 

47 unknown 27 20.325 

48 unknown 28 20.440 

49 unknown 29 20.490 

50 unknown 30 20.555 

51 β-Chamigrene 20.585 

52 unknown 31 20.610 

53 unknown 32 20.610 

54 α-Selinene 20.665 

55 γ-Muurolene 20.685 

56 unknown 33 20.800 

57 unknown 34 20.860 

58 β-Selinene 20.910 

59 unknown 35 20.930 

60 (+)-Valencene 21.040 

61 unknown 36 21.115 

62 α-Muurolene 21.170 

63 β-Himachalene 21.195 

64 β-Bisabolene 21.305 

65 unknown 37 21.630 

66 unknown 38 21.635 
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# Volatile organic compound R.T. (min) 

67 unknown 39 21.775 

68 unknown 40 21.985 

69 unknown 41 22.075 

70 unknown 42 22.150 

71 unknown 43 22.355 

72 unknown 44 22.720 

73 unknown 45 23.235 

74 unknown 46 23.875 

75 unknown 47 24.485 

76 unknown 48 24.675 

77 unknown 49 25.980 
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Figure S1: Representative total ion chromatogram of volatiles measured from different endophytes 

used in this study. Numbers indicate different volatile organic compounds, listed in Table S3. Peaks 

without numbers are either contamination from the PDMS tube or originate from the culture media 

itself. 
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Figure S2: Mass spectra of unknown volatile organic compounds shown in Table S3. Background has 

been subtracted.  
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Figure S3: BUSCO analysis of the Cladosporium sp. de novo assembly. The BUSCO software tool (Afgan 

et al. 2018) was used to validate the completeness of the de novo assembly.  

Reference 

Afgan E, Baker D, Batut B, Van Den Beek M, Bouvier D, Čech M, Chilton J, Clements D, Coraor N, 

Grüning BA (2018) Nucleic acids research, 46 (W1), W537-W544. 

  

# BUSCO version is: 3.0.2  
# The lineage dataset is: fungi_odb9 (Creation date: 2016-02-13, number of species: 85, number of 
BUSCOs: 290) 
# To reproduce this run: python /opt/software/bin/run_BUSCO.py -i /opt/software/packages/galaxy-
dist/database/files/009/dataset_9623.dat -o busco_galaxy -l 
/opt/software/packages/busco/lineage/fungi_odb9/ -m transcriptome -c 11 -e 0.01 -z 
# 
# Summarized benchmarking in BUSCO notation for file /opt/software/packages/galaxy-
dist/database/files/009/dataset_9623.dat 
# BUSCO was run in mode: transcriptome 
 C:98.3%[S:93.1%,D:5.2%],F:1.4%,M:0.3%,n:290 
 285 Complete BUSCOs (C) 
 270 Complete and single-copy BUSCOs (S) 
 15 Complete and duplicated BUSCOs (D) 
 4 Fragmented BUSCOs (F) 
 1 Missing BUSCOs (M) 
 290 Total BUSCO groups searched 
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13.3 Manuscript III 

Table S1: Germination test of Cladosporium sp. spores for the lab experiment, the preference assay 

and the field experiment. To determine the germination rate of the spores, the spore solution was 

diluted to approximately 100 spores/mL. From this spore solution, 100 mL were plated on PDA media 

and germinated spores were counted. 

experiment replicate germinated spores 

Lab experiment 1 131 
 2 130 
 3 133 
 4 134 
 5 161 

Preference assay 1 89 

 2 75 

 3 77 

 4 90 

Field experiment 1 70 

 2 57 

 3 63 

 4 63 

 

Table S2: Primers used in this study.  

Name fw rev Reference 

Actin2 CCCATTGAGCACGGTATTGT TACGACCACTGGCATACAGG Ramirez-Carjaval et al. 2008 

CladoITS TGAAGAACGCAGCGAAATGC GAAATGACGCTCGAACAGGC This study 

 

Table S3: A Relative endophyte abundance quantified with qPCR (relative expression ∆∆ Ct) in leaves 

of black poplar trees from the laboratory (lab) experiment, preference assay and field experiment 

(field) quantified with qPCR grown under different treatments: inoculated with Cladosporium sp. 

