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SUMMARY 

 

The relationship between a farmer and their cultivated crops in agriculture is 

multifaceted, with pathogens affecting both the farmer and crop, and weeds that 

take advantage of resources provided by farmers. For my doctoral thesis, I 

aimed to gain a comprehensive understanding of the ecology and symbiosis of 

fungus farming ambrosia beetles.  

Through my research, I discovered that the microbial composition of fungus 

gardens, particularly the mutualists, is significantly influenced by the presence 

of both adults and larvae. The recognition of both beneficial and harmful 

symbionts is crucial for the success of ambrosia beetles, who respond 

differently depending on their life stage and the microbial species they 

encounter, which can contribute to the division of labour among family groups. 

The presence of antagonists and pathogens in the fungus garden depends on 

habitat and substrate quality, and beetle response to their introduction results in 

behavioural and developmental changes. Individual and social immunity 

measures, as well as changes in bacterial and fungal communities, were 

detected as a result of pathogen introduction. Additionally, the ability of 

ambrosia beetles to establish two nutritional fungal species depends on several 

factors. These insects must strike a balance between their essential functions 

and adapt to the constantly changing ecological and social conditions, which 

demonstrates their adaptive flexibility. However, interpreting data from 

laboratory studies should be approached with caution, as the natural 

environment allows for more flexibility and the potential for other beneficial 

symbionts to become more prominent if required. 

To aid in my research, I designed primers that use the ‘fungal large subunit’ 

(LSU) as genetic marker to identify and differentiate mutualistic and antagonistic 

fungi in X. saxesenii. The primers were able to distinguish closely related 

species of the Ophiostomataceae and other fungal symbionts. This allowed me 

to associate the abundance of key fungal taxa with factors such as the 

presence of beetles, the nest's age and condition, and the various 

developmental stages present. My primers are a valuable tool for understanding 

fungal communities, including their composition and the identification of 

previously unknown functional symbionts. However, some aspects should be 

approached with caution due to the exclusion of non-amplified taxa in the 

relative fungal community compositions. 
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ZUSAMMENFASSUNG 

 

Die Beziehung zwischen einem Landwirt und der von ihm angebauten Nahrung 

in der Landwirtschaft ist vielschichtig: Pathogene, die sowohl den Landwirt als 

auch die Pflanzen befallen, und Unkräuter, die sich die von Landwirten 

bereitgestellten Ressourcen zunutzen machen. In meiner Doktorarbeit wollte ich 

ein umfassendes Verständnis der Ökologie und der Symbiose von 

pilzzüchtenden Ambrosiakäfern erlangen. 

Im Rahmen meiner Forschung fand ich heraus, dass die mikrobielle 

Zusammensetzung von Pilzgärten, insbesondere der Mutualisten, durch die 

Anwesenheit sowohl der erwachsenen Tiere als auch der Larven erheblich 

beeinflusst wird. Die Erkennung sowohl nützlicher als auch schädlicher 

Symbionten ist entscheidend für den Erfolg der Ambrosiakäfer, die je nach 

Lebensstadium und den angetroffenen Mikrobenarten unterschiedlich 

reagieren, was zur Arbeitsteilung zwischen Familiengruppen beitragen kann. 

Das Vorhandensein von Antagonisten und Krankheitserregern im Pilzgarten 

hängt von der Qualität des Lebensraums und des Substrats ab, und die 

Reaktion der Käfer auf ihre Einschleppung führt zu Veränderungen im 

Verhalten und in der Entwicklung. Individuelle und soziale 

Immunitätsmaßnahmen sowie Veränderungen der Bakterien- und 

Pilzgemeinschaften wurden als Folge der Einführung von Krankheitserregern 

festgestellt. Darüber hinaus hängt die Fähigkeit von Ambrosiakäfern, zwei 

Nährpilzarten zu etablieren, von mehreren Faktoren ab. Diese Insekten müssen 

ein Gleichgewicht zwischen ihren lebenswichtigen Funktionen herstellen und 

sich an die ständig ändernden ökologischen und sozialen Bedingungen 

anpassen, was ihre Anpassungsfähigkeit zeigt. Bei der Interpretation von Daten 

aus Laborstudien ist jedoch Vorsicht geboten, da die natürliche Umgebung 

mehr Flexibilität zulässt und die Möglichkeit bietet, dass andere nützliche 

Symbionten bei Bedarf stärker in Erscheinung treten. 

Um meine Forschung zu unterstützen, habe ich Primer entwickelt, die die 

‘fungal large subunit‘ (LSU) als genetischen Marker verwenden, um 

mutualistische und antagonistische Pilze in X. saxesenii zu identifizieren und zu 

unterscheiden. Die Primer waren in der Lage, eng verwandte Arten der 

Ophiostomataceae und andere Pilzsymbionten zu unterscheiden. Auf diese 

Weise konnte ich die Häufigkeit der wichtigsten Pilztaxa mit Faktoren wie dem 

Vorhandensein von Käfern, dem Alter und Zustand des Nests und den 

verschiedenen Entwicklungsstadien in Verbindung bringen. Meine Primer sind 

ein wertvolles Instrument für das Verständnis von Pilzgemeinschaften, 

einschließlich ihrer Zusammensetzung und der Identifizierung von bisher 
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unbekannten funktionellen Symbionten. Einige Aspekte sind jedoch mit Vorsicht 

zu genießen, da nicht amplifizierte Taxa in den relativen Zusammensetzungen 

der Pilzgemeinschaften nicht berücksichtigt werden. 
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GENERAL INTRODUCTION 

 

The cultivation of fungi for nutrition is an ecological feature that has evolved 

only a few times in insects. Here, ectosymbionts are propagated in gardens and 

are consumed directly by their hosts. There are several insect groups, including 

ants, termites and ambrosia beetles, that exhibit this behaviour (Mueller et al., 

2005). Within these task-sharing societies, microbial gardens are sequestered 

and thus separated from the surrounding environment. Advanced fungiculture 

involves insects actively farming their fungal crops and providing nutrients and 

protection to the fungus (Birkemoe et al., 2018). The insects may benefit directly 

by feeding on the fungus for amino acids and sterols or indirectly through the 

fungus' detoxification of defensive plant compounds (phenolics, terpenoids) and 

degradation of plant polymers (lignin, cellulose, pectin) (Martin, 1979, 1992; 

Kukor and Martin, 1983; Dowd, 1992; De Fine Licht and Biedermann, 2012; 

Thompson et al., 2014; Krokene, 2015). Further, insects have been observed 

using fungal volatiles to attract conspecifics or potential mating partners, as well 

as utilizing antibiotics produced by fungi to defend themselves against 

pathogens or competing fungi (Nakashima et al., 1982; Flórez et al., 2015; 

Kasson et al., 2016). A lifestyle with advanced fungiculture can even lead to 

several overlapping generations of offspring per nest (e.g. the ambrosia beetle 

Austroplatypus incompertus), similar to what is observed in all ants and termites 

(Mueller et al., 2005).  

Farming behaviour provides the host with access to a previously inaccessible 

food source. In return, the cultivar is provided with a competitor-reduced 

environment. This results in a vast niche expansion for both partners (Mueller et 

al., 2005; Joy, 2013). However, other symbionts with beneficial, competitive or 

even detrimental interactions may also grow in these fungal gardens (Batra and 

Batra, 1979; Wood and Thomas, 1989; Currie, 2001; Poulsen et al., 2002; Scott 

et al., 2008). Therefore, farming societies have evolved mechanisms to 

maintain their crops through optimal disease surveillance and quarantine 

schedules, creating an evolutionarily stable foundation over tens of millions of 

years (Mueller et al., 2005).  
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One group of fungus-farming insects, and the focus of this thesis, are the 

ambrosia beetles (Curculionidae: Scolytinae), belonging to the larger framework 

of bark beetles. The term "bark beetles" has multiple meanings, making it 

confusing in literature. Kirkendall et al. (2015) suggested to avoid the use of it 

as a taxonomic term and instead using "phloeophagous" to refer to Scolytinae 

that breed in inner bark or using "bark and ambrosia beetles" as a collective 

term for Scolytinae and Platypodinae. Meanwhile, the term ambrosia beetle 

refers to those Scolytinae and Platypodinae whose larvae feed on symbiotic 

"ambrosia fungi" (xylomycetophagous) that adult females cultivate in tunnel 

systems in woody tissues (Kirkendall et al., 2015). The tunnels or galleries are 

usually built in the xylem of trees (typically weakened or recently dead trees, 

rarely living trees; e.g. Austroplatypus incompertus, Schedl 1968). The 

associated ambrosia fungi are in most cases the sole food source and provide 

their hosts with essential vitamins, amino acids and sterols (Kok et al., 1970; 

Beaver, 1989). Both foundress and offspring feed on their cultivar growing on 

the walls of their galleries (Peer and Taborsky, 2004). The mutualistic fungi are 

only known from these beetle farms. The apparent stability of these obligatory 

associations with fungi is emphasized by the fact that they have been 

maintained over a range of ages (Farrell et al., 2001). According to Lutzoni and 

Pagel (1997), initial stages of an obligate fungal mutualism can be found in the 

most recent origin of Ambrosiella and Ophiostoma fungi, which are associated 

with the conifer phloem-feeding  genus Ips and Hylurgops. During dispersal, the 

main mutualistic fungi, commonly known as ambrosia fungi (Microascales and 

Ophiostomatales), are taken from the natal nests and stored by the beetles in 

special spore carrying organs called mycetangia. The newly excavated galleries 

are then inoculated with spores released from this organ (Biedermann et al., 

2009, 2013). 

Although the mode of fungal management in ambrosia beetles is not yet fully 

understood, there is some evidence to suggest that these beetles actively 

control the fungal crop and the composition of other symbionts (French and 

Roeper, 1972; Kingsolver and Norris, 1977; Roeper et al., 1980a; Biedermann, 

2020; Ibarra-Juarez et al., 2020). Once the foundress dies and the offspring 

have dispersed, ambrosia fungus gardens transition rapidly from a crop-

dominated environment to one dominated by contaminating/antagonistic fungi 
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(Baker, 1963; Norris, 1979; Borden, 1988). To date, there is a lack of clear 

experimental evidence that confirms the active contribution of beetles to the 

protection and promotion of the fungus garden. Similarly, the link between 

observed behaviours and microbial symbionts and their potential or already 

speculated functions is missing. Understanding the mechanism underlying 

ambrosia beetle fungiculture therefore deserves further study (see Chapter 1). 

In terms of sociality, the subtribe Xyleborini is considered to be the most 

advanced fungiculturists among the ambrosia beetles, with some species even 

exhibiting cooperative breeding behaviour (Farrell et al., 2001; Jordal, 2002; 

Biedermann et al., 2009). Cooperative breeding in ambrosia beetles is 

characterized by adult female offspring staying in the natal nest and carrying out 

hygienic brood care and fungus-farming duties while their mother is still present 

and reproducing, which results in the delay of their own dispersal (Peer and 

Taborsky, 2007; Biedermann and Taborsky, 2011; Nuotclà et al., 2019). 

Occasionally, these females produce a second generation within the parental 

nest (Peer and Taborsky, 2007). The philopatric behaviour of adult offspring 

facilitates divergent tasks such as waste removal, cropping of the food fungus, 

and allo-grooming of brood (Roeper et al., 1980b; Bischoff, 2004; Biedermann, 

2007; Biedermann et al., 2009). Thereby, females remain fully capable of 

founding their own nest and start reproducing at any time (Biedermann et al., 

2011). It has been suggested that by prolonging their stay in the natal nest and 

promoting the production of closely related nestmates, individuals can increase 

their inclusive fitness (Bischoff, 2004; Biedermann, 2007; Peer and Taborsky, 

2007). The cooperative effort and dispersal of the adult females in the group is 

guided by the number of siblings, depending on brood care (larvae and pupae) 

and the number of adult workers present (Biedermann and Taborsky, 2011). 

Correlative data suggest that galleries tended by more adult females produce 

more offspring and possibly give a hint for multiple generations in one nest 

(Peer and Taborsky, 2007; Biedermann et al., 2009). Dispersal, on the other 

hand, is costly and dangerous due to a high mortality risk (Milne and Giese, 

1970; Dahlsten, 1982) and a high failure rate of establishing a fungal culture in 

the new nest (only 20% are successful; Peer and Taborsky 2007; Biedermann 

et al. 2009). A crucial factor in the decision to stay or leave would therefore be to 
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weigh up the benefits and drawbacks, while considering the prevailing 

circumstances. 

Interestingly, in this model system, the beetle larvae can be seen as a distinct 

‘worker caste’ cooperating with the adult offspring in brood care, gallery 

maintenance and fungus gardening (Biedermann and Taborsky, 2011; 

Biedermann, 2020), which is remarkable. This division of labour between adult 

and immature stages of these social insects is exceptional in holometabolous 

species. By contrast, in other social insects, such as certain Coleopterans and 

Hymenopterans, the worker caste generally consists of adults. Here, for 

example, ant, wasp and bee larvae are mostly immobile and fed by adults 

(Wilson, 1971; Choe and Crespi, 1997). Some ambrosia beetles, like 

Xyleborinus saxesenii Ratzeburg, have larvae that are predisposed to certain 

tasks due to their body morphology and the frequent renewal of mandibles by 

moulting. The complete metamorphosis between developmental stages 

dramatically reorganises the morphology of the insect during ontogeny (Yang, 

2001), suggesting a stage dependent diversification of tasks, such as balling of 

frass and gallery enlargement in the larvae (Biedermann and Taborsky, 2011). 

Further, X. saxesenii larvae are capable of producing wood-degrading enzymes 

(hemicellulases) that are not present in the adult beetles (De Fine Licht and 

Biedermann, 2012). Their valuable contribution to the galleries makes them 

effective workers, which is consistent with the division of labour observed 

among the different developmental stages.  

Many studies to date have focused on eusocial insects and their interactions 

with their cultivated counterparts, trying to disentangle their life history and 

social evolutionary traits in order to learn more about insect farm management 

(Poulsen and Boomsma, 2005; Aanen, 2006). This leaves questions that can 

only be addressed by going back to an earlier evolutionary stage of sociality 

and farming. Only then can the predispositions and selective pressure for the 

evolution of specific social and farming behaviours be identified. Ambrosia 

beetles differ from eusocial ants and termites in several ways. While fungus 

farming in ants and termites evolved after the evolution of eusociality with 

division of labour (Mueller et al., 2005),  ambrosia beetles originate from sub-

social or communally breeding ancestors. Their agricultural practice co-evolved 
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alongside their sociality (Kirkendall et al., 1997; Mueller et al., 2005; Peer and 

Taborsky, 2007; Biedermann and Taborsky, 2011). Targeted experiments 

utilizing various beetle species with different levels of social behaviour will offer 

valuable insights into diverse interactions related to fungus farming or sociality, 

and may provide answers to unresolved evolutionary questions. 

 

Experimental Evolution 

Through experimental manipulation, specific factors that contribute to host 

fitness in a host-microbe interaction can be tested. The microbiome has an 

important active role here, affecting host development, physiology and systemic 

defences (Huttenhower et al., 2012; Goh et al., 2013; Pieterse et al., 2014). It 

may enable toxin production and disease resistance (Gerardo and Parker, 

2014; Flórez et al., 2015), increase stress and drought tolerance (Bresson et al., 

2013; Coleman-Derr and Tringe, 2014; Lucas et al., 2014), modify niche 

breadth (Redman et al., 2002), and change fitness outcomes in host 

interactions with competitors, predators and pathogens (Friesen et al., 2011). 

Due to their vast number of genes and their ability to vary over space and time 

(Zilber-Rosenberg and Rosenberg, 2008; Morowitz et al., 2011; 

Vandenkoornhuyse et al., 2015), microbiomes can function as a phenotypically 

plastic buffer between the host's genotype and the environmental factors that 

shape host phenotypes. As a result, virtually any host phenotype is influenced 

to some extent by the presence and taxonomic composition of host-associated 

microbes (cf. Mueller and Sachs, 2015). By experimentally manipulating 

microbiomes, researchers can determine the causal role they play in influencing 

host performance, thereby overcoming the inferential limitations of, for example, 

correlational analyses (cf. Mueller and Sachs, 2015).  

Artificial selection can be used to shape both the microbiome and host 

simultaneously in a process called “Two-Sided Host-Microbiome Selection” 

(Mueller and Sachs, 2015). This method is more complex and requires the 

hosts to be grown long enough to propagate to the next generation. However, it 

has the potential to yield co-evolved host-microbiome associations, which may 

lead to modifications that increase host-microbe fidelity between generations, 



General Introduction 

 

9 

such as reducing dissociation and turnover of beneficial microbes, or improving 

host control and capture of beneficial microbes (Mueller and Sachs, 2015). The 

process of selection can be applied to both the host and microbiomes 

simultaneously, combining the separate selective processes that are typically 

applied in one-sided selection. Therefore, this approach is utilized in the host-

mediated selection on the microbiome, as well as in selection upon hosts in 

diverging microbiomes to select for changes in host organisms (Mueller and 

Sachs, 2015). Fungus-growing insects apply this two-sided co-propagation 

scheme to grow their fungal cultivars (Mueller et al., 2005). However, analyzing 

the changes that occur due to two-sided selection can be challenging, because 

both the evolving hosts and microbiomes must be examined. 

Ambrosia beetles are an excellent model system for understanding the origin 

and evolution of sociality, as they are a group with totipotent adult individuals 

that are flexible in their ability to disperse, reproduce and help, depending on 

the conditions in the nest (Costa, 2006; Nuotclà et al., 2019; Biedermann and 

Nuotclà, 2020). The evolution of complex social behaviours can be ecologically 

constrained by habitat instability or population structure. Insects such as ants 

and termites have managed the transition to eusociality by creating their own 

habitats, allowing them to disengage from external constraints, as noted by 

Hughes et al. (2008). In ambrosia beetles, the limiting factor for social evolution 

is habitat deterioration. Since a lot of subsocial species typically breed in small 

wood resources (e.g. twigs, small diameter trees) and facultative eusocial 

species inhabit dead trees of larger diameters, the longevity of the resource is 

confined (Kirkendall et al., 2015). Only one species (Australoplatypus 

incompertus), which breeds in living Eucalyptus trees, can produce multiple 

generations in one nest, leading to long-lived colonies with obligate eusociality 

(Kent and Simpson, 1992). 

Through experimental manipulations and artificial selection, it is possible to 

identify factors that are important for the evolution of sociality. Laboratory 

experiments can shed light on evolutionary interactions that are otherwise 

difficult to study. By repeatedly selecting ambrosia beetles for late and early 

dispersal, Biedermann & Taborsky (unpubl. data) were able to breed two lines 

with different dispersal timing within six generations, with the late dispersal line 
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correlating with higher numbers of offspring and more adults remaining in the 

nest (cooperative strategy). By conducting an experiment that incorporates the 

two-way selection approach between host and microbiome, it is possible to 

explore the extent of a manipulation on both sides and disentangle functional 

traits of microbes that feed back into habitat properties, selecting for responses 

in (social) behaviour (see Chapter 3).  

 

Pathogens as Drivers of Social Evolution  

Pathogen pressure is expected to be an important driver of sociality 

(Biedermann and Rohlfs, 2017). Fungus-farming insects have developed a 

number of strategies to cope with pathogen pressure and keep themselves and 

their crop in full vigour (Mueller et al., 2005). Behavioural measures, such as 

garden surveillance, weeding and the application of antimicrobial secretion, are 

considered to keep competitors and pathogens in check (Batra and Batra, 1979; 

Currie and Stuart, 2001; Bot et al., 2002). Additionally, associated secondary 

microbes can contribute to the health and productivity of the garden by 

producing antimicrobial metabolites (Craven et al., 1970; Currie et al., 1999b; 

Grubbs et al., 2020). As is the case for eusocial Hymenoptera, similar social 

immune responses can be found in facultative eusocial ambrosia beetles like 

the fruit-tree pinhole borer, X. saxesenii (Nuotclà et al., 2019), where hygienic 

behaviours are expected to be the main response to pathogens (Biedermann 

and Taborsky, 2011; Meunier, 2015). Collective behaviour may strengthen the 

efficiency of individual strategies to suppress harmful microbes, and  

consequently, individuals could be selected to  remain in the community and 

help (Biedermann and Rohlfs, 2017). Therefore, social interactions might 

provide ambrosia beetles with powerful means to construct high-quality 

microbial environments, where positive evolutionary feedback processes 

influence the beetle fitness and strengthen the insect-microbe mutualism 

(Biedermann and Rohlfs, 2017). Although eusocial insects are already well 

studied and many functions have been elucidated, the role of pathogens in 

ambrosia beetle gardens remains poorly understood and deserves further study 

(see Chapter 3).  
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Recognition of Symbionts 

All Insect farmers are able to detect the presence of fungal symbionts in their 

fungus gardens (Mueller et al., 2005). This ability has been demonstrated by the 

behavioural response of these insects following confrontation. The response to 

symbionts can be expressed by defence mechanisms, such as pathogen alarm 

behaviour (Rosengaus et al., 1999), avoidance (De Roode and Lefèvre, 2012; 

Tranter et al., 2015; Rocha et al., 2017; Bodawatta et al., 2019), separation of 

infected areas (Milner et al., 1998), delayed rejection (Herz et al., 2008; 

Saverschek et al., 2010; Saverschek and Roces, 2011; Arenas and Roces, 

2017) or active removal measures (Rosengaus et al., 1998; Myles, 2002; 

Yanagawa and Shimizu, 2007; Griffiths and Hughes, 2010; Yanagawa et al., 

2012). Mutualists, on the other hand, create a targeted attraction/selection in 

their partners (Bot et al., 2001; Viana et al., 2001; Mueller et al., 2004; Richard 

et al., 2007; Hulcr et al., 2011). These differentiated behaviours demonstrate 

the ability of farming insects to make individual decisions about the symbiont 

they are confronted with. Not only are they able to discriminate between crop 

and pathogenic fungi (Katariya et al., 2017), but several factors, such as the 

fungal concentration, fungal species, or environment, also play a role in the 

response.  

The perception of symbionts in fungus-growing insects is mostly associated with 

their odour. Chemical blends such as the overall odour or specific volatile 

organic compounds (VOCs) appear to be used by the insects to detect and 

respond to the symbionts (Bot et al., 2001; Viana et al., 2001; Mueller et al., 

2004; Richard et al., 2007; Hulcr et al., 2011). In the case of delayed avoidance, 

semiochemical signals produced by the pathogen-damaged fungus garden 

trigger the response (Knapp et al., 1990; Ridley et al., 1996; North et al., 1999; 

Green and Kooij, 2018).  

Among ambrosia beetles, some species of the tribe of Xyleborini have a 

specialized olfactory-perception in addition to their symbiont specificity. Hulcr et 

al. (2011) suggested that these traits may be correlated and act as a 

mechanism to locate already established fungal gardens of conspecifics and 

even aid in orientation within a gallery. The volatile profiles of bark and 

ambrosia beetle associated fungal species are unique and can vary qualitatively 
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and quantitatively during fungal development and between different genotypes 

(Mburu et al., 2013; Weikl et al., 2016; Kandasamy et al., 2019). Influences 

such as temperature, substrate and season affecting the growth conditions, can 

change the volatile blend (Kandasamy et al., 2016). This sensory ability is 

possible thanks to the beetles’ olfactory receptor neurons (OSNs), which are 

specialized in fungal volatiles (Kandasamy et al., 2019). And, as seen in other 

fungus farmers, a “specific removal” or a “specific hygienic response” to the 

presence, species and threat posed (Currie and Stuart, 2001; Tranter et al., 

2015; Mighell and Van Bael, 2016) may be possible through a well-

differentiated chemical profile of the fungi in these (e.g. Nuotclà et al., 2019). 

Different reactions between the developmental stages provide additional 

information that is helpful in clarifying the potential for danger, as well as the 

role of the stages in the nest community (c.f. Luna et al., 2014). 

However, to fully understand the interactions between insects and their 

symbiotic fungi, a comprehensive view of all factors is needed. Thus, not only 

the odour of the microorganisms should be considered, but also the presence of 

physical structures (e.g. spores, mycelia, bacterial cells) (Goes et al., 2020). 

Additionally, modifying the experimental set-up by either controlling or 

introducing environmental factors such as temperature, humidity, nutritional 

availability, or competing symbionts, can enhance our understanding of the 

recognition capacity and determine the conditions that affect decision-making 

processes (see Chapter 2). 

 

The Influence of Habitat Quality on the Ambrosia Beetle Fungus Garden 

Microbiome and Beetle Behaviour 

Important information for any organism is whether or not it is positioned in a 

suitable habitat. Consequently, the most beneficial behaviour for an individual in 

an unsuitable habitat would be to emigrate, if better options are available. The 

dispersal strategy depends on many different factors, including habitat quality 

and environmental conditions (Lin et al., 2006; Best et al., 2007; Hughes et al., 

2007). Variation in the quality of the habitat is common. To reach a high 

standard, individuals need to gain and evaluate information. In general, 
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information can be obtained by exploring the surroundings of a potential new 

habitat (Norberg et al., 2002; Haughland and Larsen, 2004) using visual or 

olfactory cues (Schooley et al., 2003; Merckx and Van Dyck, 2007). The 

decision process thereby underlies individual experiences of natal and 

neighbouring habitats and the risks of emigration (e.g. mortality) may outweigh 

the benefits, leading the individual to stay. Overall, the level of information 

gained by the organism is important for the evolution of dispersal (Enfjäll and 

Leimar, 2009).  

The tendency to assist in the care of others’ offspring is an attribute of inclusive 

fitness benefits and correlated payoffs in social insects and cooperative 

breeders (Hamilton, 1964; Bourke, 2011; Taborsky et al., 2016). Harsh 

environments, high predation and saturation of the habitat cause dispersal 

delays in favour of offspring and set the foundation for the evolution of 

alloparental brood care in philopatric individuals (Stacey, 1979; Koenig et al., 

1992; Heg et al., 2004; Mullon et al., 2018). Moreover, it is believed that once 

an individual ambrosia beetle leaves its natal gallery, it is unable to return. 

Depending on the conditions in the nest, it would therefore be advantageous for 

some females to stay and possibly start their own generation in the natal 

galleries, assuming the nest/fungus garden is still in good condition (cf. Peer 

and Taborsky, 2007). 

Microbes in fungus gardens need a suitable environment to survive and 

function. Extreme conditions in terms of humidity, temperature and oxygen 

content are decisive for the occurrence and spread of the species. Conditions of 

the fungal gardens of ambrosia beetles within the wood can also change and 

thus influence the quality of the substrate (c.f. Ulyshen, 2016). Compared to 

other plant tissues (e.g. leaves, flowers, seed, etc.), wood is the substrate with 

the lowest nutrient content (Käärik, 1974; Woodwell et al., 1975). Therefore, 

ambrosia beetles depend on their mutualists for the use of this niche (c.f. 

Mueller et al., 2005; Joy, 2013). The facultative eusocial beetle, X. saxesenii, is 

known to excavate tunnels in relatively fresh dead wood in a variety of tree 

species (Fischer, 1954), which may differ in humidity by season and degree of 

decay. The limiting factor for nest longevity, and thus for sociality, is the 

progressive loss of nutrients in dead trees (Ulyshen, 2016) and the 
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requirements of the ambrosia fungal garden. The humidity content of the wood 

substrate plays a central role and is crucial for the successful establishment of 

the fungus garden by the beetles (Hosking, 1972; Zimmermann and Butin, 

1973; Biedermann et al., 2009; Ulyshen, 2016). The impact of a healthy and 

fertile fungus garden is significant for the productivity, nest longevity and the 

fitness of the beetles. Beetle strategies such as closing the nest entrance could 

counteract habitat degradation and slow down the desiccation process 

(Kirkendall et al., 1997). However, even in the best-case scenario, these 

measures are only temporary. Ultimately, the devastation of the nest is 

unavoidable. Unlike other ambrosia beetle species, X. saxesenii forms an 

association with two mutualistic fungal species, Dryadomyces sulphureus 

(Raffaelea sulphurea) and Raffaelea canadensis. The reason for this dual 

association is not fully understood, but it could be related to specific nutritional 

(for both the fungus or a beetle life stage) or substrate-dependent requirements 

(see Chapter 4). 

 

The Succession of Symbionts in Ambrosia Beetle Fungus Gardens 

As with other model organisms, knowledge of the fungus garden microbiome of 

ambrosia beetles is obtained from field collections of beetles and galleries 

(Kajimura and Hijii, 1992; Skelton et al., 2019b; Morales-Rodríguez et al., 

2021). Since these insects live cryptically and samples can only be collected by 

destroying the entire nest, factors such as developmental status, environmental 

conditions, etc. are difficult to measure and have mostly been neglected. In 

addition, studies typically examine either the associated bacterial or fungal 

community. The only known attempt to test the whole microbiome of both 

ambrosia galleries and beetles during development is a study by Ibarra-Juarez 

et al. (2020), otherwise, culture-independent quantifications of symbiont 

abundances are rare.  

A culture-dependent study by Kajimura and Hijii (1992) showed that the fungal 

community of Xylosandrus mutilates is mainly represented by three groups of 

fungi (Ambrosiella sp., yeasts and Paecilomyces sp.) that change their relative 

abundance and dominance largely depending on the developmental stages of 

the beetle. Kajimura and Hikii (1992) found the isolation rates of fungi on the 
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gallery walls increased gradually from the boring and oviposition, to the larval 

and pupal stages, followed by a steep increase at the eclosion stage. However, 

the dominance of Ambrosiella sp. decreased rapidly after the emergence of the 

new adults, while yeasts and Paecilomyces sp. became co-dominant. During 

the overwintering and dispersal period, species such as Ceratocystis sp. and 

other moulds appeared (Kajimura and Hijii, 1992). Other isolation studies 

revealed that some ambrosia beetle species rely on multiple nutritional cultivars 

changing in abundance over time (Cruz et al., 2019; Ibarra-Juarez et al., 2020). 

Two cultivars from gardens of X. saxesenii, which showed a changing pattern of 

abundance from one cultivar to another as nest age increased, were detected 

by Francke-Grosmann (1975) and later by Biedermann et al. (unpublished 

data). A succession of cultivars could benefit X. saxesenii beetles by optimising 

substrate use through different enzymatic capabilities (De Fine Licht and 

Biedermann, 2012; Ibarra-Juarez et al., 2020). Currently, there is inadequate 

information available to describe the succession process in detail, including the 

temporal aspect, developmental stages, and the entire microbiome (see 

Chapter 5). 

