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Editorial on the Research Topic
 Diversity of beetles and associated microorganisms




Symbioses with beneficial microbes serve as a source of evolutionary innovation across numerous insect clades (Moran, 2007; Douglas, 2015). Beetles, representing the most speciose insect order Coleoptera, rely on symbioses for numerous adaptations (Biedermann and Vega, 2020; Salem and Kaltenpoth, 2022). From upgrading the nutritional physiology of herbivorous taxa (Biedermann and Taborsky, 2011; Vigneron et al., 2014; Ceja-Navarro et al., 2015; Anbutsu et al., 2017; Hirota et al., 2017; Vogel et al., 2017; Salem et al., 2020), to endowing defensive traits to fend off antagonistic threats from predators and pathogens (Piel, 2002; Flórez et al., 2017; Berasategui et al., 2022), microbial symbioses are a key feature behind the evolutionary success of beetles. This Research Topic aimed to shed light on the diversity and functional aspects of beetle-microbe interactions, spanning the coleopteran tree of life. Notably, we aimed to highlight the role of molecular and analytical advancements in fueling research into how these partnerships are maintained and transmitted, their impact on beetle metabolism and physiology, and finally, their influence on ecological interactions and how beetles adapt to their environment.

The Research Topic attracted articles examining bacterial symbiont diversity, colonization, localization, and transmission across several beetle clades. These featured surveys of the general gut microbiome of several taxa, including the wood-borer beetle Agrilus mali (Buprestidae) (Bozorov et al.). The beetle hosts a stable bacterial community but appears to lack a persistent fungal one. In clarifying whether the gut bacterial community actively excludes plant-associated fungi, the authors applied several analytical techniques to highlight the inhibitory effects of bacteria-produced compounds. Prior exposure to pathogens can also shape the bacterial community associated with beetles, as demonstrated in the red flour beetle Tribolium castaneum (Tenebrionidae), and highlighting an interplay between the host immune system with some members of the resident microbiome (Korša et al.). Predacious insects such as the ladybird beetle Harmonia axyridis (Coccinellidae) can similarly host a diversity of bacterial associates, including Staphylococcus, Enterobacter, Glutamicibacter, and Acinetobacter (Du et al.). But how variable is this community throughout the developmental cycle of its holometabolous host? These taxa varied considerably in abundance between adults and larvae, suggesting stage-specific roles in the beetle host (Du et al.).

The Research Topic featured additional contributions examining the role of the gut microbiome in facilitating herbivory in beetles, including the Asian longhorned beetle Anoplophora glabripennis (Cerambycidae) (Wang et al.), the coffee berry borer Hypothenemus hampei (Curculionidae: Scolytinae) (Vega et al.), and tree sap beetles Nosodendron spp. (Nosodendridae) (Hirota et al.). As a wood-boring insect, A. glabripennis must contend with a diet rich in complex plant polymers. The authors detected a microbial community dominated by Enterococcus, Gibbsiella, Wolbachia, and the ascomycete Fusarium, and inferred their functional roles involved in the degradation of lignocellulose, detoxification of noxious plant metabolites, and fixing nitrogen that may be limiting in the beetle's diet. For the coffee berry borer, previous studies implicated that the beetle's gut microbiome is involved in detoxification of caffeine within the coffee seed (Ceja-Navarro et al., 2015). Here, through a cultivation-based approach, Vega et al. pinpointed members of the beetle's bacterial community encoding detoxification genes that may underlie caffeine breakdown, including Acinetobacter, Bacillus, Pseudomonas, and Stenotrophomonas. In tree sap beetles, Hirota et al. revisited early histological descriptions to characterize the endosymbiont associated with Nosodendron coenosum and Nosodendron asiaticum using molecular, phylogenetic, and histological approaches. The study revealed a Bacteroidota symbiont that inhabits the bacteriocytes within the host beetles and appears to be transmitted via ovarial passage. The authors posited a potential nutritional role given the phylogenetic position of the symbiont relative to other beetle-associated microbes.

Faithful transmission of beneficial symbionts is a common characteristic of stable insect-bacterial symbioses (Bright and Bulgheresi, 2010; Salem et al., 2015). Transmission can be vertical, either through the germline (Koga et al., 2012; Luan et al., 2016) or via maternal secretions (Kaiwa et al., 2014; Pons et al., 2022). Alternatively, insects can horizontally acquire their symbionts every generation from the environment (Kikuchi et al., 2007). Additional support for the latter is included in this Research Topic (Paddock et al.; Avila-Arias et al.; Wierz et al.). While the corn rootworm (Chrysomelidae) shared some members of their bacterial communities across geographic populations, variation within the host species appeared to correlate with the geographical distance between sampling sites, implicating environmental effects in shaping the insect's microbiome (Paddock et al.). A similar case was reported for the Japanese beetle Popillia japonica (Scarabaeidae), whose larvae acquire their fungal gut symbionts necessary for cellulose degradation from the environmental soils (Avila-Arias et al.). The darkling beetles Lagria spp. (Tenebrionidae) rely on the antibiotic-abilities of their Burkholderia (= Caballeronia) symbionts (Flórez et al., 2017, 2018). While these symbionts are vertically transmitted through maternal secretions on surfaces of newly laid eggs, Wierz et al. explored whether the different symbionts can additionally be acquired from the beetle's environment. Despite a transition to an insect-associated lifestyle, Burkholderia retained the ability to proliferate within plants, highlighting the likely role of mixed-mode transmission for the persistence of a defensive ectosymbiont (Wierz et al.).

While bacterial symbioses dominate in many insect taxa, beetles are commonly associated with fungal symbionts, in particular those feeding on woody materials (Buchner, 1928, 1965; Biedermann and Vega, 2020). In this Research Topic, notably, around two-thirds of all the articles are featuring fungal symbioses, among which the majority dealt with wood-feeding beetles. Almost half of all the articles addressed the fungal symbioses of bark and ambrosia beetles (Curculionidae: Scolytinae), a group currently studied intensively due to their emerging importance as (invasive) pests in forestry and agriculture (Hulcr and Stelinski, 2017; Biedermann et al., 2019). Xylem-boring ambrosia beetles live in obligate mutualism with fungi that they grow for food in their tunnels, while in phloem-feeding bark beetles, their fungal symbionts are often facultative and their overall role in nutrition, detoxification and tree killing is still under debate (Six and Wingfield, 2011). What nutritional roles underpin the importance of the fungi for the host ambrosia beetles was impressively demonstrated by Lehenberger, Foh et al.. By the joint application of SEM-EDX and ecological stoichiometry to an animal-microbe mutualism, they visualized the fungal translocation of micronutrients (in particular nitrogen and phosphorus) from the wood substrate and strong concentration of them within the fungal tissues exploited by their beetle hosts. Such nutritional upgrading may also be present but not essential in bark beetles, given that their phloem substrate is nutrient-richer per se. The vast variety of the beneficial effects of the fungi for specific bark and ambrosia beetles was reviewed by Six and Klepzig. They showed that beneficial effects of fungi to species in this group are strongly dependent on ecological aspects of the beetle species, which may be even context-dependent in species with facultative symbionts. This possibility has been overlooked so far, but may partly explain the lack of symbionts like Endoconidiophora polonica in the European Spruce bark beetle Ips typographus (Curculionidae: Scolytinae) in some populations, although the symbionts were determined as highly beneficial in other populations (Kirisits, 2004).

Benefits to insects may be just by-products of normal fungal physiology as in facultative and environmentally acquired mutualists of the Japanese beetle Popillia japonica (Scarabaeidae) involved in cellulose degradation (Avila-Arias et al.), or elaborate and specific as in obligate mutualists of wood-dwelling stag beetles (Lucanidae) and ambrosia beetles (Curculionidae: Scotylinae) that are highly dependent on their fungal associates. Such mutualisms are characterized by vertical transmission of the fungal associates using specialized organs called mycangia or mycetangia (e.g., Mayers et al., 2022). Given these close associations, it is not surprising that the mutualists may restrict the ecological niche of their hosts, as shown for the heat tolerance of Platycerus stag beetles (Lucanidae) determined by associated Scheffersomyces yeast symbionts (Zhu et al.). Similarly, the fungal symbionts of bark and ambrosia beetles determine tolerance against and attraction to ethanol, which is released under high plant stress and commonly present in xylem (Lehenberger, Benkert et al.).

Fungal symbioses among temperate bark and ambrosia beetles are already well-characterized, but 1,000's of representatives of these beetles in the tropics have been poorly investigated. Hence, it is not surprising that extensive surveys of bark beetles in tropical China revealed a high diversity of new Geosmithia fungal associates (Zhang et al.). Similarly, Jiang et al. described a new Fusarium symbiont, dominating fungal isolates from the mycangia of the ambrosia beetle Euwallacea interjectus in Japan. Typically, the mycangia modulate these mutualisms due to their selective properties, but this can be circumvented by artificial inoculation and co-culture of different fungal symbionts with the host beetles. Menocal et al. showed that beetles receiving native vs. heterospecific fungal mutualists may exhibit lower fitness when reared in the laboratory for five consecutive generations. This is an important result for applied research on these species and may explain why symbiont replacements are relatively common, especially when ambrosia beetles are introduced outside of their native range (Hulcr and Stelinski, 2017). On the other hand, this result should be interpreted with caution given that Menocal et al. performed the experiments using artificial media lacking plant-derived defensive compounds, which are known to strongly affect fungal growth in nature. Corroborating this, Diehl et al. showed that the fungal symbiont communities and their succession over time are very different when the ambrosia beetle Xyleborinus saxesenii was bred in artificial media vs. their natural substrate of beech wood.

From an applied perspective, the Research Topic presents interesting new discoveries on the attractiveness of fungal volatiles for bark and ambrosia beetles (Curculionidae: Scotylinae). First, a study on the European spruce bark beetle Ips typographus showed that volatiles of their ophiostomatoid fungal associates synergize aggregation pheromones that are used to overwhelm and mass-kill trees in this species (Jirošová et al.). Second, a paper on the invasive Asian ambrosia beetle Xylosandrus germanus resolved the proximate mechanisms underlying the mass-aggregating behavior of this species by demonstrating that this species solely relies on volatiles of their obligate fungal mutualists as aggregation signals (Gugliuzzo et al.). Importantly, these fungal volatiles may also attract these beetle species to heterospecific fungi, as shown by a study on Ips typographus again that was equally attracted to conspecific and heterospecific fungal associates of North American spruce bark beetles (Tanin et al.).

In conclusion, the Research Topic presents a nice overview of the current research coverage on the diversity of beetle-microbe symbiotic associations. In particular, it highlights the prevalence and importance of the external association with symbiotic fungi among not only ambrosia and bark beetles but also other wood-feeding beetle groups. On account of the enormous diversity of the Coleoptera, which contains over 400,000 described species and accounts for the majority of the macroscopic biodiversity in the terrestrial ecosystem, there is no doubt that many more interesting beetle-microbe symbiotic associations are still to be discovered and investigated, which comprise the research direction for future studies.
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The family Nosodendridae is a small group of tree sap beetles with only 91 described species representing three genera from the world. In 1930s, bacteria-harboring symbiotic organs, called bacteriomes, were briefly described in a European species Nosodendron fasciculare. Since then, however, no studies have been conducted on the nosodendrid endosymbiosis for decades. Here we investigated the bacteriomes and the endosymbiotic bacteria of Nosodendron coenosum and Nosodendron asiaticum using molecular phylogenetic and histological approaches. In adults and larvae, a pair of slender bacteriomes were found along both sides of the midgut. The bacteriomes consisted of large bacteriocytes at the center and flat sheath cells on the surface. Fluorescence in situ hybridization detected preferential localization of the endosymbiotic bacteria in the cytoplasm of the bacteriocytes. In reproductive adult females, the endosymbiotic bacteria were also detected at the infection zone in the ovarioles and on the surface of growing oocytes, indicating vertical symbiont transmission via ovarial passage. Transmission electron microscopy unveiled bizarre structural features of the bacteriocytes, whose cytoplasm exhibited degenerate cytology with deformed endosymbiont cells. Molecular phylogenetic analysis revealed that the nosodendrid endosymbionts formed a distinct clade in the Bacteroidetes. The nosodendrid endosymbionts were the most closely related to the bacteriome endosymbionts of bostrichid powderpost beetles and also allied to the bacteriome endosymbionts of silvanid grain beetles, uncovering an unexpected endosymbiont relationship across the unrelated beetle families Nosodendridae, Bostrichidae and Silvanidae. Host-symbiont co-evolution and presumable biological roles of the endosymbiotic bacteria are discussed.
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INTRODUCTION

Beetles, characterized by their sclerotized exoskeleton, in particular thick and hard forewings called elytra, constitute the largest insect order Coleoptera with over 400,000 described species in the world, which adapt to and prosper in every available habitat in the terrestrial ecosystem (Grimaldi and Engel, 2005). Reflecting the enormous diversity and underpinning the outstanding ecological success, many beetles are in symbiotic association with a variety of microorganisms in a variety of ways, which are significantly relevant to their physiology, ecology and adaptation (Buchner, 1965; Salem et al., 2015; Biedermann and Vega, 2020; Hosokawa and Fukatsu, 2020; Kaltenpoth and Flórez, 2020).

Some beetles are externally associated with specific microbes, where the ectosymbiotic microbes are either stored within external pouch-like structures called mycangia or attached on the body surface (Grebennikov and Leschen, 2010; Biedermann and Vega, 2020). The well-known examples are bark and ambrosia beetles of the subfamilies Scolytinae and Platypodinae (Curculionidae), which harbor specific ambrosia fungi in their mycangia, inoculate the fungi onto the wall of wooden galleries excavated under the bark, and consume the resulting fungal growth as the nutritional source (Hulcr and Stelinski, 2017). Such mycangium-borne fungal ectosymbioses have been also reported from ship-timber beetles (Lymexilidae), lizard beetles (Erotylidae), stag beetles (Lucanidae), attelabid weevils (Curculionidae), and others (Francke-Grosmann, 1967; Sakurai, 1985; Tanahashi et al., 2010; Toki et al., 2012). In darkling beetles of the subfamily Lagriinae (Tenebrionidae), specific β-proteobacteria of the genus Burkholderia are harbored in peculiar cuticular dorsal pouches of larvae and ovipositor-associated transmission organs of adult females extracellularly, representing a unique case of bacterial ectosymbiosis whose function is protection against pathogen infections by producing antibiotics (Flórez et al., 2017; Kaltenpoth and Flórez, 2020). Other beetles are associated with specific gut microbes, which mainly localize to the lumen of intestinal ceca or crypts, and often also invade the gut epithelial cells and migrate to ovipositor-associated transmission organs of adult females. In cigarette and drugstore beetles (Anobiidae), specific gut-inhabiting yeast-like symbiotic fungi provide their hosts with sterols (Pant and Fraenkel, 1954; Noda and Koizumi, 2003), while in leaf beetles of the subfamilies Cassidinae and Donaciinae (Chrysomelidae), specific genome-reduced gut-inhabiting γ-proteobacteria, Stammera and Macropleicola respectively, supply pectin-degrading enzymes for plant digestion and/or some essential nutrients for their hosts (Salem et al., 2017, 2020; Reis et al., 2020).

On the other hand, some beetles possess specialized cells for hosting endosymbiotic microorganisms, called the bacteriocytes, which often constitute specialized symbiotic organs, called the bacteriomes within their body cavities (Buchner, 1965). The best-studied bacteriome-associated endosymbiotic bacteria in beetles are those of weevils (Curculionidae). Diverse weevils are associated with an ancient γ-proteobacterial lineage Nardonella (Lefèvre et al., 2004; Conord et al., 2008; Hosokawa and Fukatsu, 2010; Hosokawa et al., 2015; Anbutsu et al., 2017). Nardonella endosymbionts are localized to bacteriomes surrounding the foregut-midgut junction in larvae and ovarial bacteriomes in adult females (Lefèvre et al., 2004; Hosokawa et al., 2015; Anbutsu et al., 2017). Their genomes are streamlined to as small as 0.2 Mb and specialized for provisioning of tyrosine that is massively needed for cuticle sclerotization of the host beetles upon eclosion (Kuriwada et al., 2010; Anbutsu et al., 2017). The host–symbiont relationship entails strict vertical transmission and co-speciation over evolutionary time estimated as longer than 100 million years (Lefèvre et al., 2004; Conord et al., 2008). In some weevil groups, the original Nardonella endosymbiont was replaced by different bacteriome-associated bacterial lineages, like γ-proteobacterial Sodalis endosymbionts in the Sitophilus grain weevils (Heddi et al., 1999; Heddi and Nardon, 2005; Vigneron et al., 2014) and γ-proteobacterial Curculioniphilus endosymbionts in the Curculionini acorn weevils (Toju et al., 2010, 2013; Toju and Fukatsu, 2011).

Besides weevils, early histological studies described the presence of bacteriome-associated endosymbiotic bacteria in horned powderpost beetles and grain borers (Bostrichidae) (Mansour, 1934; Buchner, 1954; Huger, 1956), saw-toothed grain beetles (Silvanidae) (Koch, 1931, 1936; Huger, 1956), soft-winged flower beetles (Dasytidae) (Stammer, 1933), false click beetles (Throscidae) (Stammer, 1933), and tree sap beetles (Nosodendridae) (Stammer, 1933). For decades, the microbiological nature of these endosymbiotic bacteria associated with the tiny minor beetles has been elusive, but recent molecular phylogenetic and genomic studies identified the bostrichid endosymbionts as belonging to the Bacteroidetes (Okude et al., 2017; Engl et al., 2018), the silvanid endosymbionts as allied to the bostrichid endosymbionts in the Bacteroidetes (Hirota et al., 2017; Engl et al., 2018), and the dasytid endosymbionts belonging to the γ-Proteobacteria (Weiss and Kaltenpoth, 2016). Meanwhile, the throscid endosymbionts and the nosodendrid endosymbionts are still to be characterized.

The Nosodendridae is a small family of tree sap beetles, containing only 91 described species representing three genera from around the world (Háva, 2019). Both adults and larvae of nosodendrid beetles are found in tree sap or slime flux seeping from tree injuries, but their exact feeding habit and physiology remain unknown (Yoshitomi et al., 2015). Stammer (1933) briefly reported that the European tree sap beetle Nosodendron fasciculare possesses bacteria-harboring bacteriomes, although the paper presented neither data nor figures. In his comprehensive book, Buchner (1965) described some more descriptions on the bacteriomes and the endosymbiotic bacteria of N. fasciculare by referring to the doctoral thesis of Öhme (1948), but the Öhme’s data have not been published and are thus unavailable. Since then, there has been no report on the endosymbiosis in nosodendrid beetles.

In this study, we investigated two Japanese nosodendrid species, N. coenosum and N. asiaticum, for their endosymbiotic bacteria and symbiotic organs using molecular phylogenetic and sophisticated histological techniques, thereby reviving the old microscopic observation into the context of modern microbiology.



MATERIALS AND METHODS


Insects

Adults and larvae of N. coenosum were collected from tree sap of Idesia polycarpa or Aphananthe aspera (Figures 1A–D, Table 1, Supplementary Table S1). Adults and larvae of N. asiaticum were collected from tree sap of Abies firma or Ulmus davidiana (Figures 1E–H, Table 1, Supplementary Table S1). The insects were kept alive in plastic cases and brought to the laboratory. Some insects were immediately used for histological observations, whereas other insects were either fixed in Carnoy’s solution (ethanol:chloroform:acetic acid = 6:3:1) or preserved in an ultracold freezer at –80°C. By keeping adult insects in plastic cases with paper pieces soaked with tree sap of I. polycarpa, a small number of eggs laid on the paper pieces were collected and used for histological examinations.
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FIGURE 1. Morphology, ecology, bacteriomes, and endosymbiotic bacteria of Nosodendron beetles. (A–D) N. coenosum. (E–H) N. asiaticum. (A,E) Adults. (B,F) Larvae. (C,D) Habitat of N. coenosum. Tree sap is seeping out of the bark crevices of Idesia polycarpa, where adult beetles are seen (yellow arrowheads). (G,H) Habitat of N. asiaticum. Tree sap is seeping out of the bark crevices of Ulmus davidiana, where larvae are found (arrowheads). (I,J) Dissected adult female (I) and male (J) of N. coenosum, in which paired sausages-shaped bacteriomes are seen on both sides of midgut (dotted circles). (K) A dissected larva of N. coenosum, in which a pair of slender bacteriomes are present on both sides of midgut (red arrowheads). (L,M) Dissected larval bacteriomes (red arrowheads) of N. coenosum (L) and N. asiaticum (M) associated with midgut, fat bodies and Malpighian tubules. (N,O) Differential interference microscopic (N) and epifluorescence microscopic (O) images of endosymbiotic bacteria released from a dissected adult bacteriome of N. coenosum. fb, fat body; mg, midgut; Mpt, Malpighian tubule; tes, testis.



TABLE 1. Nosodendrid beetles examined in this study.
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Histological Procedures

For observation of bacteriomes, the insects were placed on silicon-seated Petri dishes (KE-1606, Shin-Etsu Silicone), dissected by tweezers in a phosphate-buffered saline (PBS: 0.8% NaCl, 0.02% KCl, 0.115% Na2HPO4, 0.02% KH2PO4) or in 80% ethanol. For observation of fresh endosymbiont cells, a partial piece of the dissected bacteriome was placed on a glass slide with a drop of SYTOX Green solution (1/1,000 dilution), smeared with a coverslip, and observed under an epifluorescence microscope (DM6 B, Leica).



Fluorescence in situ Hybridization (FISH)

FISH targeting bacterial 16S rRNA was conducted as described previously (Koga et al., 2009). Adults, larvae and eggs of the insects were fixed in Carnoy’s solution. The fixed eggs were removed of chorion using fine tweezers. The samples were rehydrated with PBT (PBS containing 0.1% Tween 20) and incubated in a hybridization buffer (20 mM Tris-HCl [pH 8.0], 0.9 M NaCl, 0.01% sodium dodecyl sulfate, 30% formamide, 100 pmol/ml probe) at room temperature overnight. We designed and used a fluorochrome-labeled probe, NosoFlav1263R (5′-AlexaFluor 555-GAT TAG CTT TTA GTC ACC TAA T-3′) that specifically targets the endosymbionts of N. coenosum and N. asiaticum (Supplementary Figure S1). After washing with PBT three times at room temperature, the samples were placed on glass slides, mounted in 80% glycerol, and observed under a fluorescence dissection microscope (M165FC, Leica), an epifluorescence microscope (Axiophot, Zeiss), and/or a laser scanning confocal microscope (LSM710, Zeiss). To differentiate hybridization signals from autofluorescence and non-specific probe binding, the following control experiments were conducted: no probe control; RNase digestion control; and competitive suppression control with excess unlabeled probe (see Supplementary Figure S2).



Transmission Electron Microscopy (TEM)

The bacteriomes were dissected from larvae of N. coenosum in PBS, prefixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C overnight, and postfixed with 2% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) at 4°C for 60 min. After thorough washing and dehydration through a water-ethanol series, the samples were embedded in Epon 812 resin, processed into ultrathin sections (around 80 nm thick) on an ultramicrotome (EM UC7, Leica), mounted on copper meshes, stained with uranyl acetate and lead citrate, and observed under a transmission electron microscope (H-7600, Hitachi).



DNA Analysis

The dissected tissues were subjected to DNA extraction using QIAamp DNA Mini Kit (Qiagen). A 1.4 kb region of bacterial 16S rRNA gene was amplified by PCR with the primers 10FF (5′-AGT TTG ATC ATG GCT CAG GAT-3′) (Moran et al., 2005) and 1515R (5′-GTA CGG CTA CCT TGT TAC GAC TTA G-3′) (Takiya et al., 2006) under the temperature profile of 94°C for 1 min followed by 30 cycles of 98°C for 10 s, 50°C for 15 s, and 72°C for 2 min. After checking successful PCR amplification by electrophoresis on 1.5% agarose gels, the PCR products were purified using exonuclease I (New England Biolabs) and shrimp alkaline phosphatase (Takara) at 37°C for 15 min followed by 80°C for 15 min, and sequenced as described previously (Fukatsu and Nikoh, 1998).



Molecular Phylogenetic Analyses

The 16S rRNA gene sequences were subjected to multiple alignment using MUSCLE (Edgar, 2004) implemented in MEGA X (Kumar et al., 2018). The aligned sequence data were inspected and corrected manually, and subjected to the following molecular phylogenetic analyses: neighbor-joining analysis using MEGA X with 1,000 bootstrap replicates; maximum-likelihood analysis using MEGA X with 1,000 bootstrap replicates; and Bayesian analysis using MrBayes v3.2.7 (Ronquist et al., 2012). The best-fit substitution models for the aligned sequences were evaluated by MEGA X for the maximum-likelihood method and by Kakusan v4 (Tanabe, 2011) for the Bayesian method, which selected the generalized time-reversible gamma model for both the methods.



RESULTS


Localization and Shape of Bacteriomes

When adult females of N. coenosum were dissected in 80% ethanol, a pair of linked sausages-shaped bacteriomes were identified beneath the ovaries in association with the Malpighian tubules and the midgut, where each bacteriome consisted of round- or bean-shaped bacteriome lobes serially connected to each other via tracheae (Figure 1I). In adult males of N. coenosum, a pair of linked sausages-shaped bacteriomes, which looked slightly thinner than those in adult females, were found on lateral sides of the midgut and extending to dorsal side of the testes (Figure 1J). In larvae of N. coenosum, a pair of slender bacteriomes were present along the ventro-lateral sides of the midgut in association with the Malpighian tubules and the fat bodies (Figures 1K,L). Similar morphological features of the bacteriomes were observed in larvae of N. asiaticum (Figure 1M). Smearing of a piece of bacteriome lobe on a glass slide released a dense population of bacterial cells (Figures 1N,O).



Bacterial 16S rRNA Gene Sequences From Bacteriomes

We dissected the bacteriomes from four larvae of N. coenosum, two from Tsukuba population and two from Matsuyama population (see Table 1), and the dissected bacteriomes were subjected to DNA extraction, PCR amplification and sequencing of bacterial 16S rRNA gene. From all the insects, nearly identical 1,439 bp nucleotide sequences were identified, with three bases difference between the populations, which showed extremely adenine-thymine (AT) biased nucleotide compositions at 61.7% (888/1,439) – 61.9% (891/1,439). We also dissected the bacteriomes from four larvae of N. asiaticum, two from Sapporo population and two from Kozagawa population (see Table 1), which yielded completely identical 1,448 bp nucleotide sequences from all the insects with AT-biased nucleotide composition at 64.3% (931/1,448). The bacterial sequence similarity between N. coenosum and N. asiaticum was 83.1% (1,209/1,454). BLASTN searches of the DNA databases using the sequences as queries retrieved 16S rRNA gene sequences of endosymbiotic bacteria of bostrichid beetles as the top hits (e.g., GenBank accession numbers MF183964 and MF183966).



Phylogenetic Placement of Endosymbiotic Bacteria

Figure 2 shows the phylogenetic placement of the bacterial 16S rRNA gene sequences obtained from the bacteriomes of N. coenosum and N. asiaticum. The bacterial sequences from the nosodendrid beetles formed a highly supported clade in the phylum Bacteroidetes, which was allied to the endosymbiont clades associated with other insect groups, such as endosymbionts of bostrichid powderpost beetles (Okude et al., 2017; Engl et al., 2018), endosymbionts of silvanid grain beetles (Hirota et al., 2017; Engl et al., 2018), Sulcia endosymbionts of diverse hemipterans (Moran et al., 2005; Bennett and Moran, 2015), Walczuchella endosymbionts of giant scales (Matsuura et al., 2009; Rosas-Pérez et al., 2014), Uzinura endosymbionts of armored scales (Gruwell et al., 2007; Andersen et al., 2010), Blattabacterium endosymbionts of cockroaches and primitive termite (Bandi et al., 1995), Brownia endosymbionts of root mealybugs (Gruwell et al., 2010), etc.
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FIGURE 2. Phylogenic placement of the endosymbiotic bacteria of Nosodendron beetles based on 16S rRNA gene sequences. A maximum-likelihood phylogeny inferred from 1,178 aligned nucleotide sites is shown. Statistical support probabilities are shown on each node in the order of neighbor-joining/maximum- likelihood/Bayesian methods, where values less than 70% are indicated by asterisks. For each bacterial sequence, host-related information in parentheses, accession number in brackets, and AT content in percentage are shown. “BS” indicates bacteriocyte-associated endosymbiont. The explanation of each major clade is depicted on the right side.




Bacteriome Localization of Endosymbiotic Bacteria

In order to identify in vivo localization of the endosymbiotic bacteria, dissected organs of N. coenosum were subjected to whole-mount FISH using a fluorochrome-labeled oligonucleotide probe that specifically targets 16S rRNA of the nosodendrid endosymbionts. In adults of N. coenosum, bacteriome lobes and fat bodies looked morphologically similar (Figure 3A), but DNA staining and FISH clearly identified specific endosymbiont localization to the bacteriome lobes (Figures 3B,C). In adult males, adult females and larvae of N. coenosum, their bacteriomes were densely populated by the endosymbiotic bacteria in the cytoplasm (Figures 3D–I). In the adult bacteriome lobes, the central bacteriocytes tended to be larger in size than the peripheral bacteriocytes, where the central bacteriocytes were often multi-nucleated with a large central nucleus and several small peripheral nuclei (Figures 3D,E). In the larval slender bacteriomes, the bacteriocytes were smaller and uniform (Figure 3F). Similar cytology of the bacteriocytes and localization of the endosymbiotic bacteria were observed in the larval bacteriomes of N. asiaticum (Figures 3J,K).
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FIGURE 3. Bacteriomes, bacteriocytes and endosymbiotic bacteria of Nosodendron beetles visualized by FISH. (A–C) Dissected bacteriomes (bac) and fat bodies (fb) of adult male of N. coenosum. (A) Light microscopic image. (B) Epifluorescence microscopic image in which DNA is visualized in blue. (C) Epifluorescence microscopic image in which the endosymbiotic bacteria are visualized in red. (D–I) Laser confocal microscopic FISH images of bacteriomes, bacteriocytes and endosymbiotic bacteria of N. coenosum. (D,G) Adult males. (E,H) Adult females. (F,I) Larvae. (D–F) Images of a whole bacteriome lobe. (G–I) Magnified images of the endosymbiotic bacteria in the host cytoplasm. (J,K) Laser confocal microscopic FISH images of the bacteriome (J) and the endosymbiotic bacteria (K) of larval N. asiaticum. Red signals represent the endosymbiotic bacteria visualized by FISH targeting 16S rRNA, whereas blue signals show DNA visualized by DAPI staining.




Localization of Endosymbiotic Bacteria During Oogenesis and Embryogenesis

Besides the bacteriomes, whole-mount FISH detected the endosymbiont signals in the ovaries of adult females of N. coenosum. In reproductively immature adult females, an infection zone was observed in the middle of each ovariole, where the endosymbiotic bacteria infect presumably for establishing vertical transmission (Figures 4A,B), as observed in Nysius seed bugs and other insects (Buchner, 1965; Matsuura et al., 2012). While the infection zone is located at the anterior side of immature oocytes in Nysius spp. (Matsuura et al., 2012), the infection zone was at the posterior side of immature oocytes in N. coenosum (Figures 4A,B), plausibly reflecting a different transmission passage. In reproductively active adult females, conspicuous distribution patterns of the endosymbiotic bacteria were seen on the surface of growing oocytes in the ovarioles: radially arranged bacteria-infected patches were densely distributed all over the egg surface (Figures 4C,D). What cellular or subcellular structures on the developing oocytes correspond to the conspicuous bacterial localization patterns is of great interest but currently elusive, which deserves future studies. By keeping adult insects in the laboratory, we managed to collect a small number of viable eggs (see Supplementary Table S1), which were analyzed by whole-mount FISH to obtain some snapshot images of the endosymbiont infection process during the embryogenesis of N. coenosum. In early embryos, the endosymbiont cells were found in the yolk region outside the germband (Figures 4E,F). In late embryos, the endosymbiont cells were localized to paired primordial bacteriomes in the abdomen (Figures 4G,H).
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FIGURE 4. Localization of endosymbiotic bacteria during oogenesis and embryogenesis of N. coenosum. (A) In ovarioles with immature oocytes, an infection zone for presumable entry region for the endosymbiotic bacteria is detected at the posterior side of the immature oocytes. Note the very strong FISH signal in the bacteriome, highlighting preferential localization of the endosymbiotic bacteria to the symbiotic organ. (B) Magnified image of the infection zones. (C) In ovarioles with growing oocytes, the egg surface exhibits dense and radial distribution patterns of the endosymbiotic bacteria. (D) Magnified image of the endosymbiont cells constituting a radial unit. (E) An early embryo, in which the endosymbiont cells are found in the yolk region outside the germ band. (F) Magnified image of the endosymbiont cells in the early embryo. (G) Side view of a late embryo, in which one of paired primordial bacteriomes is seen within the abdomen. (H) Magnified image of the endosymbiont cells in the late embryo. Red signals represent the endosymbiotic bacteria visualized by FISH targeting 16S rRNA, whereas blue signals show DNA visualized by DAPI staining. bac, bacteriome; ger, germarium; io, immature oocyte; iz, infection zone; mo, mature oocyte. Also see Supplementary Figure S2 for negative controls corresponding to (C).




Fine Structure of Bacteriomes and Endosymbiotic Bacteria

Finally, the larval bacteriomes of N. coenosum were embedded in epoxy resin and subjected to transmission electron microscopy (TEM). Light microscopic observations of semi-ultrathin sections revealed the cytological configuration of the bacteriome, in which voluminous bacteriocytes full of the endosymbiotic bacteria were surrounded by a thin sheath cell layer on the surface of the bacteriome (Figure 5A). TEM observations of ultrathin sections uncovered bizarre structural features of the bacteriocytes, whose cytoplasm exhibited degenerate cytology, vacuolization, and irregularly shaped endosymbiont cells (Figures 5B,C). At a glance, we suspected that these degenerative traits might be due to experimental fixation artifacts. However, on the same ultrathin sections, the sheath cells exhibited normal fine structures (Figure 5D), indicating that the degenerative cytological traits of the bacteriocytes and the endosymbiotic bacteria are probably the norm.
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FIGURE 5. Fine structure of larval bacteriomes, bacteriocytes and endosymbiotic bacteria of N. coenosum. (A) Semi-ultrathin section of a bacteriome stained with toluidine blue. Voluminous bacteriocytes full of endosymbiotic bacteria are surrounded by a thin sheath cell layer on the surface. (B) TEM image of a bacteriocyte, whose cytoplasm exhibits bizarre cytological features such as degenerate cytology, vacuolization, deformed endosymbiont cells, etc. (C) Magnified TEM image of the cytoplasm-nucleus interface of a bacteriocyte. Pleomorphic symbiont cells are found in the cytoplasm with mitochondria and accumulated membranous elements. (D) Magnified TEM image of the periphery of a bacteriome adjacent to a sheath cell. Note that, while the bacteriocyte exhibits degenerative cytological features, the sheath cell looks normal, confirming that the degenerative cytology of the bacteriocyte is not due to histological artifacts. Asterisks indicate endosymbiont cells. bc, bacteriocyte; bcn, bacteriocyte nucleus; mt, mitochondrion; sc, sheath cell; scl, sheath cell layer; scn, sheath cell nucleus.




DISCUSSION

Since the early brief observational report on the European tree sap beetle N. fasciculare (Stammer, 1933), microbiological, histological and biological aspects of the endosymbiosis in the small and inconspicuous nosodendrid beetles have been totally ignored for decades. Here we present microbiological characterization of the endosymbiotic bacteria and histological investigation of the symbiotic organs of two Japanese species, N. coenosum and N. asiaticum, thereby broadening our knowledge on the diversity of beetle-microbe endosymbiotic associations. This study provides the first microbiological identification of bacteriome-associated endosymbiotic bacteria from the beetle family Nosodendridae.

In all individuals, populations and species examined in this study, the bacteriomes and the associated endosymbiotic bacteria are identified (Figures 1, 3). The endosymbiotic bacteria are localized to specific paired bacteriomes in both larvae and adults, and vertically transmitted to the next generation via ovarial passage (Figures 3, 4). The endosymbiotic bacteria form a distinct and well-supported clade in the Bacteroidetes (Figure 2). Meanwhile, the endosymbiotic bacteria are substantially identical within each Nosodendron species whereas they are considerably divergent genetically (83.1% 16S rRNA gene sequence similarity) between N. coenosum and N. asiaticum (Figure 2). These results seem to favor the hypothesis that the nosodendrid beetles and the bacteriome-associated endosymbiotic bacteria are in intimate association that has been maintained by stable vertical transmission over evolutionary time, although more nosodendrid species should be inspected to confirm this idea.

The degenerative features of the endosymbiont cells (Figure 5) and the extremely AT-biased nucleotide compositions (61.7–64.3%) of the endosymbiont genes (Figure 2) suggest the possibility of drastic genome reduction in the nosodendrid endosymbionts, considering that such cytological and genetic features are generally found among genome-reduced endosymbiotic bacteria (McCutcheon and Moran, 2012). Note that the AT contents of 62–64% are remarkably higher than those of allied genome-reduced endosymbionts of other insects: ∼56% in Sulcia of hemipterans with 0.19–0.29 Mb genome (McCutcheon and Moran, 2007; Bennett and Moran, 2013; Koga and Moran, 2014); ∼54% in Blattabacterium of cockroaches with 0.59–0.64 Mb genome (López-Sánchez et al., 2009; Sabree et al., 2009, 2012); ∼56% in Uzinura of armored scale insects with 0.26 Mb genome (Sabree et al., 2013); ∼53% in Walczuchella of giant scale insects with 0.31 Mb genome (Rosas-Pérez et al., 2014); etc. (see Figure 2). Genome sequencing and analysis of the endosymbiont of N. coenosum are currently in progress. On the other hand, the possibility should be also taken into account that the degenerative features of the bacteriocytes might be relevant to molting and/or metamorphosis processes of the holometabolous insect host (Hammer and Moran, 2019; Maire et al., 2020).