(fungus), uninoculated control (control), gypsy moth feeding on Cladosporium sp. inoculated plants 

(fungus + herbivory), and caterpillar feeding on uninoculated control plants (control + herbivory). The 

quantity of fungal genomic DNA (gDNA) amplified was normalized to the amount of plant gDNA. 

Mean ± SE. P-values of Welch-ANOVA for lab experiment (n = 4), student’s t-test (n = 4-5), or Mann-

Whitney-U-Test for field experiment (n = 10) are given. Fungal genomic DNA from the field experiment 

was quantified in leaves that were treated before with either spore or control solution in the lab and 

experienced natural damage in the field. B Stachydrine concentration (nmol/g dw) in black poplar 
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leaves from experiments conducted in the laboratory (lab) and field compared to levels of stachydrine 

in cultured fungus (mycelium). For the field experiment damaged (control + herbivory; fungus + 

herbivory) and undamaged (control; fungus) leaves from each tree were harvested separately. Mean 

± SE are shown (lab experiment n = 4; mycelium n = 3; field experiment n = 10). C Statistical results of 

a two-way ANOVA (lab experiment) and a GLM (field experiment) on stachydrine concentrations of 

black poplar trees treated with the fungus (f), herbivory (h), and the interaction of both (f x h). For the 

GLM, concentrations were corrected for the amount of damage and the factor tree is included as 

random factor. D Stachydrine concentration of leaf material from the stachydrine preference assay. 

Leaves (8th - 15th leaf from apex) from 10 trees were coated with either a control solution (0.01% 

Silwet®Gold, UPL Deutschland GmbH, Brühl, Germany) or a stachydrine solution (45 nmol/g dw resp. 

1.5 µg/mL fresh weight, 0.01% Silwet) (n = 5). 

A 

experiment control fungus 
control + 
herbivory 

fungus + 
herbivory 

F/ Z-value p - value 

Lab  0.01 ± 0.002 1.26 ± 0.12 0.004 ± 0.004 1.45 ± 0.14 56.638 < 0.001 

Preference assay    0.09 ± 0.013 1.07 ± 0.11 21.282 0.002 

Field  0.08 ± 0.009 0.50 ± 0.09 - - -3.685 < 0.001 

 

B 

experiment control fungus control + herbivory fungus + herbivory mycelium 

Lab 1.82 ± 0.22 45.8 ± 8.03 1.03 ± 0.1 34.52 ± 8.53 - 

Field 5.51 ± 0.84 18.76 ± 0.82 8.45 ± 0.40 27.53 ± 1.88 - 

Mycelium - - - - 6047.78 ± 459.91 

 

C              D 

experiment factor df F/Chi²-value P-value  treatment nmol/g (DW)  

Lab f 

h 

f x h 

1 

1 

1 

388.12 

6.79 

0.50 

< 0.001 

0.061 

0.972 

 control 0,53 ± 0.1  

Field f 

h 

f x h 

1 

1 

1 

36.71 

4.79 

3.44 

< 0.001 

0.028 

0.063 

 stachydrine 5.86 ± 0.24  
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Table S4: Influence of endophyte (fungus), gypsy moth caterpillar herbivory (control + herbivory), and 

both (fungus + herbivory) on concentrations on black poplar defense hormones, flavonoids, phenolic 

acids and phenylacetaldoxime in the laboratory experiment. Trees were inoculated with either 

endophytic spore solution or a control solution 15 d before caterpillar feeding. 15 gypsy moth 

caterpillars (4th - 5th instar) were allowed to feed for 48 h. Mean ± SE are shown (n = 4). n.d. not 

detected.  

 control fungus control + herbivory fungus + herbivory 

Defense hormones 

(µg/g DW) 
    