 

Comparison: Field vs. Laboratory  

Most studies on fungus gardens or insect microbiomes are carried out either on 

specimens collected in the field or on samples taken from laboratory nests. Both 

methods have advantages and disadvantages. Some researchers have found 

that laboratory-bred insect strains behave similarly to field strains, indicating 

that even after several years of breeding under artificial conditions, lab-raised 

strains can be representative of the species’ populations (Kölliker-Ott et al., 

2003; Jong et al., 2017). However, in other species, traits can be significantly 

affected by extremely rapid changes in the laboratory. As a result, such strains 

no longer reflect natural populations (Meats et al., 2004; Liedo et al., 2007). 

Adaptation to artificial breeding conditions is most likely when the new 

environment exerts a selective pressure that is absent or weak in nature. As 

invertebrates are predominantly maintained in discrete cultures, traits such as 

developmental speed and reproduction are positively selected for (Leppla et al., 

1976; Matos et al., 2000; Diamantidis et al., 2011). The habitat’s lack of 
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variation and complexity negatively affects the tolerance to stressors (e.g. 

temperature, desiccation, starvation) or substrate use (Bravo and Zucoloto, 

1998; Lamberty et al., 2001).  

Field studies provide more realistic conditions, but less control over 

environmental factors. Furthermore, replication of specific conditions with high 

replicate numbers and controls is only possible in the laboratory (Calisi and 

Bentley, 2009). Nevertheless, the ecological relevance of traits and habitat for 

understanding the biology and ecology of species can be reliably demonstrated 

in the field, and thus make an important contribution to the study of such 

questions (Wiggins et al., 2018). An important aspect to consider is the 

influence of laboratory breeding on the development and structure of the fungus 

garden. Laboratory nests usually have a much shorter development time (~ 1 

month), compared to field tests. The exact development time is difficult to 

estimate in the field, as the beetles live in a cryptic lifestyle and it is almost 

impossible and very labour intensive to follow the foundation and dispersal of 

the offspring. To gain more information about the specific differences between 

these two contrasting environments, it is necessary to sample fungus gardens 

from both laboratory and field nests of the same population. However, this 

information is lacking. A study comparing field and laboratory galleries would 

help identify problems and offer possible improvements in artificial breeding 

studies (see Chapter 5). 

 

Choice of a suitable Genetic Marker for Next Generation Sequencing of 

Ambrosia Beetle related Fungi 

Over the past few decades, amplicon sequencing has become increasingly 

important in ecological studies. It is not surprising that the use of this technique 

has become popular among researchers, as it offers the possibility to identify 

and understand complex structures. Many microbiome analyses examine the 

domain of bacterial and fungal communities and are also becoming increasingly 

attractive for ecologists. The metabarcoding method enables the estimation of 

the microbial diversity of environmental samples (e.g. soil, plant roots, water) on 

an individual sample scale, further facilitating global-scale comparisons 

(Taberlet et al., 2012; Tedersoo et al., 2014; Sun et al., 2020). Fungus-farming 
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insects represent an excellent model to study tripartite interactions between 

fungi, bacteria and their hosts by applying the next generation sequencing 

technique. 

Typically, ITS primers are used for metabarcoding of fungal communities 

(Tedersoo et al., 2022). However, these primers come with the disadvantage 

that they amplify the bark beetle associated Ophiostomataceae fungi poorly or 

not at all (Kostovcik et al., 2014; Malacrinò et al., 2017). The choice of 

appropriate genetic markers and primers should always be based on the 

research question and the information required to answer it. For questions that 

focus on the presence and relative abundance of the food fungi and important 

partners of ambrosia beetles, there is a great need for one or more suitable 

primer sets that can be used during high-throughput sequencing (HTS). 

Suitable primers would not only ensure easy detection of the mutualists, but 

also allow conclusions to be drawn about possible interactions and processes 

within the fungus garden community by covering a wide range of microbial taxa 

(depending on the marker gene). 

One obstacle concerning HTS platforms (e.g. 454 pyrosequencing, Illumina 

sequencing and Ion Torrent) and choosing a suitable genetic marker is that only 

short (<550 bases) fragments of the genetic markers can be sequenced, 

resulting in a loss of taxonomic resolution and phylogenetic information 

(Tedersoo et al., 2022). Identifying and distinguishing technical artefacts is also 

more difficult than with the much longer Sanger reads (Tedersoo et al., 2022). 

Obtaining high-quality amplicons is therefore one of the most important steps in 

metabarcoding analyses. Achieving this can be done by selecting the proper 

genetic marker, polymerase, as well as, relevant primers and appropriate 

thermocycling conditions (Tedersoo et al., 2022). Ecologists tend to mostly use 

primers designed for Sanger sequencing analyses (White et al., 1990), which 

lack an optimal coverage of many fungal groups. However, the performance of 

original primers can be optimized by incorporating degenerate positions to 

reduce primer bias (Tedersoo and Lindahl, 2016) and promote the quantitative 

performance (Piñol et al., 2019). Adding multiple degeneracies may demand 

further adjustment of the 1:1 primer ratio and additional PCR cycles, as not all 
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primer variants are guaranteed to match with the templates (Tedersoo et al., 

2022). 

 

Research aims 

Within my PhD project “The Ecology and Evolution of Symbiont Management in 

Ambrosia Beetles” I worked with both key players for fungiculture and sociality – 

the ambrosia beetles and their fungus garden. Long-standing questions on the 

beetles’ role on fungus garden vitality, the microbial succession during nest 

development and the role of pathogens in the evolution of beetle sociality were 

the focus of this project. I hoped to gain a better understanding of host-symbiont 

interactions and learn more about the underlying mechanisms determining 

fungus and beetle productivity. Therefore, I addressed major unsolved issues in 

social evolution and mutualism, using X. saxesenii as my model system: 

Chapter 1) Ambrosia beetles are currently believed to belong to the advanced 

fungus-farming insects, but experimental evidence of whether 

beetle activity effectively promotes the food fungi and suppresses 

contaminants, is lacking. Therefore, I aimed to examine if 

ambrosia beetles can actively control their fungus garden 

communities by investigating the microbial fungus garden 

community in the experimental presence or absence of their beetle 

hosts. I focused on the two main fungal mutualists Raffaelea 

sulphurea and R. canadensis, as well as on their opponent fungal 

contaminant in laboratory reared nests, Chaetomium globosum. 

To allow for the identification and discrimination of the 

Ophiostomataceae in my study system, I designed target-specific 

primers for next generation sequencing (NGS) of the fungal 

communities that I also used for subsequent questions.  

 

Chapter 2) I then concentrated on the ability of ambrosia beetles to detect the 

presence of ubiquitous fungal pathogens. This would allow them to 

detect and eliminate pathogens. My aim was to explore the 

potential of adult X. saxesenii beetles and their larvae to detect 
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potential threats both to the fungus garden, as well as the beetles 

themselves (entomopathogenic fungi). Further, determining 

individual responses of the developmental stages towards the 

volatiles of different fungi may help to identify whether larvae or 

adults are mostly responsible for pathogen defence. 

The next two questions addressed the investigation whether social evolution in 

ambrosia beetles may be driven by microbial management. In particular, I 

focused on the influence of pathogens and the impact of habitat quality on 

social behaviour of the beetles: 

Chapter 3) In the first step, my aim was to find evidence whether the 

hypothesis that pathogens are drivers of social evolution holds 

true for ambrosia beetles. I conducted experimental selection by 

exposing artificial ambrosia beetle nests with high pathogen 

pressure over multiple generations, in order to test the potential for 

selection on microbial communities and social (hygienic) 

behaviour. 

 

Chapter 4) In the second step, I focused on the impact of the habitat. Here, I 

addressed whether the beneficial microbes have a similar 

connection to the social lifestyle similar to the harmful microbes. 

Using wood as the substrate to grow their fungus gardens comes 

with the problem of a constant change in its properties over time. 

One property is the humidity, which is only in the optimal range for 

successful growth of the food fungi for a short period of time. This 

ultimately limits ambrosia beetles in the extent of their social 

evolution, though it requires prolonged philopatry of individuals in 

the nest to increase reproductive success. I tested the beetles’ 

behavioural response under changing humidity, complementing 

my point of view by including the presence and relative abundance 

of their microbial mutualists with NGS. 

 
Chapter 5) It is well known that, under natural conditions, microbial 

communities go through temporal succession depending on 
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multiple factors (Shigo, 1967; Buresova et al., 2019; Carrias et al., 

2020). The fungus gardens of the ambrosia beetles are no 

exception (Ibarra-Juarez et al., 2020). Recent research poorly 

investigated the exact extent (Ibarra-Juarez et al., 2020). For X. 

saxesenii, the fungal succession of the two nutritional mutualists is 

expected, but could not be linked to processes in the beetle nest. 

Therefore, my aim was to gain an understanding of the microbial 

succession, including both the fungal and bacterial alpha and beta 

diversity across the various developmental stages in ambrosia 

beetle nests. To allow for a detailed comparison between natural 

and artificial circumstances and to define the core fungus garden 

community of X. saxesenii, I sampled from both field and 

laboratory nests. 
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Abstract 

Social immunity is a collective behaviour that protects social groups from 

disease and parasites. Ambrosia beetles are cooperative breeders that exhibit 

social behaviours, in both adult and larval stages, too. Here, female beetles 

delay dispersal and act as temporary workers, engaging in brood care and 

social hygiene, which are key pathogen-induced behaviours that drive social 

evolution. So far, there has been limited research into the specific ways in which 

ambrosia beetles respond to pathogens. Our study sought to enhance our 

understanding of these beetles and uncover the mechanisms behind their 

defence against antagonistic and entomopathogenic fungal pathogens in the 

context of social evolution. We accomplished this by integrating data on 

behaviour, development, and the associated microbial community. Results 

showed that larvae invest a high percentage of their activity into hygienic 

behaviours and feeding, while adult females tend to rest more. Overall, beetles' 

lineages recovered from the pathogen disturbance within one generation, and 

the emergence of first females occurred earlier with each generation regardless 

of the treatment applied. In addition to the bacterial taxa that were previously 

identified in other studies, we observed a greater prevalence of 

Alphaproteobacteria. Their function and significance in relation to ambrosia 

beetles are yet to be determined. The study suggests that the response of 

ambrosia beetles to pathogens is a complex process that involves multiple 

factors, including life-history traits, behavioural adaptations, and microbial 

mailto:janina_diehl@gmx.de
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defences. However, further comprehensive investigation is required to 

understand the interactions and microbes involved. 

 

Introduction 

Group living, a basic component of sociality, can be found in almost all animal 

taxa. Social complexity can range from timely limited attraction between 

individuals in family units, to permanent societies with reproductive division of 

labour (Wilson 1971; Costa 2006). Group living species thereby profit from 

fitness benefits like protection, increased reproductive success, foraging 

efficiency and increased survival (Krause and Ruxton 2002). However, frequent 

intimate contact can also have fitness disadvantages. It may, for instance, 

increase the risk of parasite and pathogen transmission (Cote and Poulin 1995; 

Schmid-Hempel 1998; Wilson et al. 2003; Cremer et al. 2007; Rifkin et al. 2012; 

Patterson and Ruckstuhl 2013). Further, genetic similarity is usually high in 

groups, which can render individuals more susceptible to parasite and pathogen 

outbreaks (Pie et al. 2004; Otterstatter and Thomson 2007; Stroeymeyt et al. 

2014).  

Social immunity, which involves nest members’ behavioural defence against 

disease (Cremer et al. 2007; Cremer et al. 2018), may have evolved in two 

ways: either as result of increased pathogen transmission in eusocial organisms 

(the ‘eusocial framework’; Cremer et al. 2007; Cremer et al. 2018), or in 

coevolution with sociality in close feedback interactions (the ‘group living 

framework’; Meunier 2015; Biedermann and Rohlfs 2017; Van Meyel et al. 

2018). Ants and termites have been extensively studied in the context of social 

immunity, unlike other groups. For example, termites exhibit "pathogen alarm" 

behaviour, warning their nest-mates to avoid or seal off infected areas of the 

nest when they encounter pathogens (Diehl-Fleig and Lucchese 1991; 

Rosengaus et al. 1999; Myles 2002). Similarly, ants and bees fortify their nests 

with antimicrobial substances such as tree resin, thereby reducing the likelihood 

of infection among colony members (Gilliam et al. 1988; Christe et al. 2003; 

Chapuisat et al. 2007). In addition, they have the ability to produce their own 

antimicrobial substances (William L.  Brown 1968; Turillazzi et al. 2006) and 
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cultivate bacteria on their bodies to aid in the production of antibiotics against 

parasites within the colonies (Currie et al. 1999). The evolution of social 

immunity is beneficial to the colony as a whole, even if it may not benefit certain 

individuals. 

Ambrosia beetles (Scolytinae and Platypodinae) are among those animals that 

live in groups and exhibit social behaviours in various extends. Hence, 

pathogen pressure in these nests, where group members are closely related, is 

anticipated to be an important driver of sociality (Biedermann and Rohlfs 2017). 

As cooperative breeders, they provide a suitable model system for the study of 

the evolution of social life. Depending on various factors such as presence of 

dependent offspring, nutritional levels, and pathogen load, female ambrosia 

beetles may delay their dispersal and act as temporary workers, (Peer and 

Taborsky 2007; Biedermann and Taborsky 2011; Nuotclà et al. 2019). 

Furthermore, female ambrosia beetles are totipotent and can flexibly engage in 

dispersal, reproduction, and helping behaviours (Biedermann et al. 2011). This 

flexibility also makes them ideal for the experimental exploration of microbial 

communities and their functional importance for habitat properties (e.g. Costa 

2006). Brood care, social hygiene, and dispersal delay are key pathogen-

induced behaviours in these beetles, indicating their important role in driving 

social evolution in this group (Biedermann and Rohlfs 2017; Nuotclà et al. 

2019). 

Multiple processes are known to reduce the range of infection in eusocial 

species. Strategies such as building fragmented nests with multiple chambers 

(Pie et al. 2004), abandoning contaminated areas (Royce et al. 1991), boosting 

personal immunity by social interactions (Konrad et al. 2012) and removing 

infected group members (Rosengaus and Traniello 2001) may reduce the risk 

of parasite and pathogen infection. In addition, behavioural measures such as 

grooming, weeding or application of chemicals may be situationally applied 

(Currie and Stuart 2001; Pedrini et al. 2015; Grubbs et al. 2020). Many of these 

measures require neurophysiological abilities that enable the perception of such 

microbial threats (Yanagawa et al. 2012; Diehl et al. 2022). Similar to eusocial 

Hymenoptera, ambrosia beetles like the fruit-tree pinhole borer Xyleborinus 

saxesenii Ratzeburg (Nuotclà et al. 2019) exhibit comparable social immune 
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responses. The primary reaction in this case is expected to be hygienic 

behaviours, as suggested by Biedermann and Taborsky (2011) and Meunier 

(2015).  Interestingly, beetle larvae in these nests also contribute to nest 

hygiene and waste management (Biedermann and Taborsky 2011). These 

collective behaviours can enhance the effectiveness of individual strategies 

aimed at suppressing harmful microbes, which, in turn, can lead to selection for 

individuals who are more inclined to remain and assist the community 

(Biedermann and Rohlfs 2017). In summary, social interactions play a vital role 

in the establishment of high-quality microbial environments for group-living 

insects, such as ambrosia beetles. These social behaviours can lead to positive 

evolutionary feedback processes that enhance the beetle's fitness and further 

strengthen the mutualism between the insects and microbes. As a result, the 

collective efforts of these insects can have a significant impact on the 

composition and quality of the microbial communities they rely on (Biedermann 

and Rohlfs 2017). 

To protect themselves and their food source, ambrosia beetles must take 

precautions due to the inherent risks they face. Collaborative behaviours, such 

as cleaning, waste disposal, mutual grooming, weeding the fungus gardens, 

and even resorting to cannibalism or eliminating weak or diseased individuals, 

are observed in both larvae and adults (Biedermann and Taborsky 2011; 

Nuotclà et al. 2019). Moreover, chemical and microbial defence methods are 

available to them through oral secretions or associated bacteria (Cardoza et al. 

2006; Scott et al. 2008; Grubbs et al. 2020). The bacterial defence mechanisms 

used by X. saxesenii and Xyleborus affinis are highly specific to fungal 

pathogens and do not harm the cultivar (Grubbs et al. 2020). 

The strongest evidence for a positive feedback between sociality and fungus-

farming, is that in some species, ambrosia fungus fruiting is only induced in the 

physical presence of the beetles (larvae, pupae or adults; Batra and Michie 

1963; French and Roeper 1972; Biedermann 2014; Biedermann and Currie in 

prep.). Apparently, the resulting fruiting structures serve as the dominant food 

for the whole colony. Conversely, the absence of the insects leads to galleries 

that are quickly overgrown by contaminants (Batra 1966). The cultivated fungi, 

the mechanisms through which beetles establish monocultures, and other fungi 
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and bacteria that comprise the beetle's microbiome, all remain poorly 

understood (Hulcr and Stelinski 2017; Biedermann and Vega 2020). In X. 

saxesenii, recent studies could demonstrate that the presence of individuals 

and their hygienic behaviours are important to promote the nutritional ambrosia 

fungi, Raffaelea sulphurea and R. canadensis, remove fungal pathogens (e.g. 

Aspergillus sp.) (Biedermann and Taborsky 2011; Nuotclà et al. 2019; Diehl, 

Kowallik, et al. 2022). Laboratory breeding resulted in garden microbiomes 

composed of only a few highly abundant taxa, which are expected to build the 

core microbiome of essential microbes for the insect-fungus interactions (Diehl 

et al. under review; Diehl, Kowallik, et al. 2022). Modern methods such as next 

generation sequencing can provide information on the relative proportions of the 

core taxa in the communities and can help to identify key players in the 

mutualism. Knowledge on the microbial succession in field and laboratory 

fungus gardens is already gained and exposed a step-wise transition of fungal 

mutualists, very different from the ones of farming ants and termites (Diehl et al. 

under review). While gardens of ants and termites only hold a single dominating 

cultivar, more and more studies in facultative eusocial ambrosia beetles indicate 

a succession of different fungi (or yeasts) serving as food source (Diehl et al. 

under review; Ibarra-Juarez et al. 2020; Diehl, Kowallik, et al. 2022).   

The primary threat to the beetles is likely to be from antagonistic pathogens 

such as Aspergillus sp., Penicillium sp. or Chaetomium sp. (Nuotclà et al. 

2021), despite their otherwise well-protected environment. However, there is 

another type of microbial threat that targets the beetles directly. 

Entomopathogenic fungi, such as Beauveria bassiana Balsamo Vuillemin 

(Ascomycota: Hypocreales) and Metarhizium brunneum Petch (Ascomycota: 

Hypocreales), attack the insect directly and are known to be highly lethal. They 

can be found naturally in nests and can be isolated from beetles. Researchers 

explore their use as a potential biocontrol against economically harmful species. 

Experiments by Prazak (1991; 1997) have shown that Trypodendron lineatum 

Olivier is susceptible to B. bassiana and the number of broods in treated trees 

was reduced. Both strains of commercial B. bassiana and M. brunneum, were 

shown to be virulent against two other ambrosia beetles, Xylesandrus 

germanus Blandford and X. crassiusculus Motschulsky, and here, too, the 

pathogens have a significant impact on the development of the brood (Castrillo 
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et al. 2011; Castrillo et al. 2013). The mortality and brood success depend on 

the concentration applied (Castrillo et al. 2011; Castrillo et al. 2013). 

Our research aimed to expand the current knowledge of ambrosia beetles and 

to identify the mechanisms that underly pathogen defence in the context of 

social evolution. To achieve this, we combined behavioural, developmental and 

microbial data. The focus of our experiment was on the behaviour and 

resistance of the ambrosia beetle X. saxesenii against two pathogens 

(Aspergillus sp. and B. bassiana), with a particular emphasis on social aspects 

such as nest hygiene and dispersal, as well as the symbiont community. We 

hypothesised that exposure to pathogens would lead to changes in beetle 

behaviour, with increased social activity and a stronger response to the more 

dangerous, Beauveria, compared to Aspergillus. As Aspergillus is a common 

garden pathogen, we expected that beetles would have some basic resistance 

to it, resulting in a lower mortality rate in nests exposed to this pathogen. 

Moreover, a positive correlation was anticipated between social behaviours and 

nest productivity. The aim was to investigate the microbiome in order to identify 

symbionts that play a critical role in pathogen defence. If the predictions were 

confirmed, it was expected that behavioural adaptations and beneficial 

symbionts would be passed on to future generations in response to permanent 

pathogen pressure. Additionally, genetic factors could influence pathogen 

resistance, with beneficial traits potentially inherited from the mother. By 

continuously exposing beetles to pathogens in every generation, we expected 

that offspring from parents previously exposed to the same pathogen treatment 

would have better adaptations, including a higher degree of sociality and lower 

susceptibility to pathogen-related mortality.  

 

Material and Methods 

Beetle collection and breeding 

We collected two populations of Xyleborinus saxesenii for this experiment to 

avoid population specific traits and detect more general patterns. The first 

population from Steinbachtal near Wuerzburg, Germany (Decimal degrees 
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[DD]: 49.767500, 9.896770) originates from dispersing females by using ethanol 

baited traps (70% EtOH) in June of 2019. Another population from the Bavarian 

Forest (DD: 8.8816832, 13.5215362) was introduced into the laboratory 

breeding at the end of May 2019 from females collected in opened breeding 

systems from dead and wind-thrown beech tree logs (Fagus sylvatica) of the 

forest. All generations of these two populations were bred under standard 

breeding conditions in transparent plastic tubes using sterile artificial beech 

sawdust medium (‘standard media’ after Biedermann et al. 2009, using Millipore 

water to avoid Chloroplast 16S amplification from tap). Mated adult females 

were individually introduced into the tubes after rinsing them briefly with 70% 

EtOH followed by tap water and letting them dry on a cosmetic paper towel. 

Naturally these beetles overwinter in diapause. To simulate this, we put the 

rearing tubes into the fridge for two to three months at 5°C after the 

observations concluded but before beetles started dispersing to found the F2 

nests. 

Spore solution preparation 

Beauveria bassiana (GenBank Accession: MT159433.1) and Aspergillus sp. 

(strain F10006) were cultivated on Yeast-Extract-Malt agar medium (YEMA) for 

11 days before spore solutions were made. To avoid clumping of the spores we 

transferred them into a 0.05% Tween 20/PBS (1x) buffer solution. Spores were 

collected from the agar plates by pouring sterile Tween 20/PBS solution on the 

air mycelium with spores and using a sterile glass Pasteur pipette to transfer the 

spores with the solution into a 50 ml falcon tube. Thereby the mycelium 

remained on the agar. Spore concentration was counted on an Improved 

Neubauer counting chamber and had a final concentration of 11.5 x 106 

spores/ml for B. bassiana and 17.35 x 106 spores/ml for Aspergillus sp.. 

To secure pathogenicity of our used Beauveria strain towards X. saxesenii, we 

infected multiple individuals and let the fungus kill them and grow out, 

afterwards we collected the spores from the beetles and started new fungus 

cultures on YEMA agar. Dispersed females were surface sterilised by dipping 

into 70% Ethanol rinsing with tap water and letting them dry on cosmetic towel. 

Then we dipped the beetles under a gas cloud of the Bunsen burner into the 
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mycelium of B. bassiana, cultivated on YEMA agar medium, and kept them in a 

small petri dish with moist filter paper and sealed with parafilm till they showed 

fungal growth on the surface. These spores were rinsed of the individuals and 

used for the production of the final spore solution. 

In a small side study, we tested the general lethality of the two used fungi with 

three different concentration (105, 106 and 107 spores/ml) to get a better 

estimate of the results (see SM, Tab. S11). Both active life stages in X. 

saxesenii (larvae and adult females) were included and thus gave us insightful 

information. Both stages died relatively quickly after infection with B. bassiana 

of every concentration (SM Tab. S11; Fig. S6 & S7), where the mortal danger 

for adults significantly increased the higher the spore concentration. There was 

a marginal higher risk for larvae with the 105 spores/ml concentration compared 

to the control (Log Rank Test: p = 0.064), which got significant for the higher 

concentrations (SM Tab. S11). Furthermore, we found a clear differentiation 

between larvae and adults with Aspergillus sp.. The highest concentration with 

107 spores/ml showed a significant higher risk of death for adults (Log Rank 

Test: p = 0.017; SM Fig. S5), but not for the larvae (SM Tab. S11; Fig. S4). This 

result could be due to the artificial set-up in 96-well plates. We expect a longer 

survival time in nests, where larvae are not exposed to the additional risk of 

drying out.  

Since in all treated nests Alphaproteobacteria were sequenced in a higher 

relative abundance, we wanted to exclude the possibility our Tween 20 solution 

might contain some unexpected bacteria. Therefore, we plated 200 µl of the 

stock solution on two Lysogeny broth (LB) agar plates and incubated them at 

25°C for six days. No bacterial or fungal growth was detected. 

Experimental set-up 

For the natural variation of ambrosia beetle defensive behaviours and fungus 

garden communities we started with X. saxesenii nests (F0) from each of the 

two different field populations (N = 66, Tab. 1). This generation was treated as 

baseline for the following ones. Therefore, we recorded developmental times, 

total count of dispersed individuals and larval and female behaviours. From the 

first laboratory reared generation females of each population were selected as 
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foundresses for the next generation (starting day 39 ± 4 days after founding; 

min. 11 nests/population, Tab. 1), as well as one individual of each line for later 

amplicon sequencing of the microbiome (stored at -20°C until processing; Fig. 2 

& 3). Following the last disperser, nests were dissected by knocking out the 

solid rearing medium and collecting additionally pieces of the nest walls from 

the nest centre under the sterile bench with a flame-sterilised sharp spoon. 

Fungus garden samples were aseptically stored in 1.5 ml Eppendorf tubes at -

20°C until DNA extraction.  

Same recording was done for nests in the F1 generation. When the first newly 

emerged females were detected (day 29 ± 3), nests were exposed to one of 

three treatments (Tab. 1): (i) 20 µl of an Aspergillus-buffer solution (1.7 x 107 

spores/ml 0.05% Tween 20/PBS buffer; ‘garden pathogen’), (ii) 20 µl of a 

Beauveria-buffer solution (1.2 x 107 spores/ml 0.05% Tween 20/PBS buffer; 

‘entomopathogen’) or (iii) 20 µl of a 0.05% Tween 20/PBS buffer solution 

(‘control’) were injected with an insulin syringe with sterile interior (BD Micro-

FineTM + Demi, 0.3 ml U100, 0.3 x 8 mm) directly into the brood chamber and 

we sealed the hole with a hot glue gun (e.g. Nuotclà et al. 2019). After injection, 

larval and adult social behaviours were recorded (~d30). Like in the previous 

generation samples of fungus gardens and dispersing females were collected 

from the nests and stored at -20°C. At that point nest productivity (total offspring 

numbers) will be determined, when all offspring has emerged and the timing of 

first dispersal was noted.  

Female offspring from the most productive nests per treatment of the two 

populations was selected as foundresses of the next generation (Tab. 1). We 

repeated the same treatment, observation and sampling for generations F2-F3. 

By breeding only with the most productive nests, we ensured that in each 

generation selected females which should be the ones with the best defence 

against the pathogens.  
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Table 1: Replicate number of the different datasets per population, generation and treatment that 
were analysed. Breeding data included total disperser count of nests and developmental times, observed 
data are the number of nests that were observed after first emerged female was detected (and treatment 
was applied for F1 generation onwards) and sequenced data includes the number of nests where DNA of 
gallery walls and dispersers (F0 and F3 generation) was extracted and amplicon 
sequenced.
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Behavioural observations  

After 30 days (± 3 days), when the first adult females emerged, larval and adult 

social behaviours were recorded with scan sampling for next five days. Data of 

the F0 generation was used to set the baseline behaviour for the different 

treatment lines in F1-3 generations. We recorded behaviour of a maximum of 

10 individuals per life stage (larva or female) three times a day (Tab. 2). The 

recording of behaviour in treated nests, started one day after the injection of the 

treatment. 
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Table 2: Ethogram of observed behaviours. 

Behaviour Definition Observed in 
feeding to feed (or weed) on the fungal layer of the gallery walls 

with the tasters and/or mandibles 
L, F 

allo-grooming to groom on eggs, larvae, pupae or adult beetles with the 
mouth(L) or tasters (maxilla, labium) 

L, F 

shuffling/balling to move frass and faeces with the mouth or whole body (L; 
legs and elytra (F)) 

L, F 

cleaning To groom or feed on the glass of the tube with tasters and 
mandibles 

L, F 

cannibalising to eat an egg, larva, pupa or an adult beetle  L, F 

resting to be inactive without moving L, F 

walking to creep (L) or walk (F) L, F 

copulating to copulate with a male F 

hygienic behaviour combination of allo-grooming, shuffling, cleaning, 
cannibalism 

L, F 

 

 

 

 

 

Figure 1: Experimental set-up of the selection line experiment. Two field populations (‘F0’) 
were bred for one generation in the laboratory. Dispersing females of at least eleven nests were 
used for three treatment groups: (i) ‘control’ (blue), (ii) ‘garden pathogen’ (green) and (iii) 
‘entomopathogen’ (red). At around day 30 after nest foundation treatment-injections were 
applied. Afterwards behaviour, dispersal, development and productivity were recorded. In the 
following two generations, females stayed in their treatment groups and the whole procedure 
was repeated. Additionally, samples of dispersing females (‘F0’ and ‘F3’), as well as fungus 
garden samples (‘F0-3’) were collected and stored at -20°C till DNA extraction. 
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Microbiome analysis 

Since only behavioural adaptations, but not the participation of bacterial or 

fungal symbionts have been observed in this system, we wanted to make use of 

the fungus garden and beetle samples of the whole experiment to check for 

possible step-wise changes in the communities between the family lineages 

which could give a hint for presence of defensive symbionts. Therefore, we 

sequenced the bacterial and fungal communities across generations by Illumnia 

MiSeq amplicon sequencing (e.g. Nuotclà et al. 2021; Diehl, Kowallik, et al. 

2022). We extracted DNA of all samples using the ZymoBIOMICS DNA 

Miniprep Kit (Zymo Research, Germany) in accordance with the manufacturer’s 

instructions and additional pre-processing steps using a ceramic bead and 

mixer mill (Retsch MM400), followed by vortexing with 0.1 mm & 0.5 mm glass 

beads on a Vortex Genie 2 (e.g. Supporting Material Nuotclà et al. 2021). 

Isolated DNA samples were stored at -20°C until final amplification and 

sequencing. 

