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Ecology and evolution of symbiotic microbial communities
in fungus-farming ambrosia beetles™

Maximilian Lehenberger
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Zusammenfassung: Okologie und Evolution von symbiotischen mikrobiellen Gemeinschaften
in Pilz-ziichtenden Ambrosiakéifern

All unsere heimischen Borken- und Ambrosiakifer sind eng mit den verschiedensten Mikroben
assoziiert, die ihnen unter anderem helfen, das Phloem oder Splintholz von Béumen zu besiedeln
und so das Uberleben der Kifer sichern. Hier spielen vor allem filamentdse Pilze, aber auch
Hefen und Bakterien eine essentielle Rolle. Obwohl diese Symbionten maBgeblich am Uberleben
der Kifer beteiligt sind, wissen wir nur wenig iiber ihre genauen Funktionen und wie sie am
Erfolg der Kéfer beteiligt sind. Im Rahmen meines Promotionsprojektes untersuchte ich eine
Vielzahl an unterschiedlichen Thematiken und konnte dabei neue und grundlegende Erkenntnisse
iiber die Natur dieser Symbiose erlangen. Im Einzelnen untersuchte ich (i) die Assoziation
heimischer 7Trypodendron-Arten mit ihren Pilzen sowie ihr Potential zum Holzabbau, (ii) das
Pilzsporenorgan ,,Mycetangium® einer 7rypodendron Art mittels Mikro-Computertomographie
(nCT), (iii) die Ethanol-Toleranz von unterschiedlichen Borken- und Ambrosiakéfer-Pilzen,
(iv) die Anreicherung von natiirlichen Ambrosiakéfer-Nestern mit essentiellen Elementen, sowie
(v) die Zusammensetzung von volatilen Substanzen, welche von unterschiedlichsten Pilzen
abgegeben werden.

Durch meine Studien konnte ich die (i) Assoziation der europdischen Trypodendron Ambrosiakafer
mit mutualistischen Pilzen in der Gattung Phialophoropsis bestétigen und fand Hinweise auf eine
neue Phialophoropsis Art in zwei der vier heimischen Trypodendron Arten. Aullerdem konnte
ich zeigen, dass diese mutualistischen Pilze wesentliche Polysaccharide im Holz, wie etwa
Cellulose und Xylan, abbauen konnen. Zusétzlich untersuchte ich (ii) erstmals die Pilzsporen
iibertragende Struktur ,,Mycetangium® des Ambrosiakéfers Trypodendron laeve und konnte durch
den Einsatz von pCT die ersten detaillierten anatomischen Aufnahmen bereitstellen. Aulerdem
bestétigten und ergéinzten meine Studien, (iii) dass Ethanol-Toleranz unter Ambrosiakéafer-Pilzen
eine wohl sehr weitverbreitete Besonderheit ist, wohingegen antagonistische Schadpilze schon
durch geringe Ethanol-Konzentrationen gehemmt werden. Interessanterweise konnte ich zum
ersten Mal zeigen, dass auch nahezu alle mit Borkenkédfern assoziierten Pilze stark negativ
durch Ethanol beeinflusst werden. Durch die erstmalige Verwendung von Energiedispersiver
Rontgenspektroskopie — Elektronenmikroskopie (EDX-REM) fand ich heraus, (iv) dass natiirliche
Brutsysteme von Ambrosiakédfern, im Gegensatz zum unbesiedelten Splintholz, sehr stark mit
verschiedenen essentiellen Elementen (wie etwa N, P, S, K und Mg) angereichert sind. Dies ist
vermutlich den Pilzsymbionten zu verdanken, welche Elemente aus unmittelbar umliegendem
Splintholz abziehen und diese in den Brutsystemen der Kéfer anreichern. Schlie8lich fand ich
heraus, (v) dass nahezu alle untersuchten Borken- und Ambrosiakéfer-Pilze eine Vielzahl an fliich-
tigen Inhaltsstoffen produzieren, welche sich hier vor allem in die Gruppe der aliphatischen und
aromatischen Alkohole und Ester eingliedern. Nicht-mutualistische Pilze sowie freilebende Arten
produzierten im Vergleich eine geringere Anzahl an unterschiedlichen fliichtigen Inhaltsstoffen
und emittierten zumeist geringere Mengen.

