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Many wood-boring insects use aggregation pheromones during mass colonization of host trees. Bark beetles (Curculionidae: Scolytinae) are a model system, but much less is known about the role of semiochemicals during host selection by ambrosia beetles. As an ecological clade within the bark beetles, ambrosia beetles are obligately dependent on fungal mutualists for their sole source of nutrition. Mass colonization of trees growing in horticultural settings by exotic ambrosia beetles can occur, but aggregation cues have remained enigmatic. To elucidate this mechanism, we first characterized the fungal associates of the exotic, mass-aggregating ambrosia beetle Xylosandrus germanus in Southern Germany. Still-air olfactometer bioassays documented the attraction of X. germanus to its primary nutritional mutualist Ambrosiella grosmanniae and to a lesser extent another common fungal isolate (Acremonium sp.). During two-choice bioassays, X. germanus was preferentially attracted to branch sections (i.e., bolts) that were either pre-colonized by conspecifics or pre-inoculated with A. grosmanniae. Subsequent analyses identified microbial volatile organic compounds (MVOCs) that could potentially function as aggregation pheromones for X. germanus. To our knowledge, this is the first evidence for fungal volatiles as attractive cues during host selection by X. germanus. Adaptive benefits of responding to fungal cues associated with an infestation of conspecifics could be a function of locating a suitable substrate for cultivating fungal symbionts and/or increasing the likelihood of mating opportunities with the flightless males. However, this requires solutions for evolutionary conflict arising due to potential mixing of vertically transmitted and horizontally acquired symbiont strains, which are discussed.
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1. Introduction

Several crucial biological processes in insects, such as partner-choice, foraging, dispersal and many others, are mediated by olfaction (Fleischer et al., 2018; Xu and Turlings, 2018; Schmidt and Benton, 2020). Semiochemicals involved in these processes comprise pheromones for intraspecific communication and allelochemicals for interspecific communication (Norin, 2007; Davis et al., 2013; Cale et al., 2016; Guo and Wang, 2019; Bueno et al., 2020; Crowley-Gall et al., 2021; Weisskopf et al., 2021). Interestingly, an increasing number of studies demonstrate that some insect pheromones, in some cases, are not derived from insects but are instead produced by microbial symbionts (Carthey et al., 2018; Engl and Kaltenpoth, 2018; Ren et al., 2021).

Behavioral responses to microbial volatile organic compounds (MVOCs) are widespread in many major insect groups (Davis et al., 2013). Microbially produced volatiles that facilitate the detection of food and/or breeding substrate can be classified as allelochemicals, i.e., kairomones, allomones, and synomones (Wertheim et al., 2005; Davis et al., 2013; Engl and Kaltenpoth, 2018). Alternatively, MVOCs that facilitate the location of conspecifics for mating and other beneficial aggregations can be regarded as aggregation pheromones, despite their interspecific communication properties (Wertheim et al., 2005; Davis et al., 2013; Engl and Kaltenpoth, 2018). A growing body of research demonstrates that insects use MVOCs as pheromones (Davis et al., 2013; Engl and Kaltenpoth, 2018). For instance, aggregation pheromones that drive mass aggregations to host trees by tree-killing bark beetles (Curculionidae: Scolytinae) are produced, in part, by the beetles’ bacterial and fungal symbionts (Xu et al., 2015; Zhao et al., 2015; Netherer et al., 2021). These microbial symbionts also help to localize nutrients within host tissues and are considered essential for the colonization of living trees (Engl and Kaltenpoth, 2018; Netherer et al., 2021).

Ambrosia beetles in the tribe Xyleborini (Scolytinae), which are an ecological clade within the bark beetles, tunnel into host trees for the purposes of cultivating their nutritional fungal mutualists (Hulcr and Stelinski, 2017; Diehl et al., 2022). The role(s) that MVOCs play within the fungus-farming ambrosia beetles is emerging, but could function as short- or long-range cues to indicate the suitability of host substrates for brood production (Hulcr et al., 2011; Kuhns et al., 2014; Egonyu and Torto, 2018; Kandasamy et al., 2019; Biedermann and Vega, 2020; Ranger et al., 2021a; Nones et al., 2022). Some xyleborine species in the genera Xylosandrus and Euwallacea (Scolytinae) exhibit mass aggregations on recently dead or dying trees (Hulcr and Stelinski, 2017). The emission of ethanol from physiologically-stressed trees acts as an important long- and short-range cue for many xyleborine ambrosia beetles, but MVOCs could also play a role during the host-selection process (Gugliuzzo et al., 2021; Ranger et al., 2021a,b). For instance, the redbay ambrosia beetle, Xyleborus glabratus, is more attracted to volatile emissions from swamp bay Persea palustris (Raf.) Sarg. infected with the beetles’ fungal symbiont Harringtonia lauricola (T.C. Harr. et al.) Z.W. de Beer and M. Procter compared to healthy plants (Martini et al., 2017; de Beer et al., 2022). Characterizing attractants and repellents is a necessary component for developing “push-pull” management tactics against Xylosandrus spp. and Euwallacea spp. ambrosia beetles (Hulcr and Stelinski, 2017; Gugliuzzo et al., 2021; Ranger et al., 2021b).

Most studied ambrosia beetles vertically transmit mutualistic fungi (mainly in the genera Ambrosiella, Harringtonia, Dryadomyces, Raffaelea, and Fusarium (Ascomycota)) in dedicated fungus-spore-carrying structures (mycangia or mycetangia) (Vega and Biedermann, 2020; de Beer et al., 2022; Mayers et al., 2022). A nutritional role as unique and specific source of nutrition for the developing progeny, is attributed to these species-specific cultivars (Norris and Baker, 1968; Lehenberger et al., 2021). Indeed, adult females inoculate spores of the fungal cultivars on the walls of tunnels dug into the host plant xylem and oviposition occurs only after the beetle foundress feeds on the established fungal mycelium (Biedermann and Vega, 2020). On the other hand, several other microorganisms have commonly been found in association with ambrosia beetles, including commensals, potential antagonists, and plant pathogens (Rassati et al., 2019; Grubbs et al., 2020; Gugliuzzo et al., 2020, 2022). However, apart from vertical transmission of cultivars within mycetangia and fungal screening through tree-host choice (e.g., Ranger et al., 2018), other mechanisms involved in the preservation of specific insect-fungal relationships like behavioral partner choice remain unstudied in ambrosia beetles. The profile of MVOCs emitted from a fungal mutualist could help to maintain specific beetle-symbiont partner choices.