PCRs and library preparation were performed in the same way as described in 

Nuotclà et al. (2021) and Diehl et al. (2022). Therefore, we used the dual-

indexing strategy with 515f and 806r primers (Caporaso et al. 2011; Kozich et 

al. 2013) to construct our bacterial 16S rRNA gene libraries (encompassing the 

full V4 region). Fungal LSU (28S) rRNA gene libraries were constructed with the 

dual-index primers of LIC15R and nu-LSU-355-3’ (Nuotclà et al. 2021) 

amplifying the large subunit (LSU) region. Sequencing was performed on an 

Illumina MiSeq using 2 × 250 cycles v2 chemistry (Illumina Inc., San Diego, CA, 

USA). Each marker was processed on a separate chip. 

Bioinformatics and statistics 

All statistical analyses and visualisation of the data were performed in RStudio 

(Version 1.4.1106) with R version 4.0.5 (R Core Team 2021) using the 

‘phyloseq’ package: McMurdie and Holmes 2013) for the microbial data, as well 

as ‘ggplot2’ (Wickham 2016) and ‘ggpubr’ (Kassambara 2020) to produce 

graphical output; see GitHub repository for information on the bioinformatic 

processing and R-script). 

Since we analysed breeding, behavioural and microbiome data in this project, 

four sets with different replicate numbers were used (Tab. 1). 



Chapter 3 – Response to pathogen pressure 

 

73 

a) Breeding/Life-history dataset 

During the breeding of X. saxesenii nests we were able to record the (i) total 

disperser count, the (ii) developmental time till first emerging female (days), the 

(iii) period of development between first detected larvae and first emerged 

female (days) and the (iv) period between first emerged female and first 

dispersing female (days). We ran linear mixed models (LMMs) using the ‘lme’ 

function (‘nlme’ package: Pinheiro et al. 2021) and used the ‘transformTukey’ 

function (‘rcompanion’ package: Mangiafico 2021) or the ‘sqrt’ function (base 

R) to find the power transformation that brings the response variable closest to 

a normal distribution. Each of the above-mentioned variables were applied as 

response variable to test for the influence of treatment (‘reference’, ‘control’, 

‘garden pathogen’ and ‘entomopathogen’) in the data of the ‘F0’ and ‘F3’ 

generation and in a second model including generation (‘F1’, ‘F2’ & ‘F3’; F0 

excluded), as well. Due to previous analyses (Diehl, Kowallik, et al. 2022) we 

demonstrated a strong effect of the familiar lineage on the microbial community 

in X. saxesenii, therefore we wanted to consider this variance for other life-

traits in our models, too, by including this information as random variable. 

All LMMs were initially fitted with all interaction terms. Each model was then 

selected in a two-step procedure. First, we used the Akaike information criterion 

(AIC) to select an appropriate variance structure (using the weights-argument in 

the ‘lme’ function) where residual plots indicated a deviation from homogeneity 

(Zuur et al. 2009). Second, we simplified the fixed component by dropping non-

significant interaction terms (p > 0.05). In a last step we used the AIC to 

choose, if necessary, the appropriate transformation method to produce a more 

normally distributed vector (using squared- or tukey-transformed response 

variable with the ‘transformTukey’ function of the ‘rcompanion’ package: 

Mangiafico 2021). 

We obtained the p-values of effects in these models using the ANOVA function 

(which uses type II sums of squares by default; Fox and Weisberg 2019). 

Significant models were further analysed with a pairwise post-hoc test (tukey 

method; ‘emmeans’ package: Lenth 2021). 
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b) Behavioural observation data 

Recorded behaviours of larvae and females over the five consecutive days 

were aggregated to a total for each life stage per observed nest. For the 

behavioural analysis we focused on three types of behaviours. As an expected 

response to pathogen exposure, we were especially interested in the ‘hygienic 

behaviours’ (cleaning, allo-grooming, shuffling and cannibalism) and pooled 

them therefore. Further, ‘resting’ and ‘feeding’ were tested for effects of 

treatment and generation.  

Here, we used a series of generalized linear mixed-effects models (GLMMs) 

with binomial error distribution. To examine the effects of repeated injection 

treatments on the different behaviours of larvae or females, the frequency of the 

respective behaviour was set as response variable for subsets of each 

treatment (including the data of none treated nests = ‘reference’) and the 

‘generation’ as explanatory variable. To control for potential influences, we 

included ‘population’, ‘family lineage’ and ‘nest ID’ as nested random variables 

and used the Akaike information criterion (AIC) and the ‘performance’ package 

(Lüdecke et al. 2021) to select the appropriate random variables for the model. 

Again, we obtained the p-values of effects in these models using the ANOVA 

function (Fox and Weisberg 2019) and further analysed significant models with 

a pairwise post-hoc test (tukey method; ‘emmeans’ package: Lenth 2021). 

Further, we combined data of hygienic behaviours of larvae and females and 

the total disperser count to test for a correlation. For that, we applied the 

Spearman’s rank correlation test for the life stages on each the ‘control’, ‘garden 

pathogen’ and ‘entomopathogen’ treatment between the two variables. 

c) Bacterial and fungal community data 

After filtering chloroplast genes and amplicon sequence variants that were only 

identified to domain level, we ran a contaminant removal method (‘decontam’ 

package: Davis et al. 2018) and visualised the taxonomic composition of the 

negative and Mock control samples, which were then excluded from the 

sample set, as well as samples with a read number less than 500 (see 

electronic supplementary material and GitHub repository). For the final 

analysis, 71 disperser samples with an average of 4 023.99 reads for 16S 

sequences (min. 501 reads; max. 28 577 reads) and 954 ASVs (amplicon 
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sequence variants, Edgar 2018) were included. Fungus gardens captured a 

total of 195 samples with an average of 21 334.72 reads (min. 879 reads; max. 

56 311 reads) and 324 ASVs. For the LSU, 93 disperser samples with an 

average of 17 288.17 reads (min. 616 reads; max. 49 414 reads) and 448 

ASVs were included in the analyses. The fungus gardens here included 176 

samples with an average of 15 899.68 reads (min. 745 reads; max. 45 971 

reads) and 574 ASVs. Microbial composition of bacteria and fungi was studied 

up to genus level.  

Taxa composition bar plots (agglomerated to ‘genus’ level) of fungal and 

bacterial communities for generations faceted by treatment were built of 

proportion transformed data for visualization of fungus garden communities. 

Since we sequenced only the dispersers of the F0 and F3 generation, bars 

were grouped into the treatments to detect changes. 

Furthermore, we created tables of the mean and standard deviation of bacterial 

and fungal relative abundances of taxa per treatment and generation, each 

dispersers and fungus gardens. 
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Results 

 

a) Breeding/Life-history  

Treatment showed a significant effect on the number of dispersing females per 

nest (LMM: χ2 = 263.39, df = 3, p < 0.001). In all treatments (‘control’, ‘garden 

pathogen’ and ‘entomopathogen’) disperser counts were lower than in the 

reference nests (EMM: all contrasts p < 0.001, SM Tab. S6). After excluding the 

‘F0’ generation before the treatment, number of dispersers significantly 

increased from the first to the second/third generation in all treatments (Fig. 3; 

SM Tab. S7). In control nests the disperser number increased even further in 

the third generation (Fig. 3; SM Tab. S7).  

 

 

Figure 2: Number of adult female dispersers in relation to treatment and consecutive generations. 
(A) Comparison of treatments of disperser numbers over all generations. (B) Separate comparison of 
consecutive generations within the treatments. Boxplots with median, two hinges, two whiskers and all 
"outlying" points are visualised; different letters above boxplots denote significant differences (p < 0.05; 
Tukey’s test). 

 

The timing of the first female emergence got earlier every consecutive 

generation (LMM: χ2 = 91.53, df = 2, p < 0.001; Fig. 4; SM Tab. S7), but this 

effect was not affected by treatment (SM Tab. S6). Further, we could not find a 

on philopatry (i.e. the period between the first hatched adult female until the first 

dispersal) (LMM: χ2 = 6.05, df = 3, p = 0.109; SM Tab. S6), though the inclusion 

of generations exposed an interaction (LMM: χ2 = 7.28, df = 2, p = 0.026; SM 
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Tab. S7) in nests treated with the entomopathogen. Females of the ‘F3’ 

generation in these nests stayed on average 1-2 days longer inside (EMM: df = 

479, t = -2.9, p = 0.004). 

 

Figure 3: Timing of first adult female emergence in relation to treatment and consecutive 
generations. (A) Comparison of treatments for development time to first emerged female across all 
generations. (B) Separate comparison of consecutive generations within the treatments. Boxplots with 
median, two hinges, two whiskers and all "outlying" points are visualised; different letters above boxplots 
denote significant differences (p < 0.05; Tukey’s test). 

 

 

Figure 4: Philopatry of adult females in relation to treatment and consecutive generations. (A) 
Comparison of treatments for period from first emerged female to first dispersing female over all 
generations. (B) Separate comparison of consecutive generations within the treatments. Boxplots with 
median, two hinges, two whiskers and all "outlying" points are visualised; different letters above boxplots 
denote significant differences (p < 0.05; Tukey’s test). 
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The development time from first larva to first emerged female in nests was 

marginal significant between treatments (LMM: χ2 = 7.31, df = 3, p = 0.063; SM 

Tab. S6). The post-hoc test identified a shorter period for entomopathogen-

treated nests in contrast to ‘control’ nests (EMM: df = 296, t = 2.64, p = 0.044; 

Fig. 6; SM Tab. S6). Taking the generations into account, we found an 

interaction of treatment and generation (LMM: χ2 = 9.77, df = 4, p = 0.045; SM 

Tab. S6 + S7). Periods increased in the third generation of ‘control’ nests 

(EMM: ‘F1 vs. F3’: df = 864, t = -2.34, p = 0.051; ‘F2 vs. F3’: df = 864, t = -4.44, 

p = <0.001; Fig. 6;  SM Tab. S7), whereas the development time was shorter in 

the entomopathogen-treated nests of the ‘F2’ generation in contrast to the ‘F1’ 

and ‘F3’ generation (EMM: ‘F1 vs. F2’: df = 864, t = 2.95, p = 0.009; ‘F2 vs. F3’: 

df = 864, t = -4.52, p = 0.032; Fig.6; SM Tab. S7). In nests treated with the 

garden pathogen the development time was not affected (Fig. 6, SM Tab. S7). 

 

 

Figure 5: Development time from first larva till first emerging female in relation to treatment and 
consecutive generations. (A) Comparison of treatments for period from first larva to first emerged female 
over all generations. (B) Separate comparison of consecutive generations within the treatments. Boxplots 
with median, two hinges, two whiskers and all "outlying" points are visualised; different letters above 
boxplots denote significant differences (p < 0.05; Tukey’s test). 
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b) Behavioural observations 

For the analysis of the behaviours by larvae and females, we focused on the 

comparison of generations within each treatment. As a reference, we included the 

‘F0’-data of untreated nests. Except for the larvae, who did not change their 

abundance of hygienic behaviours in nests injected with the entomopathogen 

(GLMM: χ2 = 5.30, df = 3, p = 0.151; Fig. 7; SM Tab. S8), all behaviours differed 

significantly between the generations (SM Tab. S8).  

Post-hoc contrasts of larval hygienic behaviours resulted in a significant reduction 

from a median of 40% in the reference to 30% in the ‘F1’ and ‘F2’ generation of the 

‘control’ and ‘garden pathogen’ group. The hygienic actions increased again in the 

‘F3’ generation (Fig. 7A+B; Tab. 3). Larvae in the ‘entomopathogen’ group showed 

a stable amount of hygienic behaviours throughout the generations (Fig. 7C; Tab. 

3). Females behaved in a similar manner and showed a decrease of hygienic 

activity in the ‘F1’ generation from originally a median of 35% to 25% in the ‘control’ 

nests, which persisted in the following generation and increased a little again in the 

‘F3’ generation (Fig. 7D; Tab. 3). In ‘garden pathogen’ and ‘entomopathogen’ nests 

the hygienic behaviours decreased even up to a median of 20% (Fig. 7E+F; Tab. 

3). While the behaviour of females in the entomopathogen-treated nests returned to 

the reference level in the third generation, those who were confronted with the 

garden pathogen already showed a slight increase in hygienic behaviour in the 

second generation. Still, they did not reach the level of the reference nests (Fig. 

7E+F; Tab. 3). 

Overall, larvae were quite active after the injection of the treatments. They only 

rested during the observed time with a median frequency of 10%, which decreased 

significantly in the third generation for all treatments (Fig. 8A-C; Tab. 3). Females, 

in turn, were already more resting in the untreated nests (median of 25%) than 

larvae and showed increased quiescence after injection of the treatments (around 

50%). They got more active again in the third generation in ‘control’ and 

‘entomopathogen’ nests, whereas ‘garden pathogen’ nests already showed an 

adaptation in the second generation (Fig. 8D-F; Tab. 3). 

Feeding behaviour was expressed differently in larvae (median 45%) and females 

(median 25%). While larvae were seen feeding more frequently after injection of 
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the treatments, this behaviour was reduced in adult females. Further, larvae kept 

feeding more, even though it decreased a bit in ‘control’- and ‘entomopathogen’-

treated nests in the ‘F2’ generation. However, the behaviour increased intensified 

again (60%) in the presence of the entomopathogen in the third generation (Fig. 

7C; Tab. 3). Females reduced their feeding activity in the ‘control’ and ‘garden 

pathogen’ group during the first and second generation with treatment, but turned it 

up again in the third (Fig. 7D+E; Tab. 3). Confronted to the entomopathogen, they 

reduced their feeding activity, too, and raised it a little afterwards. Withal, there was 

no longer a significant difference, neither between the reference nor towards the 

first generation (Fig. 7F; Tab. 3). 

The Spearman’s rank correlation of total disperser count and hygienic behaviours 

performed by larvae or females revealed a positive correlation of larval hygienic 

behaviours with the disperser count for the ‘control’ (R = 0.38, p < 0.001) and 

‘garden pathogen’ treatment (R = 0.34, p < 0.001). This correlation disappeared in 

the ‘entomopathogen’ treatment (R = 0.002, p = 0.987). 

Female’ hygienic behaviour did not correlate in all treatments (SM Tab. S10). 
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Figure 6: Distribution of the percentage of hygienic behaviours (cleaning, shuffling, grooming & 
cannibalism) in larvae (top) and females (bottom) divided by the three treatments. (A & D) Starting 
with the ‘F1’ generation, nests were injected with the ‘control’ (Tween 20/PBS) solution one day prior to the 
start of observations. (B & E) Starting with the ‘F1’ generation, nests were injected with the ‘garden 
pathogen’ (Aspergillus) solution one day prior to the start of observations. (C & F) Starting with the ‘F1’ 
generation, nests were injected with the ‘entomopathogen’ (Beauveria) solution one day before the start of 
observations. Boxplots with median, two hinges, two whiskers and all "outlying" points are visualised; 
different letters above boxplots denote significant differences (p < 0.05; Tukey’s test). 
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Table 3: Statistical summary of post-hoc tests of the generalized linear mixed-effect models of 
observed nest behaviours. Each treatment (‘control’, ‘garden pathogen’ and ‘entomopathogen’) was 
tested for changes across generations. Data of the ‘F0’ generation (‘reference’ group) served as reference. 
The summary of the ANOVAs of the models is in the Supplementary Material Tab. S8. 

 control garden pathogen entomopathogen 

hygienic 
larvae    

contrast SE z p SE z p SE z p 

F0 – F1 0.070 3.892 0.001 0.071 3.058 0.012 0.081 2.259 0.108 

F0 – F2 0.069 5.325 <0.001 0.076 3.959 <0.001 0.146 1.089 0.696 

F0 – F3 0.068 -0.104 1.00 0.069 -1.032 0.731 0.111 1.350 0.531 

F1 – F2 0.067 1.390 0.505 0.075 1.106 0.686 0.140 -0.166 0.998 

F1 – F3 0.067 -4.190 <0.001 0.069 -4.182 <0.001 0.104 -0.305 0.990 

F2 – F3 0.066 -5.706 <0.001 0.074 -5.024 <0.001 0.144 -0.058 1.00 

females          

contrast SE z p SE z p SE z p 

F0 – F1 0.119 4.263 <0.001 0.110 6.542 <0.001 0.116 5.270 <0.001 

F0 – F2 0.121 3.812 0.001 0.117 4.204 <0.001 0.202 2.834 0.024 

F0 – F3 0.120 1.859 0.246 0.113 3.587 0.002 0.151 -0.171 0.998 

F1 – F2 0.112 -0.416 0.976 0.114 -1.994 0.190 0.199 -0.192 0.998 

F1 – F3 0.113 -2.518 0.057 0.108 -2.907 0.019 0.148 -4.302 <0.001 

F2 – F3 0.112 -2.129 0.144 0.114 -0.775 0.866 0.222 -2.696 0.035 

resting 

larvae          

contrast SE z p SE z p SE z p 

F0 – F1 0.247 0.469 0.966 0.258 0.974 0.764 0.204 1.791 0.278 

F0 – F2 0.250 -0.638 0.920 0.278 0.335 0.987 0.370 0.310 0.990 

F0 – F3 0.274 7.357 <0.001 0.280 5.822 <0.001 0.303 5.512 <0.001 

F1 – F2 0.233 -1.179 0.640 0.257 -0.615 0.927 0.363 -0.689 0.901 

F1 – F3 0.258 7.353 <0.001 0.257 5.361 <0.001 0.293 4.470 <0.001 

F2 – F3 0.252 8.627 <0.001 0.263 5.825 <0.001 0.412 3.781 0.001 

females          

contrast SE z p SE z p SE z p 

F0 – F1 0.246 0.487 0.962 0.094 -13.428 <0.001 0.102 -10.754 <0.001 

F0 – F2 0.248 -0.653 0.915 0.101 -7.610 <0.001 0.175 -6.237 <0.001 

F0 – F3 0.271 7.422 <0.001 0.097 -5.592 <0.001 0.137 -0.926 0.791 

F1 – F2 0.233 -1.207 0.623 0.096 5.226 <0.001 0.171 0.018 1.00 

F1 – F3 0.257 7.342 <0.001 0.091 7.984 <0.001 0.132 7.357 <0.001 

F2 – F3 0.252 8.631 <0.001 0.096 2.347 0.088 0.194 4.978 <0.001 

feeding 

larvae          

contrast SE z p SE z p SE z p 

F0 – F1 0.062 -6.556 <0.001 0.067 -5.659 <0.001 0.069 -5.765 <0.001 

F0 – F2 0.062 -3.923 0.001 0.071 -3.512 0.003 0.123 -0.803 0.853 

F0 – F3 0.061 -6.846 <0.001 0.067 -5.262 <0.001 0.090 -6.595 <0.001 

F1 – F2 0.059 2.740 0.031 0.070 1.793 0.276 0.122 2.424 0.073 

F1 – F3 0.058 -0.186 0.998 0.065 0.392 0.980 0.089 -2.233 0.114 

F2 – F3 0.057 -3.036 0.013 0.069 -1.448 0.469 0.136 -3.653 0.002 

females          

contrast SE z p SE z p SE z p 

F0 – F1 0.123 4.236 <0.001 0.121 5.375 <0.001 0.140 4.212 <0.001 

F0 – F2 0.122 3.122 0.010 0.127 3.294 0.006 0.243 1.910 0.224 

F0 – F3 0.122 0.535 0.951 0.119 -0.849 0.831 0.183 0.755 0.875 

F1 – F2 0.116 -1.231 0.607 0.125 -1.829 0.260 0.240 -0.523 0.954 

F1 – F3 0.117 -3.913 0.001 0.117 -6.432 <0.001 0.179 -2.520 0.057 

F2 – F3 0.115 -2.733 0.032 0.124 -4.215 <0.001 0.268 -1.218 0.615 
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Figure 7: Distribution of the percentage of resting behaviour in larvae (top) and females (bottom) 
divided by the three treatments. (A & D) Starting with the ‘F1’ generation, nests were injected with the 
‘control’ (Tween 20/PBS) solution one day prior to the start of observations. (B & E) Starting with the ‘F1’ 
generation, nests were injected with the ‘garden pathogen’ (Aspergillus) solution one day prior to the start 
of observations. (C & F) Starting with the ‘F1’ generation, nests were injected with the ‘entomopathogen’ 
(Beauveria) solution one day before the start of observations. Boxplots with median, two hinges, two 
whiskers and all "outlying" points are visualised; different letters above boxplots denote significant 
differences (p < 0.05; Tukey’s test). 
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Figure 8: Distribution of the percentage of feeding behaviour in larvae (top) and females (bottom) 
divided by the three treatments. (A & D) Starting with the ‘F1’ generation, nests were injected with the 
‘control’ (Tween 20/PBS) solution one day prior to the start of observations. (B & E) Starting with the ‘F1’ 
generation, nests were injected with the ‘garden pathogen’ (Aspergillus) solution one day prior to the start 
of observations. (C & F) Starting with the ‘F1’ generation, nests were injected with the ‘entomopathogen’ 
(Beauveria) solution one day before the start of observations. Boxplots with median, two hinges, two 
whiskers and all "outlying" points are visualised; different letters above boxplots denote significant 
differences (p < 0.05; Tukey’s test). 

 

a) Bacterial and fungal communities 

Altogether, eight bacterial classes were detected in higher relative abundances 

across disperser samples. Among these were Actinobacteria, Bacilli, Clostridia, 

Deinococci, Flavobacteriia, Alphaproteobacteria, Betaproteobacteria and 

Gammaproteobacteria (>0.5% total mean RA; Fig. 10A). The most abundant 

class, Gammaproteobacteria, comprised ASVs of Pseudoxanthomonas (mean 

+ s.d. = 25.24% ± 20.22 RA), Erwinia (23.64% ± 25.61), Acinetobacter (4.39% ± 

10.21), Pseudomonas (3.29% ± 7.14), Serratia (1.44% ± 6.37), Yersinia (0.88% 

± 3.5), Gilliamella (1.06% ± 2.41), Enhydrobacter (0.79% ± 1.0) and 

Azotobacter (2.45% ± 6.99). Betaproteobacteria were mostly represented by 

Ralstonia (4.44% ± 5.37), Undibacterium (4.85% ± 6.12), Hydrogenophilus 

(0.71% ± 1.11), Comamonas (1.0% ± 2.58) and Massilia (0.6% ± 0.87). 

Alphaproteobacteria were dominated by Brucella (4.22% ± 7.53). Actinobacteria 

were represented by the genus Arthrobacter (0.53% ± 3.61). Lastly, Bacilli were 
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found by Staphylococcus (2.71% ± 4.92) and Anoxybacillus (0.76% ± 1.37). 

Single ASVs in the classes of Clostridia (0.58% ± 1.3), Deinococci (0.64% ± 

1.19) and Flavobacteriia (0.97% ± 1.15) did not reach the threshold of <0.5% 

total mean RA. 

Fungus garden samples covered three classes which were recovered in higher 

abundances (Fig. 10B). The most dominant class here was again the 

Gammaproteobacteria with its high abundant Pseudoxanthomonas (47.85% ± 

20.07), Pseudomonas (0.92% ± 4.48), Serratia (2.44% ± 9.69) and Erwinia 

(26.76% ± 23.92). Alphaproteobacteria were represented by Brucella (15.34% ± 

21.38), Bradyrhizobium (1.76% ± 4.41) and Methylobacterium (2.51% ± 6.06). 

We also found Actinobacteria in an abundance of 0.55% (± 1.4) total mean RA.  

The analyses of the dispersing females yielded seven high abundant fungal 

orders. Among these were Ophiostomatales, Sordariales, Eurotiales, 

Capnodiales, Pleosporales, Hypocreales and Togniniales (>0.5% mean RA; 

Fig. 10C). The highest relative abundance came from the Chaetomium 

(Sordariales; 62.87% ± 33.04). Followed by the order Ophiostomatales with the 

ambrosia fungus Raffaelea (15.53% ± 19.74).  Eurotiales were represented by 

Aspergillus (2.59% ± 6.68), Penicillium (3.07% ± 7.10) and Talaromyces (0.89% 

± 5.54). Other ASVs with a relative abundance greater than 0.5% total mean RA 

were Phaeoacremonium (Togniniales; 3.54% ± 10.82), Epicoccum 

(Pleosporales; 2.09% ± 7.75), Cladosporium (Capnodiales; 1.07% ± 5.04) and 

Beauveria (Hypocreales; 6.42 % ± 21.78).  

Less diversity was found in the fungus garden nest samples. Here, we detected 

five higher abundant fungal orders (Fig. 10D). Again, the orders Eurotiales, 

Hypocreales, Ophiostomatales, Sordariales and Togniniales were found. Most 

abundant ASVs were Chaetomium (42.97% ± 37.02), Phaeoacremonium 

(31.94% ± 35.09), Beauveria (16.25% ± 28.52), Raffaelea (1.61% ± 9.47), 

Aspergillus (0.81% ± 2.56) and Penicillium (1.52% ± 5.84).  

Detailed information on mean and s.d. of ASVs split into the treatments, as well 

as generations for fungus garden microbiomes, are listed in the Supplementary 

Material (Tab. S1 – S4). 
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Figure 9: Relative abundance of symbiont taxa in disperser and fungus gardens in relation to the 
applied treatments and generations of X. saxesenii nests. Community of bacterial (A, B) and fungal 
genera (C, D) in the F0 and F3 generation of dispersing females (A, C) and fungus gardens across all 
generations (B, D) with a relative abundance of at least 0.5% (all else is combined in “others”).  

 

 

Discussion 

 
Influence of pathogen pressure on the breeding and life-history of X. saxesenii 

Overall, we observed a significant reduction in the numbers of adult female 

dispersers after injection compared to the reference group. Furthermore, the 

numbers varied depending on the treatment, with the greatest impact observed 

in the nests treated with the entomopathogen. The lineages appeared to 

recover from the disturbance within one generation, though differences among 

the treatments persisted. The strongest recovery over generations was 

observed in the control lines. The colonies also entered a diapause after the 
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first treatment. During this period, early developmental stages are more 

vulnerable, with mostly adults being able to survive (Weber and Mcpherson 

1983). It is a natural occurrence, affecting every second or third generation in 

wild X. saxesenii populations (Hosking 1972). Therefore, the results from this 

scenario provide a valuable insight into the effect of these treatments under 

natural conditions. However, it is important to note that diapause might have 

further stressed the offspring and resulted in additional losses due to low 

temperatures. 

The emergence of first females occurred earlier with each generation, 

regardless of the treatment applied. This suggests that this phenomenon is a 

general adaptation that occurs in connection with laboratory breeding. The 

availability of easily accessible nutrients allows the food fungi to grow quickly, 

which in turn can promote the development of the beetles. Interestingly, the 

residence time of mature females in their nests was extended by 1-2 days in the 

third generation of entomopathogen-treated nests. One possible explanation for 

this could be an adaptation to the required need for help as a result of repeated 

infection. This is another strategy for coping with the threat, as after the first 

injection with Beauveria, the development phase between larvae and adult 

females was shorter. Bark beetles are known to adapt their development speed 

and final size to adverse food conditions (e.g. Kajimura and Hijii 1994). 

However, it should be noted that the number of generations tested in this 

experiment is not conclusive in this regard and variations in life-history traits 

may manifest themselves with a higher number of generations. The beetle's 

reactions to pathogenic pressure on its survival may follow a process, where a 

temporary adjustment involves reducing the period of early life stages, and over 

the long term, social behaviours (primarily hygienic behaviours in this instance) 

may manifest as a general adaptation (Fig. 6F). Based on the results of our 

experimental period, life-history traits do not appear to be affected by the 

garden pathogens. Other studies have suggested that females have the ability 

to adjust their dispersal timing, especially under the influence of pathogens 

(Peer and Taborsky 2007; Nuotclà et al. 2019). 
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Behavioural adaptation of larvae and freshly emerged adult females 

Behavioural observations did not reveal the expected extent of increased 

hygienic measures in response to pathogen exposure. Hygienic behaviours and 

feeding already constitute a significant proportion larvae’s activity. Larval 

individuals were only inactive and resting in the brood chambers in 10% of the 

total observed time. This limits their ability to respond to unexpected situations, 

such as encountering a sudden increase of pathogens. In principle, larvae 

intensified their feeding behaviour slightly after the treatment, which could be 

due to a higher energy demand. However, we only observed a significant 

increase in this behaviour when the entomopathogen was introduced. In this 

context, we speculate that weeding played a role in reducing the spore load and 

limiting the spread of infection within the nest. 

Females, on the other hand, showed an overall higher proportion of resting 

behaviour (~25%), which doubled after injection. Again, behavioural adaptation 

seems to take its time, since in the following generations females and larvae 

increased their overall activity and their relative amount of hygienic behaviours, 

in particular in galleries treated with the garden pathogen (Fig. 6). An increased 

proportion of allo-grooming and cannibalism behaviour has already been 

observed in females of X. saxesenii by Nuotclà et al. (2019). Here, the reaction 

occurred immediately after the treatment, but unlike our attempt, nests were 

observed before and after the injection, allowing a direct comparison of the 

nests. Interestingly, buffer solutions caused a reaction in females, as well 

(Nuotclà et al. 2019). In all treatment groups, females increased beyond 

hygienic behaviours, the proportion of feeding with advancing generations. 

Here, we would like to emphasize that the feeding behaviour of the beetles 

cannot be separated from weeding of the fungus garden by the observer. 

Therefore, it is possible that the adult's reaction to pathogens (‘pathogen 

elimination’) is also present in this context.  

In our experiment, larvae appear to take over a greater proportion of social 

behaviours, especially in this specific period of nest development. The impact of 

larval hygienic activity for the success of the nest is supported by its positive 

correlation with the number of dispersing offspring. We expect a change in 

responsibilities in nests with older females who delayed their dispersal with the 



Chapter 3 – Response to pathogen pressure 

 

89 

intention to help. The study by Nuotclà et al. (2019) could detect an increase of 

allo-grooming frequencies of adult females with higher numbers of females 

within the brood chamber, which supports our theory. Here, females freshly 

emerged from their pupal stage and need to fully sclerotize before being able to 

take over all tasks. Furthermore, these young females are mostly involved in 

copulation and feeding in their first days, which later changes towards more 

philopatric behaviours (personal observation). We decided not to do the 

injection and observations at a later time, as we were interested in the 

behaviour of both larvae and adults and wanted to avoid a start of female 

dispersal during this five-day observation period (first dispersers were already 

seen 3-5 days later; personal observations). 