* Ph.D. Projekt, betreut von Prof. Dr. Peter Biedermann,
Lehrstuhl fiir Forstentomologie und Waldschutz, Albert-Ludwigs-Universitit Freiburg, Germany
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Introduction

Bark beetles (Curculionidae: Scolytinae) are a highly diverse group of insects encompassing more than
6000 described species worldwide, with the highest species diversity in tropical and subtropical areas
(BLACKMAN 1941, RAFFA & al. 2015 and references therein). They are all known to colonize healthy and/
or dead or weakened woody tissues from the major groups of terrestrial plants (KIRKENDALL & al. 2015).
This wood-boring trait of weevils is quite old and originated multiple times at least around 90 — 120
million years ago (MCKENNA & al. 2009, JORDAL & al. 2011, HARAN & al. 2013, GILLETT & al. 2014).
However, the term “bark beetle” is jointly used to combine multiple species with two completely differ-
ent life strategies: (i) the colonization of outer bark and phloem by bark beetles (sensu lato) and (ii) the
colonization of sapwood (xylem) of woody plants by their descendants, the fungus-farming ambrosia
beetles (sensu stricto) (BIEDERMANN & VEGA 2020). Phloem tissue has been described as the ancestral
habitat for bark beetles in general, while the colonization of the xylem was only possible (and likely
needed because of highly competitive pressure within phloem) through the evolution of mutualism with
fungi (KIRKENDALL & al. 2015, BIEDERMANN & VEGA 2020).

Conclusively, bark and ambrosia beetles are closely related and are thus sharing multiple traits. They
mostly forage in the dark, have to deal with several ubiquitous fungal antagonists, are highly adapted to
their specific niche, and are associated with various microorganisms like bacteria, yeasts, and filamentous
fungi (see KIRKENDALL & al. 2015). In most systems, filamentous fungi are playing an important role as
they can fulfill essential functions such as nutritional or tree-defenses-detoxifying mutualists and tree-
defenses-stimulating fungi (e.g. Six 2003, Kanpasamy & al. 2019, BIEDERMANN & VEGA 2020). Here,
bark beetles are generally described to be associated with certain facultative mutualistic fungi, while
ambrosia beetles have long been known for their species-specific, obligate nutritional mutualism with
filamentous fungi (KIRKENDALL & al. 2015, BIEDERMANN & VEGA 2020). Typically, the transportation
of these mutualistic fungi by the beetles is maintained over generations by vertical transmission. Fungi
are vectored in gland-rich pouches, the so-called mycetangia or mycangia, which are highly specialized
and possibly selective structures (FRANCKE-GROSMANN 1956, BATRA 1963, Six 2003). To date, scientists
are aware of at least 13 evolutionary independent origins of fungus farming within the polyphyletic
ambrosia beetles (~ 3,400 species worldwide) (HULCR & STELINSKI 2017, BIEDERMANN & VEGA 2020).

Besides ambrosia beetles, only two other groups of insects are known for their advanced fungus-
farming (including active cooperative care of fungal cultures): the famous attine ants and the fungus-
farming macro termites (FARRELL & al. 2001, MULLER & al. 2002). In contrast to the latter ones, ambrosia
beetles colonize the sapwood of woody plants, which are typically recently dead or in an unhealthy state
(KIRKENDALL & al. 2015). However, the infestation of woody tissue such as sapwood is a very challenging
task as it is generally known to be chemically well-defended in living and in weakened trees. Further,
it is an extremely nutrient-poor substrate, which is additionally biased toward certain elements, particu-
larly carbon (C), hydrogen (H), and oxygen (O) (FILiP1AK & WEINER 2014, PRETZSCH & al. 2014). To
survive in such an extreme environment, ambrosia beetles are necessarily depending on species-specific
mutualistic fungi, which they actively farm in often social family groups within their excavated galleries
(FRANCKE-GROSMANN 1967, KIRKENDALL & al. 2015).