JA 1.34 ± 0.14 1.15 ± 0.27 2.35 ± 0.5 3.79 ± 0.71 

12-hydroxyjasmonic 

acid sulfate 

14.28 ± 1.02 15.04 ± 1.57 17.17 ± 1.15 21.41 ± 1.75 

JA-Ile 0.24 ± 0.04 0.11 ± 0.03 0.44 ± 0.06 0.65 ± 0.22 

OH-JA-Ile 0.01 ± 0.001 0.007 ± 0.001 0.41 ± 0.57 0.66 ± 0.32 

OH-JA 0.009 ± 0.0001 0.007 ± 0.001 0.43 ± 0.06 0.67 ± 0.32 

COOH-JA-Ile n.d. n.d. 0.09 ± 0.01 0.14 ± 0.06 

Flavonoids 

(mg/g DW) 

    

Rutin 3.72 ± 0.12 3.55 ± 0.49 2.93 ± 0.52 3.35 ± 0.3 

Phenolic acids 

(µg/g DW) 

    

Gallic acid 0.59 ± 0.07 0.47 ± 0.11 0.70 ± 0.19 0.68 ± 0.16 

Ferulic acid 26.6 ± 1.63 21.86 ± 2.52 28.12 ± 2.37 21.14 ± 1.74 

Others     

Phenylacetaldoxime 

(ng/g DW) 

23.65 ± 3.42 29.95 ± 5.32 370.61 ± 98.73 877.15 ± 396.57 
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Table S5: Statistical results of a two-way ANOVA or Kruskal Wallis test on concentrations of chemical 

compounds of black poplar trees treated with the fungus (f), herbivory (h), and the interaction of both 

(f x h) in the laboratory experiment. Trees were inoculated with either endophyte spore solution or a 

control solution 15 d before caterpillar feeding. Gypsy moth larvae were allowed to feed for 48 h.  

 factor df F-value P-value 

Defense hormones 
(µg/g DW) 

    

JA f 
h 
f x h 

1 
1 
1 

1.911 
16.397 

3.275 

0.192 
0.002 
0.095 

12-hydroxyjasmonic 
acid sulfate 

f 
h 
f x h 

1 
1 
1 

1.354 
6.149 
3.921 

0.267 
0.029 
0.071 

JA-Ile f 
h 
f x h 

1 
1 
1 

1.927 
22.356 

5.316 

0.190 
< 0.001 

0.040 

OH-JA-Ile 
 3 12.375 0.006 

OH-JA 
 3 12.706 0.005 

COOH-JA-Ile 
 3 -0.761 0.746 

Flavonoids 
(mg/g DW) 

    

Rutin f 
h 
f x h 

1 
1 
1 

0.105 
1.602 
0.594 

0.751 
0.230 
0.456 

Phenolic acids 
(µg/g DW) 

    

Gallic acid f 
h 
f x h 

1 
1 
1 

0.310 
1.337 
0.137 

0.588 
0.270 
0.717 

Ferulic acid f 
h 
f x h 

1 
1 
1 

7.792 
0.036 
0.280 

0.016 
0.853 
0.606 

Others     

Phenylacetaldoxime 
(ng/g DW) 

f 
h 
f x h 

1 
1 
1 

1.125 
91.913 

0.015 

0.310 
< 0.001 

0.905 

 

 

 

 

 

 



SUPPLEMENTARY MATERIAL   
 

 
126 
 

Table S6: Influence of endophyte on concentrations on selected metabolites of black poplar trees in 

the field experiment. Trees were inoculated with either endophyte spore solution or a control solution 

15 d before caterpillar feeding. For the field experiment damaged (control + herbivory; fungus + 

herbivory) and undamaged (control; fungus) leaves from one tree were harvested separately. Mean ± 

SE are shown (n = 10). 

 control fungus control + herbivory fungus + herbivory 

Phytohormones 
(µg/g DW) 

    

Abscisic acid 0.60 ± 0.51 0.30 ± 0.16 0.62 ± 0.52 0.23 ± 0.10 

Salicylic acid 5.98 ± 0.78 4.44 ± 1.36 3.61 ± 0.46 3.81 ± 0.60 

Jasmonates 0.66 ± 0.21 0.94 ± 0.52 0.98 ± 0.18 1.17 ± 0.18 

12-hydroxyjasmonic 
acid sulfate 

60.1 ± 3.33 55.78 ± 7.61  69.53 ± 2.50 66.06 ± 2.92 

Salicinoids 
(mg/g DW) 