Keeping the habitat and lifestyle of ambrosia beetles in mind, there is a clear 

difference between this taxon and fungus-farming ants and termites. While ants 

and termites are forced to leave their nests and forage for plant material to 

nourish the fungus gardens, ambrosia beetles live in a closed environment 

inside the wood, with the foundress blocking the entrance (Nuotclà et al. 2014). 

The chances of a sudden introduction of a severe threat are thereby relatively 

low, compared to the nests of social insects. Therefore, it is reasonable for us to 

assume that the response to pathogen pressure associated with this substrate-

based lifestyle is delayed and occurs in the long term, recognizing the costs. 

Only under recurring pathogen pressure, adaptation is beneficial and worth 

being manifested. This could explain the reaction towards the entomopathogen. 

For the garden pathogen, Aspergillus sp., one can argue that X. saxesenii is 

already well adapted and shows a high proportion of social and, therefore, also 

hygienic behaviours. 

 

Impact of pathogens on the microbiome of dispersing females and the fungus 

garden community 

Microbial community analysis of dispersers and fungus garden material showed 

that beetles are associated with more bacterial taxa than we can recover in their 

nests (Fig. 9 A+B). A comparison of both communities helps us disentangle 

which potential candidate bacteria is helpful in the context of fungus garden 

maintenance. The two dominant classes of fungus gardens are Alpha- and 
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Betaproteobacteria. Previous studies already identified these as important 

symbiont groups in association with ambrosia beetles. While Diehl et al. (2022; 

under review) found Pseudoxanthomonas and Erwinia to be the main 

symbionts, bacterial communities in treated nests had a higher relative 

abundance of the Alphaproteobacteria Brucella, Rhizobium and 

Methylobacterium. The role of these in relation to ambrosia beetles is still 

unknown. Brucellosis is a common disease in animals, but insects are not 

affected in the same manner, with studies mostly finding them to serve as a 

vector for their primary hosts (cf. Coelho et al. 2015; Spickler 2018). The 

chances the detected ASV could function as a secondary pathogen in relation 

to an artificial disturbance by an injection are rather unlikely. If and which 

function they may have, is a question for future studies. 

Fungal communities, too, differed between dispersers and gardens. While the 

communities of ‘reference’ and ‘control’ females were very alike, pathogen-

infected females were associated with multiple fungal taxa (Fig. 9C). Of course, 

the injected candidates were recovered, too. The relative abundance of the food 

fungus Raffaelea was low (15-20% mean RA), but still present, allowing beetles 

to successfully found a new nest. In fungus gardens, the biggest proportion of 

the community were antagonist fungi, such as Chaetomium and 

Phaeoacremonium. This is not unexpected, since the galleries were only 

sampled after the last females had left, which left the garden in a 

correspondingly poor condition. Chaetomium is a well-known contaminant in 

laboratory bred X. saxesenii nests, increasing in abundance in late nest 

development and beetle’s absence (Diehl, Kowallik, et al. 2022; Diehl et al. 

under review). Phaeoacremonium, on the other hand, was detected in this high 

relative abundance in our laboratory breeding for the first time. This genus is 

associated with wood decay symptoms on trees like Prunus or stone fruit trees 

(Damm et al. 2008) and might be another antagonistic fungus succeeding the 

crop fungi. It can be frequently isolated from diseased grapevines, but Halleen 

et al. (2007) assumed that the fungus cannot be able to cause the disease on 

its own and rather needs the synergism with other fungi to harm the plant. 

Our results presented evidence of successful infection of the brood chambers 

with the injected pathogen. Interestingly, the relative abundance of the 
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entomopathogen is higher than the garden pathogen (SM Tab. S4). We 

interpret this finding as proof of a successful response by the beetles to protect 

their crop. Some samples of galleries and dispersers in the ‘control’ and ‘garden 

pathogen’ groups contained DNA of Beauveria, as well. All treatment groups 

were bred together in racks over the whole experiment to guarantee blind 

testing. Therefore, we cannot exclude a potential for cross-contamination during 

the experimental period. Though B. bassiana can be easily cultivated on agar 

medium, it is naturally restricted to insect hosts. Here, it grows on cadavers and 

produces large numbers of spores that can only be vectored and start 

germinating in contact with insect bodies (Walstad et al. 1970; Doberski and 

Tribe 1980). Although the experiment was carried out with reasonable 

consideration to hygiene conditions, we cannot rule out the possibility that some 

of these spores could accidentally infect neighbouring nests.  

Our side study on the fungal lethality revealed that a concentration of 107 

spores/ml had the highest hazard ratios for both fungi in X. saxesenii (SM Fig. 

S4 + S5). Due to physical contact with other nestmates, a higher survival rate 

within the brood chambers can be expected. Infected individuals had the 

opportunity to receive grooming from others and were under a lower stress level 

compared to those in isolated situations (cf. Kohlmeier et al. 2016). As observed 

in the experiment with individuals, a distinct difference between the pathogens 

in the nests was also apparent, with a significantly greater number of 

successfully dispersed females present after exposure to the garden pathogen 

in comparison to the entomopathogen. 

 

Conclusion 

The study examined the effect of pathogen pressure on the breeding and life 

history of the ambrosia beetle X. saxesenii. The results showed a significant 

reduction in the number of adult female dispersers after injection, with the 

greatest impact observed in the nests treated with the entomopathogen. 

However, the lineages recovered from the disturbance within one generation, 

and the emergence of first females occurred earlier with each generation 

regardless of the treatment applied. Behavioural observations revealed that 
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larvae invest a high percentage of their activity into hygienic behaviours and 

feeding. On the other hand, females showed an overall higher proportion of 

resting behaviour and increased their relative amount of hygienic behaviours 

and feeding with advancing generations. Overall, larvae appear to take over the 

greater proportion of social behaviours, with the impact of larval hygienic activity 

supporting the success of the nest. The study provides valuable insights into the 

response of ambrosia beetles to pathogen pressure. This response is complex 

and involves multiple factors, including life-history traits, behavioural 

adaptations and microbial defences, indicating a process of adjustment that can 

lead to long-term behavioural adaptations. The results of our study open up new 

perspectives on previously existing theories, such as the involvement of 

pathogens in social evolution, or the adaptation of developmental stages and 

survival after confrontation with pathogens. Our interpretations require detailed 

verification in follow-up studies focusing on the individual trade-offs we 

observed. We found that this group of fungus-farmers is able to assess the 

danger they face and take action. Interestingly, these measures appear to differ 

from previous social insect responses. Understanding this multimodal 

framework of responses demands equal consideration to all aspects of 

individual and social immune responses, as well as changes in the 

environment. 



Chapter 3 – Response to pathogen pressure 

 

93 

References 

Batra LR, Michie MD. 1963. Pleomorphism in some ambrosia and related fungi. 
Trans Kansas Acad Sci. 66(3):470–481. doi:10.2307/3626545. 
http://www.jstor.org/stable/3626545. 

Batra LRR. 1966. Ambrosia fungi: extent of specificity to ambrosia beetles. 
Science. 153(3732):193–195. doi:10.1126/science.153.3732.193. 
http://www.sciencemag.org/content/153/3732/193.short. 

Biedermann PHW. 2014. Evolution of cooperation in ambrosia beetles. 
Mitteilungen der Dtsch Gesellschaft für Allg und Angew Entomol. 19:191–201. 

Biedermann PHW, Currie CR. Mechanisms of fungus gardening in ambrosia 
beetles. University of Bern. 

Biedermann PHW, Klepzig KD, Taborsky M. 2011. Costs of delayed dispersal 
and alloparental care in the fungus-cultivating ambrosia beetle Xyleborus affinis 
Eichhoff (Scolytinae: Curculionidae). Behav Ecol Sociobiol. 65(9):1753–1761. 
doi:10.1007/s00265-011-1183-5. http://link.springer.com/10.1007/s00265-011-
1183-5. 

Biedermann PHW, Rohlfs M. 2017. Evolutionary feedbacks between insect 
sociality and microbial management. Curr Opin Insect Sci. 22:92–100. 
doi:10.1016/j.cois.2017.06.003. http://dx.doi.org/10.1016/j.cois.2017.06.003. 

Biedermann PHW, Taborsky M. 2011. Larval helpers and age polyethism in 
ambrosia beetles. Proc Natl Acad Sci. 108(41):17064–17069. 
doi:10.1073/pnas.1107758108. 
http://www.pnas.org/cgi/doi/10.1073/pnas.1107758108. 

Biedermann PHW, Vega FE. 2020. Ecology and evolution of insect-fungus 
mutualisms. Annu Rev Entomol. 65:431–455. doi:10.1146/annurev-ento-
011019-024910. 

Caporaso JG, Lauber CL, Costello EK, Berg-Lyons D, Gonzalez A, Stombaugh 
J, Knights D, Gajer P, Ravel J, Fierer N, et al. 2011. Moving pictures of the 
human microbiome. Genome Biol. 12(5):R50. doi:10.1186/gb-2011-12-5-r50. 
http://genomebiology.com/2011/12/5/R50. 

Cardoza YJ, Klepzig KD, Raffa KF. 2006. Bacteria in oral secretions of an 
endophytic insect inhibit antagonistic fungi. Ecol Entomol. 31(6):636–645. 
doi:10.1111/j.1365-2311.2006.00829.x. 

Castrillo LA, Griggs MH, Ranger CM, Reding ME, Vandenberg JD. 2011. 
Virulence of commercial strains of Beauveria bassiana and Metarhizium 
brunneum (Ascomycota: Hypocreales) against adult Xylosandrus germanus 
(Coleoptera: Curculionidae) and impact on brood. Biol Control. 58(2):121–126. 
doi:10.1016/j.biocontrol.2011.04.010. 
http://dx.doi.org/10.1016/j.biocontrol.2011.04.010. 



Chapter 3 – Response to pathogen pressure 

 

94 

Castrillo LA, Griggs MH, Vandenberg JD. 2013. Granulate ambrosia beetle, 
Xylosandrus crassiusculus (Coleoptera: Curculionidae), survival and brood 
production following exposure to entomopathogenic and mycoparasitic fungi. 
Biol Control. 67(2):220–226. doi:10.1016/j.biocontrol.2013.07.015. 
http://dx.doi.org/10.1016/j.biocontrol.2013.07.015. 

Chapuisat M, Oppliger A, Magliano P, Christe P. 2007. Wood ants use resin to 
protect themselves against pathogens. Proc R Soc B Biol Sci. 274(1621):2013–
2017. doi:10.1098/RSPB.2007.0531. 
https://royalsocietypublishing.org/doi/10.1098/rspb.2007.0531. 

Christe P, Oppliger A, Bancalà F, Castella G, Chapuisat M. 2003. Evidence for 
collective medication in ants. Ecol Lett. 6(1):19–22. doi:10.1046/J.1461-
0248.2003.00395.X. https://onlinelibrary.wiley.com/doi/full/10.1046/j.1461-
0248.2003.00395.x. 

Coelho AC, Díez JG, Coelho AM. 2015. Risk Factors for Brucella spp. in 
Domestic and Wild Animals. In: Updates on Brucellosis. IntechOpen. 
https://www.intechopen.com/state.item.id. 

Costa JT. 2006. The other insect societies. Cambridge, Massachusetts and 
London, England: The Belknap Press of Havard University Press. 
www.hup.harvard.edu/catalog.php?isbn=9780674021631. 

Cote IM, Poulin R. 1995. Parasitism and group size in social animals: a meta-
analysis. Behav Ecol. 6(2):159–165. doi:10.1093/BEHECO/6.2.159. 
https://academic.oup.com/beheco/article/6/2/159/184622. 

Cremer S, Armitage SAO, Schmid-Hempel P. 2007. Social immunity. Curr Biol 
CB. 17(16):R693-702. doi:10.1016/j.cub.2007.06.008. 
http://www.ncbi.nlm.nih.gov/pubmed/17714663. 

Cremer S, Pull CD, Fürst MA. 2018. Social Immunity: Emergence and Evolution 
of Colony-Level Disease Protection. https://doi.org/101146/annurev-ento-
020117-043110. 63:105–123. doi:10.1146/ANNUREV-ENTO-020117-043110. 
https://www.annualreviews.org/doi/abs/10.1146/annurev-ento-020117-043110. 

Currie CR, Scott JA, Summerbell RC, Malloch D. 1999. Fungus-growing ants 
use antibiotic-producing bacteria to control garden parasites. Nature. 
398(6729):701–704. doi:10.1038/19519. https://www.nature.com/articles/19519. 

Currie CR, Stuart AE. 2001. Weeding and grooming of pathogens in agriculture 
by ants. Proc R Soc London Ser B Biol Sci. 268(1471):1033–1039. 
doi:10.1098/rspb.2001.1605. 
https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2001.1605. 

Damm U, Mostert L, Crous PW, Fourie PH. 2008. Novel Phaeoacremonium 
species associated with necrotic wood of Prunus trees. Persoonia Mol 
Phylogeny Evol Fungi. 20:87–102. doi:10.3767/003158508X324227. 

Davis NM, Proctor DiM, Holmes SP, Relman DA, Callahan BJ. 2018. Simple 
statistical identification and removal of contaminant sequences in marker-gene 
and metagenomics data. Microbiome. 6(1). doi:10.1186/S40168-018-0605-2. 



Chapter 3 – Response to pathogen pressure 

 

95 

Diehl-Fleig E, Lucchese MDP. 1991. Reações comportamentais de operárias 
de Acromyrmex striatus (Hymenoptera, Formicidae) na presença de fungos 
entomopatogênicos. Rev Bras Entomol. 35(1):101–107. 

Diehl JMC, Kassie D, Biedermann PHW. 2022. Friend or foe: Ambrosia beetle 
response to volatiles of common threats in their fungus gardens. 
bioRxiv.:2022.12.23.521835. doi:10.1101/2022.12.23.521835.. 
https://www.biorxiv.org/content/10.1101/2022.12.23.521835v1. 

Diehl JMC, Keller A, Biedermann PHW. Succession of ambrosia beetle 
microbial community structure throughout development in field and laboratory 
galleries. Front Microbiol. under review:1–22. 

Diehl JMC, Kowallik V, Keller A, Biedermann PHW. 2022. First experimental 
evidence for active farming in ambrosia beetles and strong heredity of garden 
microbiomes. Proc R Soc B Biol Sci. 289(1986). doi:10.1098/rspb.2022.1458. 
https://royalsocietypublishing.org/doi/10.1098/rspb.2022.1458. 

Doberski JW, Tribe HT. 1980. Isolation of entomogenous fungi from elm bark 
and soil with reference to ecology of Beauveria bassiana and Metarhizium 
anisopliae. Trans Br Mycol Soc. 74(1):95–100. doi:10.1016/S0007-
1536(80)80013-1. 

Edgar RC. 2018. Updating the 97% identity threshold for 16S ribosomal RNA 
OTUs. Bioinformatics. 34(14):2371–2375. doi:10.1093/bioinformatics/bty113. 

Fox J, Weisberg S. 2019. An R companion to applied regression. Thousand 
Oaks, CA: Sage Publications Inc. 

French JRJ, Roeper RA. 1972. Interactions of the ambrosia beetle, Xyleborus 
dispar (Coleoptera: Scolytidae), with its symbiotic fungus Ambrosiella hartigii 
(Fungi Imperfecti). Can Entomol. 104(10):1635–1641. doi:10.4039/Ent1041635-
10. 

Gilliam M, Taber S, Lorenz BJ, Prest DB. 1988. Factors affecting development 
of chalkbrood disease in colonies of honey bees, Apis mellifera, fed pollen 
contaminated with Ascosphaera apis. J Invertebr Pathol. 52(2):314–325. 
doi:10.1016/0022-2011(88)90141-3. 

Grubbs KJ, Surup F, Biedermann PHW, McDonald BR, Klassen JL, Carlson 
CM, Clardy J, Currie CR. 2020. Cycloheximide-producing Streptomyces 
associated with Xyleborinus saxesenii and Xyleborus affinis fungus-farming 
ambrosia beetles. Front Microbiol. 11(September):1–12. 
doi:10.3389/fmicb.2020.562140. 

Halleen F, Mostert L, Crous PW. 2007. Pathogenicity testing of lesser-known 
vascular fungi of grapevines. Australas Plant Pathol. 36(3):277–285. 
doi:10.1071/AP07019/METRICS. 
https://link.springer.com/article/10.1071/AP07019. 

Hosking GP. 1972. Xyleborus saxeseni, its life-history and flight behaviour in 
New Zealand. New Zeal J For Sci. 3(1):37–53. 



Chapter 3 – Response to pathogen pressure 

 

96 

Hulcr J, Stelinski LL. 2017. The ambrosia symbiosis: From evolutionary ecology 
to practical management. Annu Rev Entomol. 62(1):285–303. 
doi:10.1146/annurev-ento-031616-035105. 
http://www.annualreviews.org/doi/10.1146/annurev-ento-031616-035105. 

Ibarra-Juarez LA, Burton MAJ, Biedermann PHW, Cruz L, Desgarennes D, 
Ibarra-Laclette E, Latorre A, Alonso-Sánchez A, Villafan E, Hanako-Rosas G, et 
al. 2020. Evidence for succession and putative metabolic roles of fungi and 
bacteria in the farming mutualism of the ambrosia beetle Xyleborus affinis. 
mSystems. 5(5):e00541-00520. doi:10.1128/MSYSTEMS.00541-
20/ASSET/527FF6DB-D4E5-4920-8F5B-
3208E1531817/ASSETS/GRAPHIC/MSYSTEMS.00541-20-F0010.JPEG.. 
https://journals.asm.org/doi/abs/10.1128/mSystems.00541-20. 

Kajimura H, Hijii N. 1994. Reproduction and resource utilization of the ambrosia 
beetle, Xylosandrus mutilatus, in field and experimental populations. Entomol 
exp appl. 71:121–132. 

Kassambara A. 2020. ggpubr: “ggplot2” based publication ready plots. 
https://cran.r-project.org/package=ggpubr. 

Kohlmeier P, Holländer K, Meunier J. 2016. Survival after pathogen exposure in 
group-living insects: don’t forget the stress of social isolation! J Evol Biol. 
29(9):1867–1872. doi:10.1111/jeb.12916. 

Konrad M, Vyleta ML, Theis FJ, Stock M, Tragust S, Klatt M, Drescher V, Marr 
C, Ugelvig L V., Cremer S. 2012. Social transfer of pathogenic fungus promotes 
active immunisation in ant colonies. PLoS Biol. 10(4):e1001300. 
doi:10.1371/journal.pbio.1001300. 
http://dx.plos.org/10.1371/journal.pbio.1001300. 

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013. 
Development of a dual-index sequencing strategy and curation pipeline for 
analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. 
Appl Environ Microbiol. 79(17):5112–5120. doi:10.1128/AEM.01043-13. 

Krause J, Ruxton GD. 2002. Living in groups. Oxford Series in Ecology and 
Evolution. https://global.oup.com/academic/product/living-in-groups-
9780198508182?cc=de&lang=en&#. 

Lenth R V. 2021. emmeans: Estimated marginal means, aka least-squares 
means. https://cran.r-project.org/package=emmeans. 

Lüdecke D, Ben-Shachar MS, Patil I, Waggoner P, Makowski D. 2021. 
performance: An R package for assessment, comparison and testing of 
statistical models. J Open Source Softw. 6(60):3139. doi:10.21105/joss.03139. 
https://doi.org/10.21105/joss.03139. 

Mangiafico S. 2021. rcompanion: Functions to support extension education 
program evaluation. https://cran.r-project.org/package=rcompanion. 

Meunier J. 2015. Social immunity and the evolution of group living in insects. 
Philos Trans R Soc B Biol Sci. 370(1669):20140102–20140102. 



Chapter 3 – Response to pathogen pressure 

 

97 

doi:10.1098/rstb.2014.0102. 
http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.2014.0102. 

Van Meyel S, Körner M, Meunier J. 2018. Social immunity: why we should study 
its nature, evolution and functions across all social systems. Curr Opin Insect 
Sci. 28:1–7. doi:10.1016/J.COIS.2018.03.004. 

Myles TG. 2002. Alarm, aggregation, and defense by Reticulitermes flavipes in 
response to a naturally occurring isolate of Metarhizium anisopliae. 
Sociobiology. 40(2):243–255. 

Nuotclà JA, Biedermann PHW, Taborsky M. 2019. Pathogen defence is a 
potential driver of social evolution in ambrosia beetles. Proc R Soc B Biol Sci. 
286(20192332):1–9. doi:10.1098/rspb.2019.2332. 
https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2019.2332. 

Nuotclà JA, Diehl JMC, Taborsky M. 2021. Habitat quality determines dispersal 
decisions and fitness in a beetle – fungus mutualism. Front Ecol Evol. 9:1–15. 
doi:10.3389/fevo.2021.602672. 

Nuotclà JA, Taborsky M, Biedermann PHW. 2014. The importance of blocking 
the gallery entrance in the ambrosia beetle Xyleborinus saxesenii Ratzeburg 
(Coleoptera; Scolytinae). Mitteilungen der Dtsch Gesellschaft für Allg und 
Angew Entomol. 19:203–210. 

Otterstatter MC, Thomson JD. 2007. Contact networks and transmission of an 
intestinal pathogen in bumble bee (Bombus impatiens) colonies. Oecologia. 
154(2):411–421. doi:10.1007/S00442-007-0834-8. 
https://pubmed.ncbi.nlm.nih.gov/17713789/. 

Patterson JEH, Ruckstuhl KE. 2013. Parasite infection and host group size: a 
meta-analytical review. Parasitology. 140(7):803–813. 
doi:10.1017/S0031182012002259. https://pubmed.ncbi.nlm.nih.gov/23425516/. 

Pedrini N, Ortiz-Urquiza A, Huarte-Bonnet C, Fan Y, Juárez MP, Keyhani NO. 
2015. Tenebrionid secretions and a fungal benzoquinone oxidoreductase form 
competing components of an arms race between a host and pathogen. Proc 
Natl Acad Sci. 112(28):E3651–E3660. doi:10.1073/PNAS.1504552112. 

Peer K, Taborsky M. 2007. Delayed dispersal as a potential route to 
cooperative breeding in ambrosia beetles. Behav Ecol Sociobiol. 61(5):729–
739. doi:10.1007/s00265-006-0303-0. 

Pie MR, Rosengaus RB, Traniello JFA. 2004. Nest architecture, activity pattern, 
worker density and the dynamics of disease transmission in social insects. J 
Theor Biol. 226(1):45–51. doi:10.1016/j.jtbi.2003.08.002. 
https://pubmed.ncbi.nlm.nih.gov/14637053/. 

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. 2021. _nlme: Linear 
and nonlinear mixed effects models_. https://cran.r-project.org/package=nlme. 

Pražak R. 1991. Studies on indirect infection of Trypodendron lineatum Oliv. 
with Beauveria bassiana (Bals.) Vuill. J Appl Entomol. 111(1–5):431–441. 



Chapter 3 – Response to pathogen pressure 

 

98 

doi:10.1111/J.1439-0418.1991.TB00345.X. 
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1439-0418.1991.tb00345.x. 

Pražak RA. 1997. Laboratory Evaluation of Beauveria bassiana (Bals.) Vuill. 
(Deu-teromycotina: Hyphomycetes) against Trypodendron lineatum Oliv. 
(Coleoptera: Scolytidae). J Plant Dis Prot. 104(5):459–465. 
https://about.jstor.org/terms. 

 
R Core Team (2021). R: A language and environment for statistical computing. 

Rifkin JL, Nunn CL, Garamszegi LZ. 2012. Do animals living in larger groups 
experience greater parasitism? A meta-analysis. Am Nat. 180(1):70–82. 
doi:10.1086/666081. https://pubmed.ncbi.nlm.nih.gov/22673652/. 

Rosengaus RB, Jordan C, Lefebvre ML, Traniello JFA. 1999. Pathogen alarm 
behavior in a termite: A new form of communication in social insects. 
Naturwissenschaften 1999 8611. 86(11):544–548. 
doi:10.1007/S001140050672. 
https://link.springer.com/article/10.1007/s001140050672. 

Rosengaus RB, Traniello JFA. 2001. Disease susceptibility and the adaptive 
nature of colony demography in the dampwood termite Zootermopsis 
angusticollis. Behav Ecol Sociobiol. 50(6):546–556. 
doi:10.1007/s002650100394. https://www.jstor.org/stable/4602004. 

Royce LA, Rossignol PA, Burgett DM, Stringer BA. 1991. Reduction of tracheal 
mite parasitism of honey bees by swarming. Philos Trans R Soc London Ser B 
Biol Sci. 331(1260):123–129. doi:10.1098/RSTB.1991.0003. 
https://royalsocietypublishing.org/doi/10.1098/rstb.1991.0003. 

Schmid-Hempel P. 1998. Parasites in social insects. 60th ed. Princeton 
University Press. 

Scott JJ, Oh D-C, Yuceer MC, Klepzig KD, Clardy J, Currie CR. 2008. Bacterial 
protection of beetle-fungus mutualism. Science. 322(5898):63. 
doi:10.1126/science.1160423.Bacterial. 

Spickler AR. 2018. Brucellosis. Factsheet.:1–14. 
http://www.cfsph.iastate.edu/DiseaseInfo/factsheets.php. 

Stroeymeyt N, Casillas-Pérez B, Cremer S. 2014. Organisational immunity in 
social insects. Curr Opin insect Sci. 5(1):1–15. 
doi:10.1016/J.COIS.2014.09.001. https://pubmed.ncbi.nlm.nih.gov/32846736/. 

Turillazzi S, Mastrobuoni G, Dani FR, Moneti G, Pieraccini G, La Marca G, 
Bartolucci G, Perito B, Lambardi D, Cavallini V, et al. 2006. Dominulin A and B: 
Two new antibacterial peptides identified on the cuticle and in the venom of the 
social paper wasp Polistes dominulus using MALDI-TOF, MALDI-TOF/TOF, and 
ESI-ion trap. J Am Soc Mass Spectrom. 17(3):376–383. 
doi:10.1016/J.JASMS.2005.11.017. 
https://pubs.acs.org/doi/abs/10.1016/j.jasms.2005.11.017. 

https://about.jstor.org/terms


Chapter 3 – Response to pathogen pressure 

 

99 

Walstad JD, Anderson RF, Stambaugh WJ. 1970. Effects of environmental 
conditions on two species of muscardine fungi (Beauveria bassiana and 
Metarhizium anisopliae). Journal of Invertebrate Pathology. 16:221-226. 

Weber BC, Mcpherson JE. 1983. Life history of the ambrosia beetle 
Xylosandrus germanus (Coleoptera: Scolytidae). Annu Entomol Soc Am. 
76:455–462. 

Wickham H. 2016. ggplot2: Elegant graphics for data analysis. New York: 
Springer-Verlag New York. 

William L.  Brown J. 1968. An hypothesis concerning the function of the 
metapleural glands in ants. https://doi.org/101086/282536. 102(924):188–191. 
doi:10.1086/282536.. https://www.journals.uchicago.edu/doi/10.1086/282536. 

Wilson EO. 1971. The Insect Societies. Cambridge: Belknap Press of Harvard 
University Press. 

Wilson K, Knell R, Boots M, Koch-Osborne J. 2003. Group living and 
investment in immune defence: an interspecific analysis. J Anim Ecol. 
72(1):133–143. doi:10.1046/J.1365-2656.2003.00680.X. 
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-2656.2003.00680.x. 

Yanagawa A, Fujiwara-Tsujii N, Akino T, Yoshimura T, Yanagawa T, Shimizu S. 
2012. Odor aversion and pathogen-removal efficiency in grooming behavior of 
the termite Coptotermes formosanus. PLoS One. 7(10):e47412. 
doi:10.1371/journal.pone.0047412. 
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0047412. 