Besides this, the detailed role of the majority of associated fungi remains unclear within most beetle
systems. Some are well-known mutualists, others may have beneficial functions while the role of some
frequently isolated species is still not clear. In ambrosia beetles, only about 5 % of fungal associates are
described so far (HuLcr & STELINSKI 2017) and the role of several other associated fungi, yeasts, and
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bacteria is even less studied (HAANSTAD & NorRis 1985). This indicates the importance of research on
fungal associates of ambrosia beetles, but also of bark beetle-associated fungi, where even fewer species
were examined in detail (such as Ips typographus and Dendroctonus spp.). Within my Ph.D. project,
I aimed to tackle long-standing questions on the physiological mechanisms of beetle-associated fungi
that may maintain the symbiosis with their beetle hosts. Therefore, I included a broad range of ambrosia
and bark beetle fungi as well as several free-living, non-mutualistic fungi in my projects to understand,
compare, and highlight evolutionary mechanisms within fungus-associated scolytinae.

New aspects within the Trypodendron—Phialophoropsis mutualism

Until recently, the mutualistic association of the European ambrosia beetle genus Trypodendron, with
the fungal genus Phialophoropsis (Microascales) was not safely established when I started my work.
Trypodendron is known to cause economic damage in harvested and stored conifer and broadleaf trees (e.g.,
DyYER & CHAPMAN 1965, PARINI & PETERCORD 2006) and the most common European ambrosia beetles
from this genus are 7. lineatum, T. signatum, as well as T. domesticum. Indeed, a fourth species exists
(T leave) which is widespread, but relatively rare and challenging to find (BussLER & ScHMIDT 2008).
Especially T lineatum is well studied and was known to be associated with the fungus P. ferruginea quite
some time ago (MATHIESEN-KAARIK 1953, FRANCKE-GROSMANN 1956, MAYERS & al. 2015). Although
similar fungi were isolated out of 7. domesticum and T. signatum in past studies (NAKASHIMA & al. 1992,
MAYERS & al. 2015), an association could not be safely confirmed due to the low number of isolations
and examined beetles. Additionally, mycetangial structures are well known for three of these species
(FRANCKE-GROSMANN 1956), but were not investigated for 7. leave yet.

Here, I confirmed the association of the European ambrosia beetle genus Tiypodendron with the fungal
genus Phialophoropsis and additionally found species-specific differences between the fungal isolates of
T. lineatum and T. domesticum/T. signatum (LEHENBERGER & al. 2018) using multiple genetic markers.
T. lineatum was found to be associated with P. ferruginea, while T. signatum, as well as T. domesticum,
are associated with a possible new species in the genus Phialophoropsis. Indeed, a recent study confirmed
my results that both 7" domesticum and T. signatum are sharing the same fungal symbiont, which was an-
notated as a new Phialophoropsis species (MAYERs & al. 2020). In aim to transmit their Phialophoropsis
symbionts to freshly established nests, the beetles rely on specific mycetangial structures, which were
examined in detail by FRANCKE-GROSMANN (1956) for three of the four European Trypodendron species.
Through my work, I provided the first uCT images of the mycetangium of 7. leave, which was previously
unknown (LEHENBERGER & al. 2019). These analyses revealed a paired, tubular, pleural-prothoracic
mycetangium, which is typical for Trypodendron ambrosia beetles (see FRANCKE-GROSMANN 1956).

Nutritional benefits of the ambrosia beetle symbiosis

Fungus-farming ants and termites have to provide huge amounts of plant biomass for the cultivation of
their fungi, which they actively collect and transfer to their colonies. In contrast, ambrosia beetles are
not leaving their nests for almost their entire life cycle (KIRKENDALL & al. 2015). They highly depend
on microbes to help them to decompose the major carbon sources in woody tissue such as cellulose,
hemicelluloses, pectin, and lignin as these compounds are indigestible by insects (DouGLas 2009).
Filamentous fungi are of crucial importance as they can forage deeper into the wood. However, ambrosia
beetle fungi are generally believed to be rather poor wood decomposers, unable to grow far into the
xylem (<2-3 mm) (FRANCKE-GROSMANN 1966). Their ability to colonize and decompose wood has
only been poorly investigated and several questions remain open.