Phylogenetically, the nosodendrid endosymbiont clade is sister to the bostrichid endosymbiont clade, and they together form a clade allied to the silvanid endosymbiont clade, all of which are highly supported statistically (Figure 2). These patterns highlight the phylogenetic affinity of the bacteriome-associated endosymbiotic bacteria across the beetle families Nosodendridae, Bostrichidae, and Silvanidae. It seems relevant that, like the nosodendrid endosymbionts, the bostrichid endosymbionts and the silvanid endosymbionts exhibit degenerate cytology (rosette-shaped in bostrichids and extremely elongated in silvanids) and AT-biased nucleotide compositions (63–65% in bostrichids and 57–58% in silvanids) (Hirota et al., 2017; Okude et al., 2017; Engl et al., 2018). On the other hand, the endosymbiont relatedness does not agree with the systematics of the host beetles: the family Nosodendridae is placed within the superfamily Nosodendroidea, the family Silvanidae belongs to the superfamily Cucujoidea, the family Bostrichidae belongs to the superfamily Bostrichoidea, and the Nosodendroidea is phylogenetically not as close as the relationship between the Cucujoidea and the Bostrichoidea (Zhang et al., 2018; McKenna et al., 2019). These phylogenetic patterns suggest either of the evolutionary scenarios: (i) independent endosymbiont acquisitions occurred in the Nosodendridae, the Silvanidae and the Bostrichidae from the common or closely related ancestral bacteria belonging to the Bacteroidetes, or (ii) lateral endosymbiont transfers occurred between the Nosodendridae and the Bostrichidae.

Here we observed peculiar localization patterns and presumable vertical transmission routes of the endosymbiotic bacteria during oogenesis and embryogenesis of N. coenosum (Figure 4). However, our observations in this study are fragmentary due to limited availability of viable eggs of N. coenosum. For obtaining the whole picture of the transmission processes and mechanisms of the endosymbiotic bacteria, we are currently trying to establish a laboratory rearing system of N. coenosum.

Biological roles of the bacteriome-associated endosymbionts of the nosodendrid beetles are currently elusive. The majority of hemipteran insects directly suck plant sap from phloem or xylem tubes using a needle-like mouthpart, and generally depend on bacteriome-associated endosymbiotic microorganisms for provisioning of essential amino acids that are needed for protein synthesis but scarce in the plant sap (Moran et al., 2008; Douglas, 2009). The tree sap seeping out of the bark crevices is originally the same as the plant sap, but microbial proliferation and fermentation make it more nutrition-rich. In oak forests, for example, it is commonly found that microbe-fermented tree sap emits sweet alcoholic smell and attracts a huge number of flies, ants, wasps, moths, butterflies and beetles (Yoshimoto et al., 2005). Interestingly, however, the nosodendrid beetles are never found at such “crowded” tree sap sites. The tree sap of the non-oak trees that the nosodendrid beetles feed on (see Figures 1C,D,G,H, Table 1) seldom ferments in such a way, and attracts few other insects. We suspect that the nosodendrid beetles may adapt to the nutritionally poor tree sap that other insects do not utilize, where the endosymbiotic bacteria may play some roles. Chemical composition analysis of the tree sap in combination with metabolic information inferred from the endosymbiont genome may shed light on the physiological and nutritional mechanisms underlying the unique tree sap-feeding lifestyle of the nosodendrid beetles.
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Bark beetles (sensu lato) colonize woody tissues like phloem or xylem and are associated with a broad range of micro-organisms. Specific fungi in the ascomycete orders Hypocreales, Microascales and Ophistomatales as well as the basidiomycete Russulales have been found to be of high importance for successful tree colonization and reproduction in many species. While fungal mutualisms are facultative for most phloem-colonizing bark beetles (sensu stricto), xylem-colonizing ambrosia beetles are long known to obligatorily depend on mutualistic fungi for nutrition of adults and larvae. Recently, a defensive role of fungal mutualists for their ambrosia beetle hosts was revealed: Few tested mutualists outcompeted other beetle-antagonistic fungi by their ability to produce, detoxify and metabolize ethanol, which is naturally occurring in stressed and/or dying trees that many ambrosia beetle species preferentially colonize. Here, we aim to test (i) how widespread beneficial effects of ethanol are among the independently evolved lineages of ambrosia beetle fungal mutualists and (ii) whether it is also present in common fungal symbionts of two bark beetle species (Ips typographus, Dendroctonus ponderosae) and some general fungal antagonists of bark and ambrosia beetle species. The majority of mutualistic ambrosia beetle fungi tested benefited (or at least were not harmed) by the presence of ethanol in terms of growth parameters (e.g., biomass), whereas fungal antagonists were inhibited. This confirms the competitive advantage of nutritional mutualists in the beetle’s preferred, ethanol-containing host material. Even though most bark beetle fungi are found in the same phylogenetic lineages and ancestral to the ambrosia beetle (sensu stricto) fungi, most of them were highly negatively affected by ethanol and only a nutritional mutualist of Dendroctonus ponderosae benefited, however. This suggests that ethanol tolerance is a derived trait in nutritional fungal mutualists, particularly in ambrosia beetles that show cooperative farming of their fungi.

Keywords: ambrosia fungi, bark and ambrosia beetles, symbiont selection, ethanol, detoxification, Ips typographus


INTRODUCTION

Filamentous fungi are generally known to be common symbionts of bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae). While many species use beetles for dissemination with apparently little benefits for their vectors (Birkemoe et al., 2018; Seibold et al., 2019) other fungi are essential for the beetles like nutritional or tree-defenses-detoxifying mutualists as well as tree-defenses-stimulating fungi (e.g., Six, 2003; Lieutier et al., 2009; Kandasamy et al., 2019; Biedermann and Vega, 2020). The most famous nutritional mutualisms are those between xylem-colonizing ambrosia beetles and various “ambrosia fungus” species in the ascomycete orders Hypocreales, Microascales and Ophiostomatales as well as phloem-colonizing Dendroctonus bark beetles and their basidiomycete and ascomycete mutualists in the orders Russulales and Ophiostomatales (Barras and Perry, 1972; Six and Paine, 1998; Six and Klepzig, 2004; Harrington, 2005; Kirkendall et al., 2015; Biedermann and Vega, 2020). All these are truly agricultural mutualisms, because they evolve active care of the beetles for their fungal “crops” and involve more or less species-specific partnerships. Indeed, within the majority of the ambrosia beetle – fungus relationships, the beetles are essential for the survival of their mutualistic fungi as they would be overgrown by fungal competitors if the beetles are not present (Kirkendall et al., 2015; Nuotclà et al., 2019). Up to date, these mutualisms are unique for beetles and comparable to the advanced fungi culturing systems of attine ants and fungus-farming termites (Farrell et al., 2001; Six, 2003; Müller et al., 2005; Biedermann and Vega, 2020).

The nutritional mutualisms of ambrosia beetles and certain Dendroctonus spp. as well as some Ips sp. are known for quite a while (Batra, 1963; Francke-Grosmann, 1965, 1966, 1967; Six, 2003; Vissa and Hofstetter, 2017), but more recent research shows that other bark beetle species also depend on fungal associates mainly through detoxification of insect-repelling tree-chemistry (like in the case of fungal symbionts of the European spruce bark beetle Ips typographus; Kandasamy et al., 2016, 2019; Wadke et al., 2016; Zhao et al., 2019). While nutritionally important fungal mutualists are typically vertically transmitted within mycetangia (i.e., fungus spore carrying and selecting organs), these organs are rather rare in non-nutritional beetle-fungus associations (Francke-Grosmann, 1956, 1967; Batra, 1963; Six, 2003; Hulcr and Stelinski, 2017; Skelton et al., 2020; Biedermann and Vega, 2020). How mutualisms are maintained in the latter case is poorly known and supposedly involves vertical transmission through the gut or the surface of the exoskeleton of the insects (Six, 2003; Harrington, 2005). Even less understood is how the beetles maintain the dominance of certain fungi within their tunnel systems and how they suppress ubiquitous competitor fungi and beetle pathogens (henceforth termed antagonistic fungi).

So far, three evolutionary mechanisms are known by which a host (e.g., a bark beetle) can maintain a mutualism with a beneficial symbiont (e.g., an ambrosia fungus): (i) Partner choice, in which a host is actively selecting a specific symbiont, (ii) partner fidelity, where symbionts are vertically transmitted from one host generation to the next, and (iii) the theoretical and empirically hardly studied mechanism of competition-based screening, in which environmental filters created by the host select for the preferred symbiont (Archetti et al., 2011; Scheuring and Yu, 2012; Foster et al., 2017). Environmental screening of mutualistic ambrosia fungi utilizing ethanol within woody substrate (that most ambrosia beetles preferentially colonize) has been recently discovered by Ranger et al. (2018). These authors show that ethanol strengthens the competitive ability of mutualistic ambrosia fungi over other fungal antagonists, because ambrosia fungi are able to detoxify ethanol and use it as a carbon source, whereas the antagonists are strongly inhibited in their growth by even small amounts of ethanol, which is typically an antimicrobial compound (McGovern et al., 2004; Tunc et al., 2007). Moreover, mutualistic ambrosia beetle fungi are known to produce ethanol and other alcohols themselves (Kuhns et al., 2014; Kandasamy et al., 2016), giving them the possibility to enrich the colonized woody substrate with ethanol and thus maintain their dominance even after the production by the dying plant cells ceases (Kimmerer and Kozlowski, 1982). The ethanol production of ambrosia fungi can thus be compared with other similar defensive mechanisms used by other microorganisms to protect themselves and their animal hosts (Cardoza et al., 2006; Scott et al., 2008; Six, 2013; Flórez et al., 2015; Ranger et al., 2018).

Ethanol generally plays a crucial role for the attraction of ambrosia beetles (i.e., it is a kairomone) as it allows them to detect suitable hosts like stressed or recently dead trees (Graham, 1968; Kühnholz et al., 2001; Ranger et al., 2015). In fact, ethanol is not solely present in stressed trees but is commonly found also in healthy trees within both xylem and phloem (Kimmerer and Stringer, 1988; MacDonald and Kimmerer, 1991; Kozlowski, 1992; Kelsey et al., 2014). Its content is known to increase as soon as the tree is stressed (e.g., flood stress, mechanical damage) (Kimmerer and Kozlowski, 1982; MacDonald and Kimmerer, 1991; Ranger et al., 2013) and is thereby functioning as a cue for ambrosia beetles to recognize defense deficient trees. The phloem-colonizing bark beetles, which are the evolutionary ancestors of ambrosia beetles, still prefer similarly deficient host trees. On the contrary, however, they usually use tree volatiles and/or aggregation pheromones (produced de novo) other than ethanol to detect their preferred hosts (Vité et al., 1972; Wood, 1982; Kirkendall et al., 2015; Kandasamy et al., 2016; Biedermann et al., 2019). So currently it is unknown whether ethanol plays a role in the bark beetle system by preferentially fostering the growth of their fungal mutualists.

Ambrosia beetle fungi are not unique in their ability to produce ethanol. In fact, the ability of yeasts and filamentous fungi to produce ethanol is relatively widespread in certain fungal groups (e.g., plant-colonizing fungi like Fusarium and Rhizopus; the brewer’s yeast Saccharomyces cerevisiae; saprobic and soil-colonizing fungi like Aspergillus) (Schneider and Jeffries, 1989; Singh and Kumar, 1991; Singh et al., 1992; Wainwright et al., 1994; Skory et al., 1997; Ferreira et al., 2014) and has an important role in biotechnologically used fermentation processes. While many of these taxa are able to create their own defended niche by metabolizing, producing and accumulating ethanol in their environment, they are typically found free-living and not in mutualisms with insect hosts (Thomson et al., 2005; Dashko et al., 2014; Zhou et al., 2017). The only other insects known to be associated with an ethanol-producing fungus (i.e., yeast) are Drosophila species, which benefit, like the ambrosia beetles, from the defensive abilities of their symbionts (McKenzie and Parsons, 1972; Becher et al., 2012; Christiaens et al., 2014). Some fungal mutualists of bark beetles like Endoconidiophora polonica and Grosmannia penicillata (associated with Ips typographus), are as well known to produce several different alcohols (Kandasamy et al., 2019), but whether they metabolize, produce and use them to defend themselves like the ambrosia beetle mutualists remains unstudied.

Nutritional fungus mutualisms have evolved independently in at least eleven lineages of wood-boring weevils (Coleoptera: Curculionidae: Scolytinae and Platypodinae) with at least five lineages of ascomycetes (Ophiostomataceae, Nectriaceae, Bionectriaceae, Saccharomycetaceae, Ceratocystidaceae) as well as two lineages of basidiomycetes (Peniophoraceae, Meruliaceae) (Alamouti et al., 2009; Li et al., 2014; Hulcr et al., 2015; Bateman et al., 2017; Hulcr and Stelinski, 2017; Biedermann and Vega, 2020). The ancestral habit of these weevils is phloem and most lineages transitioned to colonize xylem after the origin of the nutritional mutualism (which made it possible to live on the nutrient-poor xylem), possibly because of the high competition within the phloem (Kirkendall et al., 2015; Biedermann and Vega, 2020). Currently, only a few ambrosia beetle fungal mutualists in the Ophiostomataceae and Ceratocystidaceae have been investigated for their affinity to ethanol (Ranger et al., 2018) and it remains unknown how widespread this trait is for the other lineages of ambrosia fungi as well as and in particular for the ancestral fungal symbionts of bark beetles.

Some bark and ambrosia beetles are severe pests, causing high economic damages in forests and plantations worldwide (Kühnholz et al., 2001; Hulcr and Dunn, 2011; La Spina et al., 2013; Ranger et al., 2015; Biedermann et al., 2019). Therefore, research on the physiology of their fungal mutualists is very important to understand the ecology of these beetle-fungus interactions, which may help at some point to develop new management tools that target the fungal mutualists. Here, we examined 10 fungal species from four convergently evolved clades of bark and ambrosia beetle associated fungal symbionts, including five nutritional and two tree-chemistry-detoxifying mutualists and one symbiont with unknown role as well as 2 ubiquitous antagonistic fungi for their ability to grow on ethanol-containing substrate. Two free-living, non-mutualistic filamentous fungi in the same lineages were included to test for phylogenetic effects of ethanol tolerance. Our aims were (i) to test the ethanol tolerance of previously not-tested clades of bark and ambrosia beetle fungal mutualists in the basidiomycete Russulales and the ascomycete Hypocreales and Ophiostomatales (see Figure 1) and (ii) to compare it between bark beetle (sensu stricto) and ambrosia beetle fungal partners. The latter can help to understand the evolution of ethanol tolerance because ambrosia beetle fungal mutualists are descendants of bark beetle fungal mutualists, which have not been investigated for their tolerance toward ethanol so far. Finally, we aim to test (iii) how widespread the ethanol sensitivity is in antagonists of bark and ambrosia beetles and free-living fungi in the same clades of known beetle mutualists.
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FIGURE 1. Phylogenetic placement based on 49 fungal LSU sequences. Black-colored species were examined within this study (N = 12), while species in gray act as a fungal outgroup (N = 37). The LSU region of the following fungi was sequenced by us and used for the phylogenetic analysis (strain IDs in brackets): Ophiostoma bicolor (P22), Grosmannia penicillata (2), Endoconidiophora polonica (F5), Beauveria bassiana (P13), Entomocorticium sp. (P8), Entomocorticium dendroctoni (P163), and Fusarium euwallaceae (P170). Sequences from all other species were obtained from NCBI GenBank. For accession numbers and further information of each individual strain see Supplementary Tables 1, 2. Ophiostomatales were divided into their four sub-clades that are currently hypothesized to have evolved independently as nutritional mutualists of ambrosia beetles (Biedermann and Vega, 2020). All examined species were classified into (i) ambrosia beetle fungi, (ii) bark beetle fungi, and (iii) free-living fungi. Triangles denote significant effects on fungal biomass (decrease, increase or not significant; p < 0.05) between the 0 and 1% EtOH treatments. Nutritional mutualists of bark and ambrosia beetles are underlined. Due to its abundant sporulation we could not receive comparable data from Beauveria bassiana (indicated with *) and excluded it from all further analyses.




MATERIALS AND METHODS


Fungal Strains

In this study, we used common fungal mutualists/symbionts of widespread bark and ambrosia beetles from the three ascomycete orders [Microascales (Ceratocystidaceae), Ophiostomatales (Ophiostomataceae), Hypocreales (Nectriaceae)] and one basidiomycete order [Russulales (Peniophoraceae)]. Additionally, we used two common fungal antagonists of bark and ambrosia beetles in the two ascomycete orders Hypocreales (Cordycipitaceae) and Sordariales (Chaetomiaceae). Finally, we included the nematophagous fungus Esteya vermicola in the Ophiostomatales (Ophiostomataceae) as well as the basidiomycete Entomocorticium sp. (see Lehenberger et al., 2018) in the Russulales (Peniophoraceae), which served as non-beetle-associated, free-living, phylogenetic controls (for an overview of all strains see Table 1 and Supplementary Table S1). We included all fungal species within a phylogenetic replacement that aimed to (i) visualize the independently evolved phylogenetic lineages of all tested species and to (ii) indicate each classification as well as (iii) our current findings.


TABLE 1. Overview of the twelve fungal isolates used in this study and additional information on their classification, beetle host(s), association, phylogenetic order and literature.
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A stock collection of all these fungal isolates in glycerol (80%) and glycerol/peptone (80%/1%; Roth, Germany) is constantly maintained at −80°C in our lab in Freiburg, Germany. Origins of the fungal isolates are given in Supplementary Table 1. At the beginning of the experiment, we first revived fungi on malt extract agar plates (MEA: 3% malt extract, 0.5% soy peptone, 2% agar, pH = 5.5–6; Sigma-Aldrich, Germany) and stored them at 5°C until they were sub-cultured once more on MEA (25°C, 60% RH) for 5 (fast growers) to 14 (slow growers) days (Supplementary Table 3) until the experiment was started for each fungus individually.



DNA Extraction and LSU/βT/ITS Barcoding

We first homogenized fungal samples (pure biomass) by grinding in liquid nitrogen and then proceeded with DNA extraction using the NORGEN Biotek Corp. fungi/yeast genomic DNA isolation kit following the manufacturer’s protocol. Sequences of the large subunit (LSU) of the ribosomal RNA gene were primarily used for the identification and phylogenetic placement of isolates (Figure 1; Supplementary Table 1). For LSU amplification, we used the common primers LROR-F (GTACCCGCTGAACTTAAGC) and LR5-R (ATCCTGAGGGAAACTTCG) (Vilgalys and Hester, 1990; Rehner and Samuels, 1994), which amplify a region of approximately 830 to 880 bp.

Because some samples repeatedly failed to amplify using the LSU primers, we barcoded them using the internal transcribed spacer (ITS) of the ribosomal RNA or the beta-tubulin gene (βT). The ITS region was amplified using primers ITS1-F (TCCGTAGGTGAACCTGCGG) and ITS4-R (TCCTCCGCTTATTGATATGC) (White et al., 1990) and with an annealing temperature of 54.5°C. The ITS region finally contained approximately 580 bp. For amplification of βT, we used the primers T10-F (ACGATAGGTTCACCTCCAGAC) and Bt2b-R (ACCCTCAGTGTAGTGACCCTTGGC) (Glass and Donaldson, 1995; O’Donnell and Cigelnik, 1997) and 57.5°C as annealing temperature. Sequence lengths contained around 300 to 400 bp.

For all PCR reactions, we used a similar master-mix for LSU, βT and ITS barcoding [Master-mix for 50 μl: 25 μl 2× phusion high-fidelity PCR master mix with GC buffer (Thermo ScientificTM, Germany), 2.5 μl forward primer 1 (10 μM, Eurofins Genomics, Germany) 2.5 μl reverse primer 2 (10 μM, Eurofins Genomics, Germany), 18 μl ddH20, 2 μl template (usually 1:10 diluted)]. For all reactions we applied the following PCR conditions: 98°C for 30 s, followed by 35 cycles at 98°C for 10 s, 55.5°C, 54.5°C or 57.5°C (for LSU, ITS, and βT, respectively) for 30 s and 72°C for 20 s, ending with 72°C for 10 min and ending with a storage temperature of 5°C.

DNA-purification was done using the Wizard® SV gel and PCR clean-up system (Promega, Germany) after performing gel electrophoresis. Sanger-sequencing was performed by Eurofins (Eurofins Genomics, Germany). To verify each sequence quality, we used the “SnapGene® Viewer” 3.2 (SnapGene software, from GSL Biotech; available at snapgene.com) and manually corrected automatically deduced sequences, if necessary. Fungal species were finally identified using BLASTn at NCBI (Altschul et al., 1990). All obtained fungal sequences were uploaded to the NCBI GenBank database (the accession numbers are included in Supplementary Table 1).



Phylogenetic Analysis

Sequences of the LSU for seven of our fungal sequences were used for maximum likelihood analyses and construction of a phylogenetic tree (Supplementary Table 1). NCBI GenBank entries were used for the remaining five sequences of studied fungi as well as for 37 fungal outgroup sequences (Supplementary Table 2). Individual sequences were prepared using GeneDoc 2.7 (Nicholas, 1997) or MEGA 7.0 (Kumar et al., 2016) and were additionally compared with the received output from Clustal Omega (Madeira et al., 2019). The phylogenetic analyses were done with the IQ-Tree-Web-Server (Nguyen et al., 2015; Trifinopoulos et al., 2016) using the ultrafast bootstrap analysis (Minh et al., 2013). Based on the web server FindModel (Posada and Crandall, 1998, available at1), we chose the generalized time reversible (GTR) model plus gamma (+ G) with rate heterogeneity (rate categories – 4) and combined it with 8.000 bootstrap alignments as our substitution model. FigTree2 was used for visualization of the phylogenetic tree.

The phylogenetic relationship of tested fungi is already known (see Rollins et al., 2001; Alamouti et al., 2009; Dreaden et al., 2014; Vanderpool et al., 2018), therefore we did not include it within the results. The aim of the phylogenetic reconstruction was to give an overview over the different examined clades with our choice of fungi as well as to visually summarize our findings in an appealing way (see Figure 1).



Ethanol-Based Culturing

We examined the influence of five ethanol (EtOH) concentrations in MEA culturing media (0, 1, 2, 3, 5 vol/vol) on biomass, area and density of 12 fungal strains. The methods closely followed those reported in Ranger et al. (2018). Ethanol (99.8%, Sigma-Aldrich, Germany) was added to the MEA media at around 55°C (just before it solidified) to reduce its evaporation. Immediately after the media had cooled down in the petri dishes, we added a sterile cellophane membrane (6 × 6 cm, NeoLab, Germany) and a plug of the pre-cultured fungal mycelium (Ø 3 mm, using a cork borer) to the center of each plate. We used eight replicates per fungus for each of the five EtOH treatments, for a total of 40 plates per fungus, which were sealed with parafilm and subsequently incubated in dark at 25°C and 60% RH. Images of the colonies were taken every second day (Sony alpha 5000, 12 × in macro mode) through the closed lid of the petri dish. Only at the last day of the experiment the lid was removed before taking the picture (see Figure 2 and Supplementary Figure 1). All images were analyzed for surface area using ImageJ software (version 1.52a). The experiment was terminated for each fungal species separately and as soon as one replicate (independent of the EtOH treatment) reached an edge of the cellophane membrane. For individual incubation times see Supplementary Table 3. If single replicates were contaminated, we excluded them from our analyses (Supplementary Table 3). After termination of the experiment and taking of the picture, the entire fungal biomass was collected from each cellophane membrane, dried individually at 50°C for up to 14 days (dry biomass) in a drying oven and was then weighed. To calculate the density (mg/mm2) of fungal mycelia, the determined dry weight (mg) was divided by measured surface area (mm2).
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FIGURE 2. Representative images of seven studied fungi growing on MEA treated with five investigated ethanol concentrations (0, 1, 2, 3, and 5% vol/vol). (a): ambrosia beetle fungi = Ambrosiella hartigii, Raffaelea sulphurea; (b): bark beetle fungi = Grosmannia penicillata, Endoconidiophora polonica; (c): pathogens/free-living = Chaetomium globosum, Esteya vermicola, Entomocorticium sp. For incubation times and further information of each individual strain see Supplementary Table 3. The five remaining fungal species are displayed in Supplemantary Figure 1.


Effects of EtOH concentration on dry biomass, surface area and density for each fungal species were visualized with ggplot in R (version 1.2.5033) using the package ggplot2 (Wickham, 2016). One-way-ANOVAs (log10 transformed data; Biomass in dependence of ethanol concentration) were conducted to detect differences in the biomass between the 0 and 1%, and the 0 and 2% EtOH treatments for each fungus using the package rcompanion (CRAN.R-project.org/package = rcompanion). We added the received ANOVA output for each examined fungus to the Anova Output.



RESULTS


Fungal Biomass in Relation to the Amount of EtOH in the Media

Ethanol enriched substrate had a strong effect on the majority of examined fungal species. Three different reactions of tested fungi toward EtOH could be distinguished: (I) Fungal biomass was positively affected (Figure 3A) (II) not affected (Figure 3A) or (III) negatively affected (Figure 3B) by medium containing 1% ethanol in comparison to the absence of ethanol. Fungal species were only associated with pattern I or III, if a significant difference between the 0 and 1% EtOH treatment could be detected. In case we did not detect any significances, fungi were generally associated with pattern II, even though some species showed a slight non-significant increase or decrease of biomass.
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FIGURE 3. Fungal biomass in mg (dry-weight) as a function of the EtOH (% v/v) treatment (0, 1, 2, 3, and 5% vol/vol). Fungi were classified into (A) positively affected (Ambrosiella hartigii, Entomocorticium dendroctoni, Esteya vermicola) and not affected (Raffaelea canadensis, R. sulphurea Fusarium euwallaceae) by the 1% EtOH treatment or (B) negatively affected (Chaetomium globosum, Endoconidiophora polonica, Entomocorticium sp. (E.sp.), Grosmannia penicillata, Ophiostoma bicolor) by the 1% EtOH treatment. With one exception (E. vermicola) all species in the first group are nutritional mutualists of bark and ambrosia beetles, whereas all species in the second group are either plant-defenses-detoxifying mutualists of bark beetles, free-living or antagonistic species. (AB) denotes ambrosia beetle associates and (BB) bark beetle associates. Means and standard deviations are given for each EtOH treatment. Significant differences between the 0% and 1% and 2% EtOH treatments are given: *p < 0.05, **p < 0.01, ***p < 0.001. Additionally, we added (+) and (–) to indicate a significant increase, respectively, decrease of fungal biomass. N = 8 replicates per fungal species.


Within the Microascales, we observed significantly more fungal biomass at 1% EtOH (pattern I) for the nutritional mutualist of the ambrosia beetle Anisandrus dispar, Ambrosiella hartigii (p = 0.0008, Figure 2a) while the detoxifying mutualist of the bark beetle Ips typographus, Endoconidiophora polonica (p = 2.23e-10, Figure 2b) produced significantly fewer biomass and thus showed pattern III. In the Opiostomatales, the non-beetle-associated, endophyte Esteya vermicola (p = 0.008, Figure 2c) clearly showed pattern I while there was no significant increase in biomass but a general tolerance toward ethanol (pattern II) for the two nutritional mutualists of the ambrosia beetle Xyleborinus saxesenii, Raffaelea sulphurea (p = 0.65, Figure 2a) and R. canadensis (p = 0.35, Supplementary Figure 1B), (mean biomass for both was higher at 1% EtOH, but not statistically significant). The tree-defenses-detoxifying mutualist of I. typographus, Grosmannia penicillata (p = 0.154, Figure 2b) showed a tolerance toward the 1% EtOH treatment, even though mean biomass decreased with increasing EtOH concentrations (no significance at 1% EtOH (pattern II), but rather similar to pattern III). Another symbiont with unknown role in I. typographus, Ophiostoma bicolor (p = 4.01e-11, Supplementary Figure 1C), was highly negatively affected by EtOH (pattern III). The only Sordariales, the antagonistic bark and ambrosia beetle symbiont Chaetomium globosum (p = 1.83e-06, Figure 2c) produced significantly fewer biomass (pattern III). Within the Russulales, the supposedly free-living, endophytic Entomocorticium sp. (isolated from Trypodendron lineatum) shows pattern III (p = 1.73e-06, Figure 2c), while the nutritional mutualist of the bark beetle Dendroctonus ponderosae, Entomocorticium dendroctoni shows pattern I (p = 0.00003, Supplementary Figure 1C). In the Hypocreales, the only fungal species which was tolerating EtOH even up to 2% (pattern II) is the nutritional mutualist of the ambrosia beetle Euwallacea fornicatus, Fusarium euwallaceae (p = 0.82, Supplementary Figure 1B). Within the same group, the generally entomopathogenic fungus Beauveria bassiana (Supplementary Figure 1A) showed an enormous standard deviation due to its abundant sporulation, which made it impossible to compare the biomass of this species at different ethanol concentrations as spores easily spread all over the plate. Its growth patterns should be treated with care and are thus only presented in Supplementary Table 3 and Supplementary Figure 1A. All examined fungi produced less biomass above 2 to 3% EtOH compared to the 0% EtOH treatment. This effect was particularly present in the bark beetle symbionts (E. polonica, O. bicolor, G. penicillata, E. dendroctoni), the antagonist C. globosum and the endophyte Entomocorticium sp., while the remaining ambrosia beetle mutualists were less strongly affected. The strongest effect could be observed at the 5% EtOH media, on which only ambrosia beetle mutualists as well as the free-living endophyte E. vermicola produced substantial amounts of biomass (see Figure 2, Supplementary Figure 1 and Supplementary Table 3). Results from fungal surface area as well as the calculated density in relation to the amount of EtOH in the media can be found in the Supplementary Results.



DISCUSSION

Our findings showed that the examined obligate and nutritional ambrosia beetle mutualists (A. hartigii, R. canadensis, R. sulphurea) as well as the obligate and nutritional bark beetle mutualist (E. dendroctoni) benefit or at least are not harmed (F. euwallaceae) by the presence of low (1–2%) concentrations of ethanol. Most fascinating, this tolerance of ethanol by mutualistic fungi is apparently not restricted to a specific lineage of ambrosia beetle fungi (Figure 1), but must have evolved convergently in different orders of fungi, such as the ascomycete Microascales, Ophiostomatales and Hypocreales as well as the basidiomycete Russulales. Interestingly, the majority of non-nutritional, plant-defenses-detoxifying bark beetle fungi (E. polonica, G. penicillata, O. bicolor) and the fungal antagonist of bark and ambrosia beetles C. globosum strongly decrease in biomass in the presence of ethanol. Thus, we confirm and further expand the findings of Ranger et al. (2018) (that were based on just a handful of fungi) to some more lineages of independently evolved bark and ambrosia beetle symbionts with beneficial to antagonistic roles. Our findings show that non-nutritional mutualists of bark beetles (which have never been investigated for their ethanol tolerance) are sensitive to even small amounts of ethanol. This is fascinating because at least in the Ophiostomatales and Microascales these fungi are ancestral to ambrosia beetle mutualists, suggesting that ethanol tolerance convergently evolved repeatedly along with the xylem-boring and fungus-farming habit of ambrosia beetles. Interestingly, all symbionts of bark and ambrosia beetles can tolerate or benefit by the presence of 1–2% ethanol if they are nutritionally beneficial to their obligately dependent beetle host. This is particularly interesting because we have pairs of ethanol benefiting/tolerant vs. sensitive fungal species in almost every fungal order that we tested. It indicates that ethanol tolerance is a derived trait in bark and ambrosia beetle nutritional mutualists that are transmitted in mycetangia and actively farmed by their hosts. Furthermore, the ethanol preference means that these fungi (as well as their hosts) are adapted to colonize stressed or recently dead trees (Moeck, 1970; Miller and Rabaglia, 2009; Ranger et al., 2011, 2013, 2015, 2018; Reding et al., 2011).

While the group of bark and ambrosia beetles are best known by their tree-killing species, the majority of species actually colonizes highly stressed or recently dead host trees (Batra, 1963; Beaver et al., 1989; Kühnholz et al., 2001; Hulcr and Dunn, 2011; Kirkendall et al., 2015; Ranger et al., 2015). On the tree, they differ in the localization of their tunnels – xylem for ambrosia and phloem for bark beetles – and their association with fungi that are typically nutritionally important for ambrosia beetles and detoxify (or induce) tree defenses for bark beetles (but see exceptions in some Dendroctonus and Ips spp.) (Batra, 1963, 1967; Francke-Grosmann, 1963, 1966; Whitney et al., 1987; Kirkendall et al., 2015; Hulcr and Stelinski, 2017; Vissa and Hofstetter, 2017; Kandasamy et al., 2019). As we discussed above, ambrosia beetles are generally associated with ethanol tolerant or benefiting fungi, whereas bark beetle fungi are typically sensitive to ethanol. This is also reflected by the attraction to ethanol during tree-host finding only of ambrosia beetles, but not of bark beetles. Studies show that ethanol can be found in both xylem and phloem tissue (Kimmerer and Stringer, 1988; MacDonald and Kimmerer, 1991; Kelsey et al., 2014) and ethanol is even enriched in the plant tissues during bark beetle attacks (Kelsey et al., 2014). However, it is unclear if phloem of dying trees is generally lower in ethanol (e.g., due to evaporation) or if bark and ambrosia beetles differ in host substrate preferences. Also, it is possible that both bark and ambrosia beetles have to be exposed to ethanol in their breeding substrate, but that bark beetle symbionts (e.g., bacteria) are capable of detoxifying the phloem. A variety of yeasts, bacteria and filamentous fungi have been isolated from bark beetles (Six, 2013) and many of them have detoxifying capabilities (Dowd, 1989, 1992; Skrodenyte-Arbaciauskiene et al., 2006; Hammerbacher et al., 2013; Um et al., 2013; Ramadhar et al., 2014; Wadke et al., 2016; Zhao et al., 2019).

All fungi showing a tolerance (R. sulphurea, R. canadensis, F. euwallacea, G. penicillata) or even an increase in biomass at 1% ethanol (E. vermicola, A. hartigii, E. dendroctoni, Figure 3A) might indicate an elevated activity of alcohol dehydrogenases (ADHs; referring to the ADH experiment in Ranger et al., 2018). These enzymes allow organisms to detoxify ethanol and even consume it as a carbon source, which can lead to an increase in biomass in the presence of EtOH, as we found in some species (significant increase: E. vermicola, A. hartigii, E. dendroctoni; not significant, but higher mean biomass: R. canadensis, R. sulphurea, F. euwallaceae). The presence and high activity of ADHs has already been supported by Ranger et al. (2018) for the ambrosia beetle fungal mutualists Ambrosiella grosmanniae and Raffaelea canadensis, while ADHs were only poorly present in Ambrosiella roeperi and not detectable within the yeast-like fungus Ascoidea sp. and the fungal antagonist Aspergillus sp. Ranger et al. (2018) found a significant increase in biomass at 1% ethanol for R. canadensis that we did not find.

Our findings regarding the sensitivity of plant-defenses-detoxifying mutualists of bark beetles toward ethanol (pattern III) in contrast to the insensitivity of nutritional mutualists of bark and ambrosia beetles (pattern I and II) should be interpreted with care, however. Here, we tested only a small fraction of fungi, with only one nutritional mutualist of a bark beetle and no plant-defenses-detoxifying mutualists of ambrosia beetles. Therefore, it is currently unclear whether the ethanol sensitivity that is certainly more common in bark beetle symbionts is related to the phloem habitat or the beneficial physiology of the fungi to the beetles.

In the Hypocreales, the fourth lineage of ambrosia beetle fungal mutualists, F. euwallaceae, was neither facilitated nor harmed by EtOH up to 2% relative to the control (Figure 3A). This indicates that this fungus can tolerate EtOH, which is already known for the genus Fusarium; for example, F. oxysporum is known to produce ethanol (Ueng and Gong, 1982; Christakopoulos et al., 1989). This might indicate that the insensitivity toward ethanol had been present at the origin of the ambrosia beetle-fungus mutualism in the Hypocreales and did not evolve anew as hypothesized for the other lineages (see above). The endophytic ascomycete E. vermicola (Ophiostomatales) (Figure 3A) can also metabolize ethanol, similar to ambrosia beetle fungal mutualists. This is especially interesting as this fungus is not associated with any beetle (Liou et al., 1999), but is phylogenetically closely related to the ambrosia beetle fungal mutualist R. sulphurea (Figure 1). This could mean that ethanol tolerance is present in some free-living fungi, or even that E. vermicola has been previously associated with beetles. Close examination of the phylogeny of the relatives of E. vermicola and R. sulphurea and their EtOH sensitivities have to be conducted to answer this question.