Annex - Chapter 3 – Response to pathogen pressure 

 

100 

 

ANNEX - CHAPTER 3 

 

 

 

 

 

 

 

 

Supplementary Material 



Annex - Chapter 3 – Response to pathogen pressure 

 

101 

Supplementary Material  

to manuscript “Ambrosia beetle response to pathogen pressure – A glance at 

life-history, behaviour and symbiont community over multiple generations” by 

JMC Diehl & PHW Biedermann 

 

 

Table S1: Mean and standard deviation per ‘Treatment’ of bacterial genera (> 5% relative 
abundance) in disperser communities 

Genus reference N 
nests 

control N 
nests 

garden 
pathogen 

N 
nests 

entomo-
pathogen 

N 
nests 

Acinetobacter 7.5 ± 1.5 2 9.3 ± 2.9 4 6.2 ± 0.8 2 5.2 ± 0.2 2 

Anoxybacillus / / / / 6.3 1 6.1 ± 1.1 2 

Azotobacter 31.6 ± 37.2 2 5.8 1 / / / / 

Brochothrix / / / / / / 20.9 1 

Brucella 11.8 1 
17.8 ± 
12.7 

5 6.9 ± 2.3 2 20.2 ± 5.8 6 

Carnobacterium 22.1 1 / / / / / / 

Clavibacter 5.0 1 / / / / / / 

Comamonas 8.3 1 / / / / 18.0 1 

Dyella 5.6 1 / / / / / / 

Enhydrobacter / / 5.4 1 / / / / 

Enterococcus / / / / / / 5.1 1 

Erwinia 32.3 ± 23.9 14 
33.9 ± 
23.9 

14 30.7 ± 21.7 6 20.4 ± 29.3 9 

Gilliamella 6.5 1 / / 15.7 1 6.8 1 

Hydrogenophilus / / / / 5.7 1 / / 

Leuconostoc 8.7 1 / / / / / / 

Macrococcus 6.4 1 / / / / / / 

Massilia 6.1 1 / / / / / / 

Meiothermus / / / / / / 5.5 1 

Norcardiaceae, 
unknown 

/ / / / / / 8.8 ± 4.5 2 

Pseudomonas 23.5 ± 17.5 4 18.8 1 6.2 1 6.7 ± 2.0 2 

Pseudoxanthomonas 29.2 ± 18.6 18 
25.9 ± 
19.6 

16 35.5 ± 27.1 10 25.2 ± 18.3 11 

Ralstonia 10.0 ± 2.7 3 9.0 ± 3.3 10 15.3 ± 10.1 5 7.8 ± 1.7 6 

Salmonella / / 6.8 1 / / 10.1 1 

Sanguibacter 7.1 1 / / / / / / 

Serratia 35.5 1 / / / / / / 

Staphylococcus 8.9 ± 5.2 2 
18.1 ± 

6.2 
3 20.3 1 16.6 ± 13.1 2 

Stenotrophomonas 14.7 1 / / / / / / 

Streptococcus / / 5.8 1 / / / / 

Undibacterium 14.4 ± 6.4 3 
11.2 ± 

4.4 
10 16.0 ± 5.8 4 10.0 ± 3.9 7 

Yersinia / / 5.3 1 / / / / 

Total  19  17  11  12 
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Table S2: Mean and standard deviation per ‘Treatment’ of fungal genera (> 5% relative abundance) 

in disperser communities 

Genus reference N 
nests 

control N 
nests 

garden 
pathogen 

N 
nests 

entomo-
pathogen 

N 
nests 

Aspergillus / / 5.6 1 19.5 ± 15.2 7 10.6 ± 3.8 4 

Beauveria / / / / 39.3 ± 44.2 3 66.3 ± 36.8 7 

Chaetomium 70.8 ± 28.2 23 
80.2 ± 
14.0 

22 46.3 ± 24.7 20 51.5 ± 35.5 7 

Cladophialophora / / / / 11.6 1 / / 

Cladosporium / / / / 7.6 1 32.4 ± 15.1 2 

Didymellaceae, 
unknown 

/ / / / 5.1 1 / / 

Dothideomycetes, 
unknown 

/ / / / 16.0 1 / / 

Epicoccum / / / / 20.7 ± 16.0 9 / / 

Mycosphaerellaceae, 
unkown 

/ / / / 19.9 1 / / 

Penicillium 8.1 ± 2.8 3 
20.3 ± 
11.8 

3 20.1 ± 12.0 6 22.4 1 

Phaeoacremonium 35.8 ± 20.1 3 
21.4 ± 
24.2 

3 59.8 1 11.0 ± 7.8 2 

Raffaelea 39.2 ± 25.5 15 16.0 ± 8.7 14 28.2 ± 18.7 15 17.9 ± 13.4 5 

Ramalinaceae, 
unknown 

/ / / / 23.6 1 / / 

Sordariomycetes, 
unknown 

/ / / / / / 16.2 1 

Talaromyces / / / / / / 37.6 ± 7.1 2 

Total  25  22  22  12 
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Table S3: Mean and standard deviation per ‘Treatment’ and ‘Generation’ of bacterial genera (> 5% 
relative abundance) in gallery communities 

Genus reference N 
nests 

control N 
nests 

garden 
pathogen 

N 
nests 

entomo-
pathogen 

N 
nests 

Bradyrhizobium / /       

F1 

 

12.8 ± 
9.6 

11 / / / / 

F2 9.1 ± 4.1 11 / / / / 

F3 9.2 ± 2.5 5 / / / / 

Brucella 23.9 1       

F1 

 

36.0 ± 
10.5 

8 29.6 ± 15.3 10 28.2 ± 13.2 8 

F2 29.0 ± 
14.0 

9 40.7 ± 13.9 6 47.0 ± 21.6 13 

F3 35.0 ± 
19.4 

9 43.0 ± 26.7 3 47.6 ± 12.3 12 

Erwinia 40.0 ± 9.8 20       

F1 

 

40.3 ± 
15.3 

13 39.0 ± 15.2 13 16.1 ± 2.2 2 

F2 44.6 ± 
11.7 

20 45.1 ± 13.0 13 55.0 1 

F3 49.0 ± 
10.1 

15 53.3 ± 8.3 11 32.0 ± 9.1 3 

Methylobacterium / /       

F1 

 

6.3 1 18.3 ± 10.2 9 / / 

F2 / / 16.7 ± 7.1 8 / / 

F3 / / 12.6 ± 5.6 9 / / 

Nitrobacter / /       

F1 

 

7.1 ± 2.1 2 / / / / 

F2 5.2 1 / / / / 

F3 / / / / / / 

Pseudomonas 30.0 ± 10.9 3       

F1 

 

/ / / / / / 

F2 / / / / / / 

F3 / / 12.1 ± 6.1 6 / / 

Pseudoxanthomonas 61.8 ± 21.7 25       

F1 

 

45.7 ± 
9.6 

19 48.5 ± 22.2 20 35.0 ± 14.4 8 

F2 37.3 ± 
9.8 

21 51.3 ± 16.6 21 44.8 ± 19.5 13 

F3 41.8 ± 
18.5 

20 53.6 ± 17.4 21 47.9 ± 17.5 13 

Rhizobium 8.4 1       

F1 

 

/ / / / / / 

F2 / / / / / / 

F3 / / / / / / 

Serratia 35.2 1       

F1 

 

/ / / / 41.5 ± 10.4 6 

F2 / / / / 32.3 ± 17.0 4 

F3 / / / / / / 

Stenotrophomonas 16.8 1       

F1 

 

/ / / / / / 

F2 / / / / / / 

F3 / / / / / / 

Total  26  60  62  35 
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Table S4: Mean and standard deviation per ‘Treatment’ and ‘Generation’ of fungal genera (> 5% 

relative abundance) in gallery communities 

Genus reference N 
nests 

control N 
nests 

garden 
pathogen 

N 
nests 

entomo-
pathogen 

N 
nests 

Aspergillus / /       

F1 

 

/ / 15.6 1 / / 

F2 / / 9.4 ± 4.3 2 / / 

F3   10.0 ± 2.7 7 / / 

Beauveria / /       

F1 

 

59.7 ± 
41.9 

3 / / 87.4 ± 7.4 5 

F2 33.2 ± 
23.0 

3 20.5 ± 9.8 7 62.2 ± 18.5 11 

F3 24.8 ± 
30.3 

3 38.6 ± 20.0 10 64.0 ± 23.9 13 

Chaetomiaceae, 
unknown 

5.4 1       

F1 

 

5.3 ± 0.5 3 5.1  1 5.0 1 

F2 5.4 1 / / / / 

F3 / / / / / / 

Chaetomium 91.6 ± 12.9 16       

F1 

 

49.8 ± 
29.8 

18 39.7 ± 24.2 9 29.7 ± 23.9 3 

F2 32.2 ± 
26.3 

14 54.4 ± 26.5 17 24.9 ± 20.6 7 

F3 50.4 ± 
37.0 

13 61.7 ± 29.3 19 30.1 ± 27.7 7 

Penicillium / /       

F1 

 

/ / / / / / 

F2 14.4 ± 
7.4 

3 22.1 ± 19.5 3 27.4 1 

F3 11.4 1 14.0 ± 7.2 2 44.5 1 

Phaeoacremonium 18.2 ± 11.9 4       

F1 

 

47.8 ± 
27.0 

15 68.6 ± 18.8 8 39.7 ± 24.7 3 

F2 69.0 ± 
29.0 

20 44.6 ± 35.2 17 34.3 ± 26.4 11 

F3 78.0 ± 
25.6 

15 31.4 ± 23.8 8 27.0 ± 16.4 6 

Raffaelea 94.3 1       

F1 

 

/ / / / / / 

F2 / / 9.4 1 / / 

F3 / / 12.7 1 / / 

Sordariomycetes, 
unknown 

/ /       

F1 

 

/ / / / / / 

F2 7.6 ± 2.6 2 / / 7.1 ± 1.2 6 

F3 / / 6.9 1 / / 

Talaromyces / /       

F1 

 

/ / 11.4 1 / / 

F2 / / 6.1 1 / / 

F3 / / 5.5 ± 0.5 2 / / 

Total  17  60  52  34 
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Table S5: Data summary of disperser count, days till first females emerged in nests and period 

from first female to first disperser in different treatments and generations 

 Treatment generation mean median min max N 

No. 
disperser 

reference  46.5 45 2 115 53 

control 

F1 4.95 0 0 32 131 

F2 20.5 17 0 109 130 

F3 24.1 21 1 75 147 

garden 
pathogen 

F1 3.91 0 0 23 130 

F2 18.4 13 0 78 88 

F3 14.6 13.5 0 47 104 

entomopathogen 

F1 0.89 0 0 49 132 

F2 8.12 7 1 23 25 

F3 5.66 4 0 30 53 

Time till 1st 

female 

reference  30.0 28 27 43 53 

control 

F1 29.3 29 26 38 131 

F2 28.3 28 25 37 127 

F3 28.2 28 24 40 144 

garden 
pathogen 

F1 29.7 29 25 66 129 

F2 28.8 28 24 38 88 

F3 27.6 27 25 38 104 

entomopathogen 

F1 29.4 29 25 38 132 

F2 28.4 28 25 34 24 

F3 27.5 27 24 38 53 

Period 1st 

female to 1st 
disperser 

reference  10.8 9 6 22 53 

control 
F2 10.9 10 5 22 125 

F3 11.4 10 6 72 126 

garden 
pathogen 

F2 10.1 10 4 18 86 

F3 10.0 10 5 25 100 

entomopathogen 
F2 8.8 8.5 6 11 24 

F3 10.7 10 5 18 47 

Period 1st 

larvae to 1st 
female 

reference  15.1 15 8 21 53 

control 

F1 14.8 15 4 22 123 

F2 14.2 14 7 21 122 

F3 15.5 16 6 24 143 

garden 
pathogen 

F1 15.0 16 2 42 120 

F2 14.5 14 9 23 86 

F3 15.0 15 9 21 103 

entomopathogen 

F1 15.1 16 8 23 125 

F2 12.7 13 6 17 24 

F3 14.5 15 6 18 53 
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Table S6: Statistical summary of the linear mixed models and post-hoc test of the breeding and 
life-history dataset. For the general comparison of the treatment we used data of the ‘F0’ and ‘F3’ 
generation only. 

Variable 
Anova Post-hoc 

ꭓ2 df p contrast df t p 

Total number 
dispersers 

263.39 3 <0.001 

reference - control 301 6.71 <0.001 
reference – garden pathogen 301 10.54 <0.001 
reference – entomopathogen 301 14.57 <0.001 

control – garden pathogen 301 6.56 <0.001 
control - entomopathogen 301 12.52 <0.001 

garden pathogen - 
entomopathogen 

301 7.73 <0.001 

Time till 1st 
emerged 
female 

36.96 3 <0.001 

reference - control 298 4.62 <0.001 
reference – garden pathogen 298 4.96 <0.001 
reference – entomopathogen 298 5.73 <0.001 

control – garden pathogen 298 0.72 0.890 
control - entomopathogen 298 2.48 0.065 

garden pathogen - 
entomopathogen 

298 1.92 0.221 

Period 1st 
female to 1st 

disperser 
6.05 3 0.109  

Period 1st 
larvae to 1st 

female 
7.31 3 0.063 

reference - control 296 -0.88 0.814 
reference – garden pathogen 296 0.08 1.0 
reference – entomopathogen 296 1.05 0.718 

control – garden pathogen 296 1.58 0.394 
control - entomopathogen 296 2.64 0.044 

garden pathogen - 
entomopathogen 

296 1.42 0.491 

 

 

Table S7: Statistical summary of the linear mixed models and post-hoc test of the breeding and 
life-history dataset. For the analysis of the treatment and generation we excluded the ‘F0’ generation. (C 
= control, GP = garden pathogen, EP = entomopathogen) 

Variable 
Anova Post-hoc 

ꭓ2 df p contrast df t p 

Total number dispersers 
(treatment * generation) 

45.38 4 <0.001 

F1 – F2 904 

 

C/GP/EP: <0.001 

F1 – F3 904 C/GP/EP: <0.001 

F2 – F3 904 
C: 0.014, GP: 0.468; EP: 

0.085 

Time till 1st emerged 
female (generation) 

91.53 2 <0.001 

F1 – F2 902 4.64 <0.001 

F1 – F3 902 9.45 <0.001 

F2 – F3 902 3.66 < 0.001 

Period 1st female to 1st 
disperser (treatment * 

generation) 
7.28 2 0.026 

control (F2-F3) 479 0.21 0.836 

GP (F2-F3) 479 0.09 0.926 

EP (F2-F3) 479 -2.90 0.004 

Period 1st larvae to 1st 
female (treatment * 

generation) 
9.77 4 0.045 

F1 – F2 864  
C: 0.391; GP: 0.858; EP: 

0.009 

F1 – F3 864  
C: 0.051; GP: 0.753; EP: 

0.686 

F2 – F3 864  
C: <0.001; GP: 0.183; EP: 

0.032 
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Table S8: Statistical summary of Anovas of the generalized linear mixed-effect models of observed 
nest behaviors. Each treatment (‘control’, ‘garden pathogen’ and ‘entomopathogen’) was tested for 
changes over the generations. Data of the ‘F0’ generation (‘reference’ group) served as reference.  

 Larvae Females 

hygienic 

 Χ2 df p Χ2 df p 

control 48.20 3 < 0.001 22.97 3 <0.001 

garden pathogen 34.78 3 <0.001 44.02 3 <0.001 

entomopathogen 5.30 3 0.151 36.95 3 <0.001 

resting 

 Χ2 df p Χ2 df p 

control 87.65 3 < 0.001 87.97 3 <0.001 

garden pathogen 48.24 3 <0.001 187.41 3 <0.001 

entomopathogen 31.78 3 <0.001 142.6 3 <0.001 

feeding 

 Χ2 df p Χ2 df p 

control 59.61 3 < 0.001 25.89 3 <0.001 

garden pathogen 39.33 3 <0.001 52.73 3 <0.001 

entomopathogen 57.43 3 <0.001 19.50 3 <0.001 
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Table S9: Statistical summary of post-hoc tests of the generalized linear mixed-effect models of 
observed nest behaviors. Each treatment (‘control’, ‘garden pathogen’ and ‘entomopathogen’) was 
tested for changes over the generations. Data of the ‘F0’ generation (‘reference’ group) served as 
reference. 

 control garden pathogen entomopathogen 

hygienic 
larvae    

contrast SE z p SE z p SE z p 

F0 – F1 0.070 3.892 0.001 0.071 3.058 0.012 0.081 2.259 0.108 

F0 – F2 0.069 5.325 <0.001 0.076 3.959 <0.001 0.146 1.089 0.696 

F0 – F3 0.068 -0.104 1.00 0.069 -1.032 0.731 0.111 1.350 0.531 

F1 – F2 0.067 1.390 0.505 0.075 1.106 0.686 0.140 -0.166 0.998 

F1 – F3 0.067 -4.190 <0.001 0.069 -4.182 <0.001 0.104 -0.305 0.990 

F2 – F3 0.066 -5.706 <0.001 0.074 -5.024 <0.001 0.144 -0.058 1.00 

females          

contrast SE z p SE z p SE z p 

F0 – F1 0.119 4.263 <0.001 0.110 6.542 <0.001 0.116 5.270 <0.001 

F0 – F2 0.121 3.812 0.001 0.117 4.204 <0.001 0.202 2.834 0.024 

F0 – F3 0.120 1.859 0.246 0.113 3.587 0.002 0.151 -0.171 0.998 

F1 – F2 0.112 -0.416 0.976 0.114 -1.994 0.190 0.199 -0.192 0.998 

F1 – F3 0.113 -2.518 0.057 0.108 -2.907 0.019 0.148 -4.302 <0.001 

F2 – F3 0.112 -2.129 0.144 0.114 -0.775 0.866 0.222 -2.696 0.035 

resting 

larvae          

contrast SE z p SE z p SE z p 

F0 – F1 0.247 0.469 0.966 0.258 0.974 0.764 0.204 1.791 0.278 

F0 – F2 0.250 -0.638 0.920 0.278 0.335 0.987 0.370 0.310 0.990 

F0 – F3 0.274 7.357 <0.001 0.280 5.822 <0.001 0.303 5.512 <0.001 

F1 – F2 0.233 -1.179 0.640 0.257 -0.615 0.927 0.363 -0.689 0.901 

F1 – F3 0.258 7.353 <0.001 0.257 5.361 <0.001 0.293 4.470 <0.001 

F2 – F3 0.252 8.627 <0.001 0.263 5.825 <0.001 0.412 3.781 0.001 

females          

contrast SE z p SE z p SE z p 

F0 – F1 0.246 0.487 0.962 0.094 
-

13.428 
<0.001 0.102 

-
10.754 

<0.001 

F0 – F2 0.248 -0.653 0.915 0.101 -7.610 <0.001 0.175 -6.237 <0.001 

F0 – F3 0.271 7.422 <0.001 0.097 -5.592 <0.001 0.137 -0.926 0.791 

F1 – F2 0.233 -1.207 0.623 0.096 5.226 <0.001 0.171 0.018 1.00 

F1 – F3 0.257 7.342 <0.001 0.091 7.984 <0.001 0.132 7.357 <0.001 

F2 – F3 0.252 8.631 <0.001 0.096 2.347 0.088 0.194 4.978 <0.001 

feeding 

larvae          

contrast SE z p SE z p SE z p 

F0 – F1 0.062 -6.556 <0.001 0.067 -5.659 <0.001 0.069 -5.765 <0.001 

F0 – F2 0.062 -3.923 0.001 0.071 -3.512 0.003 0.123 -0.803 0.853 

F0 – F3 0.061 -6.846 <0.001 0.067 -5.262 <0.001 0.090 -6.595 <0.001 

F1 – F2 0.059 2.740 0.031 0.070 1.793 0.276 0.122 2.424 0.073 

F1 – F3 0.058 -0.186 0.998 0.065 0.392 0.980 0.089 -2.233 0.114 

F2 – F3 0.057 -3.036 0.013 0.069 -1.448 0.469 0.136 -3.653 0.002 

females          

contrast SE z p SE z p SE z p 

F0 – F1 0.123 4.236 <0.001 0.121 5.375 <0.001 0.140 4.212 <0.001 

F0 – F2 0.122 3.122 0.010 0.127 3.294 0.006 0.243 1.910 0.224 

F0 – F3 0.122 0.535 0.951 0.119 -0.849 0.831 0.183 0.755 0.875 

F1 – F2 0.116 -1.231 0.607 0.125 -1.829 0.260 0.240 -0.523 0.954 

F1 – F3 0.117 -3.913 0.001 0.117 -6.432 <0.001 0.179 -2.520 0.057 

F2 – F3 0.115 -2.733 0.032 0.124 -4.215 <0.001 0.268 -1.218 0.615 
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Table S10: Statistical summary of Spearman’s rank correlation between disperser count and 
hygienic behaviours for each of the three treatments (‘control’, ‘fungus pathogen’ and 
‘entomopathogen’). 

Treatment Larvae Females 

 S rho p S rho p 

control 1353183 0.382 <0.001 2135011 0.062 0.343 

garden pathogen 952956 0.336 <0.001 1243487 0.121 
0.084 

 

entomopathogen 266502 0.002 0.987 224114 0.160 0.084 

 

 

 

 

Figure S10: Scatterplots and summaries of the spearman’s rank correlation tests for larval hygienic 
behaviours with the number of dispersed female offspring in the four treatments (‘reference’, 
‘control’, ‘garden pathogen’ and ‘entomopathogen’) over four generations (‘F0-3’). 
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Figure S11: Scatterplots and summaries of the spearman’s rank correlation tests for female 
hygienic behaviours with the number of dispersed female offspring in the four treatments 
(‘reference’, ‘control’, ‘garden pathogen’ and ‘entomopathogen’) over four generations (‘F0-3’). 

 

Lethality of used pathogens on larvae and mature females of Xyleborinus 

saxesenii 

In a small side study, we tested in winter 2021 the general lethality of Beauveria 

bassiana and Aspergillus sp. with three different concentration (105, 106 and 107 

spores/ml) to get a better estimate of our results. Both active life stages in X. 

saxesenii (larvae and adult/mature females) were included and thus gave us 

insightful information for the interpretation of our main results. 

The production of spore solutions and beetle breeding were handled in the 

same way as described in the main methods. We used beetles of the same 

populations originally collected 2019 in the Steinbachtal near Wuerzburg, 

Germany (Decimal degree [DD]: 49.767500, 9.896770) and the Bavarian Forest 

(DD: 8.8816832, 13.5215362). The experiment was carried out in 96-well plates 

(BRANDplates® -pureGrade™-, BRAND) with 6 mm filter discs (Rotilabo®-test 

flakes, Carl Roth GmbH + Co. KG) in each well, where either a single female 
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beetle or larvae was placed in. Previously, individuals freshly extracted from 

nests were surface sterilized with 70% EtOH and washed with tap water. Per 

life stage, we applied 15 µl of three different solutions on the individuals into the 

well. (1) In the ‘control’ group, specimens were treated with a pure 0.05% 

Tween 20/PBS (1x) buffer solution (NAdults = 132, NLarvae = 45). The fungal spore 

solutions were applied in three concentrations a) 105 spores/ml (0.05% Tween 

20/PBS (1x) buffer solution), b) 106 spores/ml and c) 107 spores/ml for each (2) 

Aspergillus sp. (NAdults = 144, NLarvae = 106) and (3) B. bassiana (NAdults = 180, 

NLarvae = 34) (Fig. S3). After the treatment, plates were closed with the lid and 

kept in a climate chamber at 25°C (70% humidity, permanent darkness). We 

checked vitality daily for the following month and categorized the individual 

dead, if they showed no movement even after poking with a sterile dissecting 

needle.  

 

 

Figure S12: Experimental set-up for the survival study. Each pathogen (Aspergillus sp. and Beauveria 
bassiana) was separately tested in three concentrations (105, 106 or 107 spores/ml) on 96-well plates, 
including one row with the ‘control’ solution. Every other row was left blank. We used separate plates for 
larvae and adult females. 

 

All statistical analyses and visualisation of the survival data were performed in 

RStudio (Version 1.4.1106) with R version 4.0.5 (R Core Team 2021) using the 

‘survival’ (Therneau 2021) and ‘survminer’ package (Kassambara et al. 2021), 

as well as ‘ggplot2’ (Wickham 2016) and ‘ggpubr’ (Kassambara 2020) to 

produce graphical output. 
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We ran Kaplan-Meier models for each pathogen with the control, including the 

life stage and spore concentration and plotted the survival curves. Afterwards 

we ran Log-Ranks test for a pairwise comparison of the survival of each life 

stage (larvae or adult female) in a treatment (Aspergillus or Beauveria) applying 

the ‘BH’ adjustment method. Here the ‘control’ was used as reference and 

compared against the three concentrations, as well as comparisons between 

concentrations. Finally, we calculated two Cox proportional hazards regression 

models with the and plotted the output in a Forest plot.  

 

 

Figure S13: Forest plot for Cox proportional hazards model of tested X. saxesenii larvae. 
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Figure S14: Forest plot for Cox proportional hazards model of tested X. saxesenii adult females. 

 

Table S11: Median survival and number of events from Kaplan-Meier models and statistical output 
of Log Rank test comparing the survival of tested groups. Bold numbers signal significant differences 
in the pairwise comparison of tested groups with the “BH” p-value adjusting method (Benjamini and 
Hochberg, 1995). 

Life stage Pathogen/concentration 
median 
survival 
(days) 

events Log Rank Test 

Adults 

control 8 132 control 
105 

spores/ml 
106 

spores/ml 

Beauveria/105 spores/ml 5 60 < 0.001 - - 

Beauveria/106 spores/ml 4 60 < 0.001 < 0.001 - 

Beauveria/107 spores/ml 4 60 < 0.001 < 0.001 0.008 

Aspergillus/105 spores/ml 9 48 0.129 - - 

Aspergillus/106 spores/ml 9.5 48 0.361 0.510 - 

Aspergillus/107 spores/ml 8 48 0.015 0.072 0.017 

Larvae 

control 3 45 control 
105 

spores/ml 
106 

spores/ml 

Beauveria/105 spores/ml 3 11 0.064 - - 

Beauveria/106 spores/ml 3 12 0.042 0.749 - 

Beauveria/107 spores/ml 2 11 < 0.001 < 0.001 < 0.001 

Aspergillus/105 spores/ml 3 36 0.82 - - 

Aspergillus/106 spores/ml 4 34 0.82 0.82 - 

Aspergillus/107 spores/ml 4 36 0.82 0.82 0.82 
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Figure S15: Survival curves of X. saxesenii larvae (dotted) and adult females (solid) infected with 
Aspergillus sp. in three concentrations. Control individuals were treated with buffer solution only. 

 

 

Figure S16: Survival curves of X. saxesenii larvae (dotted) and adult females (solid) infected with 
Beauveria bassiana in three concentrations. Control individuals were treated with buffer solution only. 
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Abstract 

Some fungus farming ambrosia beetles rely on multiple nutritional cultivars 

(Ascomycota: Ophiostomatales and/or yeasts) that seem to change in relative 

abundance over time. The succession could benefit beetle hosts by optimal 

consumption of the substrate and improve the longevity of the nest. However, 

abundances of fungal symbionts are poorly studied and culture-independent 

quantification of symbiont communities over time has been applied in only a 

single species. Here, for the first time, we compared the diversity and 

succession of both fungal and bacterial communities in ambrosia beetle fungus 

gardens from field and laboratory nests over time. By amplicon sequencing of 

probed fungus gardens of both nest types at three development phases we 

could show an extreme reduction of diversity in both bacterial and fungal 

symbionts in laboratory nests. Furthermore, we observed a general transition of 

fungal symbionts during beetle development. Both nutritional mutualists occur in 

succession and communities were later dominated by fungal competitors and 

pathogens. The quicker the succession proceeded, the slower nests were 

developing. Finally, we found signs of transgenerational costs for delayed 
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dispersing daughters, as early dispersing daughters were more likely to transmit 

the more beneficial fungal communities for their developing offspring. Future 

studies should focus on the functional roles of the core bacterial taxa that were 

present in both field and laboratory nests. 

 

1 Introduction 

Advanced fungus-farming for nourishment is an ecological feature that evolved 

only a few times in insects, namely one lineage of termites and several lineages 

of both ants and wood-boring weevils (Mueller et al., 2005; Biedermann and 

Vega, 2020). In all these insect systems fungal ectosymbionts are grown within 

social societies and are consumed as the major food-source. The insects 

inoculate plant substrate with the mutualistic fungi, which are grown in so-called 

“fungus gardens”, always dominated by specific, nutritional fungi and protected 

by the insects from fungal competitors and pathogens by various means, 

comprising sequestration from the environment, active monitoring and 

behavioural and/or antibiotic treatment (e.g. Currie and Stuart 2001; Fernández-

Marín et al. 2015; Van Arnam et al. 2018; Nuotclà et al. 2019; Diehl et al. 2022; 

Schmidt et al. 2022). Importantly, the nutritional fungi are not exhausted by the 

feeding insects, but rather facilitated the more (tending) insect specimen there 

are (Biedermann and Rohlfs, 2017). Thus, fungus gardens can provide food 

within one nest for multiple generations of insects (Mueller et al., 2005).  

Despite some common features in the fungiculture of ants, termites and 

weevils, there are also major differences especially regarding the substrate 

supply for the fungi and the homogeneity of the nest environment. In contrast to 

ants and termites that actively forage for plant substrate for consecutive 

provisioning of their fungi (e.g. Wisselink et al. 2020; Römer et al. 2022), fungus 

farming weevils, also termed ambrosia beetles (Curculionidae: Scolytinae & 

Platypodinae), live and breed inside the wood-substrate they use for growing 

fungi (Kirkendall et al., 2015; Birkemoe et al., 2018). This has major impacts on 

the substrate conditions the fungus gardens are exposed to and the abundance 

and diversity of microbial competitors and pathogens inside fungus gardens. 

First, substrate quality for the nutritional fungi quickly deteriorates in ambrosia 
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beetles, because it is not replaced and essential nutrients are consumed by the 

fungi over time (Nuotclà et al., 2021). Beetles can counteract this effect to a 

limited degree by recycling their feces (Abrahamson and Norris, 1970; De Fine 

Licht and Biedermann, 2012) and expansion of their tunnel systems inside the 

wood, but latter is strongly constrained by intraspecific competition and general 

degradation of the wood (which is typically colonized shortly after the death of 

the host tree) (Kirkendall et al., 2015; Birkemoe et al., 2018). Second, while 

fungus gardens of ants and termites are very exposed to microorganisms that 

are constantly brought in with the new plant substrate and the surrounding soil 

(Pagnocca et al., 2012; Estrada et al., 2014; Chiri et al., 2020, 2021; Chen et 

al., 2021), gardens of ambrosia beetles are only exposed to microorganisms (i) 

already present in the wood at colonization (i.e., endosymbionts), (ii) initially 

brought in with the nest-founding beetle(s) or (iii) entering gardens from the 

surrounding wood over time. In relation, this massively reduces the exposure of 

ambrosia beetles to microbial threats and also explains their comparatively less 

advanced techniques of pathogen control (Mighell and Van Bael, 2016; Diehl et 

al., 2022b).   

As outlined above termites and ants grow their fungi on a more or less 

homogenous substrate in a more or less homeostatic nest (Hughes et al., 

2008), which allows them to grow a single dominant fungus species over 

multiple generations (Shinzato et al., 2005; Mehdiabadi et al., 2006; Mueller et 

al., 2010). By contrast, some ambrosia beetle species in the genera Xyleborus 

and Xyleborinus (Scolytinae) seem to rely on multiple nutritional cultivars, 

Raffaelea fungal mutualists (Ascomycota: Ophiostomatales) and/or yeasts 

(Ascomycota) that seem to change in abundance over time (Cruz et al., 2019; 

Ibarra-Juarez et al., 2020; Nuotclà et al., 2021; Diehl et al., 2022b). Such a 

succession could benefit their beetle hosts possibly by optimal consumption of 

the substrate, because of variation in enzymatic capabilities of cultivars (De 

Fine Licht and Biedermann, 2012; Ibarra-Juarez et al., 2020). However, 

abundances of fungal symbionts are poorly studied and despite a diversity of 

>3000 species of ambrosia beetles, culture-independent quantification of 

symbiont communities over time has been applied in only a single species 

(Xyleborus affinis; Ibarra-Juarez et al. 2020). 
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Xyleborus and Xyleborinus ambrosia beetles construct their nests as tunnel 

systems in the xylem of trees (typically weakened or recently dead) (Beaver, 

1989). Raffaelea fungi and in some cases ascomycete yeasts serve as 

exclusive food source and provide their hosts with essential vitamins, amino 

acids and sterols (Kok et al., 1970; Beaver, 1989; Saucedo-Carabez et al., 

2018; Cruz et al., 2019; Ibarra-Juarez et al., 2020). These species-specific food 

fungi are taken up by adult females inside their guts and/or oral or elytral 

mycetangia (= selective spore-carrying organs) within their natal nest, before 

they disperse and established their own nest and fungus garden (Francke-

Grosmann, 1956, 1967, 1975; Mayers et al., 2022). Other unspecific 

Ophiostomatales fungi, yeasts and various groups of filamentous fungal 

saprophytes and plant pathogens (Hypocreales (e.g. Fusarium, Beauveria), 

Eurotiales (e.g. Penicillium, Aspergillus, Paecilomyces, Talaromyces), 

Botryosphaeriales (e.g. Diplodia), Dothideales (e.g. Aureobasidium), 

Pleosporales (e.g. Alternaria) and Cladosporiales (e.g. Cladosporium)) are 

typically co-transmitted from natal nests in low abundances, probably mostly 

unintentionally on beetle surfaces (Batra and Batra, 1979; Biedermann et al., 

2013; Kostovcik et al., 2015; Saucedo-Carabez et al., 2018; Cruz et al., 2019; 

Biedermann, 2020; Ibarra-Juarez et al., 2020; Nuotclà et al., 2021). Apart from 

some obvious pathogens (e.g. Aspergillus, Beauveria) the functional roles of 

these fungi have not been determined, but given their mostly infrequent 

occurrence they are regarded non-beneficial for beetle fitness. The fact that 

these fungal weeds increase in abundance the older a nest gets (e.g. 