Here, I first examined ambrosia beetle fungi for their wood-degrading potential and showed that
Phialophoropsis fungi can express robust amounts of endo-f-1,4-xylanase and endo-f-1,4-glucanase
(LEHENBERGER & al. 2018). This indicates their ability to degrade and metabolize particularly cellulose
and xylan as a carbon source. However, the species in the genus Phialophoropsis are among the very
few ambrosia beetle fungi (e.g., Fusarium euwallaceae) which are thought or known to forage deeper
within the xylem (FRANCKE-GROSMANN 1966, ESKALEN & al. 2013). To date, the importance of wood-
degrading enzymes excreted by bark and ambrosia beetle fungi remains open as representative studies
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including other fungal mutualists are missing. Possibly, several other mutualistic fungi are receiving
only low amounts (or none) of carbon out of cellulose and hemicelluloses, and instead are focusing
on other woody polysaccharides such as pectin as already suggested by FRANCKE-GROSMANN (1966).

Besides carbon, other elements such as nitrogen, sulfur, phosphorous, calcium, and potassium are also
highly needed by fungi and beetles but are only available in low proportions in woody tissue (FENGEL &
WEGENER 1989, FILIPIAK & al. 2016). My studies showed that natural galleries of ambrosia beetles are
highly enriched with several elements in contrast to the immediate surrounding xylem and completely
uncolonized xylem (LEHENBERGER & al. 2021a). This is especially interesting as only nitrogen might
be provided by N-fixing bacteria, while none of the other elements is fixated out of the atmosphere, and
galleries are isolated from the external environment (e.g., PEKLO & Satava 1949, BRIDGES 1981). This in-
dicates that the woody tissue itself must function as a source of these elements. Here, mutualistic ambrosia
beetle fungi would be good candidates for translocating and concentrating elements from the immediate
surrounding xylem (<2 mm) within the beetle’s galleries as recently shown within a Dendroctonus bark
beetle system (Six & ELSER 2019, 2020). In contrast to other symbiotic microbes, such as unicellular
yeasts and bacteria, filamentous fungi can forage deeper inside the wood. This enables them to translocate
certain elements out of the immediate surrounding xylem, which is fed by the elemental pipeline of the
colonized tree between roots and leaves (and vice versa) (see MATYSSEK & al. 2010).

Beetle-associated fungi emit a huge variety of volatile organic compounds (VOC)

In bark and ambrosia beetle systems, it has been a long-standing question, how and if they can distinguish
among certain fungi within their galleries since this would be a highly beneficial adaption to locate their
mutualistic fungi and separate between antagonistic microbes. The ambrosia beetle X. saxesenii was
observed to actively remove fungal antagonists and thus, to prevent these competitive fungi from spreading
(BIEDERMANN & al. 2013, NUuoTCLA & al. 2019), but how the beetles are informed about the presence of
such fungi remains mostly unknown. Nowadays, it is well known for some beetle-fungus symbioses, that
olfaction plays a role. As shown within past studies (e.g., HULCR & al. 2011, Kanpasamy & al. 2016,
2019), volatile organic compounds can have attractive or repellent effects on beetles. In bark beetles,
the study by Kanpasamy & al. (2019) highlights the crucial functions of fungal volatiles in maintaining
the symbiosis of Ips typographus with its fungal symbionts. However, our knowledge about volatiles
emitted by other bark, and especially ambrosia beetle fungi is highly limited, and only a few species
were examined so far.