Xylosandrus germanus (Blandford) (Coleoptera: Curculionidae: Scolytinae) is an ambrosia beetle native to subtropical Asia and currently established in parts of Europe and North America (Galko et al., 2019; Dzurenko et al., 2021). This ambrosia beetle is obligately associated with its nutritional fungal mutualist, Ambrosiella grosmanniae C. Mayers, McNew and T.C. Harr., on which the larvae and adults must feed to properly develop and reproduce (Microascales: Ceratocystidaceae) (Mayers et al., 2015; van de Peppel et al., 2018). Other microbial associates have been described from X. germanus with unknown roles (Agnello et al., 2017; Ito and Kajimura, 2017; Tuncer et al., 2017; Contarini et al., 2020). A recent study demonstrated, by means of still-air walking bioassays, an arrestment response by X. germanus individuals to volatiles of A. grosmanniae (Ranger et al., 2021a). Similarly, two other species in the genus Xylosandrus, namely, X. crassiusculus and X. compactus, showed attraction toward volatiles emitted by their fungal symbionts during olfactometer assays (Hulcr et al., 2011; Egonyu and Torto, 2018). To the best of our knowledge, the aforementioned studies are the only three focusing on interaction between volatiles of fungal symbionts (growing in vitro) and a Xylosandrus species.

The aim of the current study was to elucidate the influence of MVOCs produced by beetle associated fungi during tree-host colonization on the orientation and host selection behavior of X. germanus. To this end, we first isolated and characterized beetle associated microorganisms from wild-caught dispersing X. germanus. The capacity of X. germanus to differentiate the MVOCs of three fungal isolates was then tested in dual choice bioassays. Next, dual choice bioassays were used to measure the preference of X. germanus for host tissues pre-infested by a conspecific foundress or pre-infected by the fungal symbiont A. grosmanniae as compared to control tissues. Finally, VOCs were collected and identified from pre-infested and pre-infected host tissues.



2. Materials and methods


2.1. Study system

Attacks of X. germanus can occur in various ecosystems, including forests, plant nurseries, orchards, and urban areas (Ranger et al., 2016; Gugliuzzo et al., 2021). Over 200 plant species are included in the broad host range of X. germanus (Galko et al., 2019). Thin-barked deciduous species in the early stages of physiological stress are preferred within ornamental nurseries by dispersing X. germanus (Ranger et al., 2021b). As most ambrosia beetles belonging to the tribe Xyleborini, X. germanus males are flightless, smaller than females and do not possess mycetangia (Rabaglia et al., 2006). Females reproduce through haplodiploidy and mating between siblings inside maternal galleries is predominant. Production of a long-range sex or aggregation pheromone by X. germanus is not expected due to haplodiploid reproduction and flightless males. Instead, dispersing X. germanus females rely on the emission of stress-induced volatiles, particularly ethanol, to locate suitable hosts (Ranger et al., 2021b). Ethanol represents the most active long-range attractant tested to date for X. germanus, while other potential semiochemicals showed inconsistent activity when tested alone or in combination with ethanol (Ranger et al., 2021b).



2.2. Beetle collection and isolation of associated fungi

Dispersing X. germanus females were collected using ethanol-baited traps (Steininger et al., 2015) deployed in Stegen-Wittental, Freiburg, Germany (47°59′27”N 7°56′30″E) between April and June 2021. Bottle-traps (Supplementary Figure S1) were exposed within a natural forest with a mixed species composition including European beech (Fagus sylvatica L.), Norway spruce (Picea abies), pine (Pinus spp.), oak (Quercus spp.), and fir (Abies spp.). A total of 24 ethanol-baited traps were deployed at about 100 m distance from each other. Traps were affixed ~80 cm above the ground to the trunk of beech trees (Supplementary Figure S1). Female X. germanus were collected from the traps at 3–5 day intervals after which they were immediately placed in individual 1.5 mL Eppendorf tubes with a piece of moistened sterile tissue. Specimens were then transported to our laboratory at the University of Freiburg for isolation of associated fungi. Ethanol lures were replenished during each trap inspection.

The assessment of the beetle associated fungal community was conducted using 21 wild-caught female X. germanus. Fungal symbionts were isolated by first grinding individual females in a sterile PBS buffer solution (137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4; 0.1% Tween-20, pH 7.4). The obtained mixture was then diluted (1:10, 1:100, 1:1000) and 200 μL of each dilution were spread on YEMA (yeast extract malt agar) plates. Three plates were setup for each of the three dilutions and for each specimen. Plates were incubated in the dark at 25°C until fungal colonies (CFUs) appeared. After 6 days, the dilution 1:100 was chosen as the best for counting CFUs. For each plate (1:100 dilution, n = 63), CFUs showing different morphology were counted and the relative proportions calculated (averaged individually among the 21 tested individuals). Moreover, also CFUs of both yeasts and bacteria were counted and their average among replicates calculated.



2.3. DNA extraction and characterization of fungal isolates

Pure cultures of all isolated fungal morphotypes were grown for 5 days on sterile cellophane in YEMA plates in order to more easily harvest fungal mycelium for DNA extraction. For each fungal isolate, a constant amount of actively growing mycelium (about 2 mm2) was placed in a 1.5 mL sterile Eppendorf tube and tDNA was extracted using the Animal and Fungi DNA Preparation Kit by Jena Bioscience, Germany. To identify the different fungi, the ITS region was amplified using the primers ITS1-F (TCCGTAGGTGAACCTGCGG) and ITS4-R (TCCTCCGCTTATTGATATGC) (White et al., 1990). For all PCR reactions we used the following master mix for 50 μL: 25 μL 2x phusion high-fidelity PCR master mix with GC buffer (Thermo Scientific™, Germany), 2.5 μL forward primer (10 μM, Eurofins Genomics, Germany), 2.5 μL reverse primer (10 μM, Eurofins Genomics, Germany), 18 μL ddH2O, 2 μL template (usually 1:10 diluted). The following PCR conditions were applied: 95°C for 3 min, followed by 38 cycles at 95°C for 1 min, 58°C for 1 min and 72°C for 2 min, ending with 72°C for 10 min including a storage temperature of 10°C. The purification of the obtained PCR products was performed by means of a PCR Purification Kit by Jena Bioscience, Germany after performing gel electrophoresis. Sequencing was carried out by Eurofins (Eurofins Genomics, Germany). The identification of the fungal species was done using BLASTn at NCBI (Altschul et al., 1990). All obtained sequences were uploaded to the NCBI GenBank database.