Biedermann 2020; Ibarra-Juarez et al. 2020) may, however, affect what and 

how many fungal weeds dispersing daughter females transmit when they leave 

their natal nest. The timing of daughter dispersal may thus potentially have 

transgenerational effects on beetle fitness, but this has not been determined 

yet.  

Recent experimental evidence suggests that beetle promotes the dominance of 

Raffaelea nutritional mutualists over weeds in the fungus gardens of 

Xyleborinus saxesenii (Ratzeburg) (Diehl et al., 2022b). Similar removal of 

fungal pathogens has been repeatedly observed in other Xyleborus and 

Xyleborinus ambrosia beetles (Kingsolver and Norris, 1977; Biedermann et al., 
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2013; Nuotclà et al., 2019; Biedermann, 2020). The mechanisms underlying this 

selective exclusion and promotion of nutritional fungi are unknown, however. It 

is possible that bacteria are playing a role in this defense (Grubbs et al., 2020), 

similar to specific defenses by bacteria in fungus-farming ants and termites (e.g. 

Van Arnam et al. 2018). Although the functional role of bacteria in ambrosia 

beetle communities has not been experimentally determined, similar bacterial 

groups dominate in all fungus-farming insect groups (Aylward et al., 2014). In 

ambrosia beetles bacterial taxa mainly belong to the classes of Alpha- (e.g. 

Ochrobactrum, Phyllobacterium, Sphingomonas), Beta- (e.g. Burkholderia) and 

Gammaproteobacteria (e.g. Pseudomonas, Pseudoxanthomonas, Erwinia, 

Stenotrophomonas, Pantoea), Sphingobacteria (e.g. Pedobacter, Olivibacter, 

Sphingobacterium), Actinobacteria (e.g. Streptomyces, Microbacterium), 

Flavobacteria (e.g. Chryseobacterium), Bacilli (e.g. Staphylococcus, Bacillus) 

and Chitinophagia (e.g. Niabella) (Fabig, 2011; Aylward et al., 2014; Ibarra-

Juarez et al., 2020; Nuotclà et al., 2021; Nones et al., 2022). In X. affinis, 

cellular pathway analyses suggest that its bacterial symbionts contribute in 

wood degradation, nitrogen fixation and nutritional provisioning (Ibarra-Juarez et 

al., 2020). 

Most studies on fungus garden communities of insects are either done with 

material collected in the field or from laboratory nests. Both have their benefits 

and disadvantages. While laboratory rearing has little effects on traits in some 

invertebrates (Kölliker-Ott et al., 2003; Jong et al., 2017), traits in other species 

do no longer reflect the ones of natural populations (Meats et al., 2004; Liedo et 

al., 2007). Field studies offer more realistic conditions, but experimental 

manipulations and high sample sizes are often possible only in the laboratory 

(Calisi and Bentley, 2009). The development of laboratory rearing for ambrosia 

beetles was a breakthrough for research on this species, especially regarding 

behavioral studies, but also for studying the effects of microbial manipulations, 

because their wood-tunneling behavior did not allow observations of ambrosia 

beetles in the field (Saunders and Knoke, 1967; Biedermann et al., 2009). 

However, so far, we have no knowledge if and how much fungus garden 

microbial communities and their succession are influenced by the artificial 

rearing substrate. Due to the addition of sugars, fats and proteins, the latter is 
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more nutrient rich and lower in plant secondary metabolites (phenolics and 

terpenoides, which are destroyed by autoclaving) compared to wood. 

Nevertheless, brood sizes between field and laboratory are comparable even 

though development is much faster in the laboratory, probably due to higher 

and stable temperatures (Biedermann et al., 2009).  

This is the first attempt to compare the diversity and succession of both fungal 

and bacterial communities in ambrosia beetle fungus gardens from field and 

laboratory nests (i.e., in artificial media) over time. All gardens are collected 

from nests of the fruit-tree pinhole borer, X. saxesenii, out of the same 

population, at the same time and within substrate of the same tree species 

(beech trees in the field vs. beech sawdust in the lab). In both field and lab, we 

probed fungus garden communities at three development phases of nests 

(immature brood vs. immature and adult brood vs. only adult brood present); 

laboratory nests allowed us to collect additional information on the speed of 

beetle development in relation to symbionts and transgenerational effects of 

early or late dispersal of females from their natal nests on their own fungus 

garden communities later on. Since rearing media is autoclaved we expect 

fungus gardens in the laboratory to host only the most relevant bacterial and 

fungal symbionts. Under natural conditions, one can expect a far more diverse 

and unstable community. This may result in lower abundances of the nutritional 

fungi in the field, caused by a higher competition with fungal weeds. 

Development speed should increase the more nutritional fungi there are and 

later dispersal of daughters from nests may lead to higher abundances of 

weeds within their gardens later on. 
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2 Material and Methods 

Field collection of nests and beetle laboratory rearing 

In this study all beetles and nests (= ’galleries’) collected for both field and lab 

sampling originated from a population of X. saxesenii in the Steinbachtal near 

Wuerzburg (49.767500, 9.896770/49°46'03.0"N 9°53'48.4"E), Germany. We 

marked four recently dead and wind-thrown beech tree logs (Fagus sylvatica) 

that were colonized by X. saxesenii in spring 2018. The examination of field 

nests is destructive, so we repeatedly went there between July to October 2018 

to collect field nests at different developmental stages. 

From the same beetle population, females for laboratory rearing were collected 

in the field by using ethanol baited traps (70 % EtOH) during their dispersal 

flight in May 2018. After rinsing females first with 70% EtOH and then tap water, 

they were dried on cosmetic towel and individually put into transparent plastic 

tubes filled with – previously prepared – sterile artificial medium (‘standard 

media’ after (Biedermann et al., 2009). These wild-caught female foundresses 

build the parental generation (= F0) and were bred under standard conditions 

(20°C, complete darkness). They immediately start tunnelling and 4-7 days later 

fungal symbionts start to cover the tunnel walls (i.e., “fungus garden”) 

(Biedermann et al., 2009). About 40 days later dispersal of sib-mated, adult 

daughters starts and 150 of these, from 18 different nests, were collected and 

after sterilization, again introduced onto new rearing medium. This F1 

generation of lab-born foundresses was then used for the following detailed 

examinations of symbiont communities and development.  

Fungus garden sampling 

Field nest classification and fungus garden sampling 

In the field we sampled fungus gardens out of 30 nests. Log parts were brought 

to the laboratory and nests were opened using a cleaver, chisel and hammer 

(Figure 1A). We classified the phase of development in (i) nests with eggs and 

larvae, (ii) nests with larvae, pupae and adult offspring, and (iii) nests with only 

adults present (Table 1). After aseptic removal of all individuals, fungus gardens 

of these nests were sampled by slicing off thin layers of the nest walls (near the 
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center of the nest) with a flame-sterilized scalpel. These slices were aseptically 

stored in 1.5 ml Eppendorf tubes at -20°C until DNA extraction.   

 

Figure 1. Two types of nests sampled for the study. (A) Opened X. saxesenii nests from F. sylvatica 
logs (field nests). (B) Laboratory nests in artificial medium. Yellow coloration of the medium due to growth 
of the nutritional mutualist R. sulphurea. White individuals are larvae or pupae, light-brown ones are 
teneral females and black ones are fully-sclerotized adult females (photo by Davide Vallotto).  

 

Laboratory nest classification and fungus garden sampling 

Laboratory rearing has the advantage that nest development can be directly 

monitored through the transparent walls of the rearing tubes (Figure 1B). 

Therefore, we were not only able to record the ‘developmental phase’ of the 

nest (see field sampling), but could distinguish also ‘fast’, ‘medium’ and ‘slow’ 

developing beetle nests (Table 1). Furthermore, we also had information about 

the timing of dispersal of the F1 foundresses from their natal nests – here 

classified as ‘early’, ‘middle’ or ‘late’ disperser. The timing of dispersal may have 

an influence on the symbiont community dispersed, as there is a succession of 

symbiont communities in nests over time (e.g. Ibarra-Juarez et al. 2020). For 

fungus garden sampling, we destructively dissected nests by first knocking out 

the solid rearing medium (containing the nest) out of the rearing tube, removal 

of all individuals and then collecting pieces of the nest walls from the nest 

centre under the sterile bench with a flame-sterilized sharp spoon (mean weight 

of pieces ± SD = 96.47 mg ± 34.34). Fungus garden samples were aseptically 

stored in 1.5 ml Eppendorf tubes at -20°C until DNA extraction. 
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Table 1. Classification of field and laboratory nests by their phase and speed of development. 
Numbers of nests (N) per classification are given. 

DEVELOPMENT NFIELD DEVELOPMENT SPEED NLAB 

PHASE 1 
LARVAE       13 

fast (7-9 d) 6 
medium (10-12 d) 28 

slow (13-31 d) 16 

PHASE 2 
LARVAE – 
PUPAE - 
ADULTS 

      13 

fast (25-26 d) 11 
medium (27-31 d) 25 

slow (32-43 d) 14 

PHASE 3 
ADULTS       4 

fast (35-41 d) 16 
medium (42-47 d) 20 

slow (48-76 d) 14 

 

DNA extraction and library preparation 

DNA of all samples was extracted using the ZymoBIOMICS DNA Miniprep Kit 

(Zymo Research, Germany) in accordance with the manufacturer’s instructions 

and additional pre-processing steps with a ceramic bead and a mixer mill 

(Retsch MM400), followed by an additional step with glass beads (0.1 mm and 

0.5 mm) vortexed on a Vortex Genie 2 (see Supporting Material in Nuotclà et al. 

2021). The isolated DNA samples were stored at -20°C until the final 

amplification and sequencing.   

PCRs and library preparation were performed as in previous projects (see 

Nuotclà et al. 2021a, Diehl et al. 2022) in triplicate reactions (each 10 µl) in 

order to avoid PCR bias. Bacteria 16S-rRNA gene libraries were constructed 

using the dual-indexing strategy described in Kozich et al. (2013) using the 515f 

and 806r primers that amplify amplicon sequences of a mean merged length of 

246.17 bpfield/237.56 bplab, encompassing the full V4 region (modified from 

Caporaso et al. 2011). Conditions for the PCR were as follows: initial 

denaturation at 95°C for 4 min, 30 cycles of denaturation at 95°C for 40 s, 

annealing at 55°C for 30 s and elongation at 72°C for 1 min, followed by a final 

extension step at 72°C for 5 min.  

Fungal LSU (28S) rRNA gene libraries (mean merged length of 280.67 

bpfield/276.63 bplab) were constructed similarly from the same samples by using 

the dual-index primers of LIC15R and nu-LSU-355-3’ (Nuotclà et al., 2021) to 
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amplify the large subunit (LSU) region. Conditions for the PCR were as follows: 

initial denaturation at 98°C for 30 sec, 35 cycles of denaturation at 98°C for 30 

s, annealing at 55°C for 30 s and elongation at 72°C for 15 sec, followed by a 

final extension step at 72°C for 10 min. Sample-specific labelling for both 

bacterial and fungal DNA was achieved by assigning each sample to a different 

forward/reverse index combination. 

After both PCRs, triplicate reactions of each sample were combined per marker 

and further processed as described in Kozich et al. (2013), including between-

sample normalization using the SequalPrep™ Normalization Plate Kit 

(Invitrogen GmbH, Darmstadt, Germany) and pooling of 96 samples. The pools 

were cleaned-up with the AMPure Beads Purification (Agilent Technologies, Inc. 

Santa Clara, CA, USA) and quality controlled using a Bioanalyzer High 

Sensitivity DNA Chip (Agilent Technologies, Santa Clara, CA, USA) and 

quantified with the dsDNA High Sensitivity Assay (Life Technologies GmbH, 

Darmstadt, Germany). Afterwards, pools were combined to a single library pool 

containing 384 samples in total. This library was diluted to 8 pM, denatured and 

spiked with 5% PhiX Control Kit v3 (Illumina Inc., San Diego, CA, USA) 

according to the Sample Preparation Guide (llumina Inc. 2013). Sequencing 

was performed on an Illumina MiSeq using 2 × 250 cycles v2 chemistry 

(Illumina Inc., San Diego, CA, USA). Each marker was processed on a separate 

chip. See Supplements in Diehl et al. 2022) and GitHub Repository for further 

methods on sequencing controls and details on bioinformatics processing. 

Statistical analysis of molecular data 

All statistical analyses and visualisation of the sequence output were performed 

in RStudio (Version 1.4.1106) with R version 4.0.5 (R Core Team, 2021) using 

the phyloseq package (McMurdie and Holmes, 2013); see GitHub repository for 

information on the bioinformatic processing and R-script.  
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Field samples data preparation: 

After excluding control samples, 30 out of the 36 field samples were left for 

further analyses. Further removal of Chloroplast genes, ASVs (amplicon 

sequence variants) that were only identified to domain level and running 

‘decontam’ (Davis et al., 2018) for the 16S field data, left an average of 24,383 

reads/sample for downstream analysis (range from 13,116 to 42,604). In total, 

242 bacterial ASVs ran into the analysis. Bacterial composition was studied up 

to the genus level and their relative abundance (RA). For the LSU, only ASVs 

that were not further identified than to domain level and control samples were 

excluded and left an average of 24,702 reads/sample for downstream analysis 

[range from 4,830 to 40,839]. In total, 451 fungal ASVs ran into analysis. Fungal 

composition was studied up to the species level and their relative abundance 

(RA).  

Laboratory samples data preparation: 

82 out of the 151 samples (excluding 20 controls) showed infection with the 

endosymbiont Wolbachia or had low read numbers (≤ 500 reads). The ASVs 

identifying Wolbachia were excluded from further analyses, since insect related 

infection was not in the focus of our research on fungus garden material. It is 

worth mentioning, however, that Wolbachia has been present in several 

analyses of laboratory nests by now (this study and Nuotclà et al. 2021a; Diehl 

et al. 2022), whereas material of field nests never contained Wolbachia.  

The further removal of ASVs and samples describes earlier left an average of 

16,899 reads/sample for downstream analysis (range from 2,628 to 48,835). In 

total, 166 bacterial ASVs ran into the analysis. For the LSU, we ended up with 

an average of 21,245 reads/sample for downstream analysis [range from 2,190 

to 55,630]. In total, 246 fungal ASVs ran into the analysis. Two out of the 150 

samples (excluding 23 controls) had low read numbers (≤ 500 reads) and were 

therefore excluded from further analyses. 
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Rarefaction of sequence reads for the analysis of alpha diversity 

For the analysis of the alpha diversity we rarefied the sequence reads of all 

samples depending on the quality of the datasets. For the field samples we 

decided to rarefy to a total of 10,000 reads/sample for the bacterial community 

and 4,000 reads/sample for the fungal community. Rarefaction removed two 

ASVs from the bacterial and 32 ASVs from the fungal dataset. The laboratory 

samples were rarefied to a total of 2,500 reads/sample for the bacterial 

community and 2,000 reads/sample for the fungal community. Rarefaction 

removed 60 ASVs from the bacterial and 32 ASVs from the fungal dataset. 

Analysis of alpha diversity  

We applied the chi-square tests on both total numbers of ASVs in field and 

laboratory community data. To investigate the microbial diversity and richness 

of fungus gardens, we calculated the observed estimate of taxa richness (OR) 

and Shannon’s diversity index (SDI) (‘microbiome’ package: Lahti and Shetty, 

2019). For both measures we ran a generalized linear mixed-effects model 

(GLMM) with ‘tree origin’ and ‘lineage’ (F1 females originated from different F0 

families) as random variable, assuming a normal distribution (‘glmmTMB’ 

package: Brooks et al. 2017) to test for the influence of the developmental 

phase on the microbial community. Previous analyses (Diehl et al., 2022b) 

showed strong heritable effects of lineage and tree identity on symbiont 

communities in X. saxesenii. For laboratory samples we further ran linear mixed 

models (LMMs) to test the additional influence of dispersal time of the foundress 

(‘early’ vs ‘middle’ vs ‘late’) and development speed of the nest (‘fast’ vs 

‘medium’ vs ‘slow’) on the microbial community. We implemented mixed models 

using the ‘lme’ function (‘nlme’ package: Pinheiro et al. 2021) and used the 

‘transformTukey’ function (rcompanion package; Mangiafico 2021) to find the 

power transformation that brought the alpha diversity effects closest to a normal 

distribution.  

All LMMs were initially fitted with all interaction terms. Best-fitting models were 

selected by the following procedure: First, we used the Akaike information 

criterion (AIC) to select an appropriate variance structure (using the weights-
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argument in the ‘lme’ function), when residual plots indicated a deviation from 

homogeneity (Zuur et al., 2009). Second, we simplified the fixed component by 

dropping non-significant interaction terms (p > 0.05). In a last step, we used – if 

necessary – the AIC to select the appropriate transformation method to produce 

a more-normally distributed vector (using squared- or tukey-transformed 

response variables with the ‘transformTukey’ function of the ‘rcompanion’ 

package, Mangiafico 2021b). 

We obtained the p-values of effects in these models using the Anova function 

(which uses type II sums of squares by default; Fox and Weisberg 2019). 

Significant models were further analysed using a pairwise post-hoc test (tukey 

method; ‘emmeans’ package: Lenth 2021). The package ‘ggplot2’ (Wickham, 

2016) was used to build the figures for alpha diversity. 

Analysis of beta diversity  

To visualize differences in microbial composition (beta diversity), we applied 

non-metric multidimensional scaling (NMDS, ‘phyloseq’ package: McMurdie and 

Holmes 2013) on Bray Curtis dissimilarities derived from proportion transformed 

data, which consider presence/absence as well as abundance of ASVs (Clarke 

et al., 2006). To compare the microbial communities between the 

‘developmental phase’ and the ‘tree origin’ for the field data, we performed a 

permutational ANOVA test (PERMANOVA) on Bray-Curtis distance matrices of 

the proportion data using the R package ‘vegan’ (Oksanen et al., 2020). 

Significant results were examined in more detail with a pairwise comparison of 

adjusted p-values (‘pairwiseAdonis’ package: Martinez Arbizu 2020). The 

homogeneity of multivariate dispersions was tested with a permutation test 

(‘vegan’ package: (Oksanen et al., 2020) applied on each the ‘development 

phase’ and ‘tree origin’. Since we were able to collect more metadata in the 

laboratory bred nests we tested in the PERMANOVA the variables 

‘development phase’, ‘development speed’ and ‘dispersal time’, nested in the 

variable ‘family lineage’. With heatmaps of the microbial composition 

(‘microbiome’ package: (Lahti and Shetty, 2019), we concluded the overview of 

the beta diversity.   
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Closer look on fungal core taxa of field and laboratory galleries 

We ran another set of LMMs on subsets of the most abundant fungi to test 

whether relative abundances of these specific taxa differed between the 

development phases. For example, we compared the relative abundances of 

the two ambrosia fungi, R. sulphurea and R. canadensis, and the commensal 

fungus C. globosum in laboratory galleries. Here, the relative abundances (RA) 

of the fungi were set as the response variables, and the phases and speed of 

development as well as the timing of maternal dispersal served as explanatory 

variables. The family lineage was included as a random factor. Core taxa 

chosen for the field galleries were, next to the ambrosia fungi, Graphium sp. 

and Sordariomycetes (unknown). RA of the taxa were set as response and 

development phase as explanatory variable. Tree origin of sampled galleries 

was included as a random factor. The analysis followed the same procedure of 

fitting and selection as in the previous LMMs.  

Analysis of correlation between bacterial and fungal communities 

To investigate the correlation between the bacterial and fungal communities in 

our field and laboratory samples, we employed the Bray-Curtis method using 

the vegdist() function from the ‘vegan’ package (Oksanen et al., 2020)  to create 

matrices of dissimilarity indices based on the relative abundances of each 

community. To ensure a fair comparison, we made subsets of our laboratory 

dataset to 87 matching samples for both communities. The correlation was then 

determined using the Mantel statistic (also from the ‘vegan’ package) with 999 

permutations. 

Additional packages used 

The packages ‘fitdistrplus’ (Delignette-Muller and Dutang, 2015), ‘performance’ 

(Lüdecke et al., 2021) and ‘Dharma’ (Hartig, 2021) were applied in testing for 

the best distribution, as well as model fit. ‘ggplot2’ (Wickham, 2016), ‘scales’ 

(Wickham and Seidel, 2020), and ‘ggpubr’ (Kassambara, 2020), ‘ggrepel’ 

(Slowikowski, 2021), ‘lattice’ (Sarkar, 2008) and ‘cowplot’ (Wilke, 2020) were 
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used to build the figures. ‘dplyr’ (Wickham et al., 2021) was used for data 

manipulation. 

 

3 Results 

Bacterial diversity of fungus gardens in field and laboratory nests 

In general, both diversity and richness of bacteria was much higher in field (242 

ASVs) than laboratory (155 ASVs) nests (chi-square test: χ2 = 19.07, df = 1, p = 

<0.001). In both groups, bacterial diversity did not change over the course of 

nest development (SDIfield: GLMM: χ2 = 1.48, p = 0.477; SDIlab: LMM: χ2 = 4.10, 

p = 0.129; Figure 2) and effects of development phase on richness were 

apparent only in lab nests (ORfield: χ2 = 0.113, p = 0.945; ORlab: χ2 = 15.94, p = 

<0.001; Supplementary Figure 5). Development phases of field and laboratory 

nests slightly affected bacterial beta diversity in fungus gardens (see details in 

Supplementary Material). There was no effect of timing of foundress dispersal 

on bacterial beta diversity of lab nests (PERMANOVA: R2 = 0.043, F = 1.95, p = 

0.652). The tree, the field nests originated from, had a strong effect on the 

bacterial community composition (R2 = 0.236, F = 2.85, p = 0.001), however.  
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Figure 2. Symbiont diversity of field and laboratory fungus gardens in relation to the nest 
development phases of X. saxesenii nests. Box-plots for Shannon’s diversity index of bacterial (A-B) 
and fungal (C-D) communities of fungus gardens in field (A, C) and laboratory (B, D) nests. Lowercase 
letters indicate significant differences between groups (Tukey's HSD test: p < 0.05). 

Fungal diversity of fungus gardens in field and laboratory nests  

Similar to the observation for bacteria, also the diversity and richness of the 

fungal community was much higher in field (451 ASVs) than laboratory (246 

ASVs) nests (chi-square test: χ2 = 60.29, df = 1, p = <0.001). Fungal diversity 

increased over the course of nest development (SDIfield: GLMM: χ2 = 6.65, p = 

0.036; SDIlab: LMM: χ2 = 133.2, p = <0.001; Figure 2). While field fungus 

gardens had the highest diversity when only adults were present (phase1 vs. 3: 

t = -2.55, p = 0.044), lab-garden fungal diversity peaked earlier during the 

presence of immature and adult offspring (phase 1 vs. 2: t = -5.86, p = <0.001) 

and had the lowest diversity in later stages when only adults were present 
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(phase 1 vs. 3 / phase 2 vs. 3; p <0.001, Figure 2). Slow-developing nests 

tended to have lower SDI than medium (t = 2.42, p = 0.045). This was not the 

case for fast developing nests which showed neither a difference compared to 

medium nor to the slow developing nests (‘fast-medium’ p = 0.697, ‘fast-slow’ p 

= 0.247) (Supplementary Figure 4). The factor development only affected fungal 

richness of laboratory nests, with the highest OR during the presence of 

immature and adult offspring (ORfield: χ2 = 0.372, p = 0.830; ORlab: χ2 = 15.41, p 

= <0.001; Supplementary Figure 5).  

For the fungal beta diversity of field gardens, there was a stronger effect of 

development phase (PERMANOVA: R2 = 0.148, F = 2.61, p = 0.007) than for 

the tree of origin (R2 = 0.175, F = 2.06, p = 0.028). Both phase and speed of 

development influenced fungal beta diversity of lab gardens (PERMANOVA: R2 

= 0.056, p = 0.05) (for more details see Supplementary Material). 

The core microbial community of fungus gardens in field and laboratory 

nests  

Altogether 13 bacterial classes were detected across field samples. Among 

these, Actinobacteria, Chitinophagia, Flavobacteriia, Sphingobacteriia 

Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria were most 

abundant (>0.5% mean RA) and accounted for approximately 90% of total 

sequences (Figure 3A; Supplementary Table 2). Gammaproteobacteria 

comprised ASVs of the genera Pseudoxanthomonas (mean + s.d. = 12.43% ± 

7.25 RA), Erwinia (9% ± 13.49) and Xanthomonas (0.7% ± 2.58). 

Betaproteobacteria were mostly represented by Burkholderia (0.76% ± 3.03). 

Alphaproteobacteria were dominated by Phyllobacterium (13.14% ± 10.66), 

Ochrobactrum (4.11% ± 5.15), Pseudochrobactrum (0.56% ± 2.15), 

Mesorhizobium (0.53% ± 0.72) and Roseomonas (0.51% ± 0.95). Four ASVs of 

Sphingobacteriia appeared frequently in the nests. Most abundant were 

Sphingobacterium (13.56% ± 12.83) and Olivibacter (10.62% ± 10.41), followed 

by Pedobacter (6.8% ± 8.23) and an unknown Sphingobacteriia (4.55% ± 9.59). 

Chitinophagia were represented by the genus Taibaiella (1.36% ± 2.36) an 

Actinobacteria by Demetria (0.52% ± 2.3). Another more abundant class 

included the Flavobacteriia with the genera Chryseobacterium (3.54% ± 5.09) 
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and Flavobacterium (0.98% ± 2.55). Lastly, an ASV of the phylum Bacteriodetes 

(not specified) was found in almost half of the nests (1.42% ± 6.04). Bacilli, 

Cytophagia, Deinococci, Thermoleophilia and Verrucomicrobia were detected in 

relative abundances less than 0.5% of mean total reads.  

Laboratory samples covered 16 classes but only four ASVs with higher relative 

abundance (Figure 3B; Supplementary Table 3). The most dominant class here 

was the Gammaproteobacteria with its highly abundant Pseudoxanthomonas 

(83.32% ± 30.65) and Erwinia (7.56% ± 21.72), Pantoea (0.81% ± 7.35) and 

Yersinia (5.18% ± 20.2). Alphaproteobacteria were almost exclusively 

represented by Ochrobactum (1.64% ± 11.57). We also found Actinobacteria in 

an abundance of over 0.5% mean RA. Acidobacteria, Bacilli, Bacteroidia, 

Betaproteobacteria, Chitinophagia, Clostrida, Deinococci, Deltaproteobacteria, 

Flavobacteriia, Mollicutes, Negativicutes, Planctomycetacia and 

Sphingobacteriia were observed in relative abundances less than 0.5% of mean 

total reads.  

The analyses of the field dataset yielded 15 fungal orders. Among these, 

Ophiostomatales, Microascales, Xylariales, Chartothyriales, Hypocreales and 

Togniniales were most abundant (>0.5% mean RA; Figure 3C; Supplementary 

Table 2). The highest relative abundance came from an unknown 

Sordariomycetes (46.6% ± 24.13). The most abundant order was the 

Ophiostomatales with the ambrosia fungi R. sulphurea (9.33% ± 8.0), R. 

candensis (10.34% ± 12.13) and R. aff. canadensis (0.78% ± 1.34).  

Microascales were represented by a Graphium sp. (9.95% ± 11.94). The order 

Hypocreales (11.87% ± 16.72) included two ASVs of the genus Clonostachys, 

Nectria balansae, a Neonectria sp. and Trichoderma deliquescens 

(Supplementary Material Table 2).  Other ASVs with a relative abundance 

greater than 0.5% total mean RA were Phaeoacremonium sp. (Togniniales; 

1.75% ± 5.20), a Diatrypcaeae (unknown) (Xylariales; 1.24% ± 4.47) and a 

Herpotrichiellaceae (unknown) (Chaetothyriales, 0.72% ± 2.84) (Supplementary 

Material Table 2). Moreover, additional fungi in the orders Eurotiales, 

Sordariales, Capnodiales, Helotiales, Coniochaetales, Saccharomycetales, 

Pyxidiophorales, Pleosporales and Orbiliales were successfully amplified, but 
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below the threshold of 0.5% total mean RA.  

Less diversity was found in the laboratory dataset. Here, we detected 11 fungal 

orders, but only three higher abundant taxa (Figure 3D; Supplementary Table 

3). Again, the two ambrosia fungi, R. sulphurea (38.61% ± 38.11) and R. 

canadensis (6.67% ± 15.49) were identified. Further, Chaetomium globosum 

(Sordariales; 52.16% ± 41.33) was detected in all nests and about a third of the 

nests contained some Eurotiales (0.58% ± 5.65) (Supplementary Material Table 

3). Additional fungi in the orders Capnodiales, Chaetothyriales, Dothideales, 

Saccharomycetales, Hypocreales, Pleosporales, Microascales and Togniniales 

were exposed, but below the threshold of 0.5% total mean RA.  

In the sequence output of the positive controls we were only able to detect four 

out of the present six fungal genera. While we got sequence results from some 

taxa in the Saccharomycetales order in the experimental samples, the primers 

failed to amplify the yeasts Pichia sp. & Candida sp. in the mock and Zymo 

control (Supplementary Figure 1C+E & 2C+E). 