    

Salicin 3.01 ± 0.26 3.08 ± 0.28 3.03 ± 0.38 3.59 ± 0.58 

Salicortin 43.71 ± 2.26 46.99 ± 2.65 44.06 ± 1.88 43.57 ± 2.77 

Homaloside D 19.05 ± 1.18 20.17 ± 1.16 19.20 ± 0.93 18.79 ± 1.00 

Nigracin 1.34 ± 0.05 1.35 ± 0.08 1.23 ± 0.06 1.12 ± 0.04 

6’-O-benzoylsalicortin 0.95 ± 0.15 1.23 ± 0.28 0.99 ± 0.10 0.94 ± 0.07 

Flavonoids 
(mg/g DW) 

    

Rutin 2.29 ± 0.52 4.23 ± 1.51 2.27 ± 0.34 2.45 ± 0.40 

Catechin 1.31 ± 0.19 1.11 ± 0.15 1.46 ± 0.19 1.41 ± 0.13 

Procyanidin B1 0.41 ± 0.03 0.43 ± 0.03 0.39 ± 0.02 0.44 ± 0.04 

Phenolic acids 
(µg/g DW) 

    

Caffeic acid 17.48 ± 2.15 79.13 ± 47.76 46.27 ± 18.25 51.41 ± 12.28 

p-Coumaric acid 3.24 ± 0.80 2.73 ± 0.46 3.37 ± 1.15 4.64 ± 1.63 

Gallic acid 0.07 ± 0.04 0.06 ± 0.02 0.11 ± 0.06 0.34 ± 0.20 

Ferulic acid 1.96 ± 0.23 1.89 ± 0.25 2.04 ± 0.11 1.92 ± 0.12 

Others     

Phenylacetaldoxime 
(ng/g DW) 

5.57 ± 4.71 1.35 ± 0.43 64.31 ± 47.29 216.08 ± 182.92 
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Table S7. Parameters used in LC-MS/MS analysis of phytohormones and phenolic acids by LC-MS/MS 

on a triple quadrupole instrument (HPLC 1260 (Agilent Technologies)-QTRAP6500 (SCIEX)) in the 

negative ionization mode. Abbreviations: Q1, quadrupole 1; Q3, quadrupole 3; RT, retention time; RF, 

response factor; DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, collision 

exit potential.  

Q1 (Da) Q3 (Da) 
RT 
(min) Compound 

 

Internal std 

 

RF DP (V) EP (V) 
CE 
(V) 

CXP 
(V) 

136.93 93 5.9 SA D4-SA 1.0 -30 -8 -24 -7 

263.0 153.2 6.0 ABA D6-ABA 1.0 -30 -12 -22 -2 

209.07 59.0 7.2 JA D6-JA 1.0 -30 -9 -24 -2 

322.19 130.1 7.3 JA-Ile D6-JA-Ile 1.0 -30 -4.5 -30 -4 

338.1 130.1 6.0 OH-JA-Ile D6-JA-Ile 1.0 -30 -4.5 -30 -4 

225.1 59.0 4.4 OH-JA D6-JA 1.0 -30 -9 -24 -2 

352.1 130.1 5.65 COOH-JA-Ile D6-JA-Ile 1.0 -30 -4.5 -30 -4 

305.0 97.0 4.0 12-OH-JA sulfate D6-JA 6.0 -30 -10 -60 -10 

140.93 97.0 5.9 D4-SA   -30 -8 -24 -7 

269.0 159.2 6.0 D6-ABA   -30 -12 -22 -2 

215.0 59.0 7.2 D6-JA   -30 -9 -24 -2 

214.0 59.0 7.2 D5-JA   -30 -9 -24 -2 

328.19 130.1 7.3 D6-JA-Ile   -30 -4.5 -30 -4 

327.19 130.1 7.3 D5-JA-Ile   -30 -4.5 -30 -4 

163.0 118.9 4.7 p-coumaric acid triF-methyl-CA 2.56 -30 -8 -20 -5 

169.0 125.0 1.3 gallic acid triF-methyl-CA 3.15 -30 -10 -18 -19 

179.0 134.9 4.0 caffeic acid triF-methyl-CA 1.62 -30 -8 -22 -5 

193.1 133.9 5.0 ferulic acid triF-methyl-CA 7.77 -30 -8 -22 -5 

215.064 171.056 7.3 triF-methyl-CA   -30 -8 -18 -4 
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Table S8: Arthropods attracted during the field experiment. To monitor visiting insects, trees were 

observed four times per day (9 a.m., 12 a.m., 3 p.m., 6 p.m.) for nine days by two experimenters. 