2.4. Laboratory rearing of Xylosandrus germanus

Wild-caught X. germanus collected in 2020 within the previously described habitat were reared under laboratory conditions for two consecutive generations prior to being used in our experiments. Laboratory rearing was conducted using a beech sawdust-based artificial diet as described in Biedermann et al. (2009) and based on Peer and Taborsky (2004). Briefly, the artificial diet consists of 100 g beech sawdust, 0.63 g Wesson’s salt mixture, 2.5 g yeast, 2.5 g casein, 5 g starch, 2.5 g sucrose, 15 g agar, 5 mL wheat germ oil, and 4 mL of 95% ethanol. After autoclaving at 121°C for 20 min, the media inside the tubes (18 by 150-mm culture tubes) is compacted using a sterile spatula and the tubes are allowed to dry for 24 h within a laminar flow hood. Female X. germanus are surface sterilized by a brief dip (~ 5 s) in 70% ethanol and deionized water to reduce the presence of microbial contaminants occurring on the beetle body surface. Next, beetles are individually released into the rearing tubes, which are loosely capped and positioned horizontally within an incubating room (0.24 h L:D, 25 ± 1°C, 60 ± 10% RH). Consecutive rearing is done by collecting emerging adult females from the substrate surface in rearing tubes (Biedermann et al., 2009).

Freshly eclosed beetles collected from the rearing tubes were immediately transferred to Petri dishes containing sterile, moistened filter paper and held at room temperature for 12 h. Beetles were then transferred to a new Petri dish containing sterile, moistened filter paper for another 12 h to further facilitate the loss of microbial contaminants attached to the beetle’s exoskeleton. These beetles were then surface sterilized and used in behavioral bioassays.



2.5. Behavioral bioassays


2.5.1. Fungal volatile dual choice bioassays

Behavioral bioassays were carried out within experimental arenas to assess the behavioral response of X. germanus to VOCs of predominant fungi isolated from dispersing adults. These fungi consisted of the primary nutritional symbiont A. grosmanniae and the second most occurring beetle associated fungus Acremonium sp. A Cladosporium sp. was used as a negative control in bioassays to represent a non-symbiont contaminant. Since the biological function of the bacterial and yeast community isolated from X. germanus is not known to date, and considering the known obligate nutritional dependency on fungal cultivars, we conducted behavioral bioassays only with beetle associated fungi. Bioassays were conducted using a still-air olfactometer partially adapted from Kandasamy et al. (2019). The experimental arena consisted of a 9 cm diameter circular Petri dish with three Eppendorf tubes (1.5 mL, 10.7 × 38.9 mm, diameter × height) inserted at the dish base and with the tube lids reaching the lid of the dish. Tubes were equidistant from each other and placed 0.5 cm from the outer edge of the Petri dish. Two holes (diameter ~ 3 mm) were drilled at the opposite sides of two of the three tubes to allow the beetles to enter the tube during the bioassay. The other tube had the function to keep the plate in a horizontal position during the test and was left empty and without holes. To allow ventilation, eight and four small holes (diameter ~ 1 mm) were additionally provided on the walls and on the lid (see Supplementary Figure S2) respectively.

Fungal isolates were grown individually on PDA for 6 days before being used for the bioassays. A section (0.5 × 0.5 cm, l × w) of PDA with actively growing fungi, or without mycelia as a control, was placed within individual Eppendorf tubes (Supplementary Figure S2). The following two-choice comparisons were tested: (1) A. grosmanniae vs. control, (2) Acremonium sp. vs. control; (3) Cladosporium sp. vs. control, and (4) A. grosmanniae vs. Acremonium sp. One X. germanus was released in the center of each dish and the choice among the two odor sources was monitored at 30 min, 1 h, and 3 h after exposure. There were 40 replicates (i.e., 40 different beetles) tested for each combination of odor sources. Bioassays were conducted within an isolated room maintained at 0:24 h L:D, 23 ± 2°C, and 60 ± 10% RH during the experiment. A choice was considered valid when the beetle fully entered into a particular Eppendorf tube. After 3 h, beetles that were not found inside one of the two tubes were recorded as having made no choice and excluded from data analysis.



2.5.2. Beetle preference for pre-infested or pre-infected wood

The effect of wood pre-infestation by conspecifics or wood pre-infection by the primary fungal mutualist A. grosmanniae on the preference behavior of X. germanus was evaluated using a two-choice, still-air arena (Supplementary Figure S3). For bioassay purposes, healthy beech branches (10–14 mm diam.) were cut into ~8 cm long sections, sealed at both ends with Parafilm®, and soaked in 10% ethanol for 2 h to promote burrowing by X. germanus. Soaked bolts were allowed to air dry for 30 min and then used immediately in bioassays.

To test the effect of pre-infestation on X. germanus preference, two bolts were first placed at opposite sides within the quadratic bioassay arena and one beetle was released for each replicate. The foundress beetle was allowed to burrow into one of the bolts for 6 days to cultivate its fungus and lay eggs (Supplementary Figure S4A). A second beetle was then released into the same arena and its preference to initiate burrowing in the pre-infested vs. non-infested control bolt was monitored after 1 h, 3 h, 24 h, and 48 h.

The effect of wood pre-infection on X. germanus choice was tested by first inoculating bolts with the primary beetle mutualist A. grosmanniae. A single, artificial hole (~5 mm deep and ~ 2 mm wide) was bored into the center of all bolts using a rotating cutting tool (Dremel®, Robert Bosch Tool Corporation, Germany). A mycelial plug (~2 mm wide) of 6 days old, actively growing A. grosmanniae was then placed into the drilled hole. Control bolts received a drilled hole and a non-inoculated piece of PDA. Bolts inoculated with A. grosmanniae vs. a non-inoculated control were then placed at opposite sides of the quadratic arenas (Supplementary Figure S3). After 6 days of incubating, when the A. grosmanniae mycelia was confirmed to have grown around the drilled hole of the artificially-inoculated bolt (Supplementary Figure S4B), one X. germanus was released inside the arena and burrowing preference between the pre-infected vs. non-infected bolt was monitored at 1 h, 3 h, 24 h, and 48 h.