 

 



Chapter 5 – Microbial succession during nest development 

 

176 

 

Figure 3. Relative abundance of symbiont taxa in field and laboratory fungus gardens in relation to 
the development phases of X. saxesenii nests. Community of bacterial genera (A, B) and fungal 
species (C, D) in fungus gardens of field (A, C) and laboratory (B, D) nests with a relative abundance of at 
least 0.5% (all else is combined in “others”). Taxa marked with (*) were found in both field and laboratory 
communities. 
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Figure 4. Comparison of the relative abundances of core symbionts in field and laboratory fungus 
gardens in relation to the development phases of X. saxesenii nests. Box-plots with the relative 
abundance of dominant bacterial genera (A, B) and fungal species (C, D) in fungus gardens of field (A, C) 
and laboratory (B, D) nests. Dashed red line represents mean relative abundance of the first 
developmental phase. Statistical differences (p < 0.05) of abundances between development phases are 
marked with (*). 
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The abundance of core taxa within fungus gardens of field and laboratory 

nests 

Only two bacterial taxa, a Pseudoxanthomonas and an Erwinia, and the two 

ambrosia fungus species, Raffaelea sulphurea and R. canadensis, occurred in 

considerable abundance both in field and laboratory nests (Figure 4). Fungus 

gardens from the field additionally harboured several other bacterial taxa and 

two more fungi, a Graphium sp. and an unknown Sordariomycetes, while 

laboratory gardens only harboured Chaetomium globosum, which did not occur 

in the field.  

Changes in relative abundances of these core taxa over the development of 

nests could hardly been detected, but some effects were observed. First, within 

field fungus gardens, the unknown Sordariomycetes decreased in abundance in 

the course of development (LMM: χ2 = 8.34, p = 0.015; EMM: ‘P1-P3’ χ2 = 2.82, 

p = 0.034) (Figure 4; Supplementary Figure 12). Such a decrease of abundance 

was also found for the main nutritional mutualist of X. saxesenii, R. sulphurea, 

in laboratory nests (LMM: χ2 = 772.47, p = <0.001; EMM: all contrasts p = 

<0.001; Figure 4 + 5). Interestingly, the two “extreme” nests that developed very 

quickly or very slowly showed lower abundances of this fungus (LMM: χ2 = 

40.55, p = <0.001; EMM: all contrasts p = <0.001; Figure 5). The abundance of 

the second mutualist, R. canadensis, is highest in nests of early dispersing 

foundresses (EMM: ‘early–late’ p = 0.008; ‘early-middle’ p = 0.031; 

Supplementary Material Figure 13). Additionally, we found significant lower 

abundance of R. canadensis in the third phase of late dispersing females 

(EMM: ‘early–late’ p = <0.001; ‘late-middle’ p = 0.001; Supplementary Figure 

13). Finally, within laboratory fungus gardens, relative abundance of C. 

globosum increased over the course of development (LMM: χ2 = 13.98, p = 

0.001) and there was a strong interaction between development phase and 

speed (LMM: ‘phase/speed’ χ2 = 74.90, p = <0.001; Figure 5). Fast developing 

nests had significantly less C. globosum present, then medium and slow 

developing nests both during the presence of only immatures or immature and 

adult offspring (phase 1 and 2) (phase 1: EMM: ‘medium-fast’ p = 0.023; ‘fast-

slow’ p = 0.004; phase 2: ‘medium-slow’ and ‘fast-slow’ p = <0.001; ‘medium-
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fast’ p = 0.001). This effect disappeared when only adults were present within 

nests, since C. globosum was the most abundant taxon in almost all galleries 

(Figure 5). 

 

Figure 5. Comparison of the relative abundances of the three core fungi in laboratory fungus 
gardens in relation to the phases and speed of development of X. saxesenii nests. Box-plots with the 
relative abundance of the fungal mutualists R. sulphurea and R. canadensis as well as the fungal weed C. 
globosum for the different phases and speeds of nest development are given. Lowercase letters indicate 
significant differences between groups (Tukey's HSD test: p < 0.05). 
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Influence of bacterial and fungal communities on each other 

Field samples revealed a positive linear correlation between the dissimilarity 

matrices of bacterial and fungal communities (r = 0.271; p = 0.002), but this 

correlation was not found in the laboratory samples (r = 0.047; p = 0.130). 

 

4 Discussion 

The analysis of the fungal symbionts in fungus gardens during X. saxesenii 

development in both field and laboratory originating nests provided us with 

several new insights. As expected, we detected a much higher diversity of both 

bacteria and fungi in the field compared to the laboratory. Fungus gardens in 

the laboratory are reduced to the core community of bacteria and fungi 

necessary for beetle nutrition and development (Figure 3). Besides these in lab 

nests present core taxa, field samples included additional taxa, which can be 

classified as plant saprophytes, endophytes or pathogens, as well as beetle 

endosymbionts. While the diversity and abundance of bacterial communities of 

fungus gardens were relatively stable (in both lab and field) over developmental 

time, fungal communities shifted quite a bit. Especially in the laboratory nests, a 

turnover from nutritional fungal mutualists to a putative lab contaminant (C. 

globosum) was observed. We could observe functional beetle-symbiont 

interactions with our data showing that fast development is linked with a higher 

abundance of Raffaelea fungi at least during the first phases of nest 

development (i.e., when immature brood was still present). 

An interesting observation was that the bacterial and fungal communities in field 

fungus gardens had a mutual influence on each other, while laboratory gardens 

did not exhibit this relationship. We posit that this difference is due to the 

greater diversity of bacteria in the field, which enabled more flexibility to adapt 

to the changing conditions caused by the developing fungal community. In 

contrast, the laboratory conditions represent a more stable, closed environment 

which is based on sterile, semi-natural medium limiting the microbial community 

diversity and leading therefore to a dominance of few core taxa an few change 
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over time. This finding suggests that in natural environments, the overall 

bacterial community within ambrosia beetle nests may be shaped by the 

dominant fungal species. By changing the environment with their enzymatic 

activity, fungi could influence, positively or negatively, the bacterial symbionts 

as the study by Zhang et al. (Zhang et al., 2022) reported in the context of 

composting. Here, the bacterial genera, Flavobacterium and Pseudomonas 

showed a positive correlation to the fungal genus Aspergillus, but a negative 

one with Myceliophthora.  

Overall bacterial communities of fungus gardens resembled taxa found in other 

studies, especially for ambrosia beetles associated with Raffaelea fungal 

symbionts (i.e., Xyleborus, Xyleborinus, Platypodinae; (Fabig, 2011; Aylward et 

al., 2014; Nuotclà et al., 2021; Nones et al., 2022). These are taxa in the Alpha- 

Beta- and Gammaproteobacteria, as well as Actinobacteria and Bacteroidetes 

(Ibarra-Juarez et al., 2020; Joseph and Keyhani, 2021). Focusing only on the 

changes in bacterial-community composition in the field, we found a decrease 

of Sphingobacteria and Flavobacteria (Bacteroidetes) over development 

phases; Sphingobacteria can exhibit xylanolytic activity (Zhou et al., 2009). 

Actinobacteria in return, happened to be more abundant in some galleries with 

only adult individuals present; they are known for their antimicrobial metabolites 

(Van Arnam et al., 2018; Grubbs et al., 2020). It is unclear if they are absent in 

the laboratory. By comparing field with laboratory nests, we found a shift from 

relatively heterogenous and balanced bacterial communities to ones dominated 

by Gammaproteobacteria. Specifically, a Pseudoxanthomonas sp. showed a 

mean relative abundance above 80% in all three development phases. The 

exact role of this specific bacterium in the context of bark beetles is still 

unknown, but it can be often found within the communities (Nuotclà et al., 2021; 

Nones et al., 2022). Another Gammaproteobacterium, Erwinia, was also both 

present in the field and laboratory; it might contribute to nitrogen fixation in the 

system (Papen and Werner, 1979). Future work needs to address potential 

functional roles of bacteria in the fungus gardens of X. saxesenii and this study 

points out the few taxa present in both lab and field that should be considered 

first.  
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While bacterial communities were relatively stable, both field and laboratory 

galleries showed strong shifts of fungal communities in the course of nest 

development. This change was manifested mostly in abundances but not 

diversities. In the field, the strongest shifts of abundances were observed for an 

unknown Sordariomycetes, which decreased with nest development, and a 

Graphium sp., which increased (Figure 3, 4). Both taxa are known as symbionts 

of some ambrosia beetles (Harrington, 2005; Kolařík et al., 2015), but for X. 

saxesenii both species are probably not essential, because they were missing 

in laboratory nests. By contrast only the two Raffaelea nutritional mutualists 

occurred both in the field and in the laboratory. Changes in abundances in 

relation to nest development was relatively equal between lab and field, 

showing both a relatively stable abundance of R. canadensis and a decrease of 

R. sulphurea over development phases (Figure 4, 5). This corresponds with the 

preference of R. sulphurea for moister conditions (i.e., substrates dry out over 

time) and its function as larval food (Nuotclà et al., 2021). It is quite likely that 

these fungi jointly complement the diet of the beetles also as they can co-occur 

on agar plates with no sign of inhibition (Biedermann, unpubl. data). A similar 

co-occurrence of two mutualists has been observed for the bark beetle 

Dendroctonus ponderosae (Six and Bentz, 2007).  

Apart from C. globosum, which may be a laboratory contaminant because it 

occurred only in laboratory nests, fungus garden symbionts in laboratory nests 

were reduced to the core community of bacteria and fungi that are necessary 

for beetle nutrition. This bottleneck effect can inform us about the functional 

relevance of certain bacterial and fungal taxa for beetle fitness and shows that 

the majority of microbial symbionts in the field are possibly transient hitchhikers 

on beetles’ surfaces (Birkemoe et al., 2018; Seibold et al., 2019). 

Metabarcoding studies of symbiont communities of ambrosia beetles in the field 

(e.g. Kostovcik et al., 2015; Malacrinò et al., 2017; Rassati et al., 2019) have 

revealed hundreds of potential beetle associates, but our outcome shows that 

the majority of them are not essentially needed by the beetles. Claims that 

culture-dependent studies are outdated and invalid, because they reveal only a 

fraction of the beetle symbionts (e.g. Kostovcik et al., 2015) should therefore be 

withdrawn as the required core community detected by our study has been 

detected by isolation studies before (Batra, 1966; Francke-Grosmann, 1975; 
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Biedermann et al., 2013). Nevertheless, as the laboratory conditions cannot 

mirror all possible abiotic and biotic scenarios that the beetles may face in 

nature, for example due to a lack of plant secondary compounds or the need for 

breakdown of recalcitrant plant polymers in the artificial substrate (Biedermann 

et al. 2009), it is possible that some microbial mutualists got lost under 

laboratory conditions while actually playing important roles in nature. Finally, 

more homogenous temperature and humidity conditions in the laboratory could 

have also led to the competitive exclusion of some taxa (e.g. Hibbing et al. 

2010).  

Using our laboratory nests, we could show that fungal communities had a 

strong influence on the speed of nest development (Supplementary Figure 4, 5). 

There is a clear succession from a R. sulphurea dominated first nest phase 

(with immature brood) to a mixed R. sulphurea, R canadensis and C. globosum 

community in the second nest phase (with immature and adult brood) and a last 

phase dominated by C. globosum. Interestingly, the earlier this succession 

moves away from R. sulphurea, the slower the beetle development is. Fast 

developing nests were characterized by higher fungal richness (Supplementary 

Figure 4, 5), lower relative abundance of the weedy fungus C. globosum and a 

higher abundance of the nutritional Raffaelea species, in particular R. sulphurea 

(Figure 5). This is certainly an effect of the better food supply for the developing 

offspring, which is further corroborated by the observation that there is no 

correlation between speed of development and relative abundance of nutritional 

fungi in the third nest phase with only adults present that finished development.  

This study is the first to proof a microbe-mediated transgenerational effect of 

female dispersal time on development of the subsequent generation in X. 

saxesenii. Interestingly, effects of dispersal were not significant in the first 

phase of development, but appeared only in the second phase (with immature 

and adult brood). In particular, the earlier a female dispersed, the lower was the 

fungal diversity during the second phase. The same effect was also found for 

the relative abundance of R. canadensis in the second and third phase 

(Supplementary Figure 13). This suggests that an early dispersal of females 

from their maternal nests seems to benefit the beetles by a higher abundance of 

the second food fungus, R. canadensis, which is most abundant during the 
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second phase with first adult offspring present. This could give the freshly 

emerged immature females an additional nutritional benefit, as well as, 

advantage for a successful nest establishment in the following generation. As 

found by Nuotclà et al. (2021), R. canadensis enables long-lasting nests and 

increases offspring numbers. Therefore, delayed dispersal, which is found in 

many adult daughters of X. saxesenii that remain and socially care for brood 

and fungus (Peer and Taborsky, 2007; Biedermann and Taborsky, 2011), may 

come with a transgenerational cost of less beneficial symbiont communities 

later on. This can be easily explained by looking again at the above-mentioned 

succession from nutritional fungi to fungal weeds over nest development and 

the fact that adult females most likely fill mycetangia and guts for fungal spore 

transmission just before their own dispersal from the maternal nest (Francke-

Grosmann, 1975; Mayers et al., 2022). 

Our study shows that the fungus gardens of ambrosia beetles, at least the ones 

from X. saxesenii, are very different from the ones of farming ants and termites. 

While the latter live in long-lived eusocial societies that maintain growth 

conditions for their fungal mutualists very stable by progressive provisioning of 

substrate, dead-wood substrate is not replenished by the beetles and 

deteriorates relatively quickly (Biedermann and Vega, 2020). Hence, we find a 

single cultivar dominating typical fungus gardens of ants and termites, while 

more and more studies in facultative eusocial ambrosia beetles (the Xyleborini 

genera Xyleborus and Xyleborinus, possibly also Platypodinae) show that there 

is succession of different fungi (or yeasts) and at least two, possibly even more, 

can serve as food sources (this study, Ibarra-Juarez et al. 2020; Diehl et al. 

2022). Alternatively, other less social ambrosia beetles have relatively short-

lived nests (only one generation per nest) and rely on only single fungal 

cultivars (e.g. the Xyloterini and the Xyleborini genera Xylosandrus and 

Anisandrus; (Kostovcik et al., 2015; Mayers et al., 2015, 2020). Overall, 

ambrosia beetles are unable to stabilize the community, such as other farmers 

do because they cannot replenish the fungal substrate. The only exception 

might be the few Platypodinae ambrosia beetles that colonize living trees 

(without killing them; Kirkendall et al. 2015), in which trees may replenish the 

nutrients used by the growing fungi. Communities of their fungus gardens have 

not been studied, so far. What also remains unclear is if and how multiple 
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cultivars in ambrosia beetle nests respond to changing temperatures, moisture 

and switches of tree hosts (most of these ambrosia beetle species are tree-host 

generalists). 

The first direct comparison of symbiont communities in fungus gardens of field 

and laboratory nests revealed a strong reduction of both bacterial and fungal 

symbionts in laboratory nests. We argue that these few taxa are the core 

mutualists, needed for X. saxesenii reproduction and development. 

Furthermore, we observed in both, field and laboratory, a succession of fungal 

symbionts during the course of beetle development, in which both nutritional 

mutualists occur in succession and communities get later dominated by fungal 

competitors and pathogens. The quicker the succession proceeds, the slower 

nests are developing, which certainly relates to the diminishing food supply. 

Finally, fungal succession might also have transgenerational costs for delayed 

dispersing daughters, as early dispersing daughters transmit the more 

beneficial fungal communities for their developing offspring. Future studies 

should focus now on revealing the functional roles of the core bacterial taxa that 

were present in both field and laboratory nests. 
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Supplementary Material 

To publication Succession of ambrosia beetle microbial community 
structure throughout development in field and laboratory galleries by JMC 
Diehl, A Keller & PHW Biedermann in Front. Microbiol. 
 
GitHub Repository: https://github.com/janinad88/microbial-succession-of-
ambrosia-beetle-galleries 
Raw Sequence Data available on NCBI SRA under BioProjectID: 
PRJNA915190 
 

Sequencing controls 

Controls showed a sufficient sequencing result of the microbial community 

standard from ZymoBiomics. All bacterial species contained in the standard are 

represented in the bar graph of relative bacterial taxa abundance 

(Supplementary Figure 1A & Supplementary Figure 2A) and appeared rarely in 

the other samples (≤105 reads/sample, only for Staphylococcus aureus). 

Negative controls (autoclaved rearing medium for beetle breeding and PCR 

water control) showed some bacterial species which can be neglected, since 

the first control of these samples with gel electrophoresis ahead to sequencing 

revealed no visible bands and rarefaction curves and richness estimates 

suggest a low input of single sequences due to possible cross-contamination. 

Due to a very low read number of these ASVs in our samples (≤ 480 

reads/sample, Streptomyces sp.) we choose the low abundance filtering 

method. Similarly, a closer look on the fungal controls yielded important 

information on the quality of our 28S MiSeq primers. Our own mock community 

of known fungi associated with X. saxesenni (R. sulphurea, R. canadensis, C. 

globosum, Ophiostoma stenosterans and Pichia sp.) revealed like in Nuotcla et 

al. (2021) and Diehl et al. (2022) that the two symbionts R. canadensis and R. 

sulphurea can be distinguished, as well as other fungi of the orders Eurotiales, 

Sordariales, Hypocreales, Capnodiales, Onygenales and Dothideales, but again 

the yeasts including Saccharomycetales (e.g. Pichia sp., Candida sp.) were not 

differentiated (Supplementary Figure 1C & Supplementary Figure 2C). The 

negative controls showed only few reads (≤ 418 reads, C. globosum) of fungal 

taxa. We again decided to neglect this information since all negative controls (N 

= 6) revealed in gel electrophoresis ahead to sequencing no visible bands and 
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rarefaction curves as well as richness estimates again suggest a low input of 

single sequences due to potential cross-contamination.  

 

Supplementary Figure 1. Relative Abundance of detected taxa in the sequencing control samples 
of the field samples prae und post filtering with the ‘decontam’ package. (A) ZymoBIOMICS™ 
Microbial Community Standard prae removal of bacterial contaminants (standard 1 = 12,661 reads; 
standard 2 = 14,118 reads). (B) ZymoBIOMICS™ Microbial Community Standard post removal of bacterial 
contaminants (standard 1 = 12,661 reads; standard 2 = 14,118 reads). The Zymo Microbial Community 
Standard should contain the following eight bacterial genera: Pseudomonas, Escherichia, Salmonella, 
Lactobacillus, Enterococcus, Staphylococcus, Listeria, Bacillus (ZymoBIOMICS™ Microbial Community 
Standard Instruction Manual). These could all be detected in our sequencing. (C) Mock community prae 
removal of fungal contaminants. Equal amounts of biomass were used to create the community. (32,739 
reads) (D) Mock community post removal of fungal contaminants (32,674 reads).  (E) ZymoBIOMICS™ 
Microbial Community Standard prae removal of fungal contaminants (59 reads). (F) ZymoBIOMICS™ 
Microbial Community Standard post removal of fungal contaminants (59 reads). These Mock communities 
should contain two fungal genera: Cryptococcus and Saccharomyces (Instruction Manual) which both 
could not be amplified with our primers. Instead, the Ambrosia beetle fungi appear, however the extremely 
low read numbers in these samples demonstrate that only neglectable cross contamination was 
sequenced.  
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Supplementary Figure 2. Relative Abundance of detected taxa in the sequencing control samples 
of the laboratory samples prae und post filtering with the ‘decontam’ package. (A) ZymoBIOMICS™ 
Microbial Community Standard prae removal of bacterial contaminants (average 22,405 reads). (B) 
ZymoBIOMICS™ Microbial Community Standard post removal of bacterial contaminants (average 13,804 
reads). The Zymo Microbial Community Standard should contain the following eight bacterial genera: 
Pseudomonas, Escherichia, Salmonella, Lactobacillus, Enterococcus, Staphylococcus, Listeria, Bacillus 
(ZymoBIOMICS™ Microbial Community Standard Instruction Manual). These could all be detected in our 
sequencing, however, the decontamination step removed Staphylococcus as this also appeared as a 
contaminant in the negative controls and could not be found in our true samples. (C) Mock community 
prae removal of contaminants. Equal amounts of biomass were used to create the community. (average 
23,271 reads) (D) Mock community post removal of contaminants (average 7,638 reads).  (E) 
ZymoBIOMICS™ Microbial Community Standard prae removal of fungal contaminants (average 627 
reads). (F) ZymoBIOMICS™ Microbial Community Standard post removal of fungal contaminants (average 
625 reads). These Mock communities should contain two fungal genera: Cryptococcus and 
Saccharomyces (Instruction Manual) which both could not be amplified with our primers. Instead, the 
Ambrosia beetle fungi appear, however the extremely low read numbers in these samples demonstrate 
that only neglectable cross contamination was sequenced.  

 

After running the contaminant removal method with the package ‘decontam’ 

(Davis et al., 2018), ‘negative’ control samples (Nfield = 4; Nlab = 14) identified 

163 of the bacterial 16S ribosomal RNA and 3 of the fungal 28S ribosomal RNA 

ASVs as external contaminants from the field samples. Whereas, 430 in the 

laboratory nests of the bacterial 16S ribosomal RNA and 16 of the fungal 28S 

ribosomal RNA ASVs were found. Overall the quality of field samples was better 

and showed less contaminations. The filtering process for ‘decontam’ reduces 

the complexity of microbiome data while preserving its integrity in downstream 

analysis. By reducting the classification methods' sensitivity and technical 

variability, it allows researchers to generate more reproducible and better 

comparable results in microbiome data analysis (Cao et al., 2021). 

Species accumulation curves (Supplementary Figure 3) showed that most 

samples were sequenced to saturation after approximately 20,000 high quality 
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reads for 16S and 28S. The insufficient sequencing effort to represent the entire 

microbial communities in some of the samples could be due to a high amount of 

single read copies. Taxa that could not be assigned further than to 

Kingdom/Domain level, were removed prior to follow-up analyses. 

 

 

Supplementary Figure 3. Rarefaction curves of amplicon sequence variants in the datasets after 
running 'decontam' filtering step and excluding sequence control samples. (A) Samples of field 
nests from X. saxesenii in beech logs sequenced with 16S primers to detect the bacterial community. (B) 
Same samples of field nests sequenced with 28S primers to detect the fungal community. (C) Samples of 
laboratory nests from X. saxesenii in artificial beech rearing medium sequenced with 16S primers to detect 
the bacterial community. (D) Same samples of laboratory nests sequenced with 28S primers to detect the 
fungal community. 

 

Supplementary Table 1. Number of replicates used for analysis in the different sequencing 
datasets. 

Dataset Replicates 
Phase 1 

Replicates 
Phase 2 

Replicates 
Phase 3 

16S field 13 13 4 

28S field 13 13 4 

16S laboratory 32 27 30 

28S laboratory 50 49 49 
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Supplementary Figure 4.  Boxplots of Shannon’s diversity indices in the three developmental 
speeds for the fungal communities in laboratory nests. Here, ‘medium’ developing nests had a higher 
Shannon’s diversity index than ‘slow’ developing ones. Lowercase letters indicate significant differences 
between groups (p < 0.05; Tukey's test). 

 

Supplementary Figure 5. Boxplots of observed richness estimates in the three developmental 
phases for the bacterial (A+C) and fungal (B, D & E) communities in field (green) and laboratory 
(yellow) nests. Field nests showed no significant differences between the developmental phases in both 
bacterial (A) and fungal (B) observed richness. Laboratory nests, on the other hand, had lower observed 
richness in the bacterial communities in the phase with larvae, pupae and adults present compared to only 
eggs and larvae or only adults (C). The fungal communities in laboratory nests, moreover, pointed out 
interactions where richness was as well influenced by the developmental speed (D), as well as the 
dispersal time of foundresses (E). In both interactions differences could be found in the second phase with 
larvae, pupae and adults present. Here, ‘fast’ and ‘medium’ developing nests or nests from ‘middle’ and 
‘late’ dispersing foundresses had a higher fungal richness. Lowercase letters indicate significant 
differences between groups (p < 0.05; Tukey's test). 
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Bacterial beta diversity 

Beta diversity slightly differed between phase 1, 2 and 3 (PERMANOVAField: 

phase1 vs. phase2: R2 = 0.078, F = 2.43, p = 0.014; phase1 vs. phase3: R2 = 

0.115, F = 2.36, p = 0.010), but not between phase 2 and 3 (R2 = 0.039, F = 

0.714, p = 0.720) in the field.  The NMDS plot of Bray-Curtis dissimilarity 

displayed some separation of the phases within the sampled trees 

(Supplementary Figure 6). The homogeneity groups between the 

developmental variable demonstrated an equal compositional variance 

(Betadisper: F = 1.64, p = 0.213), whereas the groups of the originating trees 

did not (Betadisper: F = 17.30, p = <0.001). 

In laboratory nests pairwise comparison on the basis of PERMANOVA including 

the phase and development speed showed that dispersion of the developmental 

speed differed between the first and third phase (R2 = 0.061, F = 1.89, p = 

0.024). No statistically different dispersion was found between the first and 

second (‘phase’ p = 0.359, ‘speed’ p = 0.936) or second and third phase 

(‘phase’ p = 0.335, ‘development’ p = 0.843). The NMDS plot of Bray-Curtis 

dissimilarity displayed no separation of the phases or development speed 

(Supplementary Figure 9). The homogeneity groups between the 

developmental variables and dispersal time demonstrated an equal 

compositional variance (Betadisper: ‘phase’ F = 0.867, p = 0.424, ‘speed’ F = 

1.46, p = 0.238, ‘dispersal’ F = 2.10, p = 0.129). 

Fungal beta diversity 

Adjusted p-values of pairwise PERMANOVA demonstrated significant variation 

between the first and third phase (R2 = 0.237, F = 5.26, p = 0.001) and between 

the first and second (R2 = 0.079, F = 2.24, p = 0.030) in the field. No separation 

was found for the second and third developmental phases (R2 = 0.080, F = 

1.47, p = 0.167). Instead, looking at these two groups, the pairwise 

PERMANOVA showed a marginal significant effect of the tree nests originated 

from (R2 = 0.261, F = 1.59, p = 0.083), as well as in the first and second phase 

comparison (R2 = 0.147, F = 2.08, p = 0.091). In the NMDS plot of Bray-Curtis 

dissimilarity some variation of the phases, where the dispersion of samples in 
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the groups gets bigger the older the fungus garden, is displayed. 

(Supplementary Figure 7). This heterogeneity of groups between the 

developmental phase demonstrates more compositional variance and is 

reflected by the significant test of homogeneity (Betadisper: F = 4.17, p = 

0.026). As in the bacterial composition, we found this effect for the originating 

tree for the samples, too (Betadisper: F = 3.82, p = 0.022). 

In lab fungus gardens, adjusted p-values of pairwise PERMANOVA 

demonstrated significant variation between the first and third phase (R2 = 0.391, 

F = 63.51, p = 0.001) with no influence of the speed (R2 = 0.025, F = 2.03, p = 

0.246), and between the second and third (‘phase’ R2 = 0.443, F = 87.68, p = 

0.001, ‘speed’ R2 = 0.083, F = 8.19, p = 0.006) (Supplementary Figure 10). No 

significant separation was found for the first and second developmental phases 

(‘phase’ R2 = 0.022, F = 2.71, p = 0.194, ‘speed’ R2 = 0.196, F = 11.90, p = 

0.071). In the NMDS plot of Bray-Curtis dissimilarity some variation of the 

phases, where the dispersion of samples in the groups gets bigger for the 

second phase and a shift from first to third phase is displayed. (Supplementary 

Figure 10). This heterogeneity of groups between the developmental phase and 

speed demonstrates more compositional variance and is reflected by the 

significant test of homogeneity (Betadisper: ‘phase’ F = 18.91, p = <0.001, 

‘speed’ F = 2.50, p = 0.086).  

 



Annex - Chapter 5 – Microbial succession during nest development 

 

203 

 

Supplementary Figure 6. The NMDS plot of Bray-Curtis dissimilarity in bacterial communities of 
field nests displayed some separation of the phases within the sampled tree logs. 

 
 

 

Supplementary Figure 7. The NMDS plot of Bray-Curtis dissimilarity in fungal communities of field 
nests displayed some variation of the phases, where dispersion of samples in the groups gets 
bigger the older the fungus garden. 
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Supplementary Figure 8. Heatmap of most abundant taxa in the three developmental phases for 
both bacterial and fungal communities in field nests. Taxa under detection threshold of 5% relative 
abundance are combined into “Other”. 

 
 
 

 

 

Supplementary Figure 9. The NMDS plot of Bray-Curtis dissimilarity displayed no separation of the 
phases or development speed in bacterial communities of laboratory nests. 
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Supplementary Figure 10. NMDS of Bray-Curtis dissimilarity displayed separation by phases and 
development speed in fungal communities of laboratory nests. 

 
 
 
 

 

Supplementary Figure 11. Heatmap of most abundant taxa in the three developmental phases for 
both bacterial and fungal communities in laboratory nests. 
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Supplementary Figure 12. Effects of the relative abundance of fungal core taxa in field nests. Direct 
comparison of the relative abundance of core taxa in field nests showed neither significant reduction of the 
primary food fungus, R. sulphurea, over nest development (bottom, left), nor increase of R. canadensis 
with developmental phases (bottom, right). Graphium sp. abundance seemed to have increased with nest 
age, but also revealed not significant difference between the phases (top, right). The abundance of the 
highly dominant unknown Sordariomycetes decreased between the first and third developmental phase 
significantly (top, left). Lowercase letters indicate significant differences between groups (p < 0.05; Tukey's 
test). 
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Supplementary Figure 13. Effect of the relative abundance of R. canadensis in laboratory nests. 
Direct comparison of the relative abundance of R. canadensis in laboratory nests showed an influence of 
the developmental phase with time of the foundress’s dispersal, where nests of ‘early’ dispersing 
foundresses in the second developmental phase had a significant higher relative abundance compared to 
‘middle’ and ‘late’ dispersing ones. Lowercase letters indicate significant differences between groups (p < 
0.05; Tukey's test). 
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Supplementary Table 2. Mean abundance and standard deviation of fungal and bacterial taxa in 
field nests by order and species with number of nests detected. 