Quite unique for filamentous fungal species is the high tolerance (reflected by the ability to produce some biomass) of some ambrosia beetle mutualists (A. hartigii, R. canadensis, and F. euwallaceae) as well as some free-living fungi (E. vermicola and Entomocorticium sp.) toward even the highest tested EtOH concentration (5%). (Figures 2a,c and Supplementary Figure 1B). This tolerance is close to the naturally occurring, wild-type strains of yeasts (up to 6% ethanol by certain species in the genus Saccharomyces, Candida, Fabospora, Kluyveromyces, Kloeckera) and of specific filamentous fungi (3–7% by certain species in the genus Rhizopus and Fusarium) used for producing ethanol and above the typical limits of alcohol tolerance in other fungal species (Gao and Fleet, 1988; Singh and Kumar, 1991; Singh et al., 1992; Skory et al., 1997; Banat et al., 1998; Pina et al., 2004; Benjaphokee et al., 2012; Ferreira et al., 2014; Lam et al., 2014; Paschos et al., 2015; Ruchala et al., 2020). In biotechnology, ethanol tolerance and production of fungi can be increased by culture dependent methods (e.g., pH, temperature, medium, carbon-source), genetic modifications and artificial selection (e.g., Gao and Fleet, 1988; Skory et al., 1997; Pina et al., 2004; Benjaphokee et al., 2012; Lam et al., 2014; Ruchala et al., 2020). The extraordinary tolerance of some of our tested fungi in combination with the known ethanol production of ambrosia beetle fungi makes them quite interesting for biotechnological purposes (i.e., second-generation biofuels made from plant biomass). Moreover, as we show here, their tolerance toward ethanol evolved apparently several times independently in unrelated fungal lineages, so it might be fruitful for biotechnological purposes to investigate whether the tolerance is always enabled by the same physiological mechanisms.

Here, we show that not only specific ambrosia beetles, but many ambrosia beetle species and even a Dendroctonus bark beetle rely on fungal partners that detoxify and metabolize ethanol. This competitive ability of their mutualistic partners may allow the beetles to indirectly select their partners by biological screening through the ethanol-containing substrate they choose for boring their galleries (Scheuring and Yu, 2012; Ranger et al., 2018). By contrast, most non-nutritional bark beetle fungal mutualists lack the ability to tolerate ethanol. Further studies are necessary to test whether ethanol is generally absent in most of the phloem colonized by bark beetles or is degraded by other symbionts in the microbiome of the beetles.
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Supplementary Figure 1 | Representative images of five studied fungi growing on MEA treated with five investigated ethanol concentrations (0, 1, 2, 3, and 5% vol/vol). (A): entomopathogens = Beauveria bassiana; (B): ambrosia beetle fungi = Raffaelea canadensis, Fusarium euwallaceae; (C): bark beetle fungi = Entomocorticium dendroctoni, Ophiostoma bicolor. For incubation times and further information on each individual strain see Supplementary Table 3. The seven other fungal species are displayed in Figure 1.

Supplementary Figure 2 | (A) = Surface area in mm2 and (B) = density in mg/mm2 based on EtOH treatment (0, 1, 2, 3, 5 vol/vol) of fungi positively affected (Ambrosiella hartigii, Entomocorticium dendroctoni, Esteya vermicola) and not affected (Raffaelea canadensis, R. sulphurea, Fusarium euwallaceae) in dry weight (see Figure 3) by the 1% compared to the 0% EtOH treatment. Means and standard deviations are given. N = 8 replicates per fungal species.

Supplementary Figure 3 | (A) = Surface area in mm2 and (B) = density in mg/mm2 based on the EtOH treatments (0, 1, 2, 3, 5%) of fungi negatively affected (Chaetomium globosum, Endoconidiophora polonica, Entomocorticium sp. (E.sp.), Grosmannia penicillata, Ophiostoma bicolor) in dry weight (see Figure 3) by the 1% compared to the 0% EtOH treatment. Means and standard deviations are given. N = 8 replicates per fungal species.
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The coffee berry borer, the most economically important insect pest of coffee worldwide, is the only insect capable of feeding and reproducing solely on the coffee seed, a food source containing the purine alkaloid caffeine. Twenty-one bacterial species associated with coffee berry borers from Hawai’i, Mexico, or a laboratory colony in Maryland (Acinetobacter sp. S40, S54, S55, Bacillus aryabhattai, Delftia lacustris, Erwinia sp. S38, S43, S63, Klebsiella oxytoca, Ochrobactrum sp. S45, S46, Pantoea sp. S61, Pseudomonas aeruginosa, P. parafulva, and Pseudomonas sp. S30, S31, S32, S37, S44, S60, S75) were found to have at least one of five caffeine N-demethylation genes (ndmA, ndmB, ndmC, ndmD, ndmE), with Pseudomonas spp. S31, S32, S37, S60 and P. parafulva having the full complement of these genes. Some of the bacteria carrying the ndm genes were detected in eggs, suggesting possible vertical transmission, while presence of caffeine-degrading bacteria in frass, e.g., P. parafulva (ndmABCDE) and Bacillus aryabhattai (ndmA) could result in horizontal transmission to all insect life stages. Thirty-five bacterial species associated with the insect (Acinetobacter sp. S40, S54, S55, B. aryabhattai, B. cereus group, Bacillus sp. S29, S70, S71, S72, S73, D. lacustris, Erwinia sp. S38, S43, S59, S63, K. oxytoca, Kosakonia cowanii, Ochrobactrum sp. S45, S46, Paenibacillus sp. S28, Pantoea sp. S61, S62, P. aeruginosa, P. parafulva, Pseudomonas sp. S30, S31, S32, S37, S44, S60, S75, Stenotrophomonas sp. S39, S41, S48, S49) might contribute to caffeine breakdown using the C-8 oxidation pathway, based on presence of genes required for this pathway. It is possible that caffeine-degrading bacteria associated with the coffee berry borer originated as epiphytes and endophytes in the coffee plant microbiota.

Keywords: bark beetle, broca del café, Coffea, Coleoptera (beetles), symbiosis, symbiotes, Hypothenemus hampei, coffee


INTRODUCTION

Approximately 80 plant species synthesize purine alkaloids (Ashihara and Crozier, 1999). Among these species, coffee, tea (Camellia spp.), and cacao (Theobroma cacao) are well known for the presence of the purine alkaloid 1,3,7-trimethylxanthine, commonly known as caffeine, which is widely used for its stimulant effects (Cappelletti et al., 2015). Of 125 species in the genus Coffea (Rubiaceae) (Davis et al., 2006, 2011), only three are commercially traded: Coffea arabica, C. canephora (also known as robusta coffee), and C. liberica. All three species contain different levels of caffeine, with mean levels in C. canephora being the highest (2.4%), followed by. C. liberica (1.9%), and C. arabica (1.3%) (Ashihara et al., 2017).

Various roles have been proposed to explain the presence of caffeine in plants: (1) inhibition of competing plants through allelopathic effects (Waller et al., 1986); (2) improved pollinator fidelity, and consequently, plant reproductive success (Wright et al., 2013); and (3) deterrency of insects (Levinson, 1976; Nathanson, 1984; Kim et al., 2006) or plant pathogens (Kim and Sano, 2008; Sano et al., 2013). Indeed, several studies have confirmed a negative effect of caffeine on insects (see Vega et al., 2003 and references therein). An exception is the coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae: Scolytinae), which has evolved an extreme adaptation to caffeine and is the only insect that feeds solely on seeds within the coffee fruit (Vega et al., 2015).

The coffee berry borer infestation cycle begins with an inseminated female entering a coffee fruit, followed by oviposition in galleries built throughout one or both coffee seeds within the fruit. Occasionally, a fruit might be colonized by more than one female. The insect exhibits a skewed sex ratio favoring females as well as sibling mating; therefore, females emerging from the fruit are already inseminated and ready to colonize another fruit (Vega et al., 2015). The insect causes losses in yield and quality which in Brazil alone have been estimated at US$215–358 million per year (Oliveira et al., 2013).

Ceja-Navarro et al. (2015) demonstrated that the adaptation required by the coffee berry borer to survive on a food source containing caffeine (i.e., the coffee seed) involves a caffeine degrading mechanism provided by bacterial symbiotes (we use the term “symbiote” rather than “symbiont” based on the rationale described by Vega and Biedermann, 2020). There are two bacterial mechanisms for caffeine degradation: N-demethylation and C-8 oxidation (Summers et al., 2015). N-demethylation (Figure 1) is the most common pathway for bacterial metabolism of caffeine and requires five genes: ndmA, ndmB, ndmC, ndmD, and ndmE. The enzyme NdmA first removes the N1-methyl group from caffeine to form theobromine (3,7-dimethylxanthine), which is further converted to 7-methyxanthine by NdmB (Summers et al., 2012; Figure 1). 7-Methylxanthine then undergoes N7-demethylation to xanthine by the NdmCDE protein complex (Summers et al., 2013; Figure 1). Both NdmA and NdmB require the presence of NdmD for activity (Summers et al., 2012; Figure 1). NdmE is believed to serve a structural role in the NdmCDE complex and does not have a known catalytic activity (Summers et al., 2013). At least 71 bacterial strains in 27 genera and from many different habitats worldwide have been reported to be involved in caffeine degradation, with Pseudomonas spp. being the most common (Supplementary Table 1). Thus, caffeine degradation is a function useful in diverse ecological contexts and may have evolved several times. The observation that so many bacteria from different parts of the world (Supplementary Table 1) are able to degrade caffeine through a similar mechanism might be explained by an ancient metabolic pathway for methylxanthines or purines in general that is today retained in some bacteria or by horizontal gene transfer.
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FIGURE 1. Metabolic pathways for caffeine degradation by bacteria. N-demethylation is indicated by red arrows. C-8 oxidation is indicated by the blue arrow.


Ceja-Navarro et al. (2015) identified 14 caffeine-degrading bacteria in the alimentary canal of the coffee berry borer and only P. fulva tested positive for ndmA, implying that other caffeine demethylase genes or a different caffeine degradation mechanism (i.e., C-8 oxidation) is present in the other bacterial groups. Elimination of P. fulva from the coffee berry borer caused negative effects on insect fitness (Ceja-Navarro et al., 2015), thereby confirming the critical importance of the bacterial symbiosis.

For the long-term stability of a host-symbiote system, it is beneficial for both players to evolve a reliable mechanism for the transfer of symbiotes from host to host and across generations (Jaenike, 2012). Many host-symbiote systems accomplish this transfer through vertical transmission (i.e., from mother to offspring) (Ebert, 2013). For the coffee berry borer–bacteria system the mode of transmission is unknown. Acquisition of caffeine-degrading bacteria by the coffee berry borer may follow two modes: vertical transmission or horizontal transmission (i.e., among unrelated hosts, including from the environment to the host) (Jaenike, 2012; Ebert, 2013). A combination of these two modes, called mixed-mode transmission, whereby both vertical and horizontal transmission of the same symbiote occurs, may also take place and this has been reported in diverse host-symbiote systems (Ebert, 2013). To assess the mode of transmission, ideally one would study the physical course of transfer of the symbiote from host to host, i.e., the route of transmission. As the observation of the transfer itself is difficult, it is essential to first determine where the symbiotes are found in order to then make an assessment on the route of transmission. For example, if the symbiote is present inside the host’s egg, a transovum route of transmission is indicated, which is a form of vertical transmission. Presence of the symbiotes in the host’s frass allows for potential transfer of symbiotes among unrelated hosts, a form of horizontal transmission. Some routes of transmission are less clearly associated with a mode of transmission and may allow both vertical and horizontal transmission. For example, presence of symbiotes in the female host’s saliva, may allow the mother to transfer symbiotes to her offspring, but this may also happen to unrelated offspring.

Here we focus on (1) the identification of culturable bacteria associated with heads, eggs, larvae, and frass of the coffee berry borer; (2) the detection of caffeine N-demethylation or C-8 oxidation genes in these bacteria; and (3) the in vitro detection of caffeine metabolites for eight bacteria found to have caffeine N-demethylation genes. We also interpret these data with regard to possible modes of transmission of these bacteria. These findings are important in understanding the role of caffeine-degrading bacteria within the coffee agroecosystem, including the plant, the coffee berry borer, and the soil.



MATERIALS AND METHODS


Insects

Coffee berry borers were dissected from infested coffee fruits collected in the field in Hawai’i and Mexico and from a colony continuously reared for ca. 15 years on an artificial diet at the United States Department of Agriculture – Agricultural Research Service laboratory in Beltsville, Maryland. Hawaiian specimens were dissected from infested C. arabica berries collected at: (1) Holualoa, Hawai’i (19°38′26″ N; 155°57′19″ W; 44 meters above sea level – masl); (2) two locations in Wood Valley, K’au, Hawai’i (19°16′15″ N; 155°29′19″ W; 795 masl; and 19°15′52″ N; 155°28′00″ W; 638 masl); and (3) Dole Plantation, Waialua, Oahu (21°33′51″ N; 158°04′26″ W; 146 masl). Coffee berry borers from Mexico were dissected from infested C. canephora fruits collected at Finca San Antonio, Cacahoatán, Chiapas (15°00′20″ N; 92°09′12″ W; 562 masl).



Tissue Preparation and Culture

Adult female coffee berry borers (ca. 2 mm long) were sterilized by sonicating in 90% ethanol for 30 s in sterile 1.5 ml Eppendorf tubes placed in a floating foam tube rack placed inside a Branson 2210 ultrasonic cleaner (Branson Ultrasonics Corp., Danbury, CT, United States), followed by soaking in 3.5% sodium hypochlorite for 5 min (no sonication). Insects were then washed twice in nuclease-free water and blotted on a sterile paper towel in the laminar flow hood. Twenty heads from each sampling site (Table 1) were dissected from surface-sterilized adult females and macerated with sterile disposable plastic mini-pestles in 2 ml nuclease-free culture tubes containing 1 ml of nutrient broth (NB; Sigma-Aldrich, St. Louis, MO, United States). The reason for using heads is based on having observed an egg grooming behavior in which adult females smear recently oviposited eggs using her mouthparts (Vega et al., 2017), suggesting they may secrete a substance over the egg. Twenty eggs from each sampling site were cultured with or without surface-sterilization (Table 1). Eggs were sterilized for 1 min by placing in a mixture of 0.5% sodium hypochlorite and 70% ethanol. The sterilizing solution was drawn off with a pipette and replaced with nuclease-free water. Sterilized eggs were left whole or were macerated with sterile disposable plastic mini-pestles in 2 ml nuclease-free culture tubes containing 1 ml of nutrient broth (NB; Sigma-Aldrich, St. Louis, MO, United States). Whole non-sterilized eggs and female larvae (n = 10) from Mexico (Table 1) were directly transferred to NB (see below). Frass (Table 1) was collected with a sterilized metal spatula directly from the surface of artificial media from the Beltsville colony. The effectiveness of the sterilization protocol was assessed by placing a subsample of the nuclease-free water (used to wash the samples after removing the sterilizing solution) on the surface of nutrient agar (NA; Sigma-Aldrich, St. Louis, MO, United States) and observing whether any growth ensued, in which case the samples were discarded.


TABLE 1. Bacterial identification based on Illumina sequence, with GenBank E-values for genes involved in the caffeine N-demethylation pathway (ndmA, ndmB, ndmC, ndmD, ndmE), coffee berry borer source used for bacterial isolation (eggs, frass, heads, larvae), non-macerated (whole) or macerated tissue, sterile (St) or non-sterile (NSt), sampling site, GenBank accession numbers, and average nucleotide identity (ANI; Chun et al., 2018) analysis.

[image: Table 1]Samples (macerated sterile heads, whole sterile or non-sterile eggs, macerated sterile eggs, whole non-sterile larvae, and frass) were transferred to 4.5 ml sterile, nuclease-free culture tubes containing 2 ml NB and incubated at 28°C and 225 rpm on a rotary shaker for 48 h. The metagenomic (mixed taxa) NB cultures were archived at −80°C by combining 500 μl of each culture with 125 μl of 80% glycerol in nuclease-free deep-well plates. Ten microliters of each original culture were diluted in 50 μl of molecular-grade water (nuclease-free water) for polymerase chain reaction (PCR) screening analysis. The remainder of the 48 h NB cultures were used for dilution plating on NA (100 μl of each dilution on NA; 24 h at 28°C), to obtain single colony isolates. A total of 938 isolates were obtained: 378 from Mexico; 284 from the Beltsville colony; and 276 from Hawai’i. Single colony isolates were assigned a general morphotype based on macroscopic colony features, picked with a sterile toothpick, transferred to nuclease-free 96-well, deep-well plates containing 500 μl NB and incubated at 28°C and 225 rpm on a rotary shaker for 24 h. NB cultures of the single colony isolates were archived at −80°C (as described previously) in the Sustainable Agricultural Systems Laboratory Collection (USDA, ARS, Beltsville, MD, United States). Ten microliters of each original culture were diluted in 50 μl of nuclease-free water for PCR screening analysis.



PCR Screening of Single Colony Isolates for 16S rRNA and ndmA Genes

Single colony NB dilutions were used as template for PCR amplification of the16S rRNA gene and of the methylxanthine N1-demethylase gene, ndmA. Primers used for 16S rRNA amplification were 27F (5′- AGA GTT TGA TCM TGG CTC AG-3′) and 1392R (5′- ACG GGC GGT GTG TAC A-3′), and for ndmA were CBBcdmF (5′- TGG CAT CCC GTW TGT ACY GT-3′) and CBBcdmR (5′- CTT GKA TAA CRA TTC GCA ACC-3′) (Ceja-Navarro et al., 2015). Twenty-five microliter PCR reactions contained 3 μl of diluted NB isolate culture, 0.4 μM of each primer and 1X AmpliTaq Gold PCR Master Mix (6.25 U AmpliTaq Gold DNA polymerase, 2.5 mM MgCl2, and 200 μM of each dNTP; Applied Biosystems/Life Technologies, Carlsbad, CA, United States). PCR amplification was conducted in an Eppendorf Mastercycler Gradient thermal cycler (Eppendorf, Westbury, NY, United States). The amplification program consisted of an initial 5 min denaturation step at 95° C, followed by 35 cycles at 95°C for 30 s, 54°C for 30 s, and 72°C for 1 min; and a final extension step at 72°C for 10 min. Following amplification, PCR products were electrophoresed on 1% agarose gels containing 1X TAE and 1X GelStar Nucleic Acid Gel Stain (Lonza Rockland Inc., Rockland, ME, United States), and documented using UV transillumination to detect 16S rRNA and ndmA bands.



Dye-Terminator Sequencing of 16S rRNA and ndmA Products

Polymerase chain reaction products from the 16S rRNA and ndmA amplifications were diluted 1:3 with nuclease-free water and direct-sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit according to the manufacturer’s protocol (Applied Biosystems/Life Technologies, Carlsbad, CA, United States). Separate sequencing reactions were run for the respective forward and reverse primers in each set (27F and 1392R, CBBcdmF, and CBBcdmR). Sequencing reactions were purified using the Performa DTR Ultra 96-Well Plate Kit (EdgeBio, Gaithersburg, MD, United States), resuspended in HiDi Formamide (Applied Biosystems/Life Technologies, Carlsbad, CA, United States) and analyzed on an ABI Prism 3130 Genetic Analyzer (Applied Biosystems Inc., Foster City, CA, United States). Sequences were quality checked and aligned using the DNAStar suite of software (DNAStar, Madison, WI, United States), and preliminary identification made using the Basic Local Alignment Search Tool (BLAST) and GenBank nucleotide data bank from the National Center for Biotechnology Information, Bethesda, MD, United States1.



High Throughput Sequencing

Fifty representative single colony isolates were selected for Illumina genomic library preparation using a ranking based on at least one of the following: (1) preliminary 16S rRNA BLAST identification; (2) surface-sterilization or no surface-sterilization; (3) type of insect tissue cultured; (4) sampling site; (5) colony morphotype; (6) whole or macerated tissue; (7) presence of ndmA amplicon; or (8) BLAST identification of ndmA sequence. It is important to note that ndmA was not present in all the isolates when this selection was made, as our interest was focused at casting a wide net representative of as many characteristics as possible. Single colony isolates from glycerol stocks were grown overnight in NB at 28°C and 225 rpm. Cells were pelleted at 10,000 relative centrifugal force for 1 min, and genomic DNA extracted using the Qiagen DNeasy DNA extraction protocol for bacterial cultures (Qiagen, Germantown, MD, United States). Genomic DNA quality was assessed by nanodrop 260/280 ratio, and quantity was measured using a Qubit fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, United States). Libraries were prepared from 1 ng of genomic DNA from 50 coffee berry borer-associated single colony isolates using the Nextera XT DNA Library Prep Kit (Illumina, Inc., San Diego, CA, United States). The libraries were sequenced on a NextSeq by bi-directional multiplex-indexed Illumina sequencing (Nextera XT Index Kit, Illumina, Inc., San Diego, CA, United States) using a NextSeq 500 High Output Kit (150 cycles; Illumina, Inc., San Diego, CA, United States).



Bioinformatics

The quality of the reads was checked by the FASTQC program2. The 50 isolates (4 paired-end libraries for each isolate) were assembled using the SPAdes assembler v3.14.0 (-t 60, -m 500, –careful, -k 17,21,31,41,51) (Bankevich et al., 2012). The read coverage (read mapping back to the contigs) was calculated using Bowtie2 (Langmead and Salzberg, 2012) and the BBtools suite3. Gene prediction on the contigs was performed using the software program Prodigal v2.6.3 (Hyatt et al., 2010). The gene-encoded proteins were annotated by blasting against the refseq of bacterial proteins at the NCBI using the BLASTP program. Gene-encoded proteins were also blasted against known caffeine break-down genes: KAF4561170_ndmA, KAF4561167 ndmB, KAF4561164_ndmC, KAF4561163_ndmD, KAF4561162_ndmE, KAF4561168_cafR, KAF4561173_cafT, KAF4561166_cafP, KAF4561172 frmA, KAF4561161_frmB, KAF4561171_VOC where only high E-values close to E 0.0 were considered to be significant matches. 16S rRNAs were predicted using RNAmmer 1.2 and tRNAs were predicted by tRNAscan-1.4. Bacterial identification was based on the top BLAST hits with the 16S rRNA followed by an analysis of the average nucleotide identity (ANI; Chun et al., 2018; Table 1) between the draft genome generated in this study with the genome of the associated top BLAST. Values > 95% were used as the species boundary following proposed minimal standards by Chun et al. (2018). The Orthologous Average Nucleotide Identity Tool (OrthoANI; Lee et al., 2016; Chun et al., 2018) software was downloaded from4.



Analysis of Cell Metabolism

The 50 bacterial strains sequenced in this study were inoculated from frozen glycerol stocks into a modified M9 minimal medium containing, per liter, 12.8 g Na2HPO4⋅7H2O, 3 g K2HPO4, 2.76 g NH4Cl, 0.5 g NaCl, 493 mg MgSO4, 55.5 mg CaCl2, and 2.5 g caffeine (J. T. Baker, Avantor Performance Materials, Inc., Center Valley, PA, United States) or in nutrient broth (6 g/L peptone and 3 g/L yeast extract; VWR International LLC, Radnor, PA, United States) containing 2.5 g/L caffeine. Aliquots were removed periodically from the cultures and mixed 1:1 (vol:vol) with methanol to stop cell growth and metabolism. Concentrations of caffeine and metabolites were then determined by HPLC as described previously (Summers et al., 2012) using a Shimadzu Prominence series HPLC equipped with a photodiode array. Metabolites were identified based on their retention times and UV spectra when compared with authentic standards.



RESULTS


Bacterial Associates

Assembly statistics for 50 bacterial strains in 14 genera (Acinetobacter, Bacillus, Delftia, Enterococcus, Erwinia, Klebsiella, Kosakonia, Lactococcus, Leuconostoc, Ochrobactrum, Paenibacillus, Pantoea, Pseudomonas, and Stenotrophomonas) isolated from coffee berry borer eggs, frass, head, and larvae are presented in Supplementary Table 2. Based on bioinformatics analysis, 21 bacterial species (Acinetobacter sp. S40, S54, S55, Bacillus aryabhattai, Delftia lacustris, Erwinia sp. S38, S43, S63, Klebsiella oxytoca, Ochrobactrum sp. S45, S46, Pantoea sp. S61, Pseudomonas aeruginosa, P. parafulva, and Pseudomonas sp. S30, S31, S32, S37, S44, S60, S75) contain genes homologous to those involved in caffeine N-demethylation (Table 1); 35 bacterial species (Acinetobacter sp. S40, S54, S55, B. aryabhattai, B. cereus group; Bacillus sp. S29, S70, S71, S72, S73, D. lacustris, Erwinia sp. S38, S43, S59, S63, K. oxytoca, Kosakonia cowanii, Ochrobactrum sp. S45, S46, Paenibacillus sp. S28, Pantoea sp. S61, S62, P. aeruginosa, P. parafulva, Pseudomonas sp. S30, S31, S32, S37, S44, S60, S75, Stenotrophomonas sp. S39, S41, S48, S49) contain genes that may be involved in C-8 oxidation (Supplementary Table 3); and nine bacterial species (Bacillus cereus group, Enterococcus sp. S52, S53, S76, S77, Lactococcus sp. S47, S64, and Leuconostoc sp. S50, S51) did not have any genes known for caffeine breakdown function (Supplementary Table 3).



Caffeine Demethylation Genes

The full complement of caffeine N-demethylation genes (ndmABCDE) was detected in (1) P. parafulva isolated from coffee berry borer frass from Beltsville; (2) Pseudomonas sp. S60 isolated from macerated sterilized heads from Hawai’i; (3) Pseudomonas sp. S31 isolated from whole non-sterilized coffee berry borer eggs from Mexico; and (4) Pseudomonas sp. S32, S37 isolated from whole sterilized eggs from Mexico (Table 1). In each case, the ndmABCDE genes were found in a gene cluster (Figure 2), with gene arrangement identical to the alkylxanthine (Alx) gene cluster encoding N-demethylase enzymes and which has been reported in Pseudomonas sp. CES (Summers et al., 2020) and Pseudomonas sp. NCIM 5235 (Retnadhas and Gummadi, 2018). A summary for the specific insect tissue from which the 21 bacterial species involved in caffeine N-demethylation were isolated is presented in Table 2. Nineteen bacterial species were isolated from only one source, i.e., heads, eggs, larvae, or frass (Table 2). Two bacterial species were isolated from two different sources: B. aryabhattai (eggs and frass), and P. aeruginosa (heads and eggs) (Table 2).


TABLE 2. Coffee berry borer source (heads, eggs, larvae, frass) in which bacteria with caffeine N-demethylation genes (ndmA, ndmB, ndmC, ndmD, ndmE) were detected.
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FIGURE 2. Consensus gene clusters containing N-demethylase genes from bacterial isolates in this work. (A) ndmABCDE cluster from Pseudomonas sp. S31, S32, S37, S60, and Pseudomonas parafulva. (B) ndmAD cluster from Erwinia sp. S38, S43. (C) ndmA cluster from Bacillus aryabhattai. (D) ndmC gene cluster from Acinetobacter sp. S40, S54, S55. (E) ndmD gene cluster from Acinetobacter sp. S40, S54, S55. (F) ndmE gene cluster from Ochrobactrum sp. S45, S46. (G) ndmD gene cluster from Pseudomonas aeruginosa. (H) ndmE gene cluster from Pseudomonas aeruginosa. (I) ndmE gene cluster from Pseudomonas sp. S30, S75. (J) ndmD gene cluster from Erwinia sp. S63. (K) ndmD gene cluster from Pseudomonas sp. S44. (L) ndmE gene cluster from Pseudomonas sp. S44. (M) ndmA gene cluster from Delftia lacustris. (N) ndmD gene cluster from D. lacustris. (O) ndmE gene cluster from D. lacustris. Genes in each cluster are listed in Supplementary Table 4.


Some of the ndm genes were also detected in Acinetobacter sp. S40, S54, S55 (ndmCD), B. aryabhattai (ndmA), D. lacustris (ndmADE), Erwinia sp. S38, S43 (ndmAD), Erwinia sp. S63 (ndmD), K. oxytoca (ndmAD), Ochrobactrum sp. S45, S46 (ndmE), Pantoea sp. S61 (ndmE), P. aeruginosa (ndmDE), Pseudomonas sp. S30, S75 (ndmE), and Pseudomonas sp. S44 (ndmDE) (Table 1). A Venn diagram showing how the genes involved in the caffeine N-demethylation pathway are shared among the various bacterial species is shown in Figure 3.


[image: image]

FIGURE 3. Venn diagram showing genes involved in the caffeine N-demethylation pathway shared among Acinetobacter sp. S40, S54, S55, Bacillus aryabhattai, Delftia lacustris, Erwinia sp. S38, S43, S63, Klebsiella oxytoca, Ochrobactrum sp. S45, S46, Pantoea sp. S61, Pseudomonas sp. S30, S31, S32, S37, S44, S60, S75, P. aeruginosa, and P. parafulva.


Aside from ndmAD in Erwinia sp. S38, S43, which were found adjacent to each other (Figure 2), no other ndm gene homologs were in the same gene cluster. Rather, these genes were scattered throughout the genome (Figure 2). However, most of the homologs were surrounded by similar genes such as ABC family and other transporters, permeases, and GntR, LysR, and MarR transcriptional regulators (Figure 2; Supplementary Table 4).

While Pseudomonads are common caffeine degraders, two Acinetobacter sp. strains, a Klebsiella/Rhodococcus mixture, three Pantoea species, an Ochrobactrum sp., and S. maltophilia have been previously reported to degrade caffeine (Supplementary Table 1). Thus, the diversity observed here is not surprising but adds additional genera, such as Bacillus, Delftia, and Erwinia to the list of potential caffeine-degrading bacteria.



Analysis of Cell Metabolism

Of the 50 strains tested grown in M9 minimal media containing 0.25% caffeine as the sole carbon source to detect metabolites, only eight grew and produced sufficient metabolites to facilitate their detection by HPLC (Table 3). In each case, we detected theobromine and 7-methylxanthine in the growth medium, indicating that caffeine is metabolized by N-demethylation. The remaining 42 strains did not grow when caffeine was provided as the sole carbon and nitrogen source.


TABLE 3. Strains with caffeine N-demethylation genes and/or metabolites isolated from coffee berry borers, coffee plantation soils, and coffee plants.
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DISCUSSION


Distribution of Caffeine-Degrading Genes

The presence of the full complement of ndm genes in several Pseudomonads was expected, given that N-demethylation is the most commonly observed caffeine degradation mechanism in bacteria (Supplementary Table 1) and that Pseudomonas is the most common caffeine-degrading genus worldwide (Supplementary Table 1). In contrast to these strains, only a subset of the genes was found in several bacterial strains. It is possible that the bacterial cells use other undiscovered genes and enzymes for caffeine metabolism or that the similarity of the homologous genes is lower than our cutoff threshold. To minimize false positives, E-values close to E 0.0 with high sequence similarity to known ndm genes were considered, since ndm genes have sequence similarity to proteins that might not be involved in caffeine breakdown. Similarly, the portion of the genome containing the relevant ndm and caffeine breakdown genes in these strains may not have been sequenced due to what Baptista and Kissinger (2019) refer to as “troublesome characteristics”, including extreme nucleotide bias, long homopolymeric runs, repetitive sequences, mobile elements, etc.

Another possibility for the low number of strains with a full complement of ndm genes (Figure 3) is that some strains may be able to carry out one step of the caffeine degradation pathway and rely on other strains to carry out additional steps. For example, the D. lacustris, Erwinia sp. S38, S43, and K. oxytoca strains contain ndmAD homologs, which may enable them to convert caffeine to the less-toxic theobromine. Acinetobacter sp. S40, S54, S55 contains ndmCD genes, which could potentially convert 7-methylxanthine to xanthine, which is formed during the biosynthesis of caffeine in coffee plants (Ashihara et al., 1996). Therefore, drivers for bacteria to carry out individual steps in the process may be to reduce toxicity of caffeine or to use metabolites already present, such as theobromine or 7-methylxanthine. Curiously, none of the strains with only a subset of genes contain ndmB homologs. However, given that as few as two mutations to the ndmA active site are enough to change the activity from N1- to N3-demethylation (Kim et al., 2019) some of the genes identified as ndmA may have a broader positional specificity than those which have already been characterized. Alternatively, there may be unculturable bacteria with ndmB homologs that we were not able to detect using the approach described here. NdmE is a glutathione-S-transferase homolog and is believed to play a structural role in the NdmCDE complex; there is no known catalytic role for NdmE (Summers et al., 2013). Thus, strains that only contain ndmE, such as Ochrobactrum sp. S45, S46 and Pantoea sp. S61, may not have any N-demethylation activity but may have a ndmE homolog that carries out a different function in the cell.

We note that the presence of ndm gene homologs does not indicate that the strains can completely degrade caffeine, or even that those genes are involved in caffeine metabolism. However, there are no other reports of N-demethylase enzymes capable of degrading caffeine and the NdmABCDE enzymes have only exhibited activity toward caffeine and related methylxanthines. These enzymes are part of the Rieske non-heme iron oxygenase family, which contains enzymes responsible for degradation of aromatic compounds toluene, naphthalene, biphenyl, and the herbicide dicamba (Gibson and Parales, 2000). Thus, there may be other aromatic compounds toward which these gene products are active. Regardless, the presence of ndm gene homologs does give insight into possible mechanisms and provides the basis for further studies to elucidate caffeine degradation by bacteria.

In each of the eight strains grown in M9 minimal media with 0.25% caffeine as the sole carbon and nitrogen source (Table 3) and which produced sufficient metabolites for HPLC detection, we detected the production of theobromine and 7-methylxanthine, indicating an active N-demethylation pathway. The P. parafulva and Pseudomonas sp. S32, S37, S60 containing the full set of ndm genes were found among this group. The other four strains that grew were Bacillus sp. S72, Pantoea sp. S62, and Stenotrophomonas sp. S39 among which no ndm genes were detected, and P. aeruginosa, in which only ndmD and ndmE were present. The ability of these strains to carry out N-demethylation of caffeine indicates that they may possess different genes encoding enzymes of similar function, the ndm genes were simply incompletely sequenced or not sequenced (Baptista and Kissinger, 2019), or that the ndm gene E-values did not meet our cutoff threshold. To date, no other genes/enzymes have been shown to carry out N-demethylation of caffeine or other methylxanthines in bacteria.

The 42 strains that did not grow when caffeine was provided as the sole carbon and nitrogen source may not have all of the genes necessary to completely degrade caffeine. Another explanation is that the genes were not induced under the growth conditions. It may be possible for strains with ndmAD gene combinations to convert caffeine to theobromine, but the single methyl group removed would likely not enable cells to grow. Additionally, very little is known about the regulation of the caffeine-degrading genes. Studies have indicated that these genes are regulated very tightly and only expressed under certain conditions. For example, P. putida CBB5 can express the ndm genes when grown with 0.25% caffeine and 0.4% soytone, but expression is greatly reduced when soytone is replaced with yeast nitrogen base (YNB) (Yu et al., 2009). In contrast, the caffeine dehydrogenase expression in Pseudomonas sp. CBB1 is not inhibited by YNB but is almost completely repressed by soytone (Yu et al., 2008). Thus, the absence of metabolites does not indicate a lack of genes, but observation of caffeine metabolites does provide evidence for specific enzymes. Indeed, we did not observe any caffeine degradation from any of the 50 strains when grown in nutrient broth supplemented with 0.25% caffeine, indicating that there are specific circumstances in which the ndm genes are expressed.

We also analyzed caffeine dehydrogenase genes (cdhA, cdhB, cdhC) involved in C-8 oxidation, the second pathway of caffeine break down (Figure 1; Supplementary Table 3). The C-8 oxidation pathway involves the oxidation of caffeine to 1,3,7-trimethyluric acid (TMU; Figure 1; Supplementary Table 3), which is further degraded in a pathway homologous to uric acid metabolism. The caffeine dehydrogenase enzyme, encoded by genes cdhABC, carries out the first step in this pathway (Yu et al., 2008). Further steps are catalyzed by trimethyluric acid-degrading genes (tmuM, tmuH, tmuD) (Mohanty et al., 2012). The peptide sequence of the cdhA gene, which forms one subunit of the heterotrimeric caffeine dehydrogenase is similar to xanthine dehydrogenases, aldehyde dehydrogenases, and carbon monoxide dehydrogenases (Yu et al., 2008). Similarly, the tmuM, tmuH, and tmuD genes have homologs involved in uric acid metabolism. It is possible that the genes listed in Supplementary Table 3 are instead involved in xanthine and uric acid metabolism. However, xanthine dehydrogenase is not known to metabolize caffeine, nor have the tmu genes shown activity toward trimethyluric acid. To date, we do not have experimental evidence of TMU formation from caffeine by any of these strains, indicating that either the homologs we detected do not metabolize caffeine or that the conditions for their expression have not yet been identified. Cloning and expression of the genes and characterization of the enzymes they encode would be necessary to determine if these genes are specific for caffeine.

For strains such as Ochrobactrum sp. S45, S46, Pantoea sp. S61, and Pseudomonas sp. S30, S75 that have ndmE and cdh homologs, it is more likely that they metabolize caffeine through the C-8 oxidative route rather than the N-demethylation route because NdmE has no known catalytic activity. Two B. aryabhattai strains contain the full set of C-8 oxidative genes, but only the ndmA gene from the N-demethylation pathway. Because this strain does not contain an ndmD homolog necessary for N-demethylation, it would most likely use the oxidative route, as well.

Possible involvement of the cdh and tmu genes (Supplementary Table 3) in the breakdown of caffeine and subsequent products needs to be experimentally determined to ascertain whether this role could be occurring in the coffee berry borer. It is interesting that ndm genes were not identified in K. cowanii, although it has CdhABC and TmuMD; Ceja-Navarro et al. (2015) identified K. cowanii as a caffeine-degrading bacterium in the coffee berry borer.