A total of 60 females and odor sources were tested for each choice combination consisting of pre-infested vs. non-infested bolt and pre-infected vs. non-infected bolt. Arenas were held in an isolated room at 0:24 h L:D, 25 ± 1°C, and 70 ± 5% RH. The preference of each tested X. germanus was considered valid when the beetle initiated boring into one of the two bolts. After 48 h, beetles that did not initiate boring into one of the two bolts were excluded from data analysis.




2.6. Collection and identification of microbial VOCs

The collection of VOCs emitted by beetle-associated microorganisms was conducted 6 days after inoculation of fungi on dishes. Pure cultures of microorganism were grown on PDA dishes, including eight replicates (Petri dishes) for each of the three tested fungal species (i.e., A. grosmanniae, Acremonium sp., Cladospoium sp.), PDA (eight dishes not inoculated with fungi) was included as a negative control. Microbial VOCs were accumulated on self-made passive samplers (PS) obtained from polydimethylsiloxane (PDMS) tubing (Rotilabo silicone tubing, ID 1 mm, OD 1.8 mm, Roth, Karlsruhe, Germany) which were cut into ~5 mm long pieces and washed according to a slightly modified protocol of Kallenbach et al. (2014). Six days after media inoculation, four PS were placed in each dish (including controls) using oven-sterilized metal forceps. Specifically, each group of dishes (including only those of a specific treatment) was first placed inside a sterile working bench. Petri dishes were placed upside down and the PS placed on the dish lid. All dishes were then sealed with Parafilm® for 6 h to allow VOC adsorption on the PS. After sampling, PS were transferred to sterile glass vials, air tight closed and stored at −20°C until analysis.

As for VOCs of beetle associated microorganisms growing in vitro, volatiles related to wood pre-infestation or pre-infection were collected by means of PS. Four PS (see above) were placed in individual arenas containing the odor sources tested during the behavioral bioassays, namely: (i) a non-infested beech bolt; (ii) a beech bolt pre-infested by X. germanus; (iii) a beech bolt with an artificial hole without fungal inoculation; and (iv) a beech bolt pre-infected by the fungal mutualist A. grosmanniae. Volatile collections were carried out 6 days after the initial beetle infestation or fungal inoculation in the bolts. The same time intervals were used for healthy (non-drilled) or drilled (artificial hole only) bolts. Each group of sampling chambers was placed inside a sterile working bench and VOCs collected for 6 h as described above. PS were then transferred to sterile glass vials, air tight closed and stored at −20°C until analysis. There were 7–8 replicates per treatment (volatile source).

For analysis of volatiles by gas-chromatography mass spectrometry (GC–MS), the PS were transferred into glass thermodesorption tubes (Gerstel, Mülheim, Germany). The GC–MS (GC 7890C, MSD 5975C, Agilent, Waldbronn, Germany) was equipped with a thermodesorption/cold-injection system (TDU/CIS, Gerstel, Mülheim, Germany). Thermodesorption tubes containing the PS were heated (220°C) to release the volatile compounds, which were channeled into the CIS for cryo-focusing at −70°C. After complete thermodesorption, the CIS was heated up to 240°C to release the VOCs directly onto the separation column (DB-5 ms ultra-inert, 60 m, Agilent) at a helium flow of 1 mL min−1. Oven temperature program and MS settings are described elsewhere (Kleiber et al., 2017). Raw data were processed with the Agilent MassHunter Software (Agilent, Waldbronn, Germany). For tentative compound identification mass spectra of unknown compounds were compared with the MS spectral databank of NIST (National Institute of Standards and Technology, Gaithersburg, MD, United States).



2.7. Statistical analysis

Preference behavior of X. germanus exhibited during the bioassays was analyzed using Chi-squared goodness-of fit tests to assess whether the beetle response to different sources was significantly different from a 50:50 distribution. Statistical analyses were carried out using SPSS 22.0 software (IBM Corp., Armonk, NY, United States).

To test for differences in the release of volatiles from the different fungi grown on Petri dishes and treatments of beech with beetles and fungus, we tested the data for normal distribution (Shapiro-Wilkinson test). Since normal distribution was not given for each compound, we performed a Kruskal-Wallis test followed by the Dunn test at p < 0.05 for VOCs released by wood samples (see Table 1) and a Mann–Whitney test for VOCs released by fungi grown on Petri dishes using peak areas of individual compounds in each sample. Moreover, we applied the web-based software tool “metaboanalyst 5.0” (Xia et al., 2009; Pang et al., 2021) to compare patterns of volatiles from the same samples with a principal component analysis (PCA) after log transformation of raw data.



TABLE 1 MVOCs emitted from fungi isolated from X. germanus and grown for 6 days on Petri dishes.
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3. Results


3.1. Beetle associated microorganisms

Two different fungal morphotypes were consistently found in association with X. germanus dispersing females (see Supplementary Figure S5 in the electronic Supplementary material). Among them, the most commonly occurring fungus was the primary beetle mutualist A. grosmanniae that was isolated from all sampled individuals and occurred in 100% of YEMA plates (replicates, n = 63). Moreover, A. grosmanniae CFUs were the most common occurring among total fungal CFUs in all samples [90.20 ± 2.33%; average ± S.E. of CFUs (%)]. ITS sequence of A. grosmanniae isolated in this study (Accession number: OQ513932) showed 100% identity with two A. grosmanniae isolates (MG031179.1 and MK118925.1) obtained from X. germanus in Europe and the US, respectively (Van de Peppel et al., 2018; Skelton et al., 2019).