Fungi 

Order mean SD N Species mean SD N 

Xylariales 2.56% 6.16% 28 Unknown Diatrypaceae 1.24% 4.47% 17 

Microascales 9.96% 11.94% 30 Graphium sp. 9.95% 11.94% 29 

Chaetothyriales 2.93% 8.80% 22 Unknown Herpotrichiellaceae 0.72% 2.84% 15 

Hypocreales 11.87% 16.72% 28 

Clonostachys rosea 2.37% 7.05% 35 

Clonostachys sp. 0.81% 1.81% 15 

Unknown Hypocreales 0.78% 1.06% 24 

Nectria balansae 0.71% 2.78% 8 

Neonectria sp. 1.45% 7.18% 13 

Trichoderma deliquescens 2.70% 10.99% 12 

Togniniales 1.75% 5.20% 18 
Phaeoacremonium austroafrica 0.96% 4.54% 9 

Phaeoacremonium sp. 0.79% 2.76% 14 

Ophiostomatales 21.58% 14.62% 30 

Raffaelea aff. canadensis 0.78% 1.34% 24 

Raffaelea canadensis 10.34% 12.13% 30 

Raffaelea sulphurea 9.33% 8.0% 30 

    Unknown Sordariomycetes 46.6% 24.13% 30 

Bacteria 

Class mean SD N Genus mean SD N 

    Unknown Bacteriodetes 1.42% 6.04% 12 

Flavobacteriia 4.54% 5.44% 27 
Chryseobacterium 3.54% 5.09% 26 

Flavobacterium 0.98% 2.55% 15 

Actinobacteria 2.83% 4.59% 30 Demetria 0.52% 2.30% 7 

Chitinophagia 1.36% 2.36% 19 Taibaiella 1.36% 2.36% 19 

Alphaproteobacteria 20.34% 10.10% 30 

Mesorhizobium 0.53% 0.72% 22 

Ochrobactrum 4.11% 5.15% 29 

Phyllobacterium 13.14% 10.66% 30 

Pseudochrobactrum 0.56% 2.15% 25 

Roseomonas 0.51% 0.95% 21 

Betaproteobacteria 1.32% 3.32% 26 Burkholderia 0.76% 3.03% 11 

Gammaproteobacteria 31.76% 17.71% 30 

Erwinia 9.0% 13.49% 30 

Pseudoxanthomonas 12.43% 7.25% 30 

Xanthomonas 0.70% 2.58% 23 

Sphingobacteriia 36.21% 15.25% 30 

Olivibacter 10.62% 10.41% 29 

Pedobacter 6.80% 8.23% 28 

Unknown Sphingobacteriia 4.55% 9.59% 22 

Sphingobacterium 13.56% 12.83% 29 
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Supplementary Table 3. Mean abundance and standard deviation of fungal and bacterial taxa in 
laboratory nests by order and species with number of nests detected. 

Fungi 

Order mean  SD  N  Species  mean  SD N  

Eurotiales 0.58% 5.65% 43     

Ophiostomatales 45.70% 40.86% 148 

Raffaelea 
canadensis 

6.67% 15.49% 144 

Raffaelea sulphurea 38.61% 38.11% 147 

Sordariales 52.96% 41.29& 148 
Chaetomium 

globosum 
52.16% 41.33% 148 

Bacteria 

Class mean  SD  N  Genus mean  SD N  

Actinobacteriia 1.08% 1.60% 65     

Alphaproteobacteria 1.73% 11.56% 72 Ochrobactrum 1.64% 11.57% 45 

Gammaproteobacteria 97.13% 11.56% 89 

Erwinia 7.56% 21.72% 80 

Pantoea 0.81% 7.35% 42 

Pseudoxanthomonas 83.32% 30.65% 89 

Yersinia 5.18% 20.20% 43 
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GENERAL DISCUSSION & CONCLUSION 

 

A farmer cultivating a crop is not simply a relationship between a farmer and a 

cultivated crop, but rather a complex multipartite symbiosis. In agricultural 

ecosystems there are niches for pathogens that affect the farmer and the crop, 

as well as niches for pathogens of pathogens. For instance, some pests may 

infest stored products, while antagonistic 'weeds' may have adapted to coexist 

and exploit resources the farmers provide, such as cleared land, fertilizers and 

water. This understanding of agriculture as a complex symbiotic system 

highlights the importance of considering multiple factors when managing and 

optimising agricultural production (Fuller and Stevens, 2017; Schultz, 2022). 

Throughout the history of human agriculture, various techniques to manage and 

prevent the spread of unwanted symbiotic organisms have been implemented. 

These range from burning and intercropping to using biocontrol agents and 

genetic engineering in order to limit the impact of unwanted organisms 

(Denevan, 2001; Anderson and Wohlgemuth, 2012; Schultz, 2022). 

Comparable techniques are used in fungus-farming insects, such as ants, 

termites and ambrosia beetles, with the latter providing a special evolutionary 

perspective (Mueller et al., 2005). At least 13 independent origins of fungus 

farming have been observed in the polyphyletic group of ambrosia beetles, 

which comprises over 3,400 species globally (Hulcr and Stelinski, 2017; 

Biedermann and Vega, 2020). The aim of my doctoral thesis was to gain a more 

comprehensive understanding of the ecology and symbiosis of these small 

farmers. To this end, it was crucial to consider multiple key factors that play into 

these complex interactions, including habitat, pathogen pressure, sociality and 

the nests' microbial community. 

Although it has always been assumed that ambrosia beetles actively manage 

their fungal gardens (Hubbard, 1897; Neger, 1908), it has never been 

experimentally tested. As such, my thesis assessed the ability of an established 

fungus garden to thrive in the presence or absence of its host. As expected, the 

presence of both adults and larvae had a significant effect on the microbial 

composition of ambrosia beetle fungus gardens. I observed a higher relative 
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abundance of ambrosia beetle fungi in the presence of adults and larvae 

compared to their absence, even though the beetles were feeding on the crop 

at the same time (Diehl et al., 2022b; Chapter 1). Although we could not 

pinpoint the underlying mechanism, it became clear that the crop depends not 

only on inoculation, but also on promotion and protection by the beetle host. To 

this end, recognition by the host of both beneficial and harmful symbionts is 

paramount. 

The ability of ambrosia beetles to recognise and react to olfactory cues of their 

own food fungi has been demonstrated in studies such as that of Hulcr et al. 

(2011). However, this has not been reported for antagonistic and pathogenic 

microbes (c.f. Hanula et al., 2008; Hulcr et al., 2011; Luna et al., 2014). In 

Chapter 2, I investigated this question by confronting both adults and larvae 

with two antagonistic (Aspergillus sp. and Penicillium commune) and one 

entomopathogenic fungus (Beauveria bassiana). The individuals had the choice 

between their food fungi (Dryadomyces sulphurous; syn. Raffaelea sulphurea or 

R. canadensis) or a combination of one food fungus and one pathogen. I 

demonstrated the ability of ambrosia beetles to recognise other relevant 

symbionts. Additionally, I showed that larvae and adults react differently 

depending on the species they were confronted with (Diehl et al., 2022a; 

Chapter 2). Since larvae also play a significant role in this group of fungus 

farmers, it may be that physical constitution and pathogen susceptibility play a 

role in the division of labour. 

With this knowledge, the question naturally arises as to how pathogens will 

influence beetle’s behaviour. Many studies have investigated the response of 

ant and termites to introduced pathogens (Royce et al., 1991; Currie and Stuart, 

2001; Rosengaus and Traniello, 2001; Pie et al., 2004; Konrad et al., 2012), but 

little attention has been paid to ambrosia beetles (e.g. Nuotclà et al., 2019). It is 

precisely here that there is great potential for research on the evolution of 

sociality in insects (Biedermann and Rohlfs, 2017; Nuotclà et al., 2019). By 

studying the response of facultatively eusocial ambrosia beetles, such as X. 

saxesenii, to pathogens, we can test the hypothesis of pathogens as drivers of 

the evolution of sociality (Biedermann and Rohlfs, 2017). By considering factors 

such as life-history traits, behavioural adaptations, as well as the associated 
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microbial community, I managed to get a glimpse of the complex trade-offs that 

accompany the introduction of a pathogen (Chapter 3). As seen in the 

individual response towards the fungal volatiles, injection of Aspergillus sp. or B. 

bassiana resulted in slightly different behaviour and developmental changes 

(Diehl & Biedermann, in prep.; Chapter 3). Individual and social immunity 

measures as well as a change in the bacterial and fungal communities were 

detected. The strength of the response was relatively low compared to 

previously known reactions by ants and termites (e.g. Currie and Stuart, 2001; 

Tranter et al., 2015). As ambrosia beetles have a different lifestyle than fungus-

farming ants and termites, they are less exposed to sudden threats (Mueller et 

al., 2005) and their response to pathogens may be delayed and more long-term. 

Once again, I observed the ability of X. saxesenii to adapt its response to the 

specific pathogens it is confronted with, and it appears that there are different 

adaptation phases (Diehl & Biedermann, in prep.; Chapter 3). Drivers of 

adaptation phases are, among others, the dose and dosage of infection, as well 

as the general condition of the fungus garden, with beetles possibly evaluating 

the benefits and costs of the prospective adjustments to time their dispersal 

from the natal nest (e.g. Roy and Kirchner, 2000). The current level of sociality, 

observed behavioural and developmental measures, and the symbionts in this 

species allow for great flexibility and rapid adaptation to the environmental 

challenges that X. saxesenii may face.  

The condition of the fungus garden is dependent upon the habitat and substrate 

quality. The habitat can influence the composition and presence of both 

antagonists and pathogens. Ambrosia beetles occupy a niche which undergoes 

changes depending on seasonality and nest age (Ulyshen, 2016). The strategy 

of X. saxesenii to establish two species of food fungi may be advantageous in 

this context. Deadwood loses moisture over the course of the year, therefore 

the nests of wood-dwelling insects must cope with increasingly dry substrate 

towards the end of their development. I suggest that the second food fungus of 

X. saxesenii, R. canadensis, although less productive, is drought resistant 

(Nuotclà et al., 2021; Chapter 4). Even if this slows down the development of 

the offspring, this symbiont enables the beetles to build longer-lasting nests and 

produce a higher number of offspring. In addition, the suboptimal conditions 

could limit the invasion of antagonists (Nuotclà et al., 2021; Chapter 4). In X. 
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saxesenii, the other mutualistic fungal species, D. sulphureus, typically appears 

during the initial phase of fungus gardens (Diehl et al., n.d., under review; 

Francke-Grosmann, 1975).This fast-growing and highly productive fungus has 

been observed to be the dominant species under standard breeding conditions 

(Nuotclà et al., 2021; Chapter 4). However, the success of this strategy 

depends on factors such as the availability of alternative nesting sites, 

conditions for dispersal and how far advanced the season is. In laboratory 

nests, the higher competitive pressure by C. globosum seems to make mature 

females more likely to decide to abandon the natal nests and start a new 

generation under better conditions (Chapter 5). Repeated transfer of beetles to 

artificial dry medium resulted in the loss of the main mutualist, D. sulphureus 

(Chapter 4). Thus, under natural conditions for dispersing females, the 

subsequent decision-making processes are paramount in the establishment of a 

new nest. The choice of a drier substrate, which may have already been 

colonised by conspecifics would be expected to have a direct effect on the 

cooperative investment of the daughters. In addition, however, a long-lasting 

effect could prevail for future generations. Through the induced selection of 

mutualists, only suitable wood conditions corresponding to those in the natal 

nest would thus be possible (Nuotclà et al., 2021; Chapter 4).   

X. saxesenii can adapt to the changing substrate conditions and requirements 

of nest inhabitants by carrying two mutualistic food fungi (Nuotclà et al., 2021 

(Chapter 4); Diehl et al., 2022b (Chapter 1)). The margin for rapid adaptation is 

evidenced by a succession of the mutualists with changing nest age and 

developmental stages (Diehl et al., n.d., under review; Chapter 5). 

Transgenerational and developmental costs are also evident in the context of a 

temporal succession of the fungal composition in the fungus gardens (Diehl et 

al., n.d., under review; Chapter 5). Accelerated succession slows down the rate 

of development, which is due to the lower nutrient supply by the other 

mutualists or competing antagonists (cf. Nuotclà et al., 2021; Chapter 4). Once 

again, the importance of choosing the right dispersal time and evaluating the 

demand for philopatry in congruence with the microbial community, becomes 

clear. Based on my research, I consider that the niche occupied by ambrosia 

beetles requires a combination strategy of both staying in the nest and helping, 

as well as early dispersing females, to be successful. 
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By comparing field and laboratory nests in Chapter 5, I can now draw parallels 

and make more informed statements about the potential functionally-significant 

fungus garden symbionts. Overall, I found a strong bottle-neck effect of species 

richness between both bacterial and fungal communities from field to laboratory 

nests. The symbionts that remain are possibly those that are crucial to the 

survival and success of beetles (e.g. D. sulphureus, R. canadensis, 

Pseudoxanthomonas sp. and Erwinia sp.; Diehl et al., n.d., under review; 

Chapter 5). Given the faster development of nests in the laboratory than in the 

field, and the greater alpha diversity under natural conditions, the interpretation 

of data should be made with caution and placed in the appropriate context. 

Laboratory studies are useful for identifying the core symbionts and 

disentangling complex interactions in a controlled environment. In this context, 

the effects of temperature, limited nutrient availability, and host tree defence 

mechanisms can be excluded. However, the natural environment allows for 

more flexibility, where other saprobionts may play additional beneficial roles and 

become more prominent if required (c.f. Diehl & Biederman, in prep.; Chapter 

3).  

Ants and termites have developed specific symbiotic relationships with certain 

types of fungi and microorganisms that are limited to certain habitats or 

geographic areas. In contrast, the specific microbial taxa associated with 

ambrosia beetles can vary depending on the geographic location of the beetle 

population (Baker, 1963; von Arx and Hennebert, 1965) and the environmental 

conditions in the area (see Chapter 4). While important mutualists are 

transported via the mycetangia or gut (Bateman et al., 2016; Mayers et al., 

2018; Skelton et al., 2019a), the species composition of other symbionts can 

vary, as long as the functional role of the mutualistic microbes is fulfilled in 

facilitating the beetles' needs. Compared to ants and termites, the shorter life 

span and enduring fertility of ambrosia beetle ‘castes’ may be one of the 

reasons for their associated microbial community's high adaptability to 

environmental conditions. Furthermore, unlike other farmers, they are not able 

to stabilise the microbial community. 

In general, X. saxesenii produces one or two generation(s) of offspring that 

disperses to found their own nests after successfully raising their siblings 
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(Biedermann et al., 2012). As such, there is no need for the fungus garden to 

last several years and remain healthy and productive during that time. Ambrosia 

beetles can reproduce successfully on a wide range of tree genera and families 

(Beaver, 1979), and the specificity of their host plant choice appears to be 

determined by the food fungus (Harrington 2005). Therefore, this generalist 

approach to functional symbiotic relationships appears to be advantageous, as 

it allows ambrosia beetles to adapt more quickly to shifting conditions and 

evolve in multiple directions, which is reflected in their flexible habitat selection 

and global distribution (Kirkendall et al., 2015). 

 

The Microbial Community of Fungus Gardens 

Several studies have sequenced material from galleries and beetles themselves 

in order to gain, in addition to the well-studied mutualistic crop fungi, more 

knowledge on symbionts involved in this farming lifestyle (Kajimura and Hijii, 

1992; Fabig, 2011; Aylward et al., 2014; Kostovcik et al., 2015; Ibarra-Juarez et 

al., 2020; Nones et al., 2022). Fungal communities mostly consist of only a few 

taxa belonging to the orders of Microascales (e.g. Ambrosiella, Ceratocystis, 

Graphium, Petriella), Ophiostomatales (e.g. Raffaelea, Sporothrix), 

Saccharomycetales (e.g. Candida), Hypocreales (e.g. Fusarium), Eurotiales 

(e.g. Penicillium, Aspergillus, Paecilomyces, Talaromyces) and, in lower 

abundances, plant saprophytes, epiphytes, endophytes or pathogens belonging 

to  the Botryosphaeriales (e.g. Diplodia), Dothideales (e.g. Aureobasidium), 

Pleosporales (e.g. Alternaria) and Cladosporiales (e.g. Cladosporium) (Kajimura 

and Hijii, 1992; Fabig, 2011; Kostovcik et al., 2015; Ibarra-Juarez et al., 2020; 

Nuotclà et al., 2021). Bacterial taxa mainly belong to the classes of Alpha- (e.g. 

Ochrobactrum, Phyllobacterium, Sphingomonas), Beta- (e.g. Burkholderia) and 

Gammaproteobacteria (e.g. Pseudomonas, Pseudoxanthomonas, Erwinia, 

Stenotrophomonas, Pantoea), Sphingobacteria (e.g. Pedobacter, Olivibacter, 

Sphingobacterium), Actinobacteria (e.g. Streptomyces, Microbacterium), 

Flavobacteriia (e.g. Chryseobacterium), Bacilli (e.g. Staphylococcus, Bacillus) 

and Chitinophagia (e.g. Niabella) (Fabig, 2011; Aylward et al., 2014; Ibarra-

Juarez et al., 2020; Nuotclà et al., 2021; Nones et al., 2022). To date, only a few 

studies investigated their functional role, but some taxa provide antimicrobial or 



General Discussion and Conclusion 

 

216 

fertilizing properties, which can be seen as beneficial for the crop (Baumann, 

2016; Grubbs et al., 2020). In X. affinis, KEGG analyses suggest that its 

bacterial symbionts contribute to wood degradation, nitrogen fixation and 

nutritional provisioning (Ibarra-Juarez et al. 2020).  The Gammaproteobacteria 

Erwinia was present both in the field and laboratory (Diehl et al., 2022b 

(Chapter 1), n.d., under review (Chapter 5)) and is a known potential pathogen 

in discoloured wood (Agrios, 2005). It is also known for its ability to fixate 

nitrogen (Papen and Werner, 1979). 

Future work should investigate the potential contribution of bacterial 

communities in relationship to mutualism. While analysing community 

composition changes in the field, I observed a decrease in Sphingobacteriia and 

Flavobacteriia as nest age increased. Within the phylum of Bacteroidetes, 

Sphingobacteriaceae are known to exhibit xylanolytic activity. A 

Sphingobacterium with this ability was isolated from the gut of cerambycid 

larvae (Zhou et al., 2009). Taxa of the order Actinobacteria, which have the 

potential to produce antimicrobial metabolites, had in turn higher incidences in 

galleries where only adult individuals were present (Groth et al., 1997; 

Undabarrena et al., 2016). Clearly, the influence of the beetles is not the only 

factor changing the associated bacterial community, but progressive wood 

degradation also plays a role (Nuotclà et al., 2021; Diehl et al., 2022b). 

However, in wood excluded from beetles in the field, an increased bacterial 

richness has been observed in Fagus sylvatica and Picea abies (Hoppe et al., 

2015), which I could not confirm in the current thesis. It is currently unclear 

whether this is due to the beetles' influence, or lack thereof, or whether the 

sampling period, environmental conditions and/or other organism might have 

played a role in the results.  

Johnston et al. (2019), analysed bacterial-fungal interactions in decomposing 

beech wood and found that the bacterial community depended on the ecological 

strategy of dominating fungi and secondary colonizers, which could lead to 

shifts in bacterial diversity. Moreover, they found a clear effect of wood pH on 

bacterial richness at the community and family level and expected fungal pH 

manipulation to be one of the key factors for bacterial regulation. Therefore, I 

speculate that freshly excavated galleries with higher abundances of the 
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mutualist have a lower pH than older galleries with contaminating/decomposing 

fungi, as preferred by Actinobacteria (Lladó et al., 2017).   

Additionally, in a laboratory setting, the mutualists were under higher 

competition pressure by C. globosum, a gallery contaminating mould (Diehl et 

al., 2022b (Chapter 1), n.d., under review (Chapter 5)). This mould proved to be 

a strong competitor for the ambrosia fungi and caused a compositional turnover 

from crop dominating gallery walls in the early developmental phase, towards 

mould dominating walls at the end of family life (Diehl et al., under review). 

Since in the third developmental phase the nest approaches the end of its life, 

with adult offspring about to disperse and start a new generation in a freshly 

excavated tunnel, I speculate that these adults do not invest into an intensive 

care of their crop fungi anymore. Another reason could be the stronger and 

more effective contribution of the larvae to fungal care. Our data could not 

pinpoint the exact mechanism behind this, but the findings from Chapter 1 

(Diehl et al., 2022b) show that beetle presence influences the fungal 

community, which points to active fungus farming in this species. It is well 

known that fungus gardens of ants quickly fail when farmers are removed and 

contaminants start to congest the nests (Batra and Batra, 1979; Wood and 

Thomas, 1989; Currie et al., 1999a; Currie, 2001; Currie and Stuart, 2001; Diehl 

et al., 2022b), but to which degree the beetles actively decide to abandon the 

nest is still unknown. 

 

Comparison of Fungal Community Succession in Field and Laboratory 

Galleries 

The comparison of the succession of microbial communities in field and 

laboratory nests provided new information on the bacterial and fungal 

composition throughout X. saxesenii’s nest life. While bacterial community 

structure stayed relatively stable during nest development, both field and 

laboratory galleries showed a change of the community for fungi (Diehl et al., 

under review). Interestingly, in galleries originating from beech trees in the field, 

I did not observe a change in fungal richness. However, the proportions of the 

taxa differed between the three phases of nest development. I found evidence 
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that the fungal community composition is different in nests where only larvae 

are present, compared to older nests with adult individuals (Diehl et al., under 

review). The strongest effect for the compositional change was due to a 

stepwise decrease of an unknown Sordariomycetes fungus and an increase of 

externally derived taxa unrelated to the fungus-beetle mutualism, which can be 

categorized as plant-pathogenic fungi, in older nests. Both field and laboratory 

communities contained the two mutualistic ambrosia fungi, D. sulphureus and 

R. canadensis, but we were able to demonstrate an extreme bottleneck effect of 

laboratory reared nests, with high abundances of these fungi (Diehl et al., under 

review).  

For laboratory communities, I was able to demonstrate the expected succession 

of the two mutualists. In the second phase, before the contaminant completely 

dominated, I found a decrease of D. sulphureus relative abundance and an 

increase of R. canadensis (Diehl et al., under review). Experimental data by 

Nuotclà and Taborsky (unpublished data) suggests that R. canadensis is the 

slower growing mutualist, but it is better adapted to drier conditions than D. 

sulphureus. Therefore, a succession from one mutualist that is fast growing, 

highly productive and better adapted to the initial conditions, towards a second 

one complementing the main mutualist, is an advantage. The beetles can thus 

rely on a constant nutrient supply. This mutualist complementarity can also be 

found in the bark beetle Dendroctonus ponderosae. At least two associated 

ambrosia fungal species with varying abundances depending on temperature 

conditions are reported for D. ponderosae (Six and Bentz, 2007). 

 

Comparing Fungal Metabarcoding Results Across the Chapters: A 

Comprehensive Evaluation 

Most of my doctoral thesis (Chapters 1, 3, 4 & 5) has used next-generation 

sequencing technology to study the microbial communities in fungal gardens 

and in ambrosia beetles. As no suitable amplicon primers for the identification 

and differentiation of the mutualists of X. saxesenii, the Ophiostomataceae, 

were available at the beginning of my research, I designed my own primers 

according to my hypotheses and their application. After extensive literature 
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research and experimentation, the fungal large subunit (LSU) was chosen as 

the genetic marker. The primer pair LIC15R (Miadlikowska et al., 2014) and nu-

LSU-355-3` (Döring et al., 2000) was first tested for fungal species identification 

based on Sanger sequencing. Due to their adequate differentiation 

performance, we expanded the primers in accordance with the overall oligo 

scaffold described in Kozich et al. (2013) for conformity to the Illumina MiSeq 

platform, choosing the dual-indexing design (Supplementary Material, Nuotclà 

et al., 2021).  

My approach aligns with the efforts of Skelton et al. (2019b) and Ibarra-Juarez 

et al. (2020) in utilizing non-ITS (nuclear ribosomal internal transcribed spacer) 

primers for sequencing the fungal symbionts of ambrosia beetles and their 

fungus gardens. In all my studies, I effectively distinguished the closely related 

species of Ophiostomataceae. I was also able to identify the majority of other 

fungal symbionts (Ophiostomatales, Eurotiales, Sordariales, Hypocreales, 

Capnodiales, Helotiales and Xylariales). However, yeasts of the order 

Saccharomycetales, which were successfully amplified with the small subunit 

(SSU) primers used by Ibarra-Juarez (2020) and Basidiomycetes were not 

detected by my primers, as observed in the mock community outputs. This, 

once again, highlights the bias of the primers used for fungal metabarcoding. An 

important detail is that amplicon sequencing does not provide absolute 

abundance information of the phylotypes, but relates the amplified taxa to each 

other (Gloor et al., 2017). As a result, the inclusion of unamplified taxa may shift 

the relative composition of the community. I suggest that future studies of insect 

fungal microbiomes carefully select the metabarcoding primers that amplify the 

fungal groups of primary interest for testing the key hypothesis, while 

acknowledging their limitations (Ceballos-Escalera et al., 2022; Tedersoo et al., 

2022). 

 A recurring pattern emerged when examining the sequencing outcomes from 

all the studies in my thesis - significant symbionts were identified in all the 

fungus gardens and in the beetles alike. The clear differences, especially in the 

alpha diversities, between the materials (laboratory nests, beetles and field 

nests) are conclusive and were to be expected. By employing sterilized 

breeding medium, saprobionts from the wood were precluded from the outset, 
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allowing only the symbionts introduced by the beetles to establish. The fungal 

microbiome of the beetles is comprised of mutualistic fungi as well as those with 

an antagonistic relationship, such as Chaetomium globosum, 

Phaeoacremonium sp., or other wood saprobionts. These latter fungi become 

increasingly dominant in the galleries during the final phase of nest 

development, and dispersing females are likely to encounter them as they exit 

the nests (Diehl et al., under review). By utilizing innovative primers, I 

uncovered transformations in the fungal communities within the nests. This 

allowed me to associate the abundance of the key fungal taxa with factors such 

as the presence of beetles, the nest's age and condition, and the various 

developmental stages present.  

In conclusion, the newly designed primers proved to be a highly valuable tool in 

addressing my questions, although certain aspects should be approached with 

caution due to the exclusion of non-amplified taxa. The primers lay the 

foundation for a comprehensive understanding of fungal communities, including 

their composition and the identification of previously unknown functional 

symbionts. With respect to the bacterial communities, future studies can delve 

deeper into potential interactions with the mutualistic and antagonistic fungi of 

fungus gardens and the beetle hosts. 

 

Suggested Improvements 

Overall, my methods and designs were effective in answering my questions. 

Nonetheless, some parts of the studies could have yielded better results if the 

design was optimized, should I choose to conduct them again.  

After my initial sequencing run, I optimized my design and ran the sequence 

again. For Chapters 1, 4, and 5, the samples were sequenced together, and I 

had to remove many reads from the dataset due to chloroplast contamination. 

This adversely affected the overall data quality. I attribute the high amplification 

rate of chloroplasts to the use of tap water in the preparation of beetle breeding 

medium. To avoid this problem, I chose to use Millipore water in the preparation 

of all media used for my study in Chapter 3. Laboratory nests were cultivated in 

centrifuge tubes (Sarstedt AG & CO. KG; Ref. 55.511). While this method 



General Discussion and Conclusion 

 

221 

enabled space-efficient and abundant breeding, it posed challenges for 

accurate observation and recording of the beetles' behaviour and 

developmental stages. It was often difficult to obtain a clear view of successful 

nests, which only became apparent at a later stage, and the field of vision into 

the galleries was typically limited. As a result, gaining a precise understanding 

of the nest condition and individual activities was challenging and conducting 

focal observations was almost impossible. Ultimately, I had to exclude a 

significant number of these nests from the studies. Nuotclà (unpublished data) 

has developed a new breeding design that could address this issue and enable 

more precise manipulations. The design involves two plexiglass discs, between 

which the breeding medium is compressed to create a flat plane, allowing a 

clear view of the beetle tunnel passages. The structure is held together by a 

silicone frame and can be easily opened and closed. However, the extent to 

which this design impacts the risk of contamination is uncertain, and the number 

of replicas is limited by the need for a larger amount of storage space. 

Collecting nests from the field was a time-intensive process, and although the 

entrance holes were marked at the beginning of the dispersal season, 

determining the precise start of the nests was not possible, as they often turned 

out to be unsuccessful after opening. Thus, I had to rely on successful nests 

with an unknown start date and determine their developmental stages to 

establish a temporal frame of reference. To standardize field collection, 

forthcoming studies could employ flight cages with a sufficient amount of 

unoccupied deadwood that is subsequently colonized by a large number of 

released ambrosia beetles. This approach would allow for additional system 

manipulations and precise assessments of colonization density and 

developmental time in the field. Nonetheless, the selection of location, such as 

shady and humid spots, must be considered.The analysis of behavioural data in 

Chapter 3 proved to be partly problematic. A better approach would have been 

to observe the nests before and after the treatment to determine the exact effect 

and to incorporate individual nest variations as a random factor (e.g. Nuotclà et 

al., 2019). However, the early onset of female dispersal often allowed little 

room, making the injection of the solution necessary upon the emergence of the 

first adults. Observations before this point would not have been useful, as only 

larvae and pupae were present in the nests at that time. Therefore, improving 
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the data analysis would only have been possible with the help of an additional 

observation group without any treatment. This would be similar to the reference 

in the F0 generation but include generational changes. However, I do not 

necessarily think this would add significant value to the analysis, as a parallel 

comparison is possible through the control group, which also takes into account 

the effect of the solvent. 

Finally, I want to give an outlook on the analyses still needed for Chapter 3. 

This chapter is still in preparation for submission to a peer-reviewed journal and 

needs some optimisation. In particular, I would like to take a closer look at the 

microbial communities and gain detailed information on the adaptation of the 

communities under the influence of the pathogens with the help of a Mantel test 

and a cooccurrence analysis. In terms of behavioural data, it is suggested that a 

revised classification of behaviours grouped as 'hygiene behaviour' should be 

considered. One particular behaviour, 'cleaning', lacks evidence and is 

considered by some researchers to be a problematic definition (Biedermann 

and Taborsky, 2011). By examining and isolating individual behaviours, it may 

be possible to identify patterns that help us understand their purpose and 

facilitate a more accurate definition. 

 

Conclusion 

In conclusion, this study presents crucial findings regarding the complex 

symbiotic relationships of ambrosia beetles and their fungus gardens, shedding 

light on their ability to recognize both beneficial and harmful symbionts and 

respond accordingly. The study indicates that the presence of both adults and 

larvae has a significant impact on the microbial composition of ambrosia beetle 

fungus gardens, emphasizing the need to promote and safeguard this crop. 

Additionally, the study demonstrates the ability of ambrosia beetles to recognize 

other relevant symbionts and make complex decisions based on their stage of 

development and the species they face. Moreover, these findings have 

implications for understanding how ambrosia beetles react to pathogen 

pressure. Additionally, they indicate that there are different stages of adaptation 

and that the response strength of X. saxesenii is relatively low compared to 
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other social insects. The current level of sociality and symbionts in this species 

allow for great flexibility and swift adaptation to environmental challenges, which 

is critical in the face of a changing environment. 

Overall, this study enhances our comprehension of the complex relationships 

between ambrosia beetles and their symbiotic partners, offering a foundation for 

future research on the specific interactions within this insect-fungus mutualism. 
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