It is also important to note that there might be other unculturable bacteria that are capable of degrading caffeine, although that was not the focus of this paper.



Pseudomonas and Delftia in the Coffee Berry Borer

The genus Pseudomonas comprises ca. 150 species (Pereira et al., 2018) and in the present study, Pseudomonas aeruginosa, P. parafulva, and Pseudomonas sp. S30, S31, S32, S37, S44, S60, S75 were found to have caffeine N-demethylation genes, with five of them having the full complement of caffeine demethylating genes (ndmABCDE; Tables 1, 2 and Figure 3): P. parafulva (frass), Pseudomonas sp. S60 (heads), and Pseudomonas sp. S31, S32, S37 (eggs). Pseudomonas aeruginosa had ndmDE (heads, eggs) and Pseudomonas sp. S30, S75 only had ndmE (heads) (Tables 1, 2 and Figure 3).

Mariño et al. (2018) reported 392 bacterial genera in the microbiome of eggs and whole adult female coffee berry borers, with a preponderance of Pseudomonas and Pantoea. Pseudomonas spp. represented 48.5% of the microbiota, with P. chloroaphis being common in laboratory-reared insects and P. putida being more common in field-collected insects. Two other Pseudomonas species identified in the microbiome were P. viridiflava and P. fulva.

This is the first report of potential caffeine N-demethylation genes in D. lacustris (ndmADE). Intriguingly, as for Pseudomonas sp. S30, S60, S75, the detection was made from sterilized, macerated heads. Delftia has been isolated from the coffee berry borer by Mariño et al. (2018).



Possible Modes of Bacterial Transmission

Transmission of a symbiote from the mother to its offspring is known as vertical transmission (Jaenike, 2012; Ebert, 2013; Kucuk, 2020) and could be mediated internally or externally by the ovum and referred to as transovum transmission (Solter, 2006). One type of transovum transmission is transovarial transmission involving the internal invasion of the egg by the symbiote, as has been reported for many insects (Zchori-Fein et al., 2006; Skaljac et al., 2010). We detected eight bacteria with N-demethylation genes in sterile eggs: Acinetobacter sp. S40 (ndmCD), B. aryabhattai (ndmA), Erwinia sp. S38 (ndmAD), Ochrobactrum sp. S45, S46 (ndmE), P. aeruginosa (ndmDE), and Pseudomonas sp. S32, S37 (ndmABCDE) (Table 1). It is unlikely that Acinetobacter sp. S40, B. aryabhattai, Erwinia sp. S38, and Ochrobactrum sp. S45, S46 are transovarially transmitted and detection might have been a result of contamination or imperfect sterilization. Transovarial transmission would be rather surprising for these multiple free-living bacteria which readily grow on standard cultivation media and are otherwise not consistently associated with the host. Using fluorescent in situ hybridization, Sayaka Aoki (University of Hawai’i; personal communication) has detected Pseudomonas spp. with at least one caffeine degrading gene inside coffee berry borer eggs.

The other type of ovum mediated transmission involves inoculation of the egg shell via frass or secretions containing the symbiote, which is ingested upon egg hatching (Hosokawa et al., 2012; Salem et al., 2015b). As stated above, we have observed an egg grooming behavior in which female coffee berry borers appear to smear her eggs shortly after oviposition (Vega et al., 2017). A similar situation has been reported in Adomerus stinkbugs, which smear a secretion containing a symbiote over the eggs (Hosokawa et al., 2013). The detection of ndmABCDE in Pseudomonas sp. S60 isolated from macerated sterilized heads (Table 1) could be a mechanism for vertical transmission if the hatching embryos acquire the bacterial symbiote by eating the egg shell or becoming otherwise contaminated with the symbiote. This possible type of vertical transmission needs further study.

Coffee berry borer larvae could acquire Acinetobacter sp. S54, S55 (ndmCD) and Pseudomonas sp. S31 (ndmABCDE), which were isolated from non-sterile eggs (Table 1), from the egg shell as the larvae hatches. These bacteria could also contaminate the entire environment within the coffee berry. The coffee berry borer rectum ends with the anus, which is an opening independent of the genital orifice (gonopore) (Alba-Alejandre et al., 2019). Both orifices are very close to each other, with the anal opening being above the genital orifice. Due to the large size of coffee berry borer eggs, it is very likely that as they are being oviposited they will place pressure on the rectum, which could expel fecal matter that would then contaminate the egg shell.

In addition, the presence of ndmABCDE in P. parafulva and ndmA in B. aryabhattai isolated from coffee berry borer frass from the Beltsville colony (Table 1) suggests that potential caffeine demethylating bacteria could contaminate the egg shell or be acquired from the environment (i.e., horizontal transmission) via bacterial dissemination from frass through insect contact, probing, and subsequent spread in galleries. The acquisition of bacteria through coprophagy (Salem et al., 2015a; Onchuru et al., 2018) cannot be ruled out for the coffee berry borer. Erwinia sp. S43 (ndmAD) was detected in non-sterile larvae from Mexico (Table 1), suggesting they could be acquiring the bacterium inside the gallery. Horizontal transmission of caffeine-degrading bacteria also needs further study.



Caffeine-Degrading Bacteria in Soil and Plants

Caffeine-degrading functions might also be expressed by bacteria isolated from soil in coffee plantations, as has been shown for Pseudomonas sp. (Dash and Gummadi, 2006; Gokulakrishnan et al., 2007), P. alcaligenes (Sarath Babu et al., 2005), P. putida (Yamaoka-Yano and Mazzafera, 1998, 1999), and Serratia marcescens (Mazzafera et al., 1996; Supplementary Table 1). In addition, endophytic bacteria in coffee plants might also be capable of degrading caffeine. Vega et al. (2005) identified 19 bacterial genera as endophytes in coffee plants from Colombia, Hawai’i, and Mexico, with Bacillus, Burkholderia, Clavibacter, Curtobacterium, Escherichia, Micrococcus, Pantoea, Pseudomonas, Serratia, and Stenotrophomonas isolated from the seed. Pseudomonas sp., P. chloroaphis, and P. putida were identified as endophytes in various coffee plant tissues sampled (Vega et al., 2005) and P. monteilii has been isolated from coffee pulp waste (Arimurti et al., 2018). A coffee plant endophytic Pseudomonas sp. isolated in India was capable of breaking down 98.6% of the caffeine added to a nutrient broth, and six additional unidentified endophytic bacteria were also capable of catabolizing caffeine with a lower efficiency (Baker et al., 2012). Two P. putida strains endophytic in C. arabica and Coffea canephora leaves, stems, and roots in Brazil were capable of degrading caffeine (Nunes and de Melo, 2006).

For the coffee berry borer, the presence of bacteria on the surface of the fruit, or endophytically in the pulp or seed (Vega et al., 2005), might result in the acquisition of caffeine-degrading bacteria as the colonizing female infests fruit and seeds. A similar situation has been reported for 13 bark beetle species in the genus Dendroctonus, which acquire bacterial members of their microbiome from the environment, including their host trees (Hernández-García et al., 2017).



CONCLUSION

The detection of genes involved in the two mechanisms for bacterial metabolism of caffeine, i.e., N-demethylation and C-8 oxidation, has revealed the complexity of culturable bacterial symbiotes of the coffee berry borer. The results could serve as a basis for in-depth studies aimed at determining if these bacteria become established in the alimentary canal of the insect and whether their elimination reduces insect fitness, as has been shown for P. fulva (Ceja-Navarro et al., 2015). In addition, the study serves as a first attempt to determine possible mechanisms for vertical and horizontal transmission of some of the genes involved in N-demethylation. The isolation and identification of culturable bacteria for an assessment of caffeine-breakdown capabilities would be useful in understanding the coffee berry borer microbial diversity in various coffee-growing regions as well as various coffee- growing regimes such as Arabica vs robusta and shaded coffee vs coffee grown at full sun.

The bacteria involved in the N-demethylation metabolic pathway for caffeine degradation in the coffee berry borer (Tables 1, 2 and Figure 3) likely originated as epiphytes and endophytes in the coffee plant, as a caffeine-degrading mechanism is necessary in order for the bacteria to thrive on coffee. Vega et al. (2005) identified 19 genera of endophytic bacteria in coffee plants from Colombia, Hawai’i, and Mexico, including genera potentially capable of breaking down caffeine, e.g., Enterobacter, Klebsiella, Pantoea, Pseudomonas, Serratia, and Stenotrophomonas (Table 3). Many of the bacteria associated with coffee plants might be coffee plant mutualists, deriving nutrition as well as a substrate from the plant and providing caffeine-degrading functions on leaves and fruits falling on the soil, and within the soil itself, thus recycling nutrients (Kennedy, 1999) and possibly lowering caffeine concentrations in the soil. Eight bacterial species isolated from soil in coffee plantations are capable of breaking down caffeine (Table 3). The bacterial composition in coffee fruits, leaves and roots needs to be identified and compared to the bacterial community in the soil, as well as in the coffee berry borer, in order to understand shared bacterial composition and functional redundancy (Kennedy, 1999; Nannipieri et al., 2017) in terms of caffeine-degrading genes.
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Fungus-farming within galleries in the xylem of trees has evolved independently in at least twelve lineages of weevils (Curculionidae: Scolytinae, Platypodinae) and one lineage of ship-timber beetles (Lymexylidae). Jointly these are termed ambrosia beetles because they actively cultivate nutritional “ambrosia fungi” as their main source of food. The beetles are obligately dependent on their ambrosia fungi as they provide them a broad range of essential nutrients ensuring their survival in an extremely nutrient-poor environment. While xylem is rich in carbon (C) and hydrogen (H), various elements essential for fungal and beetle growth, such as nitrogen (N), phosphorus (P), sulfur (S), potassium (K), calcium (Ca), magnesium (Mg), and manganese (Mn) are extremely low in concentration. Currently it remains untested how both ambrosia beetles and their fungi meet their nutritional requirements in this habitat. Here, we aimed to determine for the first time if galleries of ambrosia beetles are generally enriched with elements that are rare in uncolonized xylem tissue and whether these nutrients are translocated to the galleries from the xylem by the fungal associates. To do so, we examined natural galleries of three ambrosia beetle species from three independently evolved farming lineages, Xyleborinus saxesenii (Scolytinae: Xyleborini), Trypodendron lineatum (Scolytinae: Xyloterini) and Elateroides dermestoides (Lymexylidae), that cultivate unrelated ambrosia fungi in the ascomycete orders Ophiostomatales, Microascales, and Saccharomycetales, respectively. Several elements, in particular Ca, N, P, K, Mg, Mn, and S, were present in high concentrations within the beetles’ galleries but available in only very low concentrations in the surrounding xylem. The concentration of elements was generally highest with X. saxesenii, followed by T. lineatum and E. dermestoides, which positively correlates with the degree of sociality and productivity of brood per gallery. We propose that the ambrosia fungal mutualists are translocating essential elements through their hyphae from the xylem to fruiting structures they form on gallery walls. Moreover, the extremely strong enrichment observed suggests recycling of these elements from the feces of the insects, where bacteria and yeasts might play a role.

Keywords: ambrosia beetle, Ecological stoichiometry, microbiome, nutrients, macro- and micro-elements, element translocation


INTRODUCTION

In 1836, the monk Josef Schmidberger noticed a whitish layer in tunnel systems of some scolytine beetles within the sap- and heartwood (i.e., xylem) of his apple trees (Schmidberger, 1836). Observing the beetles in more detail he realized that this layer was nutritional and – in his view – was produced by the trees to nurture the beetles. Therefore, he termed this layer “ambrosia” (after the mythological perfect food of the gods). This layer was later found to be fungal fruiting structures (Hartig, 1844) and their beneficiaries came to be called “ambrosia beetles.” Even then it was regarded rather exceptional for insects to live within xylem, which is now known to be chemically well defended, nutritionally poor and extremely biased toward certain elements, particularly carbon (C), hydrogen (H), and oxygen (O) (Filipiak and Weiner, 2014; Pretzsch et al., 2014).

While most bark beetles (sensu lato) (Curculionidae: Scolytinae) colonizing the phloem or xylem of trees are well known for their facultative mutualism with fungi, ambrosia beetles (sensu stricto) among them have long been known for their obligate mutualisms with fungal symbionts (Kirkendall et al., 2015; Biedermann and Vega, 2020). In a broad sense, the term “ambrosia beetle” is used for all xylem-boring and fungus-farming beetles in the curculionidae subfamilies Scolytinae (bark beetles) and Platypodinae (pinhole borers) as well as the Lymexylidae (ship-timber beetles) (Neger, 1908a). Ambrosia beetles are thus a polyphyletic group with at least 13 evolutionary independent origins of fungus farming (Biedermann and Vega, 2020). Common to all of them is their species-specific, obligate nutritional mutualism with filamentous fungi, which they transmit vertically in mycetangia (extracuticular spore-carrying organs; see Francke-Grosmann, 1956) and more or less actively farm in often social family groups (but Lymexylidae are solitary; Francke-Grosmann, 1967; Beaver, 1989; Kirkendall et al., 2015; Hulcr and Stelinski, 2017; Biedermann and Vega, 2020). Their mutualistic fungi are from at least five ascomycete (Ophiostomataceae, Ceratocystidaceae, Nectriaceae, Bionectriaceae, Saccharomycetaceae) and two basidiomycete (Peniophoraceae, Meruliaceae) (Hulcr and Stelinski, 2017; Biedermann and Vega, 2020) families. These species-specific mutualistic associates are highly adapted to their ambrosia beetle host. They strongly depend on the beetle for dispersal, are not capable of surviving outside the mutualism, produce nutrient-rich fruiting structures within the beetles’ galleries, and are the sole or at least major food source for the beetles (Neger,1908a,b; Batra, 1963, 1966, 1967, 1973, 1985; Francke-Grosmann, 1966, 1967; Batra, 1967).

All herbivorous animals are confronted with a stoichiometric mismatch between the concentrations of elements required for growth and survival including nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), zinc (Zn), manganese (Mn), copper (Cu) and sodium (Na), and those found in their plant diet, which is rich in only C, H, and O (Sterner and Elser, 2002). For insects feeding within xylem this mismatch is extreme, as 99% of this tissue typically consists of C, H, and O (Fengel and Wegener, 1989; Filipiak and Weiner, 2014) and elements such as N or P must be enriched by factors between 100 and 10,000 to support insect growth (Six and Elser, 2020). Hence, they have only two options (or a combination of both); one is to develop very slowly and process massive amounts of plant material (see e.g., cerambycid or buprestid beetles) while the other is to supplement the diet with ectosymbiotic fungi that grow into the wood, and translocate and concentrate required elements for growth (Buchner, 1928; Martin and Kukor, 1984; Filipiak and Weiner, 2014). The latter process is assumed for ambrosia beetles that feed on their mutualistic ambrosia fungi (Biedermann and Vega, 2020), but whether rare elements are indeed absorbed by the fungi and translocated to the ambrosia layers made of asexual fruiting structures on the gallery walls has never been examined.

Ecological stoichiometry (hereafter termed ES) is a powerful approach which has the potential to answer such questions. In general, ES describes the movement and balance of elements in natural systems and how this is influenced by ecological interactions and processes (Sterner and Elser, 2002). Basically, ES offers the opportunity to examine the availability and limitations of elements within natural systems and thus, is a useful tool to gain insights into tropic relations such as the ecology and function of insect-microbe mutualisms. Nevertheless, only very few studies applied ES to these systems (Six and Elser, 2019, 2020). Six and Elser (2019) examined for the very first time within a bark beetle species, how fungal mutualists associated with Dendroctonus brevicomis concentrate and translocate elements such as P and N from the sapwood and phloem to the bark, where the beetles live and feed. To date, almost no studies applying ES to fungus-farming insect systems, such as ambrosia beetles, have been conducted and there have only been a few studies dealing with the nutrient flow in plant-fungus or animal-animal mutualisms (Kay et al., 2004; Johnson, 2010; Mariotte et al., 2017). One of the few exceptions focused on a fungus-farming termite, Odontotermes formosanus, showing that certain elements (such as K, Mg, Mn, and Ca and some others) are highly enriched within the symbiotic fungus as well as within nest soil (see Li et al., 2012).

All organisms require a number of macro- and micro-nutrients to grow, develop, and reproduce. Insects feeding in plant tissues like wood are especially challenged to acquire the nutrients they need and most, if not all, have symbioses with microbes that aid in alleviating imbalances (Buchner, 1928). For instance, N (needed for producing proteins and amino acids), S (needed for production of the amino acid methionine and cysteine), and P (needed for production of ribosomes, RNA, DNA, lipid layers, and ATP) (McDowell, 2003) occur in wood in very low concentrations (Fengel and Wegener, 1989; Filipiak et al., 2016). So wood-dwelling insects often make use of specific microbes to enrich their diet (Täyasu et al., 1994; Ayayee et al., 2014; Ulyshen, 2015; Filipiak et al., 2016; Filipiak and Weiner, 2017). Filamentous fungi among them may acquire the rare nutrients by growing far into plant tissues (Six and Elser, 2019), whereas some bacteria are capable of fixing atmospheric nitrogen (Peklo and Satava, 1949; Bridges, 1981; Täyasu et al., 1994; Six, 2003; Bleiker and Six, 2014; Filipiak and Weiner, 2014; Filipiak et al., 2016). Since ambrosia beetles do not feed outside their galleries, all nutrients needed for growth and reproduction for themselves and for their fungi must come from the surrounding xylem or the atmosphere (only N).

Here, we examined the availability and possible translocation of critical nutrients by fungi for three well-known and widespread ambrosia beetle species in three independently evolved mutualisms of Xyleborini (Curculionidae: Scolytinae) with Raffaelea (Ophiostomatales: Ophiostomataceae) fungi, Xyloterini (Curculionidae: Scolytinae) with Phialophoropsis (Microascales: Ceratocystidaceae) fungi and Lymexylidae with Alloascoidea (Saccharomycetales: Saccharomycetaceae) filamentous yeasts: (i) The fruit-tree pinhole borer Xyleborinus saxesenii (Ratzeburg) (Xyleborini), (ii) the striped ambrosia beetle Trypodendron lineatum (Olivier) (Xyloterini), and (iii) the ship-timber beetle Elateroides dermestoides (syn. Hylecoetus dermestoides) (Linnaeus) (Lymexylidae). All three beetles are native to Europe but differ strongly in their social systems and farming behaviors. Xyleborinus saxesenii is a cooperatively breeding species with a chamber-like gallery, where brood of all stages are found together with adult helpers, adult reproductives (mothers) and the farmed ambrosia fungi Raffaelea sulphurea (L.R. Batra) T.C. Harrington and R. canadensis (L.R. Batra) T.C. Harrington (Biedermann and Taborsky, 2011; Biedermann et al., 2013). This beetle shows little host preference, exhibits alloparental brood care and brother-sister inbreeding and can colonize the natal nest for more than two generations (Biedermann, 2010). Trypodendron lineatum prefers conifers and exhibits bi-parental care, but larvae develop within separate cradles with tunnel walls covered by Phialophoropsis ferruginea (Mathiesen-Käärik, 1953; Lehenberger et al., 2019; Mayers et al., 2020). Their galleries are active for only a single generation. No parent-offspring contact occurs in the host tree-generalist E. dermestoides (Coleoptera: Lymexylidae) whose larvae bore solitary tunnels and farm the yeast-like Alloascoidea hylecoeti (Neger) L.R. Batra (Francke-Grosmann, 1952; Batra and Francke-Grosmann, 1961; Batra, 1967). Developmental periods range from 1 to 2 months for the two scolytine species to 2–3 years for the lymexylid beetles (Francke-Grosmann, 1952; Popo and Thalenhorst, 1974; Biedermann et al., 2009). Differences in development may be partly explained by body size (X. saxesenii ∼2 mm, T. lineatum ∼3,5 mm, E. dermestoides 6–19 mm).

Here, we aimed to investigate if galleries of all three species are generally enriched with certain elements compared to uncolonized xylem indicating that the fungi may translocate and concentrate crucial nutritional elements from the surrounding xylem. We first visualized the elemental composition of xylem and gallery walls using scanning electron microscopy coupled with energy dispersive X-ray analysis (SEM-EDX). This technique has, to our knowledge, never been applied to an animal-microbe mutualism. It visualizes elements on biological surfaces but does not allow exact elemental quantification of such samples. Therefore, we then quantified the elemental composition of both galleries and xylem using acid digestion and inductively coupled plasma optical emission spectroscopy (ICP-OES) which is widely used for examining woody samples (e.g., Huber et al., 2004; Górecka et al., 2006; Weis et al., 2009; Wellinger et al., 2012).



MATERIALS AND METHODS


Collection and Preparation of Beetle Galleries

We collected galleries of X. saxesenii (N = 13) and E. dermestoides (N = 1) in May 2019 from freshly dead beech (Fagus sylvatica) in the Bavarian Forest National Park (Neuschönau, Germany). Galleries of T. lineatum were collected from Norway spruce (Picea abies) in June 2019 in Mitterberg, Austria (N = 10). The galleries of the first two species still contained living insects, whereas T. lineatum galleries were from the previous season, but stored dry until dissection. For dissection of individual galleries, we used a chainsaw, an axe, and a spade chisel. Adult and immature specimen were either knocked out of the gallery or collected with fine tweezers. Immediately after opening a gallery, we carefully collected three different types of samples (each approx. 1 cm × 1 cm and 2–3 mm deep) for elemental analysis: (i) gallery, (ii) surrounding xylem (about 1 cm next to the gallery in direction of wood fibers), and (iii) control xylem (at least 5 cm away from the gallery perpendicular to the direction of wood). Samples were stored in glass vials and galleries (for SEM-EDX) in paper bags at −20°C until they were processed.

To dry samples, we transferred them to a glass-desiccator filled with silica gel (without contact to the samples; Roth, Germany) and dried them for approximately 3 months. Galleries used for the SEM-EDX analysis were oven-dried for 1 week at 50°C within a slightly opened paper-bag ensuring the protection from any contamination and then stored within a glass-desiccator until they were analyzed.



Semi-Quantification and Visualization of Elements by Energy-Dispersive X-ray Scanning-Electron-Microscopy (SEM-EDX)

Scanning electron microscopy coupled with energy dispersive X-ray analysis provides a semi-quantitative view of elemental compositions on the surface of samples (to a depth of ∼2–3 μm). It detects and identifies elements on the surface layer of a sample by detecting released element-specific radiation energy (e.g., but see also Hudgins et al., 2003; De Vetter et al., 2006; Shindo and Oikawa, 2013; Wang and Dibdiakova, 2014). However, to receive reliable data, it is important to minimize irregularities on the surface of an analyzed sample. Our flat sectioning of galleries reduced irregularities and allowed us to use it as a basis for the choice of elements to focus for the following ICP-OES absolute quantification. Three galleries from X. saxesenii, two from T. lineatum and one from E. dermestoides were used for SEM-EDX. With this design we aimed to test if certain elements are enriched within the beetles’ galleries compared to the surrounding xylem and whether this is influenced by the direction of the fibers (fungi often grow along the wood fibers).

To prepare samples, we carefully opened each dried gallery and cut it to a size of 10 cm × 10 cm to fit onto an aluminum plate. To fix the position of each gallery on the plate, we used epoxy-resin (EPODEX, Germany). Afterward, we carefully removed loose material like sawdust, beetle feces, and loose fungal mycelium from the surface of each gallery using filter-cleaned compressed air.

An EVO MA15 (Zeiss; Software: Esprit Version) scanning electron microscope (SEM) connected to an energy dispersive X-ray detector (EDX; Detector: Bruker XFlash 5010; Software: Bruker Quantax Esprit 1.9) within a semi-vacuum atmosphere was used for the measurements applying a primary energy of 20 keV. Just before the measurements, we placed a few small pieces of aluminum foil onto our samples (outside the areas of interest), which helped us to navigate and locate the areas of interest under the SEM. As we introduced this element to all samples used for SEM-EDX, we did not include it in our further analyses. A single measurement covered an area of about 600 μm × 800 μm. Multiple measurements from each gallery were taken along two lines, one in a vertical and the other in a horizontal direction to the direction of the wood fibers, covering both the inside (“gallery”) as well as the outside (“surrounding xylem”) of the beetle’s gallery. For two measurements (one gallery each of X. saxesenii and of T. lineatum), we used the mapping function of the SEM-EDX, which allowed us to visualize the abundance of certain elements using different colors. Each gallery was exposed to an electron irradiation (20 keV) for approximately 10 min, in which we allowed the EDX-detector to identify element-specific radiation energies that were released by the samples.

Finally, we created line charts to visualize the presence of certain elements using ggplot in R (version 1.2.5033) with the packages “ggplot2” (Wickham, 2016) and “plotly” (Sievert, 2020). Colored lines (one color per element) were manually added and indicate the respective elements, while the length of each vertical line approximates the size of each peak (i.e., abundance of the element) with the exception of C, N, and O which were either overabundant (C, O) or poorly quantifiable (N) using SEM-EDX.



Exact Quantification of Elements Using Inductively Coupled Plasma Optic Emission Spectroscopy (ICP-OES) and an Element Analyzer

Here, we examined galleries from T. lineatum (N = 7–8; see Supplementary Table 1) and X. saxesenii (N = 9–10; see Supplementary Table 2) using acid digestion and ICP-OES (ARCOS by Spectro, Kleve, Germany), while the C, N, and H concentrations were determined by dry combustion in an element analyzer (T. lineatum: N = 5–8, see Supplementary Table 1; X. saxesenii: N = 9–10, see Supplementary Table 2) (vario EL III by Elementar, Langenselbold, Germany). The variation in the number of replicates is caused by few samples of insufficient size as well as by some extreme outliers (i.e., measurement errors, see below) which were removed prior to analyses.

The quantification was accomplished at the Professorship of Forest Nutrition and Water Resources (Technical University of Munich, Freising, Germany). The dried samples were analyzed for their elemental composition according to German Forest Analytical Standards (König et al., 2005). Based on the received output of the SEM-EDX analysis, we quantified the following elements: P, K, S, Mg, Fe, Mn, Cu, Zn, Ca (after acid digestion using ICP-OES) as well as C, H, and N (using an element analyzer). Approximately 60 mg per woody sample were digested with freshly distilled nitric acid (HNO3) at 160°C for 10 h within quartz vessels using a high-pressure digestion apparatus (Seiff, Germany). The digest was diluted to 14 ml with distilled water and analyzed for element concentration by ICP-OES.

Since analytically conspicuous samples could not be checked (each sample was unique and the analysis is destructive), extreme outliers were removed from the total data set according to Tukey’s procedure (Tukey, 1977). The concentration of each investigated element per individual treatment was visualized with ggplot – boxplots in R (version 1.2.5033) using the package “ggplot2” (Wickham, 2016). Additionally, linear models (sqrt transformed data) were conducted to detect significant differences between the three different treatments (Gallery, Surrounding xylem, Control xylem) for each individual beetle species. Here, we used the R-packages “LMERConvenienceFunctions” (CRAN.R-project.org/package = LMERConvenienceFunctions), “multcomp” (Hothorn et al., 2008), “lsmeans” (Lenth, 2016), and “lme4” (Bates et al., 2015). Further, we calculated enrichment ratios for each examined element per treatment relative to control xylem as well as the molar ratios for C:P (carbon:phosphorus), C:N (nitrogen), N:P, N:S (sulfur), N:Ca (calcium), N:K (potassium), N:Mg (magnesium), N:Mn (manganese), and N:Zn (zinc) for each of the three treatments.



RESULTS


Semi-Quantification and Visualization of Elements by Energy-Dispersive X-ray Scanning-Electron-Microscopy (SEM-EDX)

The semi-quantitative SEM-EDX analysis revealed that all examined galleries [3 × X. saxesenii, (Figures 1, 2 and Supplementary Figures 1, 2); 2 × T. lineatum, (Figures 3, 4 and Supplementary Figure 3); 1 × E. dermestoides, (Figure 5)] were enriched with N, Mg, P, S, K, and Ca (in case of E. dermestoides, S appears to be absent within the analyzed gallery). Further, Mg could not be identified within one of the three galleries of X. saxesenii (see Figure 1) using SEM-EDX, but the presences of this element within this specific gallery was proven by the EDX-Mapping function (see Figure 2). Samples from uncolonized xylem had very low elemental compositions, which seemed to be independent of the direction of the wood fibers (i.e., horizontal vs. vertical measurements from the gallery in Figures 1, 3, 5). Within uncolonized xylem, we mainly detected Ca, K, C, and O (for E. dermestoides, Ca could not be detected outside the gallery), which appears to be also present within the galleries of all examined beetles. C and O are very abundant in all types of samples, so we did not include them in the EDX-mapping. We detected Mn only within the analyzed galleries of X. saxesenii. For T. lineatum, we examined both galleries and pupal chambers. Here, pupal chambers (Figures 3A,C; Supplementary Figures 3A,B) seemed to be generally enriched with P, S, Ca, K, and N, while Mg appears to be absent. The EDX-Mapping function supported our findings as visualized gallery tissues were enriched with S, N, Ca, P, and Mg for X. saxesenii (see Figure 2) as well as with K, Ca, P, and N for T. lineatum (see Figure 4) relative to surrounding xylem. Raw data for the SEM-EDX analysis can be found in the supplementary material (see Supplementary Datas 1–3).
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FIGURE 1. Elemental composition of gallery walls and xylem surrounding a gallery of Xyleborinus saxesenii (ID = X.sax13) using SEM-EDX. The gallery was examined in horizontal (A,B) and vertical (C,D) direction respective to wood grain; location and numbers of measured areas are given on the right. The Y-axis of each plot is counts per second () per electronvolt (eV) of each element, while the X-axis is the applied electricity in kilo-electronvolt (keV).
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FIGURE 2. Visualization of elements within a gallery of Xyleborinus saxesenii (ID = X.sax2) using the mapping function of the SEM-EDX. The SEM image on top (EVO A) is the inside of the gallery (left) and the surrounding xylem (right, starting from the ridge). The border from gallery to surrounding xylem was indicated with a white line in each image. Scale bar and magnification (64×) are given at the bottom of the image. The intensity of the colors in the images below reflect the abundance of the elements sulfur (S), potassium (K), nitrogen (N), calcium (Ca), phosphorus (P), and magnesium (Mg).
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FIGURE 3. Elemental composition of gallery walls, pupal chambers and xylem surrounding a gallery of Trypodendron lineatum (ID = T.lin9) using SEM-EDX. Pupal chambers were examined in vertical (A,B) direction, while the gallery was examined in horizontal (C–E) direction, respective to wood grain; location and numbers of measured areas are given in the photos on top. The Y-axis of each plot is counts per second (cps) per electronvolt (eV) of each element, while the X-axis is the applied electricity in kilo-electronvolt (keV).
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FIGURE 4. Visualization of elements within a gallery of Trypodendron lineatum (ID = T.lin9) using the mapping function of the SEM-EDX. The SEM image on the top left (EVO A) shows the inside of the gallery (bottom) and the surrounding xylem (top, starting from the ridge). The border from gallery to surrounding xylem was indicated with a white line in each image. Scale bar and magnification (100×) are given at the bottom of the image. The intensity of the colors in the other images reflect the abundance of the elements potassium (K), calcium (Ca), phosphorus (S), nitrogen (N), and sulfur (S).
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FIGURE 5. Elemental composition of gallery walls and xylem surrounding a gallery of Elateroides dermestoides (ID = HD) using SEM-EDX. The gallery was examined in vertical (A,B) and horizontal (C,D) direction respective to wood grain; location and numbers of measured areas are given in the photos on the right. The Y-axis of each plot is counts per second (cps) per electronvolt (eV) of each element, while the X-axis is the applied electricity in kilo-electronvolt (keV).




Exact Quantification of Elements Using Inductively Coupled Plasma Optic Emission Spectroscopy (ICP-OES) and an Element Analyzer

In a second step, we analyzed samples of 10 galleries of X. saxesenii and 8 galleries of T. lineatum, that were divided into the treatments (i) gallery, (ii) surrounding xylem, and (iii) control xylem. Generally, we confirmed our previous findings using quantitative ICP-OES and the element analyzer. We found significant incorporation of Ca (p = 0.0005, i to ii; p = 0.0141, i to iii), K, Mg, P, S, N (p < 0.0001, i to ii and iii), Mn (p = 0.0066, i to ii; p = 0.0087, i to iii), and Zn (p = 0.0173, i to ii) within galleries of X. saxesenii (see Figures 6, 7; Supplementary Table 1). Enrichment ratios of galleries relative to control xylem ranged from no enrichment of Fe (i: 0.96, ii: 0.91), Cu (i: 0.97, ii: 0.67), C (i: 1.0, ii: 1.0), and H (i: 1.0, ii: 1.0) to slight enrichment of Ca (i: 1.41, ii: 0.91), K (i: 2.19, ii: 1.02), Mg (i: 1.7, ii: 0.93), Mn (i: 1.48, ii: 1.01), and Zn (i: 1.47, ii: 0.85), and to strong enrichments of P (i: 16.4, ii: 1.8), S (i: 3.31, ii: 1.01), and N (i: 4.27, ii: 1.28) (Supplementary Table 3). These enrichment ratios were also reflected by the C:N, C:P, and N:P ratios as well as all other ratios (N:S, N:Ca, N:K, N:Mg, N:Mn, N:Zn) (see Supplementary Table 5).
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FIGURE 6. Concentrations of the different elements for the three types of samples taken from galleries of Xyleborinus saxesenii (N = 9–10 per group): (i) gallery, (ii) xylem next to gallery, and (iii) control xylem. Elemental abundances are given in parts per million (ppm). Different letters next to boxplots (a, b) indicate significant differences between the respective group per individual element. Enrichment ratios (white numbers) for treatment i and ii were added to boxplots for each element. For P and S, enrichment rations were indicated below the boxplot (black numbers).
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FIGURE 7. Concentrations of carbon (C), hydrogen (H), and nitrogen (N) for the three types of samples taken from Xyleborinus saxesenii (N = 9–10 per group): (i) gallery, (ii) xylem next to gallery, and (iii) control xylem. Different letters next to boxplots (a, b) indicate significant differences between the respective group per individual element. Enrichment ratios (white numbers) for treatment i and ii were added to boxplots for each element.


For T. lineatum, we did not analyze pupal chambers, but focused on the beetles’ main galleries, which were enriched with Ca (p = 0.0281, i to ii; p = 0.0004, i to iii), K (p = 0.0149, i to iii), Mg (p = 0.0479, i to ii; p = 0.0026, i to iii), P, S (p < 0.0001, i to ii and iii), and N (p = 0.0005, i to ii; p = 0.0036, i to iii) (see Figures 8, 9; Supplementary Table 2). Interestingly, the amount of H (see Figure 9) was found to be higher in treatment i and ii compared to iii (p = 0.0003, i to iii; p = 0.0004, ii to iii). Enrichment ratios of galleries relative to control xylem ranged from no enrichment of Fe (i: 0.86, ii: 1.16) and C (i: 0.99, ii: 0.99), to slight enrichments of Ca (i: 1.73, ii: 1.27), Cu (i: 1.87, ii: 0.61), K (i: 1.68, ii: 1.26), Mg (i: 1.7, ii: 1.22), Mn (i: 2.5, ii: 2.32), S (i: 1.91, ii: 0.88), Zn (i: 1.38, ii: 1.17), and H (i: 1.17, ii: 1.15), and strong enrichments of P (i: 3.54, ii: 1.02) and N (i: 3.09, ii: 0.80) (Supplementary Table 4). Again enrichment ratios were well reflected by element ratios (C:N, C:P, N:P, N:S, N:Ca, N:K, N:Mg, N:Mn, N:Zn) (see Supplementary Table 5).
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FIGURE 8. Concentrations of the different elements for the three types of samples taken from Trypodendron lineatum (N = 7–8 per group): (i) gallery, (ii) xylem next to gallery, and (iii) control xylem. Elemental abundances are given in parts per million (ppm). Different letters next to boxplots (a, b) indicate significant differences between the respective group per individual element. Enrichment ratios (white numbers) for treatment i and ii were added to boxplots for each element.
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FIGURE 9. Concentrations of carbon (C), hydrogen (H), and nitrogen (N) the three types of samples taken from Trypodendron lineatum (N = 5–8 per group): (i) gallery, (ii) xylem next to gallery, and (iii) control xylem. Different letters next to boxplots (a, b) indicate significant differences between the respective group per individual element. Enrichment ratios (white numbers) for treatment i and ii were added to boxplots for each element.


A majority of the elements were more abundant in galleries of X. saxesenii, except Ca, which was found in higher concentrations in galleries of T. lineatum (cf. y-axes in Figures 6–9). This is striking, because some element ratios like C:P (36061.25 vs. 29225.61), N:P (20.41 vs. 8.3), N:S (10.93 vs. 6.22), N:Ca (8.76 vs. 1.5) and N:Zn (294.49 vs. 57.22) were much smaller in beech control xylem of X. saxesenii than spruce control xylem of T. lineatum. This is only partly explainable by the higher C:N ratio of spruce control xylem (3523.37 vs. 1766.57) (see Supplementary Table 5).



DISCUSSION

Fungus-farming ambrosia beetles breed in xylem which is extremely poor in many essential nutrients and very much biased toward C, H, and O (Fengel and Wegener, 1989). It has been a long-standing question how the nutritional needs of the beetles are satisfied within this extreme habitat. Here, we show that the galleries of three, phylogenetically unrelated ambrosia beetles are enriched by several essential elements, out of which the enrichment ratios relative to xylem are most striking for P, S, and N. For example, the Raffaelea fungal mutualists of X. saxesenii are apparently able to greatly enrich their host’s galleries with P by a factor of 16.4 relative to beech control xylem with a molar C:P ratio of only 36061.25, indicating high availability of P for the beetles.