In my studies, I screened a huge variety of different fungal bark and ambrosia beetle associates as
well as antagonistic fungi for their volatile profile. I showed that most mutualistic symbionts of bark
and ambrosia beetles mainly emit aliphatic and aromatic alcohols and esters similar to those described
by Kanpasamy & al. 2016, 2019 for bark beetle fungi (LEHENBERGER & al., in preparation). In contrast,
antagonistic fungi emitted a lower number as well as lower amounts of volatiles. This finding is fascinat-
ing as it indicates a crucial role of fungal volatiles within several widespread bark and ambrosia beetle
systems and has the potential to be one of the main drivers of the symbiosis. Additionally, the study on
fungal volatile organic compounds associated with bark and ambrosia beetles can serve as the base for
developing olfaction-based management strategies for several beetle species.

Novel insights into the suppression of antagonistic fungi in ambrosia beetle systems

If aggressive and fast-growing antagonistic fungi such as Chaetomium globosum (in case of ambro-
sia beetles) or Trichoderma harzianum (in case of bark beetles) are becoming more dominant within
beetle’s galleries, the risk that beetles and larvae are either dying or are at least performing poorly is
quite high (e.g., SHAKERT & FosTER 2007, NUuoTcLA & al. 2019). However, it mostly remains unclear for
the majority of bark and ambrosia beetles, how (and if in the case of several bark beetles) they protect
their fungal cultivars against antagonistic “weedy” fungi. Past studies on the primitively eusocial X.
saxesenii revealed that especially larvae are cleaning colony members as well as the walls in their gal-
leries, which minimizes the abundance of certain antagonistic fungi (BIEDERMANN & al. 2013). Further,
it has been shown that as soon as ambrosia beetles are leaving the natal nest, antagonistic fungi are
overgrowing the ambrosia beetle cultivars (HUBBARD 1897, FRANCKE-GROSMANN 1956). Apparently,
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the beetles themselves have a great influence on the composition of their fungal gardens. However, a
recent study showed that the beetles are not solely suppressing antagonistic fungi (RANGER & al. 2018).
Ethanol, which is naturally emitted from host trees, plays a major function in a process described as
environmental screening. Ethanol-tolerant species are benefitting, while species sensitive to ethanol are
inhibited. For ambrosia beetles, ethanol is also serving as an indicator for susceptible breeding substrate
(e.g., KELSEY & al. 2014, RANGER & al. 2015).

Within my studies, I confirmed the ethanol tolerance in ambrosia beetle fungi for a broader range of
former unstudied fungal species (LEHENBERGER & al. 2021b), suggesting that ethanol tolerance might
be a widespread trait within several ambrosia beetle systems. Further, examined fungal antagonists
were highly inhibited by ethanol, which indicates the mechanism of environmental screening (ambrosia
beetle fungi benefit, while antagonists are suppressed). Interestingly, the majority of tested bark beetle
fungi were highly inhibited through even low concentrations of ethanol. This is especially surprising as
ethanol also naturally occurs within the phloem of trees and is additionally also produced by both bark
and ambrosia beetle fungi (LEHENBERGER & al. in preparation). Ethanol is a general metabolic product
in fungi, deriving from fermentation processes (degradation of sugars as carbon source) under oxygen-
limited conditions and serves as the base for the production of ethyl acetate (e.g., WANG & al. 2016,
Horr & al. 2019). Ethanol (as well as acetate) can further be used as the base for the production of
higher carbohydrates (see STRUBIS & DISTEL 2010). Therefore, it might be possible that the studied bark
beetle fungi are more efficient in sugar degradation and may additionally utilize more ethanol for other
processes compared to ambrosia beetle fungi.

Besides ethanol, also volatiles emitted from fungi might function as suppressors of antagonistic
microbes (see also CABALLERO-ORTIZ & al. 2018 for yeast volatiles). Several volatiles, which I identified
in my studies, are known to have antifungal capabilities (LEHENBERGER & al. in preparation) and inhibitory
effects of certain volatiles towards competitive fungi were already observed within other fungus—fungus
interactions (see AMIN & al. 2010, NisHINO & al. 2013). However, in bark and ambrosia beetle systems,
similar mechanisms mostly remain unknown to date.
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