Colonies of Acremonium sp., the second most prevalent fungal species, were isolated from 47.62% of the total sampled dispersing beetle females. CFU counts showed that this fungus represented 7.72 ± 2.08% of the total fungal colonies occurring among replicates. The Acremonium sp. isolated in this study (Accession number: OQ513933) showed 99.24% identity to an undescribed Acremonium sp. (KU961664.1) commonly associated with another Xylosandrus species (i.e., X. compactus) (Bateman et al., 2016). Four others fungal morphotypes were rarely found among replicates, occurring in less than 10% of the tested females and with less than 2% relative abundance (i.e., not-identified Fungus_2: 0.91 ± 0.44%; Cladosporium sp.: 0.46 ± 0.32%; not-identified Fungus_5: 0.46 ± 0.32%; not-identified Fungus_6: 0.24 ± 0.24%), suggesting their occasional occurrence as contaminants. Among them, only one fungal species was molecularly characterized as a Cladosporium sp. (Accession number: OQ513934) and tested as a representative antagonist in behavioral bioassays. Bacteria and yeasts occurred in 23.81 and 52.38% of replicates, respectively. In particular, an average of 1.14 ± 0.50 CFUs and 47.05 ± 11.58 CFUs was recorded among replicates, for bacteria and yeasts, respectively.



3.2. Beetle response to fungal VOCs

Xylosandrus germanus females showed a significant preference for MVOCs emitted by the main beetle fungal mutualist A. grosmanniae when it was tested against control (pure PDA) at all observation time intervals (30 min: χ21 = 47.88, p < 0.001; 1 h: χ21 = 44.36, p < 0.001; 3 h: χ21 = 40.45, p < 0.001) (Figure 1). Similarly, significantly more beetles orientated toward volatiles emitted by the second most commonly occurring beetle associated fungus Acremonium sp. compared to the PDA control (30 min: χ21 = 6.25, p = 0.012; 1 h: χ21 = 12.53, p < 0.001; 3 h: χ21 = 13.84, p < 0.001). By contrast, X. germanus individuals did not show any preference, but a trend for repellence was observed after 3 h (30 min: χ21 = 1.56, p = 0.211; 1 h: χ21 = 1.69, p = 0.194; 3 h: χ21 = 2.96, p = 0.085) for the volatiles emitted by the Cladosporium sp. compared to those of the PDA control (Figure 1). When the dual choice was between MVOCs emitted by the nutritional symbiont A. grosmanniae and Acremonium sp., beetles exhibited a significant preference for the main cultivar after 3 h of exposure (χ21 = 4.94, p = 0.026), but not at 30 min (χ21 = 1.70, p = 0.192) and 1 h (χ21 = 2.61, p = 0.107) (Figure 1).
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FIGURE 1
 Xylosandrus germanus response to volatiles emitted by: (i) its main nutritional symbiont Ambrosiella grosmanniae (most common fungus in our study), indicated by yellow bars; (ii) Acremonium sp. (the second fungal species consistently found in association with dispersing females in our study), indicated by blue bars; (iii) Cladosporium sp. (tested as representative non-symbiont), indicated by green bars; and (iv) PDA control, indicated by grey bars. A total of 40 beetle females were tested for each combination of volatile sources. The choice between different sources was monitored at 30 min, 1 h, and 3 h. Asterisks denote significant differences: *p < 0.05; **p < 0.001. ns, not significant. •p < 0.1. n, number of insects choosing a volatile source.




3.3. Beetle response to wood pre-infestation or pre-infection

Xylosandrus germanus significantly preferred to initiate tunneling into bolts previously infested by a conspecific foundress compared to non-infested bolts from the same individual plant (Figure 2A). In particular, significant attraction by beetles for pre-infested bolts was observed at all observation time intervals (1 h: χ21 = 22.09, p < 0.001; 3 h: χ21 = 26.01, p < 0.001; 24 h: χ21 = 30.03, p < 0.001; 48 h: χ21 = 28.73, p < 0.001). Similarly, adults exhibited significant preference for bolts pre-infected with A. grosmanniae (Figure 2B) compared to non-inoculated bolts at 1 h (χ21 = 41.32, p < 0.001), 3 h (χ21 = 36.00, p < 0.001), 24 h (χ21 = 36.87, p < 0.001), and 48 h (χ21 = 36.87, p < 0.001).
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FIGURE 2
 Effects of wood treatment on host choice of Xylosandrus germanus adult females. (A) Choice assays between previously infested bolts (six days earlier, by a foundress of the same species), indicated by orange bars, and untreated controls, indicated by green bars. (B) Choice assays between previously infected bolts (six days earlier, by the main fungal mutualist A. grosmanniae), indicated by yellow bars, and non-inoculated controls, indicated by green bars. A total of 60 beetle females were tested and the choice, as measured by tunneling into one of the two bolts (pre-infested or pre-infected vs. control), was monitored at 1 h, 3 h, 24 h, and 48 h. Asterisks denote significant differences: **p < 0.001. n, number of insects choosing a source.




3.4. Microbial VOCs

More than 40 different MVOCs were detected in the emissions from the three fungi isolated from X. germanus (Table 1). Esters represented the largest functional group of compounds, which strongly contributed to the volatile profile of A. grosmanniae but were less abundant in Acremoniun and almost absent in the volatile profile of Cladosporium. Monoterpenes were detected in emissions from all fungal species studied, but sesquiterpenes were only detected from the Acremonium sp.

Principal component analysis using all MVOCs detected from the selected fungi revealed distinct clustering by fungal species, hence, underlining characteristic scents of these fungi (Figure 3). PC1 explained to a high degree (70%) separation of A. grosmanniae from the Acremonium sp. and the Cladosporium sp., whereas PC2 rather explained separation of the Acremonium sp. from the Cladosporium sp. (20%). Separation of A. grosmanniae from the other two fungi was mainly driven by differences in the abundance of ester compounds (data not shown).
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FIGURE 3
 Score plot of a principal component analysis with all MVOCs released from the three fungi isolated from X. germanus. The abundances of all MVOC from 7–8 replicates shown in Table 1 were log transformed and used for PCA.


More than 50 volatile compounds were detected from beech bolts (Table 2). Esters contribute to a large portion of these VOCs (14 different esters), many of them are derivatives of butanoic or propanoic acids. More than 20 alkanes, mainly consisting of C10 to C15 compounds, were detected from beech bolts. Whereas most of these alkanes were emitted from all bolts independent on the treatment, the esters were mainly observed in beech bolts pre-infested by X. germanus or pre-infected with A. grosmanniae.