Detailed measurements revealed that there is a sharp increase in elemental composition where the gallery borders the xylem (see Figure 2 and Figure 4). It appears that the mutualistic, filamentous ambrosia fungi are translocating and concentrating essential elements from the surrounding xylem to their fruiting structures (i.e., conidiophores and conidia) on the gallery walls, which are then available to their beetle hosts as food. While N might be additionally enriched by bacterial fixation from the atmosphere (Bridges, 1981; Six, 2013), galleries are aerobic and make this possibility unlikely. No other elements are fixed from the atmosphere and thus translocation from outside of the gallery (from the xylem) would be required for such increases as we observed to occur. Translocation from the more nutrient-rich phloem is also, in principal, possible, but may be excluded by the finding that the enrichment of elements was generally lower in entrance tunnels of the galleries closer to the phloem of the colonized trees (see Supplementary Figure 2). Yeasts and bacteria, which are ubiquitous associates within ambrosia beetle galleries (Beaver, 1989; Davis, 2015; Kirkendall et al., 2015; Hulcr and Stelinski, 2017), are unicellular organisms and thus are not capable of growing into and translocating elements from the xylem to the gallery, so we propose that enrichment is solely done by the (ambrosia) fungal symbionts.

If translocation of nutrients from the immediate surrounding of galleries by the mutualistic fungi occurs, we should find a depletion of elements near galleries but not in areas distant to galleries where fungi have not colonized the xylem. However, there was no detectable difference in elemental composition of xylem surrounding the galleries (assumed to be colonized by fungi) and control xylem located some distance from the galleries (assumed to be uncolonized) (Figures 6–9). Even though the enrichment ratio of the surrounding xylem relative to the control xylem was in a few cases >1, the enrichment was not statistically significant for any micronutrient (Figures 6–9; see also molar ratios in Supplementary Table 5). Qualitatively this finding was also supported by similar elemental compositions of presumably fungus-colonized vs. uncolonized xylem samples taken in vertical vs. horizontal directions (with and against the grain) using SEM-EDX (Figures 1–5 and Supplementary Figures 1–3). Only H was significantly more abundant in surrounding xylem of T. lineatum galleries, which might indicate enzymatic cleavage of H-bonds by the Phialophoropsis fungal mutualists that are known to be potent degraders of xylan and cellulose (Lehenberger et al., 2019).

We have a few potential explanations why we did not detect such a pattern: First, ambrosia beetles (or their symbionts) may acquire nutrients independent of the xylem. However, apart from some symbiotic bacteria that might fix atmospheric N (Peklo and Satava, 1949; Bridges, 1981; Morales-Jiménez et al., 2009; Six, 2013), none of the other elements are fixed from the atmosphere and galleries are isolated from the external environment so we regard this explanation rather unlikely. Second, it may be that the fungi colonize much deeper into the xylem than previously thought. Given the low concentration of the elements in xylem (Figures 6–9, but see also Pretzsch et al., 2014), the fungi may need to colonize large areas of the xylem or even access more nutrient-rich parts of trees like phloem (Pretzsch et al., 2014; Ulbricht et al., 2016). Also, this option we regard rather unlikely because ambrosia beetle fungi are generally thought to be rather poor wood decomposers and may grow only a few mm inside the xylem (Francke-Grosmann, 1966). An exception may be Phialophoropsis ferruginea (associated with T. lineatum), which is depolymerizing major wood compounds such as cellulose and xylan (Lehenberger et al., 2019) and can grow up to 20 cm inside the xylem (Francke-Grosmann, 1966). But also for T. lineatum, there was no indication for stronger enrichment of the surrounding xylem. Regarding the translocation from phloem we did not see stronger enrichments of elements near the phloem in X. saxesenii entrance tunnels (see above). Third, xylem serves as an elemental pipeline between roots and leaves (and vice versa) and within living trees elements (in low concentrations) are constantly moving within the xylem (Matyssek et al., 2010). As ambrosia beetles are colonizing weakened or recently dead trees (Kirkendall et al., 2015), there might be still enough flux of elements through the xylem so that fungi might not necessarily need to colonize large areas of the xylem, but may capture essential elements out of the sap flow in the immediate surrounding of their galleries. It is questionable, however, if there is still enough flux or diffusion of elements in sap in wind-thrown or cut timber, which is also colonized by these beetles. Future studies on the fungal growth within the xylem are needed to answer whether the fungi, sap flow or diffusion are moving the elements toward the vicinity of the galleries.

The quantification analysis revealed striking differences regarding the concentration of certain elements between the galleries of X. saxesenii and T. lineatum. Generally, galleries of X. saxesenii contained much higher amounts of K, Mg, Mn, P, S, and N and the availability of especially N and P (based on molar ratios of C:P and C:N, see Supplementary Table 5) is much better than in galleries of T. lineatum. The only element that was found in higher amounts within the galleries of T. lineatum was Ca (N:Ca ratio of gallery: T. lineatum = 1.5, X. saxesenii = 8.76), which is known to affect the growth, branching, sporulation and/or virulence in fungi (Pitt and Ugalde, 1984; Lange and Peiter, 2020). Partly this is explainable by the higher abundances of some elements in the xylem of beech (i.e., control xylem from X. saxesenii; Figures 6, 7; Supplementary Table 5) than in the xylem of spruce (i.e., control xylem from T. lineatum; Figures 8, 9; Supplementary Table 5), with Ca being the only exception (∼350 ppm in beech vs. ∼550 ppm in spruce) (see also Pretzsch et al., 2014; Ulbricht et al., 2016). On the other hand, also elemental enrichment is strongest in X. saxesenii, followed by T. lineatum and then E. dermestoides (as we used a semi-quantitative pattern, we can only assume that this might be the case for E. dermestoides based on the findings of the SEM-EDX analysis and the use of only one gallery). Interestingly, this pattern correlates with the social behavior and productivity (in terms of offspring numbers per gallery) of these species. Sociality is a derived trait in ambrosia beetles and cooperative breeding and eusociality are found in very few species (Kirkendall et al., 2015; Biedermann and Vega, 2020). The higher social species produce longer galleries and produce more offspring. Hence, more individuals spend longer periods inside the tree allowing more time for the fungi to move elements to their structures growing on gallery walls. X. saxesenii can occupy the same gallery with dozens of individuals over multiple generations for up to 2 years, whereas the other two species have only a single generation of a dozen individuals per gallery which lasts for only a few months (T. lineatum) or a single individual that develops over 2 years (E. dermestoides) (Francke-Grosmann, 1952, 1967, 1975; Popo and Thalenhorst, 1974; Biedermann and Taborsky, 2011; Biedermann et al., 2013).

Wood is finite in N, P, and other essential elements, which may also mean that the Raffaelea fungi of this X. saxesenii are particularly efficient to capture elements or may extend deeper into xylem than others (see option 2 or 3 above). This could, on the other hand, also be the precondition for X. saxesenii to evolve a social life with overlapping generations and long-term productivity. More work is needed to determine whether the stronger elemental enrichment in X. saxesenii is the cause or consequence of/for its social life. First, we need to know how deeply ambrosia fungi forage in xylem and whether different species have different foraging efficiencies that feedback to influence host fecundity. One important question that remains to be answered is whether different host trees influence elemental enrichment and beetle fitness. It would be interesting to investigate if the ambrosia fungi of X. saxesenii are able to provide equally high levels of enrichment when foraging within the less nutritional xylem of spruce and how any differences may translate to effects on beetle fitness and sociality.

Apart from the questions raised above it would be interesting to investigate elemental accumulation from fungi growing in the galleries to the adult beetles and larvae (e.g., Six and Elser, 2020), which could give us insights into the specialization of ambrosia beetles to dead wood habitat. Furthermore, we need to determine how these elements may cycle within the gallery between beetles and their symbionts. In X. saxesenii, adults and larvae have been shown to press their feces against gallery walls, possibly to be recycled and further degraded by their fungal mutualists (De Fine Licht and Biedermann, 2012). Furthermore, there is unpublished data that uric acid (the major excretory product of insects) is one of the best nitrogen sources in media for culturing Raffaelea sulphurea, one of the two mutualists of X. saxesenii [R. Roeper, unpublished data; or see Norris (1979) for Fusarium ambrosia fungi].

Besides bark and ambrosia beetles, also fungus-farming ants and termites may benefit from their associated mutualistic fungi in terms of nutrient cycling and thus element availability. Despite the low number of stoichiometric studies on these insects, there are hints for similar mechanisms. For instance, Li et al. (2012) found, that certain elements are enriched within the gut system of the wood-feeding termite O. formosanus as well as within its symbiotic fungus and the surrounding nest soil. As suggested by the authors, certain endo- and ectosymbiotic microbes might be involved in this pattern. Moreover, a recent experimental study on this species showed that fungal combs (macerated woody material colonized by a fungus) colonized by the symbiotic Termitomyces fungus, is highly enriched with several elements compared to combs without the Termitomyces species, indicating a potential role of this fungus in element translocation and concentration (see Yang et al., 2020). It would be interesting to examine and compare the main groups of fungus-farming insects (attine ants, termites, ambrosia beetles) and, in particular, the abilities of their mutualistic microbes to translocate and concentrate elements from provisioned plant biomass.

In ambrosia beetles, stable isotopes could be used to observe the nutrient-flow from woody tissue and fungi to the larvae and beetles (e.g., Hobbie et al., 1999; Griffith, 2004; Mayor et al., 2009). In the natural substrate this will be difficult, but a few ambrosia beetle species (e.g., X. saxesenii) can be reared within artificial media that may be supplemented with isotopes of interest (Gries and Sanders, 1984; Biedermann et al., 2009). Ecological stoichiometry is still in its infancy in insect-fungus mutualisms, but its application could help us to identify the nutrient flows upon which these systems are based. This may not only help us to understand their nutritional requirements and mechanisms of element capture but might also help us to identify the key microbial players in these typically multipartite systems. Ultimately, ES studies conducted across a broad range of Scolytinae will allow us to develop a holistic model for the evolution of these mutualisms in what is arguably the most important group of insects affecting forest ecosystems worldwide.
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Supplementary Figure 1 | Elemental composition of gallery walls and xylem surrounding a gallery of Xyleborinus saxesenii (ID = X.sax2) using SEM-EDX. The gallery was examined in vertical (A,B) and horizontal (C,D) direction respective to wood grain; location and numbers of measured areas are given in the photos on the right. The Y-axis of each plot is counts per second (cps) per electronvolt (eV) of each element, while the X-axis is the applied electricity in kilo-electronvolt (keV).

Supplementary Figure 2 | Elemental composition of gallery walls, entrance tunnel and xylem surrounding a gallery of Xyleborinus saxesenii (ID = X.sax3) using SEM-EDX. The gallery was examined in vertical (A,B) and horizontal (C–E) direction respective to wood grain; location and numbers of measured areas are given in the photos on the right. The Y-axis of each plots is counts per second (cps) per electronvolt (eV) of each element, while the X-axis is showing the applied electricity in kilo-electronvolt (keV).

Supplementary Figure 3 | Elemental composition of gallery walls, pupal chambers and xylem surrounding a gallery of Trypodendron lineatum (ID = T.lin2) using SEM-EDX. Pupal chambers and surrounding xylem were examined in vertical (A–C) direction. The gallery was examined in horizontal (D,E) direction; location and numbers of measured areas are given in the photos on the right. The Y-axis of each plots is counts per second (cps) per electronvolt (eV) of each element, while the X-axis is the applied electricity in kilo-electronvolt (keV).
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Context dependency occurs when biological interactions shift in sign or magnitude depending upon genetic, abiotic, and biotic context. Most models of mutualism address systems where interaction outcomes slide along a mutualism-antagonism continuum as environmental conditions vary altering cost-benefit relationships. However, these models do not apply to the many mutualisms that involve by-product benefits and others that do not have antagonistic alternate states. The ubiquity of such mutualisms indicates a need for different approaches and models to understand how environmental variability influences their strength, stability, and ecological roles. In this paper, we apply the concept of context dependency to mutualisms among bark beetles and fungi that span a variety of life strategies and exposures to environmental variability. Bark beetles and their mutualist fungi co-construct a niche based on by-product benefits that allows them to exist in a resource that is otherwise intractable or inaccessible. For the closest of these partnerships, this has resulted in some of the most influential agents of forest mortality in conifer forests worldwide. Understanding these symbioses is key to understanding their influence on forest structure and dynamics and responses to change. We found no evidence that bark beetle mutualisms change in sign as conditions vary, only in magnitude, and that the “closest” (and most environmentally influential) of these partnerships have evolved behaviors and mechanisms to reduce context-dependency and stabilize benefit delivery. The bark beetle-fungus symbioses most likely to slide along a mutualism-antagonism continuum are those involving loosely associated facultative symbionts that may provide benefits under some circumstances and that are horizontally transmitted by the beetle host. Additionally, some symbiotic fungi are never mutualists – these “third party” fungi are exploiters and may shift from commensalism to antagonism depending on environmental context. Our assessment indicates that a careful differentiation between bark beetle-fungus partnerships is crucial to understanding how they influence forests and respond to environmental variability.

Keywords: context dependency, mutualism, Ophiostomatales, bark beetle, conditionality, by-product mutualism, Ips
, Dendroctonus


INTRODUCTION

Context dependency, the concept that outcomes of biological interactions shift in sign or magnitude depending upon genetic, abiotic, and biotic context, is core to understanding how interspecific interactions function and how they influence community dynamics and stability. In 2004, we published a paper examining the potential for context dependency in bark beetle-fungus symbioses (Klepzig and Six, 2004). Our review was stimulated by Bronstein’s (1994) paper wherein she posed several key questions for establishing when context dependency occurs. At the time of our paper, massive gaps in knowledge existed in how bark beetle-fungus symbioses functioned and we were only able to touch upon some of these questions. However, in the 17 years that have passed, an increase in interest in these systems, in part driven by massive climate-driven bark beetle outbreaks, has resulted in an explosion of new information. Concurrent with the expansion of literature on bark beetle-fungus symbioses, a growing recognition of the importance of mutualism in shaping biotic communities led to a greater understanding of context dependency in mutualisms in general. Consequently, we felt the time was right to revisit the degree to which context dependency operates in these ecologically and economically important insect-fungus interactions.

There is an increasing recognition that bark beetle (Curculionidae; Scolytinae)-fungus (primarily Ophiostomatales) symbioses vary in specificity and outcome and we now know that these differences play a major role in the extent to which they influence and shape the ecosystems within which they exist (Six, 2020a). Some, like the aggressive tree-killing Dendroctonus ponderosae-fungi mutualism (mountain pine beetle) are major drivers of ecosystem structure and function, while non-aggressive secondary beetles and fungi that colonize dying and recently killed trees play less influential roles (Six, 2020a). However, while the beetles are recognized to exhibit a broad range of behaviors, the fungal partners have often been reduced to simple binary categorizations as pathogen/non-pathogen or mutualist/antagonist, and their influence on the host beetle has been studied overwhelmingly in the context of the initial colonization phase of the tree and in tree defense induction. However, the longest period of interaction between a beetle host and its associated fungi occurs over the several months to year-long or longer period following attack. During this time, the fungi express a variety of characteristics that ultimately drive the outcome of the symbiosis. Variation in these characteristics and in the different ecological strategies of the fungi influences the type and strength of the symbiosis, the diversity of partners, and, as we shall discuss, the potential for context dependency.

Our treatment of context dependency in bark beetle-fungus symbioses is split into three sections. The first provides a brief review of what constitutes context dependency, the factors expected to influence it, and the evidence for (or against) it in mutualisms. In the second, we present descriptions of the various types of bark beetle-fungus symbioses and discuss evidence for or against context dependency in their outcomes. In the third, we identify remaining gaps and suggest avenues for further inquiry.

Throughout, we use symbiosis as a general term for organisms living in close association with one another regardless of whether outcomes are positive, neutral, or negative. We use the terms mutualism, commensalism, and antagonism to describe symbiotic outcomes in recognition that some symbioses may shift between these categories and that a strict designation of association type for some can be misleading (Bronstein, 1994). We also limit our treatment to the bark beetle-fungus symbioses that colonize conifers because their associations with fungi are distinct from those of angiosperm-colonizing species and because they are better studied.



WHAT IS CONTEXT DEPENDENCY IN MUTUALISM?

Context dependency occurs when interaction outcomes shift in magnitude (effect size) and/or sign (+, 0, −) as a function of abiotic, biotic, or genetic context (Chamberlain et al., 2014). We follow here the broadly accepted definition provided by Hoeksma and Bruna (2015) that context dependency is a change in interaction net outcome; in other words, how one species influences the mean fitness correlates of another species. We also follow their reasoning that context dependency should be applied only to interactions between a particular pair of species and exclude changes in the performance of one species when it is paired with an alternate partner species. Thus, if one species pairs with more than one partner, each pairwise interaction should be considered independently. This appropriately restricts comparisons to those occurring within interactions rather than among interactions involving third-party symbionts or hosts although these can, and should be, considered under the umbrella of biotic context (see below).

Context dependency has often been assumed for mutualisms. In fact, mutualisms are routinely viewed as existing on an interaction continuum where outcomes slide between mutualism, commensalism, and antagonism (including parasitism and competition) as conditions (contexts) shift (Bronstein, 1994; Thrall et al., 2007). This view has been reinforced by a large body of research on mycorrhizae and legume-rhizobia and other mutualisms involving nutrient exchange (Hoeksma and Bruna, 2015). However, it is increasingly clear that many mutualisms do not operate on such continua (Lam and Chisholm, 2019). For example, by-product mutualisms, those where benefits accrue as part of the normal function of a partner without additional cost to the provider, and many highly specific obligate mutualisms either do not have alternate states or are highly constrained from shifting to commensalism or antagonism (Bronstein, 1994; Connor, 1995). One of the reasons sign shifts are seldom seen in mutualisms is that when there is a shift to antagonism this is quickly followed by the dissolution of the partnership or lineage extinction (Frederickson, 2017). Furthermore, even in mutualisms that lend themselves to context dependency, shifts in sign may not be as prevalent as was once believed (Karst et al., 2008; Chamberlain and Holland, 2009). A meta-analysis of studies on mycorrhizae found that fungal partners had routinely positive effects on plant growth regardless of shifts in soil nutrient availability (Karst et al., 2008). Another meta-analysis focusing on ant-plant protection mutualisms also found routinely positive effects for plants and only occasional shifts to neutrality (Chamberlain and Holland, 2009). In a broad comparison of mutualisms with plants, Morris et al. (2007) found that the mean effects of pollinator, bacterial, and arbuscular and ectomycorrhizal mutualisms seldom became negative or neutral and generally remained positive.

While shifts in magnitude rather than sign have been more commonly observed, certain types of mutualisms appear to lend themselves more to sign shifts than others. These include plant endophytes and secondary endosymbionts involved in protection mutualisms with insects (Hansen et al., 2007; Oliver et al., 2008). Some endophytic fungi in plants can shift from mutualistic to antagonistic depending on endophyte and/or plant genotype and environmental conditions (Faeth and Fagan, 2002). For example, shifts in soil nitrogen can influence whether endophytes are helpful in defending against herbivores or shift to parasitism (Faeth and Fagan, 2002). Facultative bacterial endosymbionts can increase host plant range, tolerance to heat stress, and provide protection against natural enemies for a number of insects (Oliver et al., 2008; Burke et al., 2010). However, the frequency of some protective secondary endosymbionts is high only when the host insect is under strong pressure but drops drastically when pressure is low suggesting that the symbionts become costly when protection is not needed (Hansen et al., 2007; Oliver et al., 2008).

To determine if context dependency occurs, it is necessary to quantify shifts in the costs and benefits of the interaction on both partners as abiotic, biotic, and genetic contexts vary. Unfortunately, explicit tests have seldom been applied outside of mycorrhizae, Rhizobium-legume, ant-plant, and pollinator systems (Hoeksma and Bruna, 2015). Additionally, such cost-benefit analyses are notoriously difficult in many mutualisms. However, particular characteristics of a mutualism provide clues as to whether and when context dependency may be expected and whether a sign change is involved or only changes in the effect size of benefits. Mutualisms are less likely to be context dependent when the environment is predictable, when symbiont richness is low, there is high symbiont reliability, and high quality rewards (Thrall et al., 2007). In particular, predictable and stable environments are thought to lead to increased closeness due to greater predictability of potential partners (Thrall et al., 2007). This, in turn, may lead to selection for increases in benefits over time and a greater potential for obligacy, especially if one or both partners provide access to highly-limiting resources or otherwise alter niche space in a way required for survival of one or both (Buser et al., 2014). On the other hand, an inability to consistently associate with a particular partner, either due to a diverse symbiont pool, high environmental variability, or both, results in a facultative symbiosis and reduces the potential for co-evolution, partner specificity, and dependence (Thrall et al., 2007).

Whether a mutualism is obligate or facultative is a major factor influencing its potential to be context dependent. Obligate mutualisms are constrained from shifting sign because a switch to commensalism or antagonism causes massive reductions in fitness and the extirpation of one or both partners. For obligate mutualisms, context dependency is more likely to be expressed via shifts in the effect size of benefits. For example, in a mutualism between a stinkbug and a bacterial symbiont, the symbiont is required for development to adulthood and the symbiosis never switches from positive to neutral or negative because this would result in the death of both partners. However, particular components of the biotic environment such as the species of host plant (potentially through differences in secondary chemistry or nutritional quality) can influence the fitness of the symbiont such that it cascades to affects the growth rate of the host bug (Couret et al., 2019). In contrast, some facultative symbionts may be beneficial in some contexts but neutral or antagonistic in others. These switches in outcome signs do not lead to extinctions because no partner is dependent on the other for survival.

Transmission mode also influences the potential for context dependency. Vertically-transmitted symbionts are the most likely to be specific and obligate and their transmission often involves specialized structures or behaviors that reinforce contact (Six, 2012; Fisher et al., 2016). On the other hand, horizontally-transmitted symbionts are often facultative and with substantial potential for hosts to make new acquisitions or replacements. There is also a tendency for horizontally-transferred symbionts to be antagonistic (pathogens, parasites, and competitors), while those that are vertically transmitted tend toward mutualism because symbiont fitness is dependent on host fitness (Yamamura, 1993; Herre et al., 1999). Seldom addressed in symbiosis theory are mutualisms that involve both modes of transmission or that commonly involve intra-specific and inter-specific host-switching. For example, Microtermes termites primarily transmit their fungal symbionts vertically yet frequent horizontal exchange occurs between colonies of the same species and even different species (van de Peppel and Aanen, 2020). Likewise, while some ambrosia beetles exhibit strong partner fidelity with, and vertical transmission of, particular ambrosia fungi, some may acquire fungi directly from their environment and possess different symbionts in different locations (Kostovcik et al., 2015; Rassati et al., 2019). In many cases where both vertical and horizontal transfers occur, there are taxonomic constraints such that symbionts shared among related hosts are also closely-related (Skelton et al., 2019). For instance, host specificity of symbiotic fungi associated with termites in the Macrotemitidae occurs at the genus level but not at the species level (van de Peppel and Aanen, 2020). In such cases, switching may be supported by common needs among hosts that can be provided by a number of related symbionts. Such a “semi-open system” operates as long as mechanisms exist for recognition of “insiders” and avoidance of “outsiders.”

Transmission mode also influences the evolution of costs and benefits to each partner and the potential for context dependency. In general, hosts are predicted to evolve reduced vertical transmission of symbionts that act as antagonists and increased vertical transmission of those that confer benefits (Yamamura, 1993). However, environmental context can play a major role in whether symbiont specificity and vertical transmission develops, even when an interaction results in a strongly mutualistic outcome. For example, mutualisms that operate across large spatial scales may be less likely to become specific and more likely to be context dependent. The geographic mosaic theory of coevolution predicts that fitness consequences of associations should vary across space and time and that selection will result in variable evolutionary outcomes (Thompson, 1994, 2005; Nuismer et al., 2000). This may especially be the case for mutualisms occupying heterogeneous landscapes. In spatially-structured populations that experience different biotic and abiotic contexts, a symbiont may be a mutualist in one environment and neutral or antagonistic in another, such as with the grass Agrostis hyemalis where the fungus Epichloe amarillans supports greater fecundity in arid locations, but not in areas with wetter conditions, or can decrease grass biomass in the presence of some microbial communities (Davitt et al., 2011; Brown and Akcay, 2018). In some cases, variable environmental conditions may support different symbionts (species or genotypes) in different host populations due to disparities in the needs and growth requirements of hosts, symbionts, or both (Brown and Akcay, 2018). Furthermore, high variability in environmental conditions can result in a variable symbiont pool decreasing the predictability of encountering and developing a specific association with any one symbiont. Such spatially-conditional mutualisms can result in host-symbiont conflict when hosts carrying locally-adaptive symbionts migrate from one population into another (Brown and Akcay, 2018).

Where conditions are stable and shift very little, context dependency in a mutualism is likely to be null or small (Hoeksma and Bruna, 2015). However, when instability reduces the ability of a partner to persist or causes shifts in costs and benefits for one or both partners, context dependency should be more prevalent. Abiotic, biotic, and genetic contexts may all vary to create shifts in symbiotic outcomes. Most symbioses operate under variable abiotic contexts, including, e.g., temperature, moisture, light, climate, and soil nutrient content. Thermal variability, for example, is a common factor influencing interaction strength and outcome. Most organisms are ectotherms and most symbioses involve one or more ectothermic partners. The high sensitivity of ectotherms to temperature can lead to strong and rapid responses in the physiological functions that underlie growth, survival, and the delivery of benefits to mutualist partners (Renoz et al., 2019). Likewise, water is required by all organisms and variability in its form and availability can be another major source of context dependent outcomes (Ruiz-Lozano, 2003). Nutrient acquisition is the driving force behind the formation of most mutualisms and can be influenced by a variety of environmental factors.

In some cases, a mutualism may be largely based on abiotic context such as those that occur between some secondary endosymbionts that confer protection from heat to their insect host (Heyworth et al., 2020). In many other cases, the abiotic context is crucial for aligning partners to function under a common set of conditions. For example, some corals “bleach” when temperatures exceed thresholds for the survival of their dinoflagellate algal symbionts (Cunning et al., 2015). This can be lethal; however, some corals can acquire new heat-tolerant symbionts to replace heat-intolerant ones, allowing the persistence of the symbiosis under new conditions (Cunning et al., 2015). Obligate, co-evolved mutualisms can be expected to possess partners well-aligned to operate under the typical conditions found in their environment, but persistence may be challenged during extreme events or under novel conditions (Six and Bentz, 2007). In contrast, facultative mutualisms are more fluid in their responses to change and may be more open to the acquisition of new partners as conditions shift (Batstone et al., 2018).

Biotic context encompasses all the organisms that the mutualism interacts with directly or indirectly including host plants for herbivores, other symbionts or hosts, predators, parasitoids, and competitors. These are termed third-party effects and they can have substantial consequences for symbiotic outcomes. For example, in ant-plant protection mutualisms with low ant species richness, there is no tendency to be context dependent while those with high ant species richness vary considerably in outcome (Chamberlain and Holland, 2009). With heritable facultative endosymbionts that confer protection to their host insects, coinfection with symbionts that provide different types of defense does not necessarily lead to protection against a broader array of enemies, but rather can result in greater variability in protection or even a reduction such as was seen in pea aphids coinfected by the bacterial symbionts, Hamitonella and Regiella (Weldon et al., 2020). In contrast, in mycorrhizal systems, the presence of more mycorrhizal fungal species and non-mycorrhizal microbes can increase the nutritional benefit accrued by host plants (Hoeksema et al., 2010). In some cases, predators, parasites, or parasitoids may exploit cues produced by one partner to exploit the other resulting in a decrease in fitness (Adams and Six, 2008; Boone et al., 2008). For example (O’Brien et al., 2018), in mutualisms that exploit plants, variability in the production of secondary chemical compounds within or among plant species can influence benefit delivery by microbial partners (Couret, et al., 2019). The range of third party effects that can occur is immense and they are often very important influences on mutualism outcomes.

Another consideration when assessing context dependency is whether cheaters and exploiters exist in the mutualism. Here, we follow the careful distinctions of Frederickson (2013) between the two. A cheater is a genotype or species that exhibits an adaptive uncooperative strategy, is evolutionarily derived from a cooperator, and reduces partner fitness relative to cooperators. Cheaters are distinct from inefficient partners (those that provide lower fitness benefits due to genotype or defect; Friesen, 2012) and parasites or exploiters of mutualisms which are similar in effect to cheaters but are not evolutionarily derived from cooperators (Frederickson, 2017). Cheaters, by definition, cause a net reduction in fitness. If cheating is influenced by context, this may allow for both a change in sign as well as a change in the magnitude of the interaction outcome. However, evidence for the existence of cheating in mutualisms is sparse (Frederickson, 2017). In contrast, exploiters are commonplace. Exploiters can be especially prone to context dependency and, as with other third parties that exert negative pressure on mutualisms, may be particularly powerful in influencing the dynamics of populations of mutualistic pairs.

Outcomes of symbioses can vary substantially across different genotypes of the symbiont and host. If different genotypes respond to abiotic or biotic contexts in disparate ways, this can result in differential provisioning of benefits. Such genetically based variability provides the potential and foundation for directional selection on mutualism traits (Hoeksma and Bruna, 2015; Stoy et al., 2020). Genotype x environment (GxE) interactions support directional selection in one partner, while genotype by genotype (GxG) interactions of host and symbiont result in co-evolution. Finally, genotype by genotype by environment (GxGxE) interactions support the development of geographic selection mosaics. In microbial symbionts, selection over time is expected to reduce genetic variability by removing all but the best partner genotype(s) (Hoeksma and Bruna, 2015). While this has been observed in many co-evolved mutualisms, it is not always the case (van de Peppel and Aanen, 2020). Genetic variation may be maintained, or its loss slowed, if the optimal mutualist partner remains substantially influenced by the abiotic or biotic environment (Bever, 1999). For example, while endosymbionts may lose large portions of their genomes because the host provides protection and genes to support many crucial functions (McCutcheon and Moran, 2011), ectosymbionts must often contend directly with the external environment and may need to retain full or near full genome function although overall allelic diversity may be reduced (Heath and Tiffin, 2007).

Genetic diversity in symbionts should influence their potential to respond to changing conditions in a context dependent manner. Low genetic diversity may result in greater reliability of benefits and a lower potential for cheating, but it also can constrain a host to particular environmental conditions and habitats because symbionts with low genetic diversity will have narrower ecological amplitudes. On the other hand, symbionts with greater genetic variation may allow for greater flexibility in a variable environment, but increase the potential for context dependent responses by reducing reliability in benefit delivery (Heath and Tiffin, 2007).

Finally, an important consideration is that partners are often subject to many contextual factors simultaneously and these can interact to influence outcomes. Clearly, many factors have the potential to influence outcomes in mutualisms.



ARE BARK BEETLE-FUNGUS SYMBIOSES CONTEXT DEPENDENT?


Background on the Partners

All bark beetles carry fungi during dispersal and develop in their presence within their woody plant hosts. However, not all of these are symbiotic and fewer still are mutualists. Only some bark beetles have consistent or specific fungal partners. Unfortunately, descriptions of fungal symbionts have focused almost completely on tree-killing beetles (primary or aggressive secondary beetles) and little is known about the consistency of fungi with those infesting weak, dying, or newly killed trees (non-aggressive secondary beetles). The effects of highly inconsistent fungi are likely negligible and are not considered here. However, consistent, and especially specific, associations between fungi and beetles can have a marked influence on host beetle fitness. These interactions can best be understood by observing where the partners live and how they use a tree as habitat and food and, for mutualists, the degree and type of niche co-construction (Six, 2020b).

In the initial stages of colonization, beetles and fungi enter a tree that is either living or recently killed and thus, one that is defended. This “defensive period,” wherein the tree challenges the partners with physical barriers and toxic chemicals, can last for days or weeks depending on the state of the tree (weak, vigorous, and freshly-killed) at the time of colonization, species of tree, tree genotype, and the density and rapidity of beetle attacks (Raffa et al., 2015). Beetles first encounter constitutive defenses, such as resin, that pose a formidable physical barrier to entering the tree. Beetles (and their fungi) that get past these initial defenses may then encounter induced responses as the tree upregulates production of secondary chemicals, typically in response to fungal elicitors (Cale et al., 2019). Generally, high numbers of attacks over a short period can circumvent the induced response, while lower numbers of attacks or a drawn-out attack period allows time for the tree to produce localized lesions and resin containing higher levels of toxic secondary chemical compounds that may engulf the invading beetles and contain any further growth by the fungi (Krokene, 2015). However, if the density of beetle attacks is high, the tree will cease resin and defense chemistry production and colonization by the beetles proceeds. Beetles mate and begin to construct galleries within the phloem once defenses decline (or immediately as is the case for non-aggressive secondaries entering dying or recently dead trees). As adults tunnel they lay eggs and inoculate the phloem with fungi. A few days post-oviposition, the eggs hatch and the larvae begin to construct individual galleries (except for a few species that feed communally). Fungal growth is initially slow, but proceeds more rapidly as tunneling within the relatively less defended host tissues increases oxygen and reduces moisture levels. Unlike the beetles, the fungi are not confined to foraging in the phloem and soon begin to grow into the sapwood as well (Six and Elser, 2019).

While beetle-associated fungi share many commonalities, they also have many differences. Even within a taxonomic group, the fungi vary considerably in their ecological strategies. This, in turn, affects their interactions with host trees and beetles. Most fungi considered symbiotic with conifer-colonizing bark beetles are Ascomycota in the Ophiostomatales. These fungi cannot degrade wood and are limited to foraging for sugars, amino acids, and other easily accessed and assimilated compounds. Some are pathogens with varying degrees of virulence (the relative ability to cause damage to the tree). Within this large group, three genera are particularly well-represented with bark beetles. Grosmannia (Leptographium anamorph) species are necrotrophs (pathogens that feed on dead tissues) that range from very weakly to moderately virulent in weakened and apparently healthy trees. Ophiostoma species are also necrotrophs but most are only weakly virulent with some bordering on saprotrophy (non-pathogenic, feeding on dead tissues). In contrast, Ceratocystiopsis all appear to be saprotrophic. Associations of bark beetles with fungi in these three genera range from incidental to highly specific with no clear relationship between specificity, virulence to the tree, or beetle colonization strategy (aggressive tree killers vs. secondaries that colonize weak, dying, or dead trees). Beetle-associated fungi with high virulence to trees (especially the ability to kill trees on their own) are very rare. The highly virulent fungi are all Microascales in Endoconidiophora and their occurrence and incidence is highly variable within and among populations of the spruce beetles Dendroctonus rufipennis and Ips typographus (Kirisits, 2004; Biedermann et al., 2019). A few bark beetles, mostly in one clade of Dendroctonus, carry saprotrophic Basidiomycota in Entomocorticium. The basidiomycetes are the only bark beetle-associated fungi capable of degrading cellulose and lignin and some support growth of beetle larvae in outer bark rather than in the typical phloem substrate (Ayres et al., 2000; Six and Elser, 2019; Six, 2020b).

Faced with a diversity of resource acquisition strategies by infecting fungi, trees have evolved corresponding responses. More virulent necrotrophs are able to more rapidly expand into living phloem and then into the sapwood to acquire resources (nutrients and space). They also elicit strong induced defenses from the tree that can negatively affect the survival and fitness of their beetle vectors (reviewed by Hofstetter et al., 2015; Krokene, 2015). As the fungi grow and develop a mycelium, some play a role in detoxifying host tree defenses (Hammerbacher et al., 2013; Wadke et al., 2016; Zhao et al., 2018). This has been found in vitro and in plantae and this process may alleviate toxic effects on the beetle once the fungi develop sufficient mycelium within the tree (Hammerbacher et al., 2013; Wadke et al., 2016; Zhao et al., 2018). In contrast, weakly virulent necrotrophs and saprotrophs grow more slowly, at least initially, and ultimately elicit smaller total induced responses. For all species, once host defenses are overcome and decline, fungal growth rates increase substantially.

Post-colonization, beetles, and fungi alike must get down to the business of life – the acquisition of sufficient amounts of the proper nutrients to support their growth and reproduction. Both face the challenge of using woody tissues that are highly imbalanced and limiting in many requisite elements, particularly nonstructural carbon (NSC), nitrogen (N), and phosphorus (P). The fungi efficiently focus their growth only on tissues that contain nutrients (phloem and ray parenchyma cells) and cross through the nutritional desert of xylem only rarely and then only to access new rays (Six, 2020b). While sapwood contains low amounts of N, P and NSC, its volume is massive compared to phloem. A fungal mycelium can potentially access the entirety of this resource while a beetle larva is confined to feeding in a small area of phloem (Six and Elser, 2019, 2020). Access to phloem is especially limited in beetle species that pack densely into trees due to mass attack behaviors.

While phloem is higher per unit area in NSC, N, and P than sapwood, it can still be deficient relative to the needs of developing beetles, especially those that colonize trees in high densities. Beetle mutualist fungi mainly colonize and draw nutrients from sapwood and then translocate the N and P absorbed there to the phloem to support reproducyion. This concentration of nutrients into the phloem along with the physical space provided by the pupal chamber supports fungal sporulation in the proximity of emerging vector beetles. This movement of N and P to phloem creates the by-product effect of providing these same nutrients to their beetle host.