Arthropods observed on the trees were classified at least to the order. Shown are the calculated sums 

of visiting arthropods over the whole experimental period.  

Order Suborder Family Control Fungus 

Araneae unknown unknown 49 61 

Araneae Total   49 61 

Coleoptera Polyphaga Cerambycidae 1 0 

Coleoptera Polyphaga Chrysomelidae 12 2 

Coleoptera Polyphaga Coccinellidae 2 5 

Coleoptera Polyphaga Curculionidae 57 22 

Coleoptera unknown unknown 83 67 

Coleoptera Total   155 96 

Dermaptera unknown unknown 4 0 

Dermaptera Total   4 0 

Diptera Brachycera Calliphoridae 0 2 

Diptera Brachycera Syrphidae 1 0 

Diptera Nematocera unknown 50 51 

Diptera unknown unknown 77 79 

Diptera Total   128 132 

Ephemeroptera unknown unknown 8 2 

Ephemeroptera Total   8 2 

Hemiptera Auchenorrhyncha unknown 93 112 

Hemiptera Heteroptera unknown 0 1 

Hemiptera Sternorrhyncha unknown 1360 1728 

Hemiptera Total   1453 1841 

Hymenoptera Apocrita Formicidae 868 744 

Hymenoptera Apocrita Ichneumonidae 54 46 

Hymenoptera Total   922 790 
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Order Suborder Family Control Fungus 

Ixodida unknown unknown 0 5 

Ixodida Total   0 5 

Lepidoptera Glossata Geometridae 4 7 

Lepidoptera Glossata Noctuidae 7 1 

Lepidoptera unknown unknown 18 17 

Lepidoptera Total   29 25 

Neuroptera Planipennia Chrysopidae 1 4 

Neuroptera Total   1 4 

Orthoptera unknown unknown 8 12 

Orthoptera Total   8 12 

Thysanoptera unknown unknown 26 32 

Thysanoptera Total   26 32 

unknown unknown unknown 16 36 

unknown Total   16 36 
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Figure S1: Planting scheme of the field experiment. Endophyte fungus-inoculated and uninoculated 

control trees were both transferred 15 dpi to a field site containing a natural stand of mature black 

poplar trees situated in a floodplain forest in northeastern Germany. Trees with pots were placed at 

fixed intervals of 1 m in a 4 x 5 grid. Plants were watered twice per day with an automated drip 

irrigation system and pots were fixed with tent pecks. A plastic fence that was installed at a 2 m 

distance from the experimental trees protected the trees against herbivory and trampling by large 

mammals. 
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Figure S2: A Chromatogram and B mass spectra of stachydrine in fungal mycelium compared to an 

authentic standard at 1 µg/mL concentration. Fungal mycelium was harvested from fungal cultures, 

freeze-dried and extracted with methanol. Samples were measured in positive mode on a HPLC 

coupled to a Bruker timsToF mass spectrometer. TIC (total ion chromatogram), EIC (extracted ion 

chromatogram).  
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Figure S3: Herbivore damage to endophytic fungus-inoculated (fungus) and uninoculated (control) 

trees from the experiment conducted in the laboratory. To explore the effect of herbivory on control 

and endophyte treated plants, 15 gypsy moth caterpillars (4th-5th instar) were added to each plant on 

the treated part of the trees 15 dpi. After 48 h caterpillars were removed. Damage was determined 

by reconstructing the original leaf area in digital photographs taken of all leaves with an image editing 

software (Adobe Photoshop CS5, Adobe, San Jose, CA, USA). Leaf area loss is expressed in %. 

Mean ±  SE (n = 4). Student’s t-test (T = -0.471, p = 0.654).  
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