TABLE 2 Volatile compounds emitted from beech bolts infested by X. germanus (“beetle”) or infected by A. grosmanniae (“fungus”).
[image: Table2]

Multivariate analysis indicated distinct volatile emissions from the different beech bolts (Figure 4). Principal component 1 (PC1) explained to a high degree (51%) separation of A. grosmanniae infected bolts from its control (bolts with artificial hole) and the other treatments, whereas PC2 rather described the separation of the X. germanus infested bolts from its control and the remainder variants (23%).
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FIGURE 4
 Score plot of a principal component analysis with all VOCs released from the beech bolts. Branch sections were either non-infested (“control”) or infested by X. germanus (“beetle”), or they were treated with an artificial hole without infection (“hole”) or with A. grosmanniae (“fungus”) infection. The abundances of all VOC from 7–8 replicates shown in Table 2 were log transformed and used for PCA.


The bioassays indicated attractance of ambrosia beetles to the scents, which were released by A. grosmanniae (Figure 1), and by beech bolts either infected by A. grosmanniae or infested by X. germanus (Figure 2). To obtain hints on the volatiles responsible for the luring effect, we generated a Venn diagram including all volatiles released by attractive samples (Figure 5). This diagram indicates a relatively high degree of overlap (11 compounds) between A. grosmanniae grown in Petri dishes and beech bolts infected by this fungus. Most of these VOCs were ester compounds (Tables 1, 2). An even higher overlap (41 compounds) was found for the beech bolt infested by X. germanus and infected by A. grosmanniae. Most of the overlapping compounds were alkanes as also indicated by Table 2. Eight VOCs were commonly released from beech bolts infested by X. germanus, beech bolts infected by A. grosmanniae, and A. grosmanniae growing on PDA, namely, (i) 1-butanol, 3-methyl-, acetate (RT 26.30), (ii) acetic acid, 2-methylpropyl ester (RT 20.30), (iii) butanoic acid, 3-methyl-, 3-methyl-3-butenyl ester (RT 38.38), (iv) butanoic acid, 2-methyl, −ethyl ester (RT 24.76), (v) butanoic acid, 3-methyl, −ethyl ester (RT 25.02), (vi) butanoic acid, 2-methyl-, 2-methylpropyl ester (RT 33.34), and (vii) butanoic acid, 3-methyl-, 2-methylpropyl ester (RT 33.51), and (viii) α-pinene (RT 30.11).
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FIGURE 5
 Venn Diagram indicating the volatile organic compounds commonly emitted from the different samples [i.e., beech bolts infested by X. germanus (“X. germanus/beech”); beech bolts infected by A. grosmanniae (“A. grosmanniae/beech”); A. grosmanniae growing in vitro (“A. grosmanniae”)].





4. Discussion

Ethanol has been extensively demonstrated to act as a long- and short-range attractant for X. germanus and other ambrosia beetles, but the role of other species-specific chemicals eliciting behavioral responses in dispersing individuals remains poorly investigated (Ranger et al., 2021b). In particular, the influence of volatiles from symbiotic and auxiliary microorganisms on the behavior of fungus-farming ambrosia beetles is of growing interest (Cale et al., 2016; Kandasamy et al., 2019; Kendra et al., 2022). During still-air walking bioassays, Ranger et al. (2021b) observed a stronger arrestment response of adult female X. germanus to volatiles of its nutritional fungal symbiont (growing in vitro) compared to antagonistic fungi. In our current study, we report the ability of X. germanus to discriminate between volatiles emitted by different associated fungi, orientating its choice according to the different combinations of odorous sources. More importantly, our results show, for the first time, the potential of MVOCs produced by the main beetle nutritional symbiont A. grosmanniae, growing in wood (in vivo), to significantly affect beetles’ orientation behavior and brood site selection. This strongly suggests that adult beetles use these fungal cues for mass aggregation on certain tree hosts and it is thus the first evidence for an aggregation pheromone in a xyleborine ambrosia beetle.

The composition of the microbial community associated with dispersing X. germanus individuals in the present study revealed a strong dominance of two fungal species in addition to unknown bacteria and yeasts. These species, A. grosmanniae and Acremonium sp., were isolated from 100 and 48% of sampled beetle individuals, respectively. However, while the nutritional role of the X. germanus species-specific mutualistic fungus A. grosmanniae has been extensively described (Mayers et al., 2015; van de Peppel et al., 2018), the role of the common Acremonium species remains to be clarified. Symbionts in the genus Acremonium have been repeatedly reported from Xylosandrus spp. (Bateman et al., 2016; Gugliuzzo et al., 2020). For example, one strain was isolated from X. germanus mycetangia (26% frequency) and body parts (33% frequency) in Turkey (Tuncer et al., 2017). Another Acremonium species (identified as A. kiliense by the authors) was found in association with X. germanus infested galleries in China, representing one of the most commonly occurring fungal species together with Ambrosiella hartigii and Fusarium spp. (Yang et al., 2008). Since Acremonium species possess carbohydrate-active enzymes capable of degrading lignocellulose components (Lopes et al., 2020), their association with X. germanus could potentially facilitate the degradation of host tree tissues during colonization. Bacteria and yeasts have been also isolated from X. germanus individuals or infested galleries, but their functions have not been determined (Hulcr et al., 2012; Agnello et al., 2017; Rassati et al., 2019). In some cases, bacteria found in association with ambrosia beetles have been considered as beneficial (Haanstad and Norris, 1985; Grubbs et al., 2011, 2020; Barcoto et al., 2020; Diehl et al., 2022). Further studies are needed to characterize the specific ecological role of all these microorganisms for X. germanus.

Results of dual-choice bioassays revealed a strong ability by X. germanus females to discriminate between VOCs emitted by commonly beetle associated fungi (A. grosmanniae and Acremonium sp.) and those produced by a representative non-symbiont or putative antagonist (Cladosporium sp.) (Figure 1). In particular, the beetle orientation behavior was significantly affected by fungal VOCs, with X. germanus females exhibiting significant attraction for volatiles of the nutritional symbiont rather than those of the control (only PDA), corroborating results obtained by Ranger et al. (2021a). Moreover, our results highlighted that beetles can discriminate between different microbial sources (i.e., MVOCs of different fungi). However, X. germanus exhibited positive response to A. grosmanniae volatiles, when compared to those of Acremonium sp., only after 3 h of observation, and not after 30 min or 1 h. This result suggests that MVOCs of both associated fungi are attractive for dispersing females but that the beetle is able to discriminate among them only after long exposure time.