Over time, some of these by-product mutualisms have become highly specific, obligate, and highly co-evolved (Bracewell and Six, 2014, 2015; Bracewell et al., 2018). Beetles have invested in the production of mycangia, complex highly selective structures for transporting mutualist fungi (Klepzig and Six, 2004; Bleiker et al., 2009; Bracewell and Six, 2014, 2015). Mycangia appear crucial for vertical transmission and co-evolution between the beetle host and mutualist fungi. These beetles have high N and P demands that can only be met by feeding on the mutualist fungi growing within the phloem substrate (Six and Elser, 2019). Mutualistic fungi, in turn, have evolved to excel at nutrient delivery and invest in the production of dense spore layers in beetle feeding or pupal chambers that are fed upon by newly eclosed adults ensuring their acquisition the mycangia for dissemination, and influencing beetle condition prior to dispersal (Six and Paine, 1998; Six, 2020b). Natural selection also appears to have reduced sexual selection in the fungi reducing variability in benefit delivery (Bracewell et al., 2018).

Non-mutualist fungi are third parties. These fungi typically sporulate more sparsely and often in locations distant to beetles including under bark and in older sections of galleries. These fungi are typically vectored by a variety of arthropods including mites phoretic on bark beetles (Hofstetter et al., 2014). For example, Ophiostoma minus, is found with a number of bark beetles world-wide. The fungus is transmitted horizontally, often by phoretic mites and passively on the exoskeleton of beetles. Its incidence in a population can be influenced by beetle population density dependent effects and climatic conditions that regulate vector mite populations (Klepzig et al., 2001). This fungus can compete with the mutualist fungi of some beetles. For example, both Dendroctonus frontalis and Dendroctonus brevicomis have two mutualist fungi that provide virtually all the food for their larvae. In D. frontalis one of these fungi is able to exclude O. minus from areas of feeding by beetle larvae (Klepzig and Wilkens, 1997). However, in many cases O. minus occurs throughout large areas of phloem and impedes feeding on mutualist fungi and beetle development. In the D. brevicomis system, larvae develop in outer bark. Ophiostoma minus does not grow into outer bark and larvae developing in its presence die apparently of starvation (Six and Elser, 2019). With some secondary beetles, O. minus is not a third party but a mutualist. Hylurgops porosus has low N and P demands and can develop in O. minus-colonized phloem. Even though this fungus is not highly efficient at concentrating these nutrients, its abilities are sufficient to support the beetle (Six and Elser, 2020).

Like the fungi, bark beetles also exhibit various life strategies, and this influences the type of symbioses they form with fungi (Six, 2020a). We consider these below as we discuss the potential for context dependency in these mutualisms.



Do Bark Beetle-Fungus Mutualisms Shift in Sign and/or Magnitude?

To answer this question we need to consider differences among the various bark beetle symbioses with fungi and the degree to which they are exposed to, and can weather, the destabilizing effects of context dependency. Figure 1 presents five types of bark beetle-fungus interactions (A–E) and their hypothesized placement on the mutualism-antagonism continuum. Under this conceptual framework, bark beetles in obligate mutualisms are the most likely to be co-evolved with their fungi and these partnerships cannot shift in sign, but can shift in magnitude of benefits within bounds (Figures 1A,B). Type A beetle-fungus mutualisms occur with some aggressive primary tree-killing beetles and are characterized by high specificity, low symbiont pools, coevolution, vertical transmission, and high quality rewards. Type A beetles have high colonization densities due to mass attack behaviors that reduces phloem availability. These consume low amounts of phloem resulting in short larval feeding galleries. This is possible because the N and P demands of these beetles are met by their fungi (Ayres et al., 2000; Bleiker and Six, 2007; Six and Elser, 2019), Thus, shifts in nutrient quality (reward size) are highly constrained (Figure 1A) as any reduction in provisioning creates immediate strong negative feedbacks on the fitness of both partners. These mutualisms have several characteristics that increase habitat predictability reducing conditionality. Type A beetles typically specialize on one or a few related tree species reducing variability in quality and quantity of tree defenses and nutrients. Using live trees (even if only initially live) reduces the symbiont pool to only those capable of contending with tree defenses, high moisture, and low oxygen conditions present at the time of attack. Early resource capture by these fungi reduces exposure to a variable symbiont pool given they are moving into a “blank slate” reducing the potential for replacements or invasions. Low sexual recombination in high-performing mutualists (Bracewell et al., 2018) increases predictability in reward delivery and the presence of highly selective mycangia in host beetles (Bleiker et al., 2009; Bracewell and Six, 2015) ensures vertical transmission reinforcing stability.
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FIGURE 1. Hypothetical placement of different bark beetle-fungus symbiosis types on the mutualism-antagonism continuum. Potential for context dependency increases with increasing environmental heterogeneity and horizontal transmission. (A) Obligate and specific (beetle and fungus) mutualisms with vertical transmission via complex structures (mycangia). Typified by aggressive primary beetles requiring high quality nutrient provisioning by fungi and that show a high degree of coevolution with partners. Sign shifts do not occur and magnitude of benefit shifts is highly constrained. (B) Obligate (beetle and fungus) mutualisms that may be specific for beetle and fungus or a beneficial fungus may be found with several related hosts. These have mostly vertical transmission via simple transport structures (modified pits or setae) and are typified by secondary bark beetles that require high quality nutrient provisioning by fungi. Co-evolution likely. Sign shifts do not occur but the magnitude of benefits may shift contingent with the quality of benefit delivery and availability of phloem. (C) Obligate (beetle only), low specificity mutualisms wherein secondary bark beetles exploit fungi brought in by other bark beetles or transport the fungi themselves in simple structures (pits and setae). Co-evolution unlikely and beetles do not require high levels of nutrient provisioning. Sign shifts do not occur but the magnitude of benefits may shift. (D) Non-obligate, non-specific interactions involving aggressive or nonaggressive secondary beetles with variable suites of environmentally acquired fungal partners. Because of the unreliable nature of these interactions, the beetle has low-to-no dependence on fungi and primarily gains nutrients from phloem. Shifts in sign possible with some partners. Co-evolution unlikely. (E) Third party fungi that may exert little influence or compete with either the beetle and/or its mutualist fungi or otherwise negatively affect fitness. Sign shifts, if they occur are from commensal to antagonist and the magnitude of effects may shift from negligible to highly antagonistic depending on the third party.


The obligacy of the partners may also feedback to reduce environmental heterogeneity. In a one beetle-one mutualist system, the partner with the most restricted environmental tolerances (typically the fungus) will determine the mutualisms’ overall niche space resulting in a more predictable, but narrower realized niche. However, ecological amplitude increases when a host partners with additional mutualist fungi, each with different tolerances. For example, two mutualists of D. ponderosae (Grosmannia clavigera and Leptographium longiclavatum) grow best when conditions are intermediate to cool while a third (Ophiostoma montium) grows best under intermediate and warmer conditions. This results in different distributions and prevalences of each fungus over the beetle’s range and within populations over seasons and years. While the warm-tolerant species provides lower quality rewards to the host, it is entirely capable of supporting beetle growth and development and its presence allows the beetle (and the mutualism as a whole) to contend with more environmental variability although within bounds. When conditions are too hot, even the warm-tolerant fungus of D. ponderosae does not sporulate and brood adults disperse without maturation feeding on spores and without fungi for their young (Bleiker and Six, 2008). Thus, while the beetle can tolerate hotter conditions than can its fungi, its realized ecological amplitude is restricted to that of its fungi.

Type B mutualisms occur with aggressive secondary beetles that colonize weak or dying trees. These beetles have generally been assumed to transmit fungi horizontally and to have little-to-no dependence on them and co-evolution is not predicted. However, recent studies reveal a more complex picture. Some of these beetles not only consistently carry fungal associates (suggesting vertical transmission) but also appear to be dependent on their fungi for nutrient provisioning. For example, Ips pini and Ips emarginatus each carry a consistent fungus, and both have very high demands for N and P that cannot be met feeding on phloem alone (Six and Elser, 2020). However, these and other Type B beetles appear to consume more phloem than Type A beetles (visual comparisons of galleries of North American bark beetles; Wood, 1982) which may allow for greater shifts in magnitude of reward quality through increased phloem consumption (Figure 1B). For example, another B type beetle, Dendroctonus pseudotsugae, carries two fungi that likely contribute to its nutrition but also feeds extensively in phloem. Many of these beetles use aggregation pheromones and can colonize trees in high densities, suggesting that they may require relatively high quality rewards from their fungi when competition for phloem is high.

Like Type A beetles, Type B beetles are typically specialized on a particular tree species or a few related trees in one genus reducing environmental heterogeneity. For example, D. pseudotsugae (two fungi) is a specialist on Pseudotsuga menziesii, D. rufipennis (one fungus) is a specialist on Picea (Six and Bentz, 2003), and Ips confusus (one fungus; Six et al., unpublished data) specializes on Pinus edulis and other pinyon pines (Wood, 1982). Entry into living or freshly killed trees reduces exposure to non-mutualist fungi although defenses are often reduced due to stress on, or recent mortality of, the tree. The fungi found with these beetles are typically outcrossing and thus are more genetically diverse and thus variable in reward delivery. Most of the beetles of this type lack complex mycangia, although some possess complex pits or setae that may be considered mycangia. For example, Scolytus ventralis has complex glandular pit mycangia that transport its mutualist fungus, Trichosporium symbioticum (Livingston and Berryman, 1972). This fungus is consistently associated with the beetle across its entire range suggesting an ancient and co-evolved mutualism (Six et al., unpublished data).

Type C mutualisms involve non-aggressive secondary beetles. Since these are almost completely unstudied in the context of fungal associates, we can only speculate on their structure and outcomes. These beetles colonize recently dead trees, often killed by other bark beetles, disease, or disturbance such as wind or fire. They enter a tree after defenses have declined and some “fill in” gaps between the galleries of aggressive bark beetles and often several species will colonize the tree together. This late entry into a tree exposes them to a larger symbiont pool (due to the combined pool of fungi carried by multiple beetle species as well as early invading saprophytes) and to competition from other beetles and fungi for phloem resources. Low levels of tree defenses allow them to be more generalized and many colonize several species of trees, often from more than one genera. These weak and dying trees are also often simultaneously colonized by several secondary beetle species and their fungi, increasing exposure to a larger potential symbiont pool, and potentially decreasing the ability of any one beetle to specialize on any one fungus. Few Type C beetles have been investigated for a role of fungi in nutrient provisioning. One, H. porosus, colonizes Pinus and Picea (Wood, 1982) often co-occurring with aggressive beetles. The beetle contains very low levels of N and P indicating a low demand for these elements from its diet. In trees colonized by D. brevicomis, it commonly feeds in areas colonized by O. minus, a fungus that translocates N and P with lower efficiency than the mutualist fungi of aggressive beetles (Six and Elser, 2020). Type C beetles likely hover near the neutral portion of the mutualism-antagonism continuum, requiring only low quality rewards to survive. Low N and P demand coupled with a “scavenger” strategy may require these beetles to be a jack-of-all-trades that can exploit a variety of fungi including low reward partners.

Beetles that have low-to-no dependence on fungi and associate with variable suites are the most likely to experience shifts in sign and magnitude (type D mutualisms; Figure 1D). These beetles typically consume large amounts of phloem reducing dependence on fungi for diet supplementation and moderating the effects of partner variability. Since these symbioses are uninvestigated in the context of nutrient provisioning, we can only speculate as to their context dependency. Any positive effects that occur are facultative given that the beetles and fungi can survive independent of one another. Co-evolution to reduce negative effects and enhance benefits is not supported because of a lack of consistent association and high levels of horizontal transmission. It is possible that some of the fungi impart nutritional benefits to the beetle but whether sign shifts occur is unknown. One example of a Type D beetle is Ips typographus, an aggressive tree-killing secondary that carries a highly variable suite of fungi within and among populations across its range (Kirisits, 2004; Biedermann et al., 2019). The fungi are carried in pits but these pits carry several species of fungi and are not apparently selective (Furniss et al., 1990) and thus should not be considered mycangia (although further investigations of these pits may be warranted). Some of the fungi may depend on the beetle for dissemination such as Endoconidiophora polonica, a fungus that is variable in its presence with the beetle, but that has not been found outside of the symbiosis. Most others associated with this beetle are carried by a number of other bark beetle species including some beetles that co-occur with I. typographus. Larval galleries are long and the larvae feed on large amounts of phloem before pupation. Which fungus or fungi a given beetle develops with is likely a matter of chance combined with differential climatic effects on fungal growth and sporulation. Given that natural selection occurs at the individual beetle level, this indicates that I. typographus individuals experience a mosaic of fungal effects depending on which fungus (or fungi) they happen to develop with. However, type D beetles are among the least explored in regard to nutritional mutualisms with fungi. Research investigating how “suites” of fungi can affect a beetle’s fitness and more attention to pits as potential “mycangia” are needed to categorize these species more confidently.

Finally, third-party fungi (type E; Figure 1E) are horizontally transmitted by the host beetle or are introduced into the system by mites or other vectors and do not provide benefits to the beetle. These are not associated with mycangia and their effects may range from null to strongly negative. The magnitude of effects may vary considerably for some, particularly those that compete with the beetle or mutualist fungi for nutrients or otherwise influence the fitness of the beetle and its fungi. For example, if temperature shifts influence the growth of a competitor of a beetle’s mutualist fungi, the interaction may become more or less negative depending on the direction of change. Beetles may have little ability to escape third party effects if they are driven by factors independent of the mutualism.

For bark beetle mutualisms, we have little insight into multigenerational effects of fungal feeding or lack thereof. For Type A beetles, the effect is clear – a lack of fungi during development is lethal. But for some, the lack of an appropriate fungus may only become apparent over multiple generations. For example, some can develop without fungi but produce more brood when fed their mutualist partners. This is the case for Hylastes that feed on Leptographium and Ips avulsus that feeds on its full fungal complement (Yearian et al., 1972). However, while these beetles are capable of development without fungi, lower fecundity could have serious implications for a population over time. What is clear is that different bark beetles have different dependencies on fungi for N and P and that fungal species vary greatly in their efficiency in provisioning these elements.




CONCLUSION AND FUTURE DIRECTIONS

The consequences of context dependency are not trivial as some mutualisms are powerful drivers of ecosystem structure and function and conditionality of interaction outcomes may have effects that extend far beyond direct effects on partners. While some mutualists are always mutualists and some parasites are always parasites, some symbionts, particularly facultative ones, may fall on a sliding scale. However, there is currently no evidence that bark beetle mutualisms change in sign, only in magnitude, and that the “closest” of these partnerships have evolved mechanisms to reduce context-dependency and stabilize benefit delivery. The bark beetle-fungus symbioses most likely to slide along the mutualism-agonism continuum are those involving facultative symbionts that occur in suites. However, we know little about these and they should be a priority in future work. Our understanding of bark beetle-fungus symbioses will also be improved by studying the “full” complement of fungi found in mutualisms with beetles. Many mutualisms are multipartite and involve two or more mutualist fungi. However, preconceived notions as to their function or value to the host have often led to a biased selection of one fungus over others, even in obligate mutualisms, leaving a gaping hole in our understanding of the mutualism as a whole. There has especially been the case with Type A beetles where studies are often biased toward the most virulent partner or the one best at provisioning nutrients. However, in obligate mutualisms, all partners are co-evolved with the host and are integral to the full function of the partnership.

One reason we lack a better understanding of many of these mutualisms is that they are notoriously difficult to manipulate in controlled experiments. However, the use of molecular community analyses and ecological stoichiometric approaches can help unravel the roles of fungi in providing nutrients and the use of isotopes can further aid in our understanding of where elements that end up in beetles originate. Knowledge of element source and demand can be used in modeling to predict how context dependency influences outcomes and to detect the point at which it destabilizes the system.

While we have come a long way in understanding these systems since our 2004 paper, we still have a way to go. We are also at a time when understanding the nature of both the context and the dependency in these mutualisms is needed more than ever so that we can understand how they will respond to anthropogenic change. Bark beetles and their mutualist fungi co-construct a niche that allows them to exist in a resource that is otherwise intractable or inaccessible. For the closest of these partnerships, this has resulted in some of the most influential agents of forest mortality in conifer forests worldwide (Six, 2020a). These fully ectothermic partnerships are influenced by climate at all levels indicating that shifting climatic context will have a major impact on their function and stability of their dependency, and how they influence forests into the future.
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The spruce bark beetle Ips typographus is the most damaging pest in European spruce forests and has caused great ecological and economic disturbances in recent years. Although native to Eurasia, I. typographus has been intercepted more than 200 times in North America and could establish there as an exotic pest if it can find suitable host trees. Using in vitro bioassays, we compared the preference of I. typographus for its coevolved historical host Norway spruce (Picea abies) and two non-coevolved (naïve) North American hosts: black spruce (Picea mariana) and white spruce (Picea glauca). Additionally, we tested how I. typographus responded to its own fungal associates (conspecific fungi) and to fungi vectored by the North American spruce beetle Dendroctonus rufipennis (allospecific fungi). All tested fungi were grown on both historical and naïve host bark media. In a four-choice Petri dish bioassay, I. typographus readily tunneled into bark medium from each of the three spruce species and showed no preference for the historical host over the naïve hosts. Additionally, the beetles showed a clear preference for bark media colonized by fungi and made longer tunnels in fungus-colonized media compared to fungus-free media. The preference for fungus-colonized media did not depend on whether the medium was colonized by conspecific or allospecific fungi. Furthermore, olfactometer bioassays demonstrated that beetles were strongly attracted toward volatiles emitted by both con- and allospecific fungi. Collectively, these results suggest that I. typographus could thrive in evolutionary naïve spruce hosts if it becomes established in North America. Also, I. typographus could probably form and maintain new associations with local allospecific fungi that might increase beetle fitness in naïve host trees.

Keywords: bioassays, Endoconidiophora rufipennis, Grosmannia penicillata, host choice, Leptographium abietinum, Endoconidiophora polonica


INTRODUCTION

Microbial symbionts of invasive insect herbivores often promote successful establishment and development in host plants in novel habitats (Wingfield et al., 2010, 2016; Hulcr and Dunn, 2011; Frago et al., 2012). Co-invading microbes may help their insect vector by outcompeting native microbes that would reduce insect fitness in novel habitats or by inhibiting pathogens, competitors, and predators of the invading insect (Prenter et al., 2004). Alternatively, invasive insects could form novel associations with native microbes that promote their establishment in naïve habitats (Himler et al., 2011; Jiggins and Hurst, 2011; Zhao et al., 2013). Microbes can thus facilitate rapid adaptation of invasive insects to local conditions and increase the damage they cause in new habitats.

Many insects have invaded novel forest ecosystems worldwide and some of these species cause great ecological and economic disturbances (Aukema et al., 2010). Wood products and wood packing materials used in global trade are important pathways for the spread of bark- and wood-boring insects (Økland et al., 2011). Bark beetles in the sub-family Scolytinae were intercepted 6,825 times near United States ports of entry between 1985 and 2000 (Haack, 2001), and one of the most frequently detected species is the Eurasian spruce bark beetle, Ips typographus L., with 465 interceptions up until 2008 (Liebhold et al., 2017). Ips typographus is a tree-killing bark beetle that primarily colonizes Norway spruce [Picea abies (L.) Karst.], the economically most valuable forest tree species in Europe (Schroeder and Cocoş, 2018). Outbreaks of I. typographus and other tree-killing bark beetles have killed hundreds of millions of trees in recent years, with devastating economic impacts in commercial production forests (Raffa et al., 2008; Hlásny et al., 2019).

Conifer trees have evolved multiple mechanisms to defend themselves against bark beetle attack, including the production of chemical defenses such as terpenoid-rich oleoresin and phenolics (Keeling and Bohlmann, 2006; Celedon and Bohlmann, 2019). To avoid these co-evolved defenses, bark beetles usually colonize weak or dying trees with impaired defenses, such as storm- and drought-stressed trees (Marini et al., 2017). However, when their populations are high a few tree-killing species can also overcome the resistance of relatively healthy trees and initiate landscape-scale outbreaks (Raffa et al., 2008). These tree-killing species tend to be assisted by different assemblages of phytopathogenic ophiostomatoid fungi in the genera Endoconidiophora, Ophiostoma, and Grosmannia (Kirisits, 2007; Krokene, 2015). The exact species composition of these fungal assemblages usually varies over time and space (Linnakoski et al., 2012, 2016; Chang et al., 2019).

Terpene-rich resins and phenolics in the bark are toxic to different life stages of bark beetles and to many of their fungal associates (Gershenzon and Dudareva, 2007; Krokene, 2015; Hammerbacher et al., 2019). Phytopathogenicity and ability to metabolize the trees’ chemical defenses are important fungal adaptations to survive in the highly defensive environment of a healthy conifer tree (DiGuistini et al., 2011; Six and Wingfield, 2011). Two of the most virulent fungal symbionts of I. typographus, Grosmannia penicillata (Grosmann) Goid. and Endoconidiophora polonica (Siemaszko) de Beer et al. (2014), produce large necrotic lesions in the inner bark (phloem) of Norway spruce and can effectively metabolize spruce chemical defenses (Krokene and Solheim, 1998, 2001; Zhao et al., 2019). These fungi may thus exhaust and overcome the tree’s chemical defenses and ultimately help their beetle vectors breed in the phloem (Lieutier et al., 2009). Fungal symbionts may also provide nutritional benefits to bark beetle larvae by increasing nitrogen levels in the phloem (Bleiker and Six, 2007; Six and Elser, 2019). Recently, volatiles released by key fungal symbionts have also been suggested to serve as recognition cues that help newly eclosed adult beetles locate and pick up beneficial fungi from their brood tree and avoid poorly performing fungi (Kandasamy et al., 2019; Zhao et al., 2019).

If tree-killing bark beetles are introduced outside their natural range, they are usually exposed to novel host trees that lack co-evolved defenses. Such evolutionary naïve tree species are often favorable hosts as they have little resistance against invasive insects and their symbionts (Cudmore et al., 2010; Raffa et al., 2013; Sun et al., 2013). In North America, several spruce species are potential hosts for I. typographus, including white spruce [Picea glauca (Moench) Voss] and black spruce [Picea mariana (Mill.) B.S.P.]. These species are frequently colonized by the North American spruce beetle Dendroctonus rufipennis Kirby, a native bark beetle vectoring ophiostomatoid fungi, such as Leptographium abietinum (Peck) M.J. Wingf. and Endoconidiophora rufipennis (M.J. Wingf., T.C. Harr. and H. Solheim) de Beer et al. (2014), that are moderately virulent to their host trees (Solheim and Safranyik, 1997). Leptographium abietinum appears to benefit its bark beetle vector by providing vital nutrients, metabolizing toxic host terpenes, and protecting beetles from an entomopathogenic fungus (Davis et al., 2019). Ips typographus has previously been shown to breed successfully in several North American spruce species (Økland et al., 2011; Flø et al., 2018) and if introduced in North America it will probably be exposed to the fungal symbionts of D. rufipennis. However, it is not clear how I. typographus responds behaviorally to its own fungi and fungi associated with D. rufipennis, or how I. typographus’ fungal symbionts perform in evolutionary naïve spruce hosts.

One objective of this study was to test the pathogenicity of fungi typically associated with I. typographus (hereafter referred to as conspecific fungi) and D. rufipennis (hereafter referred to as allospecific fungi) to three spruce species: the historical host Norway spruce and the evolutionary naïve white and black spruce. As fungal volatiles can be attractive to bark beetles, we also examined how volatile profiles of conspecific and allospecific fungi influence their interactions with I. typographus. Lastly, we evaluated how different spruce species affect host acceptance and tunneling of I. typographus in the presence and absence of con- and allospecific fungi.



MATERIALS AND METHODS


Harvesting Spruce Trees

We harvested nine 55-year-old Norway spruce (P. abies), black spruce (P. mariana), and white spruce (P. glauca) trees growing near Prestebakke, Halden (58.99°N, 11.54°E). The 27 trees were felled on 22 April 2018 and transported to Ås the next day. From each log, we cut four 40–45 cm long bolts and sealed the cut ends with melted paraffin wax to reduce desiccation and evaporation of resin and other chemicals. One bolt from each tree was used for fungal pathogenicity tests, two bolts were used to rear beetles for the bark beetle bioassays, and one bolt was used to harvest bark to prepare spruce bark media for bioassays.



Fungal Pathogenicity Tests in Spruce Bolts

To test fungal pathogenicity in Norway spruce, black spruce and white spruce, we used two fungal species that are common associates of I. typographus (conspecific fungi) and two species that are associates of D. rufipennis (Solheim and Safranyik, 1997; allospecific fungi; Table 1). To test how con- and allospecific fungi performed in the three spruce species, we inoculated two isolates of each fungus into a single cut bolt from each of the 27 felled spruce trees. The bolts were stored at 4°C from 7 May to 14 August, when they were taken to an insectarium (a large shaded room with netted walls, providing close to ambient temperature, humidity, and wind flow). The bolts were allowed to warm up to ambient temperature before they were inoculated with fungi on 16 August.



TABLE 1. Species of bark beetle-associated fungi inoculated in cut bolts of Norway spruce, black spruce, and white spruce.
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Each spruce bolt was inoculated with all eight fungal isolates (Table 1) as well as mock controls. The bolts were inoculated by removing a plug of bark using a 5 mm cork borer, inserting inoculum into the hole, and gently putting the bark plug back in place, ensuring that most of the inoculum stayed inside the hole. Each bolt was inoculated twice with the mock control (a 5 mm plug of sterile malt agar: 2% agar, 1.4% malt) and once with a 5 mm plug of each fungal isolate growing on malt agar. The 10 inoculations per bolt were distributed among two bands encircling the bolt about 10 cm from each end. To prevent necrotic lesions extending from upper and lower inoculation from coalescing, inoculation sites were offset so that upper and lower inoculation sites never were situated right below each other. Around 3 weeks after inoculation (6 September 2018), we removed the outer bark over all inoculation sites and measured the full length of the necrotic lesions in the inner bark.



Rearing Beetles for Bioassays

Two bolts from each of the 27 felled spruce trees were brought to a fresh clear-cut in Ås (59.65°N, 10.81°E) on 7 May 2018 and left there for 3 weeks to be colonized by I. typographus. The bolts were then collected and hung from the ceiling in the insectarium. Each bolt was covered in an emergence net attached to a large plastic funnel with a collection bottle beneath, to ensure that all beetles emerging from the bolt would be collected. Beetles used in the bioassays were taken from the collection bottles or from the bark that was peeled from the logs at the end of the rearing period. For later follow-up bioassays, we used additional beetles from naturally infested Norway spruce trees in Ås. On 27 June 2019, we cut several bolts from three windfelled Norway spruce trees that had been colonized by I. typographus in the same spring. The bolts were taken to the insectarium the same day and hung from the ceiling with collection funnels attached. All collected beetles were stored at 4°C for maximum 5 days before they were used in bioassays. To reduce any variability in beetle quality caused by host bark medium, we only used beetles that had developed in Norway spruce bolts in our bioassays. Before placing beetles in bioassay arenas, the sex of the beetles was determined using the characteristics described in Schlyter and Cederholm (1981).



Preparation of Semi-Natural Spruce Bark Media

Semi-natural spruce bark media for bioassays were prepared as follows. We peeled the inner bark from one bolt per tree, placed the bark in individual plastic bags, and stored it at −20°C. Bark powder was later prepared by grinding pieces of inner bark to a fine powder in liquid nitrogen using a Retsch MM300 Mixer Mill (Retsch, Haag, Germany). The semi-natural spruce bark medium was prepared as described in Kandasamy et al. (2019): 7% finely ground bark powder was mixed with 4% agar and heat-sterilized at 121°C for 20 min. Approximately 25 ml medium was poured into Petri dishes (92 mm diameter). We prepared several Petri dishes with bark medium from each of the 27 spruce bolts (i.e., from each tree individual). Additionally, several control Petri dishes were made with water agar (4% agar).



Preparation of Host Choice Arenas With Multiple or Single Spruce Species

When the bark medium had cooled down and solidified in the Petri dishes, we prepared two different kinds of host choice arenas: multi-species arenas to test beetle preferences for different spruce species, and single-species arenas to test if fungal colonization of bark media influenced beetle choice.

Multi-species arenas were made by combining quadrants of bark medium from Norway spruce, black spruce, and white spruce as well as quadrants of control water agar medium in new Petri dishes (Figure 1). Quadrants of bark medium from each of the 27 spruce trees were thus combined with quadrants of control medium from nine Petri dishes to make a total of 36 multi-species choice arenas. In this way, bark medium from each spruce tree was distributed among four choice arenas constituting four technical replicates of each true biological replicate (i.e., individual tree). A 2 mm wide strip of sterile agar was used to physically separate the four different medium types in each arena (Figure 1).
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FIGURE 1. Testing adult Ips typographus host preferences in multi-species choice arenas with a quadrant of water agar medium (control) and quadrants of spruce bark agar medium made from Norway spruce, white spruce, and black spruce. (A) Four beetles were released in each arena. (B,C) The number of beetles entering different media was registered after 18 h. (D,E) Beetle tunneling length in different media was measured after 5 days. Bars show meanvalues with 95% CIs. Dots represent individual replicates (n = 9 individual trees per spruce species). Treatments with different letters (a, b) differed significantly (ANOVA with Tukey’s post hoc test).


Single-species choice arenas were made in a similar way by combining semi-circles of bark medium made from Norway spruce, black spruce, or white spruce trees. Each arena contained bark medium from an individual spruce tree that had either been colonized by fungus or was un-colonized (medium control). We first made eight Petri dishes from the bark medium prepared from each individual spruce tree, resulting in a total of 216 Petri dishes from all 27 trees. Four plates were inoculated with one of the four fungi listed in Table 1 and incubated for 15 days at 25°C. For these bioassays, we used only the most virulent isolate of each fungal species (see Table 1), in order to keep the number of treatment combinations at a manageable level. The remaining four Petri dishes from each spruce tree were left un-colonized. Choice arenas were then made by combining semi-circles of spruce medium from the same tree individual with or without fungal colonization and sealing the gap between the semi-circles with a 2 mm wide strip of sterile agar (Figure 2). This provided two technical replicates for each combination of individual spruce tree and fungal species.
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FIGURE 2. Host preferences of adult I. typographus in the presence of bark beetle-associated fungi. (A) Single-species choice arena containing semi-circles of bark agar medium made from Norway spruce, black spruce, or white spruce. The medium was either colonized by one of four fungal species 15 days earlier (right) or was left un-colonized (medium control, left). (B) Three beetles were released into each arena. Most of beetles entered fungus-colonized medium just beside the fungal inoculation plug (arrow). (C) The percentage of beetles that entered un-colonized medium (Medium control), fungus-colonized medium (Fungus) or remained on the surface (No choice) 48 h after introduction of beetles to the arenas (numbers inside the bars show total number of beetles that made their choice). p values show the outcome of Wilcoxon signed-rank tests comparing fungus and medium control for each combination of spruce species and fungal species (n = 9 individual trees per spruce species). E, Endoconidiophora; G, Grosmannia; and L, Leptographium.




Host Choice Arenas With Multiple Spruce Species: Testing Beetle Host Preferences

Beetle preferences for different spruce species were tested using the multi-species choice arenas with bark medium from Norway spruce, black spruce, and white spruce, as well as agar control medium. We released four vigorous beetles into the center of each arena, attempting to keep an equal ratio of males and females. The Petri dish lid was then closed and sealed using parafilm to prevent the beetles from escaping. The arenas were left in the dark at 20°C for 18 h, before beetle host choice was evaluated non-intrusively by counting the number of beetle entrance holes in each arena quadrant. Around 5 days after the beetles were let into the arenas, we turned the arenas upside down and photographed any beetle tunnels made in the media. Total tunnel length per media type was quantified from the images using the image processing software ImageJ (Schneider et al., 2012).



Choice Arenas With Single Spruce Species: Testing if Fungi Influence Beetle Host Preferences

To test if fungal colonization influence beetle host choice, we used the single-species choice arenas with fungus-colonized and un-colonized bark medium from each spruce species. Thus, the beetles had a choice between bark medium only and the same bark medium colonized by one of the four fungal species listed in Table 1. Three vigorous beetles were released into each arena, including at least one beetle of each sex. The arenas were then closed, sealed with parafilm, and left in the dark 20°C. After 48 h, the choice of the beetles and their tunnel length were non-intrusively evaluated using the method described for multiple-species arenas.



Trap Bioassays: Testing the Attraction of Beetles Toward Fungal Volatiles

In a final series of bioassays, we tested if beetles can choose bark medium colonized by fungi based on olfaction, using a trap bioassay design described in Kandasamy et al. (2019; Figure 3). Four semi-transparent traps made from plastic cups (Ø 18 mm) were attached to the base of a large Petri dish (Ø 130 mm) arena using push-pins. With their opening facing upward, the traps were attached at an equal distance from each other and with 20 mm from the center of the trap to the wall of the Petri dish. To enable the beetles to enter the traps, four equidistant holes (Ø 4 mm) were made around the perimeter of each cup, 9 mm above the bottom of the Petri dish. We also made eight small holes (Ø 1 mm) in the Petri dish wall to allow air flow. The bottom of the Petri dish was covered with filter paper to provide a rough surface for walking beetles. Before the start of bioassays, two traps in each Petri dish arena were loaded with different odor sources. One trap was loaded with a bark medium plug (Ø 10 mm) from Norway spruce, black spruce, or white spruce that had been colonized by one of the fungal isolates listed in Table 1, following the procedure described above (“Preparation of host choice arenas with multiple or single spruce species”). Another trap at the opposite side of the arena was loaded with un-colonized bark medium from the same spruce tree, and the remaining two traps were left empty as blank controls (Figure 3). Two vigorous beetles were released in each arena and the Petri dish was closed, using a rubber band that sealed the space between the lid and the lower part of the Petri dish. To test for differences in the behavior of males and females, we ran the trap bioassay for each sex separately (using nine arenas per combination of spruce species and fungal isolate for each sex; 108 arenas in total). Throughout the 16-h test period, all arenas were kept in darkness at 20°C inside a cardboard box with holes to provide ventilation. Two large fans ensured continuous wind flow. After 16 h, the arenas were inspected for the number of beetles that had entered each trap, as well as any no-choice beetles that remained outside the traps on the filter paper.
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FIGURE 3. (A) Trap bioassays to test attraction of I. typographus toward traps baited with fungus-colonized spruce bark medium (Fungus) or un-colonized medium (Medium control). Empty traps served as a negative control. Two beetles were released into each test arena. (B) The percentage of beetles that entered the different traps or remained in the test arena (numbers inside the bars show actual beetle numbers). p values indicate the outcome of Wilcoxon signed-rank tests comparing fungus and medium control for each combination of spruce species and fungal species (n = 18; two independent tests using nine individual trees per spruce species). E, Endoconidiophora; G, Grosmannia; and L, Leptographium.




Statistical Analysis

All statistical tests were conducted in the R language using RStudio (RStudio, United States). Before analysis of continuous data (fungal lesion lengths, beetle entrance rates, and beetle tunnel lengths)was evaluated for normal distribution using the Shapiro-Wilk normality test. For normally distributed data, one-way ANOVA was performed using the “aov” function, followed by Tukey’s HSD to test for significant differences between individual treatments. For continuous data that were not normally distributed, the non-parametric Kruskal-Wallis with Dunn’s post hoc test was applied using the “kwAllPairsDunnTest” function. Beetle choice data from the single spruce species and trap bioassays were analyzed with Wilcoxon signed ranked test using the “wilcox.test” function. The “ggplot2” library was used to visualize data and make figures. Technical replicates from the multi- and single-species host preference bioassays were averaged before statistical analysis. The arenas made with bark from each spruce bolt (i.e., tree individual) in these bioassays were not true biological replicates, but rather technical replicates, since individual trees were the unit of replication.




RESULTS


Fungal Pathogenicity

All the four tested fungal species were pathogenic to I. typographus’ historical host Norway spruce and produced significantly longer necrotic lesions in the bark than the mock control (Figure 4). One isolate of E. polonica and E. rufipennis were exceptions to this pattern and produced very small lesions. Grosmannia penicillata produced longer lesions in Norway spruce than the other fungi, but due to considerable variation between replicates it did not differ significantly from pathogenic isolates of the other three fungi. There were no significant differences in lesion lengths produced by conspecific fungi associated with I. typographus (E. polonica and G. penicillata) and allospecific fungi associated with D. rufipennis (E. rufipennis and L. abietinum). Overall, lesion lengths in the evolutionary naïve hosts white spruce and black spruce were similar to those in Norway spruce. However, due to much variation between replicates in black spruce the only fungal isolates that differed significantly from the mock control in this spruce species were the two G. penicillata isolates (Figure 4). These isolates did not differ significantly from the other inoculated isolates (except for the non-pathogenic E. rufipennis isolate). In white spruce, G. penicillata, L. abietinum, and E. rufipennis (one isolate) produced significantly longer lesions than the mock control, whereas the two E. polonica isolates and one of the E. rufipennis isolates did not differ significantly from the control (Figure 4). The two G. penicillata isolates produced the longest lesions in white spruce, and one G. penicillata isolate produced significantly longer lesion than isolates from all other fungi, except one L. abietinum isolate.
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FIGURE 4. Lengths of necrotic lesions in the inner bark of cut bolts of Norway spruce, white spruce, and black spruce 3 weeks after inoculation with four bark beetle-associated fungi. EP, Endoconidiophora polonica; GP, Grosmannia penicillata; ER, Endoconidiophora rufipennis; and LA, Leptographium abietinum. For each fungus, two isolates were inoculated (e.g., EP1 and EP2; see Table 1 for details). Agar alone (without fungus) was inoculated as a control. Bars show meanvalues with 95% CIs. Dots show individual replicates (n = 9). Treatments with different letters (a–e) differed significantly (ANOVA and Tukey’s HSD test with p < 0.05).