The beetle’s positive orientation toward VOCs produced by the main fungal mutualist A. grosmanniae was confirmed during dual choice bioassays with pre-infected or pre-infested wood. Indeed, a clear preference by X. germanus for VOCs of bolts already inoculated with A. grosmanniae or infested by a conspecific foundress, compared to healthy ones, was observed. In both bioassays the beetle’s nutritional symbiont occurred in bolts (pre-infected or pre-infested) either artificially or naturally (by the beetle) inoculated (see Supplementary Figure S3). In the first bioassay, beetle females consistently chose to start infesting the already inoculated beech bolt (Figure 2B), confirming their attraction to the mutualistic fungus. In the second bioassay, beetle females significantly preferred to colonize bolts already infested by conspecific foundresses, suggesting the potential of fungal VOCs to act as aggregation cues.

To the best of our knowledge, this is the first study investigating the role of MVOCs emitted by a mutualistic fungus growing in vivo (wood tissues) as potential aggregation source for ambrosia beetles in the genus Xylosandrus. Pheromone production has not been documented for ambrosia beetles in the tribe Xyleborini (Kirkendall, 1997), however heavy Xylosandrus infestation followed by aggregation of several individuals in specific parts of the host tree have been often reported (Gallego et al., 2017; Hulcr and Stelinski, 2017; Gugliuzzo et al., 2019, 2021). Based on our results, it is possible to speculate that MVOCs produced or elicited by X. germanus associated fungi during tree infestation by foundresses (which located the stressed host by means of ethanol) can be detected by other host-seeking females, which recognize the suitable woody tissues and consequently tend to colonize the same host site, excavating their own galleries and aggregating in it. In such a scenario, ethanol could act as a long-range attractant for dispersing (i.e., flying) X. germanus females, which may use then specific MVOCs for short-range orientation on the bolts.

Our volatile collections and GC–MS analyses detected eight MVOCs that were consistently released from beech bolts infested by X. germanus or infected by A. grosmanniae, and A. grosmanniae growing on PDA. Additional studies are warranted to determine if these MVOCs, individually or blends, influence the long- and/or short-range attraction of X. germanus to host tissues (Figure 5). Compared to our study, Ranger et al. (2021a) detected lower molecular weight MVOCs in emissions from A. grosmanniae growing on malt extract agar, specifically, 2-ethyl-1-hexanol, 2-phenylethanol, methyl benzoate, and 3-methyl-1-butanol. Female X. germanus exhibited a weak or negligible response to these individual volatiles during walking bioassays. Since X. germanus exhibited an arrestment response to cultures of A. grosmanniae growing on MEA, blends of the MVOCs emitted from A. grosmanniae are potentially more behaviorally informative than individual compounds.

From an evolutionary perspective is not obvious why MVOCs of fungal symbionts should be used as aggregation cues for beetles colonizing dead wood, because bark beetles are generally known to strongly suffer from intraspecific competition (Kirkendall et al., 2015) and thus beetles should avoid to breed near others. Furthermore, females reliably transmit their cultivars in mycetangia to new hosts and so additional horizontal acquisition of foreign strains may actually weaken the mutualism (Frank, 1994, 1996; Sachs and Simms, 2006). So, what could be the benefit of being attracted to a host that does not need to be overwhelmed (like in tree-killing bark beetles)? We hypothesize that MVOCs may signal arriving beetles a suitable substrate for growing their delicate and highly substrate-specific fungal cultivars. It has been reported that in xyleborine ambrosia beetles more than 80% of females fail to establish nests, which is mostly caused by unsuitable substrates (Biedermann et al., 2009).

In closing, our current study demonstrates that MVOCs emitted from infested host tissues can influence the attraction of X. germanus. Additional studies are warranted to identify the behaviorally active MVOCs and their potential for increasing attraction to ethanol, which is well known to be highly attractive to X. germanus. These efforts could potentially lead to the development of semiochemical-based control tactics. Moreover, since MVOCs from the specific primary fungal mutualists were attractive in our current study, a highly targeted and selective attraction of only X. germanus may occur. Consequently, these results might aid in the development of selective trapping methods for X. germanus that could be integrated into a “push-pull” strategy.
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Compound A. grosmanniae Acremonium Cladosporium

Rel. Abundance [EIC/6h]

Esters

Acetic acid propyl ester 916 17.03 74 32403 39£10°
Propanoic acid, 2-methyl-, ethyl ester 936 19.56 5612

Acetic acid, 2-methylpropyl ester 963 2041 2425

Butanoic acid, 3-methyl-, methyl ester 97.6 2054 59419

Butanoic acid, ethyl ester 975 2186 368

2-Butenoic acid, 3-methyl-, methyl 957 2461 03201

ester

Butanoic acid, 2-methyl-, ethyl ester 982 2477 56£10° 0.1£00°

Butanoic acid, 3-methyl-, ethyl ester 98.1 25.03 PP 02400

Butanoic acid, 2-methyl- 2550 54427

1-Butanol, 3-methyl-, acetate 945 2639 1742

Pentanoic acid, 3-methyl-, methyl ester 9.7 2666 6908

Propanoic acid, 2-methyl-, 944 2841 1902

2-methylpropyl ester

2-Butenic acid, 2-methyl-, ethyl ester 924 3002 08£0.00 00£00° 0100
Propanoic acid, 2-hydroxy-, butyl ester 30.42 2608 00200
Butanoic acid, 3-methyl-, propyl ester 97.3 3055 21209

Pentanoic acid, 2-hydroxy-4-methyl-, 3076 1243

methyl ester

Propanoic acid, pentyl ester 3151 75409 01202
Butanoic acid, 2-methyl-, 745 3334 03201 01£01