Host Choice Arenas With Multiple Spruce Species: Beetle Host Preferences

Ips typographus did not show any significant host preference when provided with a choice between Norway spruce, black spruce and white spruce in arenas with semi-natural bark media (Figure 1A). Beetles entered bark medium made from all three spruce species and there were no significant differences in entrance rate between the three species 18 h after the start of the bioassays (Figures 1B,C). However, only medium made from Norway spruce bark had a significantly higher entrance rate than the control medium (p = 0.02, Kruskal-Wallis with Dunn’s post hoc test). About one third of the beetles (32%) made no choice in the experiments and did not enter any medium. Beetles that entered the media tunneled 6.4 and 6.1 times longer in Norway spruce and black spruce medium than in control medium (p = 0.004 and p = 0.005, respectively; ANOVA and Tukey’s post hoc test). Tunneling length in white spruce was intermediate between that in Norway/black spruce and the control and did not differ significantly from either (Figures 1D,E). After 3–4 days, we observed fungal growth on all types of media, probably due to contamination by fungi carried into the arenas by the beetles.



Choice Arenas With Single Spruce Species: Beetle Host Preferences in Fungus-Colonized Bark Medium

Beetles consistently preferred to enter medium colonized by fungus when given a choice between colonized and un-colonized spruce bark medium (Figures 2A,B). For all the 12 tested combinations of spruce species and fungal species significantly more beetles entered fungus-colonized medium than un-colonized medium (p < 0.05, Wilcoxon rank-sum test with continuity correction; Figure 2C). There were no clear differences in beetle preferences between spruce or fungal species. Out of 324 beetles used in the single-species bioassays, only four individuals entered un-colonized bark medium, 211 entered medium colonized by fungus, and 109 made no choice and remained on the surface of the media. There were more no-choice beetles in arenas with black spruce compared with Norway spruce and white spruce (49 vs. 32 and 28 beetles, respectively) and twice as many no-choice beetles in arenas with E. polonica colonization (39 beetles) compared with arenas with E. rufipennis colonization (19 beetles; Figure 2C).

Beetles always tunneled significantly more in fungus-colonized spruce bark medium than in un-colonized medium (p < 0.05; ANOVA, Tukey’s post hoc test; Figures 5A,B). This was true for all combinations of spruce species and fungal species, with on average 10.1–48.4-fold more tunneling in fungus-colonized compared to un-colonized bark medium for the different spruce species-fungus species combinations. Beetles tunneled most in media colonized by G. penicillata (mean tunnel length 101.2 mm across all spruce species), but tunnel length in media colonized by this fungus was not significant longer than in media colonized by the other three fungi (76.7, 77.5, and 78.7 mm for E. polonica, E. rufipennis, and L. abietinum, respectively).
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FIGURE 5. (A) Bark beetle tunneling in single-species choice arenas containing semi-circles of bark agar medium made from Norway spruce, black spruce, or white spruce. The medium was either colonized by one of four fungal species 15 days earlier (right) or was un-colonized (left). (B) Beetle tunneling length in un-colonized bark agar (Control) and in bark agar colonized by different bluestain fungi 5 days after the beetles were introduced into the arenas. Bars show meanvalues with 95% CIs. Dots show individual replicates (n = 9 individual trees per spruce species). Treatments with different letters (a, b) differed significantly (ANOVA and Tukey’s HSD test with p < 0.05). E, Endoconidiophora; G, Grosmannia; and L, Leptographium.




Trap Bioassays: Beetle Attraction to Fungal Volatiles

Beetles actively selected fungus-colonized spruce bark medium based on olfaction. When given a choice between fungus-colonized and un-colonized medium in trap bioassays most beetles entered traps containing spruce bark medium colonized by fungi (Figures 3A,B). There were no differences in the behavior of males and females (data not shown), so data for both sexes were pooled. Out of 432 tested beetles, 277 (64%) entered traps with fungus, 103 (24%) entered traps with un-colonized medium, and 52 (12%) did not enter any traps (Figure 3B). Not a single beetle entered the empty traps. Out of 12 tested combinations of fungi and spruce species, 11 combinations had significantly more beetles in traps with fungus-colonized medium than in traps with un-colonized control medium (p < 0.05, Wilcoxon signed-rank test with continuity correction; Figure 3B). The only non-significant combination was white spruce medium colonized by E. rufipennis. The beetles showed no clear preferences for any specific fungal species or spruce species, but more beetles entered traps with media colonized by G. penicillata (85 beetles) than other fungi (61–68 beetles) and slightly fewer beetles entered traps with fungus-colonized white spruce medium (all fungal species; 86 beetles) compared with Norway spruce (98 beetles) and black spruce medium (93 beetles; Figure 3B).




DISCUSSION

Global trade leads to introduction of bark- and wood-boring beetles and other invasive pests worldwide and contribute to large-scale degradation of ecosystems (Wingfield et al., 2001, 2017; Paini et al., 2016). The European spruce bark beetle, I. typographus, is the most damaging pest of mature Norway spruce trees in Europe and is currently killing millions of spruce trees (Biedermann et al., 2019). Previous studies have shown that this European species can successfully colonize and breed in evolutionary naïve North American spruce species such as Sitka spruce [Picea sitchensis (Bongard) Carrière], white spruce (P. glauca) and black spruce (P. mariana; Økland et al., 2011; Flø et al., 2018). Thus, I. typographus could pose a significant threat to spruce species in North America if it becomes established there. Although I. typographus may be exposed to North American spruce species that have been planted in Europe the beetle has probably not adapted to colonize these exotic spruces. Any contact between these species started relatively recently and only takes place in restricted geographical areas, as North American spruce species tend to be planted in coastal regions in the British Isles, France, Denmark, and Norway, outside the geographical range of I. typographus (Mason and Perks, 2011).

Successful attacks by I. typographus and other tree-killing bark beetles are, in part, due to their intricate relationships with ophiostomatoid fungi in the genera Endoconidiophora, Grosmannia, and Ophiostoma, which help beetles to colonize trees and complete their development in the bark (Kirisits, 2007; Six and Wingfield, 2011). Unlike some bark beetle species, I. typographus seems to have dynamic interactions with ophiostomatoid fungi, vectoring assemblages of fungal species that may vary in time and space (Kirisits, 2007; Linnakoski et al., 2012, 2016). In this study, we have shown that several fungi vectored by I. typographus or the North American spruce beetle D. rufipennis are pathogenic to both North American spruce species and to Norway spruce, the historical host of I. typographus. Furthermore, we found that I. typographus was strongly attracted to medium colonized by all tested fungi and did not discriminate between its conspecific fungal associates and allospecific fungi vectored by D. rufipennis. Finally, we show that fungal colonization increased beetle tunneling into spruce bark medium irrespective of the geographical origin of the fungi. Collectively, these results suggest that I. typographus may colonize North American spruce species and form associations with native fungi that may increase the beetles’ colonization success in novel spruce hosts. Because the allospecific fungi E. rufipennis and L. abietinum only occur in North America there has probably been no previous contact between I. typographus and these fungi.

Symbiotic fungi associated with invasive bark and ambrosia beetles may promote successful invasion of their vector by helping it overcome the resistance of evolutionary naïve host trees. The invasive success of the pine-infesting red turpentine bark beetle Dendroctonus valens LeConte and its main fungal associate Leptographium procerum (W.B. Kendr.) M. J. Wingf. in China was mainly due to evolution of a more virulent L. procerum genotype following entry into China (Lu et al., 2011; Sun et al., 2013; Taerum et al., 2013). Similarly, the red bay ambrosia beetle, Xyleborus glabratus Eichhoff, has a mutualistic relationship with a pathogenic fungal symbiont, Raffaelea lauricola T.C. Harr., Fraedrich & Aghayeva, the causative agent of laurel wilt disease. In its invasive range in south-eastern United States this ambrosia beetle-fungus complex attacks healthy trees, but in their native range in Asia the beetle and the fungus are not known to damage their host trees (Koch and Smith, 2008; Hulcr and Dunn, 2011).

The ability of bark beetle-associated fungi to detoxify conifer chemical defenses is probably critical for I. typographus and other species that colonize live trees (Berryman, 1972; Paine et al., 1997; Franceschi et al., 2005; Lieutier et al., 2009; Krokene, 2015). Successful fungal colonization of phloem, cambium and sapwood exhausts tree defenses and prevents trees from mounting induced defenses that could kill adult beetles and developing larvae (Krokene, 2015). Attacked trees start to form necrotic lesions impregnated with terpenoids and phenolics around beetle entrance holes in an attempt to compartmentalize the damage and contain the attackers (Franceschi et al., 2005). Larger lesions are formed in response to more virulent fungi that require stronger defense responses to be contained (Krokene and Solheim, 1999). However, several fungal associates of I. typographus, such as G. penicillata and E. polonica, can exhaust tree defenses by inducing synthesis of terpenoids and phenolics in infected tissues and then actively metabolize these chemical defenses (Hammerbacher et al., 2013, 2019; Wadke et al., 2016; Zhao et al., 2019). For example, despite rapid activation of genes involved in phenolic synthesis in Norway spruce bark infected by E. polonica, phenolics concentrations in the bark drop because the fungus metabolizes phenolics and use them for their nutrition (Hammerbacher et al., 2013).

Our results showed that fungi associated with I. typographus or D. rufipennis had comparable pathogenicity in historical and naïve spruce hosts. Grosmannia penicillata, a common symbiont of I. typographus, grew well in both Norway spruce, black spruce, and white spruce and caused longer lesions than most other fungi in all three spruce species. Grosmannia penicillata has been found associated with different bark beetle species in Europe and may be well adapted to colonize different spruce and pine species (Kirisits, 2007; Linnakoski et al., 2012). Additionally, G. penicillata metabolizes phenolics more effectively than other fungal associates of I. typographus (Zhao et al., 2019). The other con- and allospecific fungi in our study induced comparable lesion lengths and were at least moderately virulent to all inoculated spruce species. Thus, all the fungi tested in this study could probably promote successful host colonization by I. typographus in novel spruce hosts.

Volatiles may mediate interactions between insect vectors and mutualistic microbial symbionts, as reported in ambrosia beetles that are attracted to nutritionally beneficial fungal symbionts through olfaction and avoid non-symbiotic fungi (Hulcr et al., 2011). Fungal volatiles might play an important role in host finding by bark beetles searching for suitable breeding and feeding sites in novel habitats with naïve host trees. Fungal volatiles may also be used as cues by beetles inside the bark of the host tree. Newly eclosed I. typographus adults seem to recognize and seek out fungal symbionts during the maturation feeding phase before they disperse from the brood tree, and they seem to mainly use volatile compounds emitted by the fungi (Kandasamy et al., 2019). After eclosion from pupa, the immature callow adults feed intensively on fungus-colonized inner bark until they acquire enough energy for dispersal and sexual maturation. Specific olfactory sensory neurons on the beetles’ antennae detect aliphatic and aromatic alcohols and their esters, such as 2-phenyethanol, 2-phenylethyl acetate, 3-methyl-1-butanol, 3-methylbutyl acetate, and other volatiles produced by E. polonica and G. penicillata (Kandasamy et al., 2019). An artificial blend containing biologically relevant concentrations of these compounds attracted newly eclosed I. typographus adults in an olfactometer assay (Kandasamy et al., 2019).

The qualitative and quantitative composition of the volatile blends produced by ophiostomatoid fungi, and thus the effect they have on bark beetle behavior, probably varies between fungal species and the spruce species they colonize. Therefore, we expected I. typographus to be most attracted to conspecific fungi growing on their historical spruce host. But contrary to our expectations, I. typographus was strongly attracted to volatiles emitted by both con- and allospecific fungi, and we found no clear effect of which spruce species the fungi were colonizing. This may suggest that con- and allospecific fungi produce similar volatile profiles that were little influenced by the spruce bark medium they were colonizing. Closely related ophiostomatoid fungi have been found to produce similar volatile profiles and this could explain why I. typographus is attracted to fungal species it has no previous experience with Kandasamy et al. (2016, 2019). The conspecific fungi E. polonica and G. penicillata produce 2-phenylethanol, 2-phenylethyl acetate, 3-mehtyl-1-butanol, and 3-methyl-1-butyl acetate that are attractive to I. typographus (Kandasamy et al., 2019). Interestingly, the allospecific fungus L. abietinum also produces some of these behaviorally active compounds (Kandasamy et al., 2016). The volatile profile produced by E. rufipennis is unknown, but since it is taxonomically close to E. polonica this species might be expected to produce a similar volatile profile (de Beer et al., 2014).

The fact that beetles were attracted to fungi growing on all three spruce media indicates that the chemical composition of the naïve spruce trees had little impact on the production of attractive cues by fungi. All the fungi in our study grew well on bark medium from naïve hosts and were as attractive to the beetles on naïve host medium as when they were colonizing their native spruce host. The chemical constituents of Norway spruce bark are well-studied, whereas the bark chemistry of black and white spruce is less well known. However, a comparative study of Norway spruce and two other North American spruce species showed very similar terpene profiles across all three species (Flø et al., 2018). In our trap bioassays, we found that I. typographus also showed some preference for spruce bark medium without fungal colonization. About one third of the tested beetles entered traps with un-colonized bark medium made from Norway spruce, black spruce, or white spruce, but not a single beetle entered empty traps without medium. Thus, I. typographus seems to be attracted also to volatiles originating from un-colonized bark of both historical and novel spruce hosts.

Bark beetles use host volatiles and pheromones as important long-range cues for recognizing suitable host trees (Zhang and Schlyter, 2004; Raffa et al., 2016). However, the decision to accept or reject a particular tree depends on short-range olfactory, tactile, and gustatory cues. Non-volatile phenolic compounds have been suggested to play key roles in host acceptance (Faccoli and Schlyter, 2007; Huang et al., 2020; Netherer et al., 2021). In the absence of fungal colonization, I. typographus did not distinguish between different spruce species in our multi-species bioassays and entered medium made from all three spruce species to the same degree. Additionally, beetles tunneled similar lengths in bark medium made from historical and naïve spruce hosts. Økland et al. (2011) also found no significant differences between historical and novel spruce hosts in several beetle performance traits such as gallery length, number of offspring produced and offspring weight. This suggests that important bark constituents are similar between spruce species and that many host trees provide an adequate medium for brood development. Colonization by fungus increased beetle preference and tunneling in all three bark media irrespective of fungal species. Previously, I. typographus was found to avoid a medium infused with catechin, probably due to the anti-feedant and anti-nutritional properties of this phenolic compound (Hammerbacher et al., 2019). The strong beetle tunneling into media colonized by the allospecific fungi L. abietinum and E. rufipennis suggests that these fungi fulfill similar detoxification roles as E. polonica and G. penicillata and therefore could promote I. typographus host acceptance in naive spruce species.

Strong attraction and preference of beetles to tunnel in fungus-colonized medium indicates the importance of fungal symbionts to I. typographus. Fungal symbionts play multiple roles in bark beetle colonization and development by overwhelming tree defenses, regulating attack densities, metabolizing host defenses, and translocating and providing essential nutrients (Schlyter et al., 1987; Lieutier et al., 2009; Wang et al., 2014; Wadke et al., 2016; Six and Elser, 2019; Netherer et al., 2021). Larvae or immature adults of many bark beetles can fulfill their nutritional requirements by feeding on fungi alone or on fungus-colonized phloem (Six, 2012, 2013). Our study further confirms that fungal volatiles play a crucial role for bark beetles in locating host substrates colonized by beneficial fungi. Furthermore, by feeding on fungus-colonized tissues the beetles obtain additional nutrients provisioned by the fungi and reduced concentrations of tree defense compounds due to fungal metabolism. The fungi, on their side, increase their dispersal rate by attracting beetle vectors that transport fungal spores to new host trees.



CONCLUSION

Endoconidiophora polonica and G. penicillata are considered to be the most virulent fungi associated with I. typographus in Europe. Using these two species and the allospecific fungi E. rufipennis and L. abietinum, we showed that I. typographus does not rely on specific fungal species to colonize different spruce species. Based on our in vitro assays, we predict that if I. typographus is introduced in North America it could colonize evolutionary naïve spruce trees with support from conspecific fungi. In addition, I. typographus could form novel associations with allospecific fungi. However, the outcome of direct and indirect interactions between con- and allospecific fungi competing for shared resource in the phloem and sapwood is not known. Competitive interactions among fungi are mediated by several factors such as temperature, bark moisture content, and tree chemistry (Solheim, 1991; Hofstetter et al., 2005; Dysthe et al., 2015; Wang et al., 2020). Still, I. typographus seems to have a dynamic relationship with fungal symbionts in its historical range and this symbiont plasticity could preadapt this beetle to establish novel relationships with allospecific fungi that could increase beetle fitness in naïve habitats.
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Many phytophagous insects harbor symbiotic bacteria that can be transmitted vertically from parents to offspring, or acquired horizontally from unrelated hosts or the environment. In the latter case, plants are a potential route for symbiont transfer and can thus foster a tripartite interaction between microbe, insect, and plant. Here, we focus on two bacterial symbionts of the darkling beetle Lagria villosa that belong to the genus Burkholderia; the culturable strain B. gladioli Lv-StA and the reduced-genome strain Burkholderia Lv-StB. The strains can be transmitted vertically and confer protection to the beetle’s eggs, but Lv-StA can also proliferate in plants, and both symbiont strains have presumably evolved from plant pathogens. Notably, little is known about the role of the environment for the transmission dynamics and the maintenance of the symbionts. Through manipulative assays, we demonstrate the transfer of the symbionts from the beetle to wheat, rice and soybean plants, as well as leaf litter. In addition, we confirm that aposymbiotic larvae can pick up Lv-StA from dry leaves and the symbiont can successfully establish in the beetle’s symbiotic organs. Also, we show that the presence of plants and soil in the environment improves symbiont maintenance. These results indicate that the symbionts of L. villosa beetles are still capable of interacting with plants despite signatures of genome erosion and suggest that a mixed-mode of bacterial transmission is likely key for the persistence of the symbiosis.

Keywords: insect symbiosis, mixed-mode transmission, Burkholderia, Lagriinae, environmental symbiont acquisition, Coleoptera, insect-plant-microbe, reduced genome


INTRODUCTION

Due to their metabolic potential, microorganisms can be valuable symbiotic partners for plants and animals, opening new ecological possibilities for their hosts (Margulis and Fester, 1991). By providing specific nutrients, digestive enzymes, means for detoxification or protective compounds, microbial symbionts can facilitate living on demanding diets or surviving in otherwise challenging habitats. After initial establishment of a symbiosis, co-evolution can further enhance dependence (Fisher et al., 2017) and thus the interaction can become increasingly tight over time, occasionally progressing toward an obligate association (Aanen et al., 2009; Lamelas et al., 2011). Generally, the provision of key nutrients such as essential amino acids or vitamins lead to a higher reliance on symbiosis than context-dependent benefits, like defense against antagonists. Although dependence has been extensively studied in symbionts with a long history of association to their host, the factors driving the maintenance of symbiosis in more recent associations are less well understood.

The mechanism by which symbionts are transmitted is largely intertwined with the evolution of dependence. Hosts that are more dependent on their symbionts are more likely to transmit these vertically, i.e., from parent to offspring, as this ensures the benefit for the next generation (Bright and Bulgheresi, 2010; Fisher et al., 2017). Insects have evolved elaborate mechanisms to do so, including transovarial infection, egg smearing or delivery of symbionts in capsules, or jelly-like secretions (Douglas, 1989; Kikuchi, 2009; Salem et al., 2015). Nonetheless, many animals and plants acquire their symbionts via horizontal transmission from the environment (Kikuchi et al., 2007; Brune, 2016; Hartmann et al., 2017) or through mixed-mode transmission, a combination of both vertical and horizontal mechanisms (Ebert, 2013). Importantly, strict vertical transmission and increasing dependence are usually associated with severe genomic consequences for bacterial symbionts. In general, vertically transmitted symbionts have a smaller genome size than those that are horizontally transmitted (Fisher et al., 2017). Relaxed selection on genes that are not pivotal in a stable host environment, in combination with severe population bottlenecks during vertical transmission, leads to genome degradation over evolutionary time (Muller, 1964; Moran, 1996; McCutcheon et al., 2019). As a consequence, obligate symbiotic bacteria of several insects have tiny genomes with just a few hundred genes, often retaining only essential metabolic pathways that are important for the host (McCutcheon and Moran, 2011). The process of symbiont genome degradation frequently results in a loss of functions necessary for life outside the host and thus an irreversible evolutionary dead-end. However, occasional horizontal transmission can strongly influence the architecture of the symbiont genome and counteract this process (Brandvain et al., 2011) by affecting population size and gene flow (Russell et al., 2017).

In herbivorous insects, horizontal transmission of symbionts can be plant-mediated (Caspi-Fluger et al., 2012; Chrostek et al., 2017) and in some cases these bacteria can have negative effects on the plants (Paine et al., 1997). Insect-associated bacteria might even shift to a plant pathogenic lifestyle due to repeated exposure (Bressan et al., 2012). Other bacteria, which are adapted to an arthropod-associated and intracellular lifestyle, can be transmitted to plant hosts without causing any apparent disease, like Rickettsia, Cardinium, and Wolbachia (Caspi-Fluger et al., 2012; Gonella et al., 2015; Li et al., 2017). However, how these bacteria colonize and survive in the plant host, and whether the infection can be maintained on the long run is mostly unknown (Chrostek et al., 2017). Alternatively, the insect can become a primary host to a previously plant-associated bacterium (Nadarasah and Stavrinides, 2011), as was likely the case for the Burkholderia symbionts of Lagriinae beetles (Flórez et al., 2017).

The polyphagous herbivore Lagria villosa (Tenebrionidae: Lagriinae) lives in symbiosis with Burkholderia bacteria, which produce bioactive secondary metabolites and thereby inhibit the growth of pathogenic fungi on the beetle eggs (Flórez et al., 2017, 2018). The symbionts, which are hosted extracellularly in accessory glands of adult females and in specialized cuticular invaginations in the larvae, can be transmitted vertically (Stammer, 1929; Flórez et al., 2017) and presumably also horizontally (Flórez et al., 2017). Previous findings on different Lagriinae beetle species show that all symbiotic Burkholderia strains fall within the B. gladioli clade, and likely have plant-associated ancestors (Flórez et al., 2017). Although B. gladioli has a diverse host range (Compant et al., 2008; Jones et al., 2021) and closely related strains can have beneficial effects on plants (Balandreau and Mavingui, 2007; Shehata et al., 2016), it is mostly known as a phytopathogen (Gonzalez et al., 2007). Importantly, at least three different B. gladioli strains and various other bacteria can infect L. villosa (Flórez et al., 2018). The strain Burkholderia sp. Lv-StB (henceforth “Lv-StB”) is the most abundant and consistent bacterium in both the female accessory glands and eggs (Flórez et al., 2017, 2018), which is in line with a vertical transmission route. This strain is so far uncultured and presumed to play an important role in the defensive symbiosis. It carries a gene cluster for the biosynthesis of lagriamide (lga), a potentially key compound in the antifungal defense of the eggs (Flórez et al., 2018). Interestingly, the genome of Lv-StB is only 2.3Mbp in size, corresponding to about one fourth of the genome size of B. gladioli Lv-StA (henceforth “Lv-StA,” genome size 8.5Mbp), a closely related strain isolated from the same host species (Flórez et al., 2018; Waterworth et al., 2020). This difference is most likely due to genome erosion in Lv-StB as a result of the symbiotic relationship and suggests higher dependence to the insect host in comparison to Lv-StA, which can be readily cultivated in vitro.

Here, we investigate the transmission dynamics in the multipartite interaction between L. villosa beetles, mutualistic Burkholderia symbionts, and their environment. Considering the putative evolutionary background of the symbiont as plant-associated bacteria, we evaluate whether the symbionts can be transmitted to and from plants. Also, since previous observations indicate that symbiotic Burkholderia are lost in laboratory conditions (Flórez and Kaltenpoth, 2017), we evaluated the impact of the plant environment in the stability of the symbiosis with Burkholderia. These experiments demonstrate the transmission of the reduced-genome bacterial symbiont Lv-StB to plants. The bacterium can be transferred to various food plant species and to leaf litter from the adult host and persist in these environments for at least several days. Furthermore, the closely related Lv-StA can be picked up by the host larva from leaf litter and establishes in the adult symbiotic organs. Notably, when maintained in a semi-natural environment with plants and soil, there is a higher chance that L. villosa beetles maintain their Burkholderia symbionts. These findings indicate a mixed-mode transmission involving both loosely and tightly associated symbiont strains of L. villosa beetles.



MATERIALS AND METHODS


Beetle Collection and Standard Rearing

Lagria villosa beetles (Supplementary Figure 1A) were collected from soybean, manioc, corn, and coffee plantations between January and February 2015 as well as in April 2018 in the state of São Paulo, Brazil. The beetles were kept in ventilated plastic containers under laboratory conditions at 23–26°C, 60% humidity, and a 16L:8D photoperiod unless indicated differently for specific experiments. They were supplied with soybean leaves, iceberg lettuce, and cotton soaked with autoclaved tap water ad libitum.



Standard Sowing for Semi Sterile Plant Rearing

Sterile flower pots (Ø 6cm, 5cm height) were filled to about 75% of their volume with autoclaved vermiculite. Plant seeds were cleaned in 2% NaClO for 2min and subsequently washed with distilled water. A single seed was placed in each pot and then covered with vermiculite. The pots were kept on trays and watered with autoclaved Hoagland solution (Hoagland and Arnon, 1938). Plants were grown before inoculation for 7days (wheat) or 14days (rice) at 25°C, 50% humidity, and a 16L:8D photoperiod (Supplementary Figures 1B–C).



Diagnostic PCR and Real Time Quantitative PCR

Diagnostic PCRs were performed in a T-Professional-Gradient Thermocycler (Biometra). The reaction volume was 12.5μl containing 6.9μl ultrapure H2O, 1.25μl of 10x reaction buffer, 0.25μl 25mM MgCl2, 1.5μl 2mM dNTPs, and 1μl 10pmol/μl of each forward and reverse primer, 0.1μl of 5U/μl Taq DNA polymerase, and 1μl template. Ultrapure H2O was used as a negative control. For insect DNA samples acquired in section “Acquisition of the culturable symbiont from leaf litter”, the reaction volume was 12.5μl containing 5.36μl of Millipore H2O, 1.2μl 1x reaction buffer, 0.5μl 2.5mM MgCl2, 1.44μl 2mM dNTPs, and 1μl 10pmol/μl of each forward and reverse primer, 1μl 0.5U/μl Taq DNA polymerase, and 1μl template.

Quantitative PCRs (qPCRs) were conducted in a RotorGene®-Q cycler (Qiagen). The reaction volume was 10μl, consisting of 6μl ultrapure H2O, 2μl EvaGreen (Solis BioDyne), 0.5μl of each forward and reverse primer, and 1μl template. Standard curves were generated for absolute quantification of the templates. As a standard, we used a tenfold dilution series of the corresponding purified PCR product, including concentrations ranging from 1 to 10−7ng/μl according to Qubit® fluorometric measurements. For insect complimentary DNA (cDNA) samples acquired in section “Acquisition of the culturable symbiont from leaf litter”, the reaction volume was 25μl containing 6.5μl ultrapure H2O, 12.5μl SYBR Green Mix (Qiagen), 2.5μl of each forward and reverse primer, and 1μl cDNA template. Diagnostic PCR and qPCR cycle conditions can be found in Supplementary Table 1.



Sanger Sequencing, Sequence Analysis, and Amplicon Cloning in Escherichia coli

PCR products were purified using the innuPREP PCRpure Kit (Analytik Jena-Biometra) following the manufacturer’s instructions, and the sephadex purification was carried out before Sanger sequencing. Samples were either sequenced mono-directionally using a capillary sequencer (ABI PRISM® 3130/ABI 3130xl Genetic Analyzer; Sanger et al., 1977) or by a commercial service (StarSeq, Mainz, Germany). The sequences were compared to corresponding references from Lv-StB and other symbiotic B. gladioli strains of L. villosa (Flórez et al., 2017; Waterworth et al., 2020). Low quality positions were manually curated and replaced with ambiguities.

Before Sanger sequencing of 16S rRNA fragments amplified with unspecific primers (Section: Bacterial Transmission From the Insect to Plants), these were cloned into Escherichia coli using the StrataClone PCR cloning Kit (Agilent) following the manufacturer’s instructions. These corresponded to samples from five wheat plants, three rice plants, and three soybean plants. Briefly, 100μl of the resulting transformation mixture was plated on LB–agar plates containing ampicillin (100mg/l), which had been treated with 40μl of 2% X-gal beforehand, and the plates were incubated at 37°C overnight. As a final step, white colonies were picked and amplified with the M13 forward and reverse primers (Supplementary Table 2). Amplicons of correct size were sent for Sanger sequencing. After filtering out samples with low base call quality, we obtained 41 sequences from the wheat treatment, 46 from rice, and 83 from soybean that were compared to known B. gladioli symbiont strain sequences.



Bacterial Transmission From the Insect to Plants

To evaluate whether the symbionts can be transferred from the beetle to wheat (Triticum aestivum) and rice (Oryza sativa), plants were sowed in standard conditions as described in “Standard Sowing for Semi Sterile Plant Rearing.” Two groups per host plant (treatment and control) of 18 plants each were placed alternating a control and a treated individual, keeping conditions at 25°C, 50% humidity, and a 16L:8D photoperiod. A clip cage, first cleaned by rinsing with 70% ethanol and exposure to UV light for 30min, was attached to the oldest leaf of each plant and the cage was supported so that the leaf was not overloaded by its weight (Supplementary Figure 1D). An adult field-collected female beetle and a small water-drenched cotton ball were added to each cage in the treatment group. The cages in the control group contained no beetle but were otherwise treated identically. After 3days, the cages were removed, and plants were grown for 11 additional days. Individual beetles were stored in 70% EtOH at −20°C until the symbiont-containing glands were dissected. DNA was extracted individually along with five no template extraction controls using the Epicentre MasterPure™ kit and following the manufacturer’s instructions. Leaf tissue was collected from each plant in an area that was within the corresponding clip cage. RNA was extracted utilizing the Epicentre MasterPure™ kit following the manufacturer’s instructions and reverse transcribed using a QuantiTect® Reverse Transcription kit as indicated by the manufacturer. In addition, we analyzed cDNA from soybean (Glycine max) plants exposed to beetles as described previously (Flórez et al., 2017), but refining the analysis to the strain level. To assess the presence of Burkholderia, we targeted the 16S rRNA, gyrase subunit B and the trans-AT PKS lgaG genes (Supplementary Table 2). Furthermore, high-throughput amplicon sequencing of the bacterial 16S rRNA gene was carried out on the dissected symbiotic glands of each beetle and leaf tissue from the corresponding plant, as described in “High-Throughput Amplicon Sequencing on Bacterial 16S.”



Bacterial Transmission From the Insect to Leaf Litter and Soil

To assess whether the Burkholderia bacteria from L. villosa can be transmitted to and survive on leaf litter, 12 groups of 5–6 field collected adult beetles were kept in rearing boxes. In addition, 10 boxes without beetles were treated identically and served as a control. Every second day, a piece of fresh and dried leaf of soybean (G. max), pea (Pisum sativum), and rape (Brassica napus) were placed in the boxes. After 30days of exposure, all leaves were collected from each box. Following homogenization, RNA was extracted from the leaf tissue. The obtained cDNA was analyzed via qPCR using the primers Burk16S_1_F and Burk16S_1_R (Supplementary Table 2).

To evaluate transmission to the environment in semi-natural conditions, the presence of Burkholderia bacteria was monitored in terrariums containing soil, live soybean plants, and leaf litter and set up as described in “Influence of the Environment in Symbiont Maintenance.” In a first assay, fresh leaves, withered leaves, and soil samples (six of each) were collected directly before placing 31 L. villosa adults, pupae, and larvae. Six weeks after introducing the insects, six fresh leaves, six withered leaves, and nine soil samples were collected and stored dry at −80°C. DNA was extracted using the DNeasy PowerSoil Kit (Qiagen) as indicated by the manufacturer. In a second terrarium assay aiming to evaluate the presence of live bacteria, six replicates of each sample type (withered leaves, fresh leaves, and soil) were collected before introducing 28 L. villosa of different life stages. After six weeks, six replicates of each sample type were collected. RNA was extracted using the RNeasy PowerSoil Total RNA Kit (Qiagen) following the manufacturer’s instructions and reverse transcribed into cDNA using a FIREScript RT cDNA Synthesis KIT (SolisBioDyne) as indicated by the manufacturer. All samples were analyzed for the presence of B. gladioli and specifically Burkholderia Lv-StB via diagnostic PCRs targeting the gyrB and lgaG genes using primer pairs gla-Fw/gyrB-Burk_R and LgaG_3_fwd/LgaG_4_rev (Supplementary Table 2) and subsequent Sanger Sequencing. Additionally, 10 leaf litter samples of soybean (G. max) and radish (Raphanus sp.) plants from a beetle collection site were analyzed. DNA was extracted with the Epicentre MasterPure™ (Epicentre Technologies) kit following the manufacturer’s instructions and screened via PCR targeting the 16S rRNA, gyrB, and lgaG genes (Supplementary Table 2) for the presence of the symbiotic bacteria. To verify the species of collected field plants, we used primers targeting the maturase K (matK) plastid gene and the ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) plastid gene (Supplementary Table 2).



Plant Infection by Culturable Symbionts

To investigate the interaction of culturable symbiotic B. gladioli bacteria with wheat and rice, plants of each species were inoculated with Lv-StA. After standard sowing as described in “Standard Sowing for Semi Sterile Plant Rearing,” 40 plants per species of similar height were selected and a leaf was wounded in the central area using a razor blade. Half of the plants per species were inoculated on the wound with 5μl of a 106 cell/μl suspension of Lv-StA, and water was applied to the second half. After 21days (wheat) or 28days (rice), three tissue samples were taken from six plants of each group; the first from the original infection location (ori), the second from the next leaf developed after infection (new), and the third one from the stem between those two leaves (stem; Supplementary Figure 1E). The tissue samples were weighed, and RNA was extracted, reverse transcribed, and the 16S rRNA gene copy numbers were identified via qPCR, using the primers “Burk16S_StA-G_F” and “Burk3.1Rev.” (Supplementary Table 3). In addition, plant height was measured on the day of infection and every 7days over the course of the experiment, and leaf necrosis was monitored qualitatively. All plants were subsequently dried for 24h at 70°C, either completely or without the previously collected tissue samples, and their dry weight was measured using a Denver Instrument SI-64 balance to a precision of 0.1mg.



Acquisition of the Culturable Symbiont From Leaf Litter

To obtain symbiont-free (aposymbiotic) individuals, L. villosa eggs were submerged in 95% ethanol for 5min and rinsed thoroughly with autoclaved water. Subsequently, they were sterilized in 12% NaClO for 30s and rinsed again with autoclaved water. Sterile PBS was then added to the eggs at a volume corresponding to 2.5μl per egg. To evaluate whether larvae that hatched from treated eggs were symbiont-free, a diagnostic PCR with Burkholderia-specific primers (Burk3.1fwd and BKH1434Rw, Supplementary Table 2) was performed on six individuals, confirming the absence of Burkholderia. Fresh and dried leaves of soybean (G. max), pea (P. sativum), and rape (B. napus) were inoculated with 20μl of a suspension containing 106 CFUs of symbiotic B. gladioli Lv-StA in sterile tap water, by distributing the suspension on the leaves with a sterile paintbrush. As a control, leaves were smeared with sterilized tap water. Twenty (treatment) and 12 (control) symbiont-free L. villosa larvae at second or third instar were exposed to the leaves until completion of development (41±7days) under 14L:10D conditions. Temperature and humidity were monitored during the experiment. Inoculated leaves were placed inside larvae boxes every second day and sterile drinking water was replaced once a week. L. villosa individuals were collected shortly after reaching adulthood, surface sterilized in 70% ethanol and their sex was determined by dissecting each specimen. The paired accessory glands from females were separated carefully from the gut and the rest of the body. One of the two structures was kept at −80°C for testing the presence of bacterial symbionts by extracting DNA and RNA, with diagnostic and quantitative PCRs, respectively, targeting the 16S rRNA gene. The other half was kept in 70% ethanol for visualization of Burkholderia using FISH utilizing the probes Burk_16S-Cy3 and EUB338-Cy5 (Supplementary Table 3).

DNA and RNA were extracted using the MasterPure™ Complete DNA and RNA Purification Kit according to the manufacturer’s instructions. All solutions used for RNA extraction were prepared in Diethylpyrocarbonate (DEPC) treated H2O, and RNaseZap Decontamination Solution (Thermo Fisher Scientific, Waltham, United States) was used in order to avoid RNase contamination. The diagnostic PCRs were performed with the Lv-StA specific primer pair Burk16S_StA-G_F and Burk3.1Rev to evaluate horizontal acquisition of the provided strain, as well as with primers specific for Lv-StB (Burk16S_StB_F and Burk3.1Rev) to rule out background presence of the naturally dominant strain in the treated larvae (Supplementary Table 2). PCR amplifications were performed as described in “Diagnostic PCR and Real Time Quantitative PCR.” Reverse transcription of RNA was carried out with the QuantiTect® Reverse Transcription kit following the manufacturer’s protocol, and qPCR was conducted as described in “Diagnostic PCR and Real Time Quantitative PCR.” Escherichia coli K-12 and ultrapure H2O were used as controls.