2-methylpropyl ester

Butanoic acid, 3-methyl-, 97.2 33.51 74106
2-methylpropyl ester

Isobutyl isopentanoic acid ester 96.0 3383 58405
Benzoic acid, methyl ester 990 3785 223448
Benzoic acid, ethyl ester 4058 483 02£00"
Acetic acid, 2-phenylethyl ester .27 74221
Butanoic acid, 3-methyl-, 3-methyl-3- 96.6 3834 01201

butenyl ester

2-Methyl-2-butenoic acid, isopentyl 856 071 02400
ester

Methyl Phenylacetate 986 063 10£2

Decenyl acetate 794 782 06402

Alcohol

1-Butanol, 3-methyl- 988 18.43 521 296" 19£3

Geosmin 799 5161 0.1£00 00£00

Globulol 884 5152 79421

Monoterpenoid

aPinene 987 3011 574103 7518 10266
P-Pinene 940 3259 22506

Limonene 9.6 3502 17404

p-Phellandrene 96.0 3514 66%10" 010
Verbenol 909 3972 05409 02403 01201
Verbenone 959 4196 11223

Limonene oxide 7.1 4876 02400

Sesquiterpenoid

Sativene 818 45.62 0.1£00° 4203 0.04£0.02°
Isolongifolene 905 4630 07+04° 925 01200
p-Caryophyllene 9.7 48.04 1845

«@-Chamigrene 872 48.35 09£02" 00£00"
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Widdrol 750 5183 02+0.1
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Others

2-deuterio-6-ethoxycarbonylpurine 814 48.04 0702

Dodecane, 2,6,11-trimethyl- 95.0 4335 16020 78
Benzaldehyde, 2,5-dimethyl- 732 47.61 44208

Means £ of 7-8 replicates for each fungus are indicated. Significant differences in MVOCs emitted from the different fungal species were calculated with the Kruskal-Wallis test followed by

the Dunns test. Differences of VOC release are indicated bold; differences between fungi are indicated by different letters within a row (details o staistical analysis are given in

Supplementary Table S1).
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Compound Beetle Fungus Control

Rel. Abundance [EIC/6h]

Esters.

Propionic acid, 2-methyl-, ethyl ester 936 19.44 4933

Acetic acid, 2-methylpropyl ester 963 2030 01£03 35415 01£0.1

Butanoic acid, ethyl ester 975 2186 1347

Butanoic acid, 2-methyl-, ethyl ester 95.1 2476 03503 43227 07206 05201
Butanoic acid, 3-methyl-, ethyl ester 963 2502 0.0£0.0 56432 14215

Formic acid, 1,1-dimethylethyl ester 849 2562 66112 70+ 150 552 63481
1-Butanol, 3-methyl-, acetate 945 2639 14406 443+ 147 37405

Propanoic acid, 2-methyl-, 2-methylpropyl ester 944 2856 1647

2-Butenic acid, 2-methyl-, ethyl ester 924 3002 17407

Butanoic acid, 2-methyl-, 2-methylpropyl ester 745 3334 0404 28413 06403 14210
Butanoic acid, 3-methyl-, 2-methylpropyl ester 97.2 3351 38:17 2519 30209 62413
2-Propenoic acid, methyl ester 711 38.00 23113

Butanoic acid, 3-methyl-, 3-methyl-3-butenyl ester 9.6 3838 26414 09406 07404
Alkanes

1-Hexene, 34-dimethyl 8.0 268 58447 546 98 543
Octane, 2,6-dimethyl- 834 3083 39422 29416 56422 39447
Nonane, 2-methyl- 96.4 3139 16£4.0 21215 09£02 49517
Decane, 5-methyl- 962 3388 0602 7.0£19 28504 x4
Nonane, 2,5-dimethyl- 933 3414 04401 64419 17405 x4
Nonane, 2,6-dimethyl- 978 3432 11202 98+18 13206 1945
Dodecane 953 37.69 4609 243 58510 2547
Undecane, 2-methyl- 96.0 40.02 0203 5307 1403 70420
Heptadecane,2,5,10,14-tetramethyl 910 036 77433 ne1 12209 1555
Undecane, 2,4-dimethyl- 877 4147 2109 40£06 14203 48414
Undecane, 2,6-dimethyl- 96.6 4156 19403 1742 43209 26
Undecane, 4,8-dimethyl- 976 4183 02:+0.1 47408 12503 62+19
Hexadecane 96.1 4239 19405 87413 25504 1054
Dodecane, 4,6-dimethyl- 970 4273 04£0.1 1222 26408 1355
Undecane, 4-ethyl- 906 4298 26413 224 48209 2:6
Dodecane, 2,6,11-trimethyl- 950 4335 8108 274 86416 EESH
Dodecane, 2.7,10-trimethyl- 94.1 4358 1802 69+09 1704 71528
1-Nonene, 46,8-trimethyl 876 4425 153 43521 26407 40407
Eicosane 913 4474 38+05 33406 08202 28409
Undecane, 4,7-dimethyl- 899 4496 62411 25405 06£0.1 24507
Octadecane 917 4808 26403 56412 18202 61£21
Octadecane, 2-methyl- 49.43 1n+s 23107 24514
Oxygenated volatiles

7-Octen-4-ol 963 3228 62444 3908 34206 1944
1-Hexanol, 2-ethyl- 963 3467 58+28 84439 30504 89418
Octadecane I-(cthenyloxy)- 840 4403 185 68+05 37510 83439
(4)-1(5)-acetoxy-7(S)-[(benzyloxy)methyl]-6(R)-2- 4839 67+28 0803 05£03 1006
hydroxyprop-2-yD)-7a(R)-hexahydro-3H-

pyrrolizin-3-one

Phenol, 2,6-bis(1,1-dimethylethyl)-4-methyl- 952 4856 57+11 2046 20414 34420
Others

Pinene 987 3011 0902 04201
Diethyld,d-dicyano-26-di(methoxyimino)-1,7- 49.07 134 25523 36£10
heptadioate

2H-2,4a-Ethanonaphthalene, 89.1 4630 0540.1 02+00 13203 0:8

1,3,4,5,6,7-hexahydro-2,5,5-trimethyl-

Means D of 7-8 replicatesfor each treatment are indicated. Statistical significant differences of VOC abundances between beetle infested beech and control beech (control") as well as
between fungus infected beech and beech with artificial hole (*hole") were calculated by Mann-Whitney-tests at p=0.05 and are indicated bold (for statistics see also Supplementary Table 52).
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