Influence of the Environment in Symbiont Maintenance

To assess whether the environment has an influence on the stability of the symbiosis, we set up two terrariums to simulate semi-natural conditions. Each container (80cm×120cm×35cm) was filled with a 2cm bottom layer of autoclaved vermiculite, followed by an 11cm layer of autoclaved soil, and then watered with 8L of tap water. Eleven soybean plants were planted in each. The containers were each covered with a cage (80cm×120cm×100cm) that allowed for complete illumination and ventilation. Temperature, humidity, and day-night cycle were kept equivalent to standard rearing.

Thirty-one field-collected L. villosa from different life stages (larvae, pupae, and adults) were initially introduced. After six weeks, six larvae were collected from different areas in the habitat, as well as three larvae from standard rearing containers (see Beetle collection and standard rearing). On week 9, seven additional larvae from the terrarium and 10 larvae from the standard containers were sampled. Samples were stored dry at −80°C until DNA of all samples was extracted using the DNeasy PowerSoil Kit (Qiagen). The second terrarium initially housed 27 field-collected individuals. In this case, 24 larvae were collected from the habitat six weeks after introducing the insects, alongside 19 larvae from standard containers, and stored identically. Larval DNA was extracted with the Epicentre MasterPure™ kit (Epicentre Technologies). All procedures were conducted following the manufacturer’s instructions. Diagnostic PCRs were carried out on the lgaG gene with subsequent Sanger sequencing as described above (Sanger sequencing, sequence analysis, and amplicon cloning in E. coli).



High-Throughput Amplicon Sequencing on Bacterial 16S

For plant samples, cDNA generated as described in “Bacterial transmission from the insect to plants” was used. For female beetle glands, genomic DNA was obtained as also detailed in “Bacterial transmission from the insect to plants”, including five negative controls for DNA extraction. The V4 region of the 16S rRNA gene was sequenced by a commercial provider (StarSeq, Mainz, Germany) on an Illumina MiSeq platform with V3 chemistry, using primers 515F (Parada et al., 2016) and 806bR (Caporaso et al., 2011, 2012), double indexing, and a paired end approach with read length of 300nt, as well as 25% PhiX to balance the composition of bases. As sequencing controls, two no template samples and one DNA standard sample (ZymoBIOMICS™ Microbial Community DNA Standard) were included. Demultiplexing was carried out using bcl2fastq2 including the generation of fastq files for indexes and allowing for zero mismatches in the barcodes. Amplicon sequence variants (ASVs) were inferred using the R package DADA2 (Callahan et al., 2016) with default parameters including dereplication and chimera removal. Reads were trimmed to lengths of 250 and 140nt for forward and reverse reads, respectively. Taxonomy was assigned using the pre-trained classifier Silva 132 (Quast et al., 2013; Yilmaz et al., 2014) with subsequent removal of reads classified as chloroplast or mitochondria. To elucidate strain-level diversity, all 52 bins assigned to the family Burkholderiaceae were further analyzed. The representative sequence of each bin was blasted against a local database containing Lagriinae-associated Burkholderia strain sequences and every representative sequence that had a pairwise identity of over 99% to a sequence in the database was assigned accordingly.

During data analysis, we detected presumable misassignments in sequencing indexes. To mitigate false positives, we used the python script unspread.py (Larsson et al., 2018). The spreading rate (0.0002) was calculated as the number of Lv-StB reads in experimental control samples divided by the median of Lv-StB reads in samples with high read numbers (beetle glands) in each corresponding column and row on the sequencing plate.



Fluorescence in situ Hybridization

Fluorescence in situ hybridization was performed to localize Burkholderia in plant tissues as well as in dissected beetle glands. The samples were individually fixed in Carnoy’s solution (67% ethanol, 25% chloroform, and 8% glacial acetic acid) and dehydrated in an n-Butanol series of ascending concentration (30, 50, 70, 80, 90, and 96%). The samples were then embedded in Technovit 8100 (Heraeus Kulzer) following the manufacturer’s instructions. Histological sections of 8μm thickness were cut with a glass knife on a Leica RM 2245 microtome and transferred to glass slides. For the FISH hybridization mix, fluorescently labelled oligonucleotide probes (Supplementary Table 3) were diluted 1:20 in hybridization buffer, and 5μg/ml DAPI was added for host cell counterstaining. The hybridization buffer consisted of 80% dH2O, 18% 5M NaCl, and 2% 1M Tris/HCl (pH=8) with an additional 1μl 10% SDS per 1ml. Each slide was treated with 100–150μl hybridization mix and covered with parafilm. The slides were placed on a moist paper towel in a closed box and hybridized for 90min at 50°C. Subsequently, slides were transferred into wash buffer and incubated at 50°C for 20min. The wash buffer consisted of 95% dH2O, 2% 5M NaCl, 2% 1M Tris/HCl (pH=8), and 1% 0.5M EDTA with an additional 1μl 10% SDS per 1ml. Following another washing step in distilled water at 50°C for 20min, slides were briefly air dried in the dark, a small drop of VectaShield® was applied to each sample and a cover slip was added. Samples were observed under an Axio Imager.Z2 epifluorescence microscope (Zeiss) equipped with an ApoTome.2. Pictures were taken with an Axiocam 506 monochromatic camera (Zeiss) and processed with AxioVision software (Lite Edition 4.8.1, Zeiss).




RESULTS

To better understand the role of the plant environment in the L. villosa – Burkholderia symbiosis, we first tested the potential for the symbiotic bacteria to be transmitted to and survive in live plants or leaf litter (sections “Transmission of the beetle symbionts to plants,” “Culturable B. gladioli Lv-StA survive and spread in plants after inoculation,” and “Transmission of beetle symbionts to soil and leaf litter”) and then assessed their potential for being acquired by the beetle from the plant environment (“Acquisition of a culturable Burkholderia symbiont from the environment”). Finally, given our previous observations on symbiont loss in controlled laboratory conditions, we evaluated whether a semi-natural environment containing live plants, soil, and leaf litter contributes to the overall stability of the symbiosis (“The plant environment sustains the symbiosis with Burkholderia”).


Transmission of the Beetle Symbionts to Plants

To evaluate whether L. villosa beetles can transmit their bacterial symbionts to plant hosts, we screened for the presence of Burkholderia in leaves from rice and wheat plants that were in contact with the beetles. As detailed below, we used cDNA-based diagnostic PCRs and Sanger sequencing, as well as 16S rRNA amplicon sequencing of both the leaves and the accessory glands dissected from the individual adult females that were exposed to each plant.


Burkholderia Screening Based on Multiple Gene Markers

To determine whether and which Burkholdera strains were transmitted to rice and wheat plants, as well as soybean plants, we carried out PCRs on cDNA targeting the genes encoding for the 16S rRNA, the DNA gyrase subunit B, and a trans-AT polyketide-synthase specific for the production of lagriamide (lgaG). Lagrimide is exclusively synthesized by the dominant symbiont strain Lv-StB (Flórez et al., 2018; Waterworth et al., 2020). Additionally, we carried out Sanger sequencing of the gyrB and lgaG amplicons to confirm that the sequences indeed originated from Lv-StB. We used reverse-transcribed RNA of plant tissues collected 11 or 12days after exposure to the beetles, aiming to assess the presence of live cells. Across all three different plant species, we found evidence for symbiont presence in individual plants exposed to L. villosa beetles. Given that amplification was not fully consistent across different genes for a given sample, we considered a positive result in two or more genes, including sequencing confirmation, to be plants that were very likely infected. Based on this assessment, Lv-StB was detected with high certainty in one rice and one soybean individuals out of 18 plants, respectively, while in wheat, the infection rate was of five out of 18 individuals (Figure 1). However, a less conservative estimation suggests that between five and seven individuals per species, i.e., close to one third of the plants, were infected. No Lv-StB bacteria were detected in any of the 45 unexposed control plants (N=18 for wheat and rice, N=9 for soybean).

[image: Figure 1]

FIGURE 1. Transmission of Burkholderia strains from Lagria villosa adults to wheat, rice, and soybean plants. Results were obtained with diagnostic PCRs using Burkholderia-specific primers targeting the 16S rRNA and gyrB genes, or Burkholderia Lv-StB – specific primers targeting the lgaG gene. Sanger or Illumina sequencing was carried out for the obtained amplicons. The B. gladioli strains targeted by each method are indicated below the blue horizontal lines. Blue filled tiles represent a positive indication of Burkholderia presence, empty tiles indicate no sign of Burkholderia presence, and grey tiles indicate the method was not applied on that sample. Occasionally, a signal was found via PCR but sequencing was unsuccessful. All controls (N=18 for wheat and rice, respectively, N=9 for soybean) were negative across all methods.




Burkholderia Screening Based on Illumina 16S rRNA Amplicon Sequencing

We carried out 16S amplicon sequencing to complement the previous approach in assessing Burkholderia infection in the exposed leaves, and to evaluate the presence of Lv-StB and other associated bacteria in the glands of each corresponding beetle. After quality trimming and filtering, merging of pairs and chimera removal, we obtained between 29,259 and 153,209 reads per sample, with an average of 67,309 reads. A low number of Lv-StB reads was present across a majority of the library presumably due to crosstalk associated to index misassignments, which can occur in multiplexed sequencing libraries (Wright and Vetsigian 2016; Larsson et al., 2018). To overcome this issue, a correction was applied following the previously described “unspread” method (Larsson et al., 2018). After this adjustment, the samples contained between 29,087 and 153,155 reads, and 67,198 on average. Particularly in the plant samples, a considerable fraction of these reads corresponded to chloroplasts, which were filtered out from the data set along with mitochondria, obtaining minimum 71 and maximum 152,954 reads per sample, 37,080 on average, and a total of 1,028 ASVs (Supplementary Table 4). Samples that retained less than 50 reads were not considered further. Since the aim of the study was not to provide profiles of the plant microbial community, but rather to confirm the presence of our target strain Lv-StB, we went further with this amount of reads in plant samples despite the considerably low threshold. For the same reason, the data from rice and wheat should not be considered representative regarding the overall community composition and diversity.

Most of the analyzed beetle glands harbored B. gladioli bacteria, that is 92.3% (12/13) of the insects placed on rice plants and 94.1% (16/17) of those on wheat plants. As expected, Lv-StB was dominant among B. gladioli strains, and only minor abundances of three other strains (Lv-StE, Lv-StK, and Lv-StJ) were occasionally present in the beetles (Figure 2A). The bacterial screening in the plants confirmed that Burkholderia is occasionally transmitted to rice and wheat plants (Figure 2B). In the unspread corrected data, Lv-StB was not part of the community in unexposed control plants that were sequenced as pools (Supplementary Figures 2, 3). By contrast, the symbiotic Lv-StB was found in 14.3% (2/14) of the rice plants and in 29.4% (5/17) of the wheat plants that had been in contact with beetles (Figure 1). Even when evaluating the uncorrected sequence data, which presumably still includes reads assigned to false samples due to cross-talk, results confirm that Lv-StB read counts were significantly higher (Mann-Whitney U test, n=7, n=35, p<0.001) for samples where the strain is present according to diagnostic PCR and Sanger sequencing tests (median read number=119) than for samples where the bacterium was not expected (median read number=0). This indicates that the overall conclusion of transmission potential is supported by the data independent of the quantitative correction.
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FIGURE 2. Bacterial community composition in (A) glands of L. villosa beetles and (B) plant tissue that was exposed to the corresponding beetles, excluding samples that did not meet the threshold after chloroplast sequence removal. The relative abundance of bacterial amplicon sequence variants (ASVs) assessed at genus level by DADA2 analysis on the V4 region of the 16S rRNA gene is represented. Only the 30 most abundant bacterial ASVs for each corresponding sample type (glands or plants) are shown, and the remaining ASVs are grouped as “OTHER.” Beetle-associated ASVs are highlighted in color, and ASVs only associated to plants are depicted in grey. Genera names highlighted in bold correspond to identical ASVs in both gland and plant samples. NC = Negative control pools from plants that were not exposed to beetles.


According to our 16S rRNA amplicon sequencing data, no other bacteria besides Burkholderia were frequently transmitted to the plants when analyzing the 30 most abundant ASVs in the beetle glands (Supplementary Data 1). However, there may be occasional exchange of non-Burkholderia bacteria in either direction, or an indirect impact of beetle exposure on the local bacterial community in the leaf. Among the taxa that are predominant in both beetles and plants, only ASVs identified as Klebsiella, Lactococcus, and Escherichia/Shigella were sporadically shared between the beetle and the corresponding plant individual, in addition to Lv-StB (Figure 2; Supplementary Figure 4).




Culturable B. gladioli Lv-StA Survive and Spread in Plants After Inoculation

About 21days after manual infection of wheat plants with the culturable symbiont Lv-StA, we found significantly higher cDNA copy numbers of the 16S rRNA gene in the originally inoculated leaf in treated plants than in uninfected control individuals. There was some background amplification in a few of the uninfected controls, but the differences with the infected treatment were highly siginficant (Kruskal Wallis: χ2=11.39, N=6, df=2, and p<0.005; Post hoc Dunn’s – Test: z=2.87; p<0.005) (Supplementary Figure 5). An analogous result was found for rice plants 28days after the infection. Again, we found higher titers within the originally inoculated leaf in treated plants than in control plants (Kruskal Wallis: χ2=11.39, N=6, df=2, and p<0.01; Post hoc Dunn’s – Test: z=3.06; p<0.005) (Supplementary Figure 6) We have included all Ct values and calculated copy numbers in Supplementary Data 2.

Lv-StA can also translocate to younger leaves. This is indicated by the higher cDNA copy numbers of the symbionts compared to unexposed controls in wheat plants (Kruskal Wallis: χ2=7.14, N=6, df=2, and p<0.05; Post hoc Dunn’s – Test: z=2.34; p<0.05) as well as in rice plants (Kruskal Wallis: χ2=7.14, N=6, df=2, and p<0.05; Post hoc Dunn’s – Test: z=2.83; p<0.005) (Supplementary Figures 5, 6).



Transmission of Beetle Symbionts to Soil and Leaf Litter

In addition to infections on live host plants, we examined whether the symbionts could be exchanged with leaf litter and soil in the environment. Dry leaves that had been deliberately exposed to field-collected L. villosa female beetles carried on average 3×107 Burkholderia 16S rRNA gene copies based on the quantification of cDNA per mg leaf litter (Supplementary Data 2). These titers were significantly higher than those detected in unexposed leaves, which fell in the range of no template controls in the qPCR (Wilcoxon Rank Sum test, p<0.001, Figure 3). However, the specific identity of the Burkholderia strain(s) was not established in these samples. In a semi-natural environment including live plants and soil that were exposed to L. villosa beetles, DNA of Lv-StB was detected in fresh leaves (33.3%; 2/6), leaf litter (16.7%; 1/6), and soil (22.2%; 2/9) via lgaG-specific diagnostic PCR and subsequent Sanger sequencing. However, an RNA-based assessment from a subsequent experiment did not confirm the long-term survival of Lv-StB symbionts in leaves and soil within the terrarium. When evaluating environmental samples taken from beetle collection sites, Lv-StB DNA was found in leaf litter in three of 10 soybean and radish samples. However, whether this corresponds to live or dead cells is unknown.
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FIGURE 3. Symbiont transmission from beetles to leaf litter. Burkholderia 16S rRNA was detected in leaf litter samples exposed to adult L. villosa beetles (N=12) in significantly higher copy numbers than in unexposed leaves serving as a control (N=10; Wilcoxon Rank Sum test, p<0.001), which resembled quantitative PCR (qPCR) negative controls (NC). Dots within the violin plot represent individual samples and horizontal lines indicate the median. NC includes sterile water (3x) and Escherichia coli genomic DNA (2x).




Acquisition of a Culturable Burkholderia Symbiont From the Environment

Aposymbiotic individuals in the larval stage that were exposed to leaf litter smeared with Lv-StA picked up the symbiont and accommodated the bacteria up to the adult stage in 70% (14/20) of the cases. We considered a sample as infected only if it had a positive result in the diagnostic PCR and was above 1×106 Burkholderia 16S rRNA gene copies based on the cDNA-based qPCR (Supplementary Data 2). The unexposed control group showed weak signs of Burkholderia in three of the 12 samples, although all were below 1×106 Burkholderia 16S rRNA gene copies. There were in general significantly higher titers of bacteria in symbiont-exposed individuals compared to unexposed counterparts as measured via qPCR on cDNA. Additionally, the melting curves suggest that some unspecific amplification occurred in the controls although we refrained from applying any corrections. Despite this conservative approach, the difference between treatments was highly significant (Wilcoxon Rank Sum test, p<0.001; Figure 4). FISH using Burkholderia-specific and general eubacterial probes on histological sections of adult females that had been exposed to Lv-StA as larvae revealed that the Burkholderia bacteria successfully colonized the accessory glands of the female reproductive system in two out of two analyzed individuals, whereas none of two inspected individuals of the control group showed presence of Burkholderia (Figure 5). Notably, if in natural conditions vertical transmission of Lv-StB and other bacteria in the maternal secretions is successful, the probability of incorporating horizontally acquired strains might be reduced. Therefore, we expect that the rate of horizontal transmission in the field is likely lower than what we observe here.
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FIGURE 4. Environmental acquisition of B. gladioli Lv-StA by L. villosa evaluated via qPCR. Abundances of Lv-StA in single glands of adult L. villosa females exposed as aposymbiotic larvae to the bacteria are shown. Detected gene copy numbers of Lv-StA 16S rRNA are significantly higher in individuals that were exposed to infected leaves (N=20) than in non-exposed control insects (N=12; Wilcoxon Rank Sum test, p<0.001). Titers in non-exposed beetles were on par with or below qPCR NCs, which include no-template samples (3x) and E. coli genomic DNA (1x). Dots within the violin plot represent individual samples and lines indicate the median.
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FIGURE 5. Micrographs showing environmental acquisition of B. gladioli Lv-StA by L. villosa or absence in an unexposed control. (A,C,E,G,I) Lv-StA presence in cross-sections (8μm) of the accessory glands of an adult L. villosa that had been exposed to Lv-StA during the larval stage. (B,D,F,H,J) show an aposymbiotic control individual. In (A) and (C), symbiont cells are represented in yellow and white arrowheads denote exemplary symbiont cells. Fluorescent signals in individual channels correspond to (E,F) Burkholderia specific labeling in green (Burk_16S-Cy5), (G,H) general eubacteria labelled in red (EUB338-Cy3), and (A–D,I,J) nucleic acids unspecifically labeled in blue (DAPI) showing host cell nuclei. The scale bars represent 50μm. For clarity, H shows autofluorescence from the host tissues in the Cy3 channel.




The Plant Environment Sustains the Symbiosis With Burkholderia

L. villosa are more likely to keep their symbionts across generations in an environment that resembles natural living conditions with living plants and soil, than in plastic containers lacking substrate and with a controlled supply of harvested leaves and water (Terrarium 1: χ2=9.8462, df=1, N=26, and p<0.005; Terrarium 2: χ2=7.9922, df=1, N=43, and p<0.005). Considering all evaluated individuals, 86.5% of first lab generation larvae retained their symbionts in semi-natural terrarium conditions whereas only 31.3% of larvae from the same generation larvae kept in plastic containers maintained the Lv-StB symbiont as assessed by diagnostic PCR and Sanger Sequencing (Supplementary Figure 7).




DISCUSSION

Here, we demonstrate that bacterial symbiont strains of L. villosa beetles with starkly different genome sizes and host-dependence can be transmitted to live plants. In addition to the established route for vertical transmission, the beetles can acquire Burkholderia symbionts from the environment and are more likely to retain the naturally dominant symbiont strain if continuously exposed to soil and plants (Figure 6). This indicates that the beetle-symbiont association is partially open to exchange with the environment and there is likely a mixed-mode transmission of at least two symbiont strains.
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FIGURE 6. Overview of demonstrated transmission routes in the L. villosa – Burkholderia symbiosis. The beetles can transmit the reduced-genome symbiont Lv-StB vertically, as well as horizontally to plants. In addition, they can transmit unidentified B. gladioli strain(s) to leaf litter. Lv-StA, the culturable strain without signs of genome erosion, is capable of infecting and surviving in different plant hosts and can be acquired from the leaf litter by the insect. The numbers in parenthesis indicate the section of the manuscript, or the published reference, in which evidence for each transmission route is provided.



Transmission Routes of Burkholderia Strains in Lagria villosa

A mixed-mode transmission confers potential benefits for the host and is in line with the notion that exclusive vertical or horizontal transmission are likely the exception rather than the rule (Ebert, 2013). While the colonization of offspring is guaranteed for each generation through highly reliable vertical transmission routes, additional horizontal acquisition can be an effective way to pick up symbionts early in development if the vertical transmission route is less secure. Also, occasional horizontal symbiont acquisition might be advantageous for the host to rapidly adapt to evolutionary challenges like unstable environments or fluctuating occurrence of natural enemies (da Costa and Poulsen, 2018). Similarly, a mixed transmission mode might facilitate the association with multiple symbiont strains with a broader metabolic spectrum. This is plausible in the Lagria – Burkholderia symbiosis, given that the antifungal compound produced by Lv-StB, lagriamide, is not produced by any of the related strains associated to L. villosa, including Lv-StA. In turn, Lv-StB does not synthesize any of the so far identified bioactive compounds produced by Lv-StA, some of which are also antibacterial (Flórez et al., 2017, 2018; Waterworth et al., 2020). Therefore, these distinct strains may be able to protect the offspring against a wider variety of pathogens in the environment. It is important to note, however, that control mechanisms regulating the composition of the community are likely important for the stability of the association in a system that is partially open to the environment. Such means for regulation might come from the host, the bacteria, or both, as has been described in other symbioses involving horizontal transmission (Ohbayashi et al., 2020).

Maintaining the ability to leave the insect host and switch between multiple hosts can also be beneficial for the bacterial partner. The food plant can be a provisional nutrient-rich environment, or might serve as a refuge when the insect host is scarce, even if not an optimal environment for insect-adapted strains (Frago et al., 2012; Tago et al., 2015). Alternatively, some strains might be more closely affiliated to the plant and use the insect as a vector. In general, the opportunity for multiple transmission routes is expected to be beneficial for the bacteria unless there are significant trade-offs. The tendency to engage more strongly in one mode or the other is known to be plastic in other symbionts, and might depend on both the environment and host-associated factors (Ebert, 2013). Importantly, the possibility for adjusting the transmission mode ratio provides the opportunity to more flexibly respond to selective pressures (Ebert, 2013). Additionally, horizontal transmission ameliorates some of the negative consequences of strict vertical transmission on the symbiont, i.e., lack of recombination, subsequent accumulation of deleterious mutations, and gene loss facilitated by a small effective population size, particularly during transmission (Moran, 1996; Fisher et al., 2017). Consequently, mixed transmission might offer advantages to both the L. villosa beetles and the associated Burkholderia, although the fitness benefits of horizontal transmission remain to be confirmed for the predominant symbiont Lv-StB. Based on our screening experiments, it is unlikely that Lv-StB is present in high titers or reproduces rapidly in live plants. However, the specific detection of LvStB-RNA in rice, wheat and soy plants more than a week after contact with the beetles suggests that this strain can at least survive for some time in a plant host. This is supported by the presence of Lv-StB 16S rRNA gene sequence reads in plants exposed to beetles, despite the low number of total reads in the cDNA-based amplicon profiles. Based on the infection rates in this assay, it is possible that the chances of transmission and/or survival of Burkholderia differ between plant species, although the mechanistic basis of this difference is not known. Taken together, these results indicate that Lv-StB has the potential for horizontal transmission via plants, but the contribution of this route to the long-term success of the symbionts remains to be elucidated in future studies.

Mixed-mode transmission might represent a long-term stable strategy or an intermediate stage in evolution from environmental acquisition to vertical transmission. In the oriental chinch bug, for example, Burkholderia symbionts housed in gut crypts are regularly acquired from the environment, as also occurs in multiple other bug species of this and related superfamilies (Kikuchi et al., 2010; Itoh et al., 2014). However, in this species, close to a third of the nymphs take up the symbionts from the eggs suggesting a nascent vertical transmission route (Itoh et al., 2014). In L. villosa, it is likely that Lv-StB is at a more advanced stage in this process and its ability to survive in the plant, at least temporarily, is a remnant of a former lifestyle. We base this assumption on the fact that, compared to the other symbiotic B. gladioli strains in this beetle (Waterworth et al., 2020), as well as other free-living and host-associated Burkholderia bacteria (Beukes et al., 2017; Kaltenpoth and Flórez, 2020), Lv-StB has a considerably reduced genome and shows signs of increased host dependence. The strain is lacking a large proportion of genes involved in primary metabolism, as well as homologous recombination and DNA repair (Waterworth et al., 2020), which is in line with the process of genome erosion observed in symbionts with predominant vertical transmission (Muller, 1964; Moran et al., 2008; Fisher et al., 2017). Lv-StB also lacks genes for motility that are present in its closest relatives (Waterworth et al., 2020), which might limit transitioning between hosts unless external mechanisms aid in dispersal and colonization. Even though Lv-StB has lost many genes involved in primary metabolism, it still encodes a number of transporter genes that could facilitate nutrient uptake from the host and/or other microorganisms (Waterworth et al., 2020). Presumably, a key moment in the evolution of this symbiosis was the acquisition via horizontal gene transfer of the hybrid trans-AT PKS/NRPS biosynthesis gene cluster for the production of lagriamide in Lv-StB, which likely provides a fitness advantage for the host due to its antifungal activity (Flórez et al., 2018). Thereby, a more consistent association to this strain was potentially reinforced, enhancing vertical transmission and the associated genome erosion (Waterworth et al., 2020).

Other symbiotic B. gladioli strains, however, are not highly dependent on the beetle host and can infect several plants reaching different plant tissues, albeit in low numbers. The culturable strain Lv-StA was able to sustain an infection for at least 38days in soybean plants, and at least 21days in wheat and rice plants after manual inoculation (Supplementary Figures 5, 6). These observations, along with the considerably larger genome size of this strain (8–8.5Mb) and the only occasional occurrence of Lv-StA in field collected L. villosa beetles (Flórez and Kaltenpoth, 2017), are in line with a predominantly free-living or plant-associated lifestyle.

The specific means of horizontal transfer remains unclear and might be a byproduct of host behavior. Since the symbiont-housing glands of adult L. villosa females have direct openings to the exterior adjacent to the ovipositor, it is possible that these come into contact with the environment during egg-laying or when the ovipositor is partially protracted, which happens regularly in these beetles. Horizontal spread of symbionts to a plant during oviposition has been reported for example in fruit flies, where gut symbionts are transmitted to the plant and subsequently support the larvae by promoting decay of the plant tissue (Behar et al., 2008). In L. villosa larvae, the symbionts are housed in three dorsal cuticular invaginations (Stammer, 1929; Flórez et al., 2017) that might allow for exchange of bacteria with the soil and/or leaf litter. Accompanying these behavioral and morphological host traits, it is likely that at least some of the symbiotic strains evolved mechanisms that facilitate horizontal infection of the beetle. Regarding non-Lv-StB strains and non-Burkholderia bacteria present in the beetle female glands, these are generally not detected in plants after exposure to the insects. This might be associated to the low abundance and prevalence in the beetle, although occasional transfer in either direction cannot be ruled out. Furthermore, it is possible that not only entering the host glands, but also outcompeting other strains during the process of transmission and establishment is relevant, as has recently been shown for gut crypt-colonizing Burkholderia symbionts of stinkbugs (Itoh et al., 2019).



The Soil and Plant Environment Positively Influences Maintenance of the Symbionts

The reason underlying symbiont loss under lab conditions by L. villosa – as well as Lagria hirta (Flórez and Kaltenpoth, 2017) – is not yet fully understood. It is worth noting that the symbiosis with Burkholderia is facultative for the beetle host, and infection rates of 100% are not necessarily expected nor observed in the congeneric species L. hirta (Flórez and Kaltenpoth, 2017). However, our results show that the symbionts are more likely to be maintained if the insects are kept in an environment with soil, leaf litter, and live plants rather than in cages only containing leaves and water. The semi-natural environment possibly serves as a source of bacteria, which is in line with our findings on the transfer from and to plants, as well as the potential presence of symbiotic Burkholderia in the field. Therefore, the maintenance of the Burkholderia – L. villosa symbiosis might be at least partially dependent on horizontal symbiont acquisition. Also, abiotic conditions potentially affecting transmission, like humidity or a specific microclimate, could be more suitable for symbiont persistence in the semi-natural setup. The more natural environment might additionally offer improved nutritional provisions for the beetle that indirectly support symbiont maintenance in the host. While the presumably lower exposure to pathogens in the frequently cleaned rearing boxes could reduce the pressure on maintaining costly defensive symbionts (Vorburger and Gouskov, 2011; Oliver et al., 2014; Polin et al., 2014), the observed loss occurs within a single generation and low pathogen pressure is thus unlikely to be the main driving factor.



Conclusion and Outlook

We show that the reduced genome symbiont B. gladioli Lv-StB in L. villosa beetles can be transferred to plant material in addition to being vertically transmitted. The long-term persistence and consequences for the symbiont are however unknown. Our findings also demonstrate that a closely related strain with low host dependence can be exchanged with the environment. Together, these results suggest that a mixed-mode transmission occurs in the Lagria – Burkholderia symbiosis, maintaining a dynamic system, with the plant environment likely playing a crucial role in the stability of the association.

In some animal hosts – including many insects – a symbiotic association with specific microbes progresses toward an increasingly dependent and often exclusive partnership. However, many others including Lagria beetles sustain interactions that retain moderate flexibility. This might be stabilized by the potential advantages of a dynamic interaction, or could represent a snapshot of an ongoing process of co-evolution. In particular, the Lagria-Burkholderia symbiosis is a useful system to better understand the ecological and evolutionary drivers of symbiosis between herbivorous insect hosts and plant-associated bacteria, as well as the maintenance of strain diversity in defensive symbiosis.
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Ficus carica plantations in Japan were first reported to be infested by an ambrosia beetle species, identified as Euwallacea interjectus, in 1996. The purpose of this study was to determine the symbiotic fungi of female adults of E. interjectus emerging from F. carica trees infected with fig wilt disease (FWD). Dispersal adults (51 females) of E. interjectus, which were collected from logs of an infested fig tree in Hiroshima Prefecture, Western Japan, were separated into three respective body parts (head, thorax, and abdomen) and used for fungal isolation. Isolated fungi were identified based on the morphological characteristics and DNA sequence data. Over 13 species of associated fungi were detected, of which a specific fungus, Fusarium kuroshium, was dominant in female head (including oral mycangia). The plant-pathogenic fungus of FWD, Ceratocystis ficicola, was not observed within any body parts of E. interjectus. We further discussed the relationship among E. interjectus and its associated fungi in fig tree.

Keywords: ambrosia Fusarium clade, Euwallacea interjectus, fig wilt disease, Fusarium kuroshium, Fusarium solani species complex, multi-gene phylogeny, mycangia


INTRODUCTION

Ambrosia beetles are wood-inhabiting insects which cultivate fungi as a source of nutrition typically in dead, but occasionally also in healthy, woody hosts (Hulcr and Stelinski, 2017). Most of the ambrosia beetles store and transport their fungal associates to and from their natal galleries in specialized transporting organs called mycangia (singular form: mycangium) (Batra, 1963; Hulcr and Cognato, 2010; Joseph and Keyhani, 2021) or mycetangia (singular form: mycetangium) (Vega and Biedermann, 2020). Once released from the mycangia, the fungi grow in galleries to provide nutrition to the beetles and their offspring (Batra, 1963; Mueller et al., 2005; Bentz and Six, 2006). Ambrosia beetle-associated fungi play a key role in the wood by competing with the decaying fungi of the woody tissues that they infest and thereby reducing their rate of decay (Skelton et al., 2019). Many ambrosia beetles and their associated fungi are ecologically constrained to the dying or dead trees and usually remain harmless even after establishment in non-native regions (Cognato et al., 2015). Nevertheless, some invasive symbioses have been found to shift from non-pathogenic saprotrophy in native ranges to prolific tree killing in invaded ranges and cause significant damage (Hulcr and Dunn, 2011; Ranger et al., 2015; Hulcr et al., 2017; Carrillo et al., 2019; Joseph and Keyhani, 2021).

Ambrosia beetles are successful invaders (Cognato et al., 2015; Li et al., 2015; Stouthamer et al., 2017; Dzurenko et al., 2021) which exist in part due to their haplodiploid mating system, wide host range, and association with the primary ambrosia fungi, such as Fusarium species, which can act as both the nutritional symbionts and weak phytopathogens (Kasson et al., 2013; O’Donnell et al., 2015). There were many differences in fungal symbionts, geographic range, host preference, and potential for symbiont switching in natural populations of these beetles (Carrillo et al., 2019, 2020). Fusarium symbionts of ambrosia beetles belong to the genus Euwallacea from the monophyletic group within clade 3 of the Fusarium solani species complex (FSSC). It is also known as the ambrosia Fusarium clade (AFC; Kasson et al., 2013). Recently, some species in the FSSC, including the AFC species, were reassigned to the genus Neocosmospora based on gene sequences and morphology (Sandoval-Denis and Crous, 2018; Sandoval-Denis et al., 2019; Veloso et al., 2021). Previous studies have identified the phenotypic characteristics that can be used to distinguish the AFC species (Aoki et al., 2018; Lynn et al., 2021) and elucidate their host range and pathogenic potential (Eskalen et al., 2013; Kuroda et al., 2017). This provided a basis for the development, management, monitoring, and eradication strategies. However, the specific mechanism of symbiosis between the Euwallacea beetle and the AFC has not yet been explored. To date, only eight of the 19 AFC species in the world have been described (Table 1). It has been argued for a relatively long time that the mycangial symbionts of ambrosia beetles are strictly asexual (Mayers et al., 2017). Obligate ambrosia beetle–fungus mutualism has been represented as a one-on-one relationship (Batra, 1963). Noticeably, it has been shown in recent discoveries that the relationship between Euwallacea beetle and its AFC symbiosis is more likely promiscuous in native areas as opposed to strictly obligate to a specific combination of fungi which is observed in the invaded areas (Carrillo et al., 2019).


TABLE 1. A worldwide summary of Euwallacea beetle–Fusarium fungus symbiosis in relation to tree damage.

[image: Table 1]
In Japan, the known causal agent of wilt disease on fig trees (Ficus carica L.) is Ceratocystis ficicola (Kajitani and Masuya, 2011). Fig wilt disease (FWD) has been found to be caused by the infestation of ambrosia beetle, Euwallacea interjectus (Blandford) (Coleoptera: Curculionidae: Scolytinae) (Kajitani, 1996, 1999; Morita et al., 2012; Kajii et al., 2013). It is a wood-boring pest of many tree species, such as poplar trees in Argentina and China and box elder (Acer negundo L.) in the United States (Samuelson, 1981; Aoki et al., 2019; Landi et al., 2019; Wang et al., 2020). Kajitani (1996) found that E. interjectus probably carried C. ficicola because C. ficicola was isolated from the fig twig into which its elytron (upper wing) was inoculated (Kajitani, 1999). In contrast, a few recent studies have discovered the presence of mycangia in the oral region (head) of female adults rather than in elytra (Li et al., 2018; Jiang et al., 2019; Figure 1). However, the role of E. interjectus in FWD as a suspected vector for C. ficicola is still unclear in Japan. It has been hypothesized that the oral mycangia of female adults might carry the fungal symbiont and/or plant pathogen to damage the host trees. Therefore, further investigation of fungal associates within the oral mycangia of E. interjectus would help in understanding the ecology and tree damage of the beetle species.
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FIGURE 1. Adult Euwallacea interjectus. (A) Female and (B) male in lateral view. (C) Cross-sections of oral mycangia (colored in yellow) with compacted fungal inoculum (colored in red) in female from red dotted line in panel (A) by micro-computed tomography scan in Jiang et al. (2019) (unpublished image).


The purpose of this study was to investigate the beetle–fungi relationship via the identification of the recovered fungal species from the ambrosia beetle (E. interjectus). This was carried out by using morphology and multi-gene phylogeny, which helped in determining whether these fungal associates are pathogens of the host (fig tree). Of all the fungal associates, our aim was to isolate the fungal species present among the body parts (head, thorax, and abdomen). These were further examined for the identification of fungal species in the wild E. interjectus population from the diseased fig tree. This would help in clarifying the role of E. interjectus in spreading FWD in Japan. This study contributes to the better understanding of insect–fungus symbiosis in microbial ecology and infection by insects with fungal symbiont in applied microbiology.



MATERIALS AND METHODS


Insect Preparation

Many pinholes made by insects were found on fig trees (variety Houraishi) infected with FWD in a fig orchard at Fukuyama, Hiroshima Prefecture, Western Japan. These insects were assumed to be E. interjectus based on the preliminary observation. All the insect specimens were identified by comparing the observed morphological characteristics with the previously published data (Cognato et al., 2015). This was done using an OLYMPUS SZ6045-TRPT stereomicroscope (Olympus Optical Co., Ltd., Tokyo, Japan) equipped with an OLYMPUS DP12 high-resolution microscope camera and Microsystems Digital Imaging software. Two branches, A (diameter = 11.5 cm; length = 31.5 cm) and B (diameter = 12.8 cm; length = 39.5 cm), were cut from different sections of the same infected fig tree on December 12, 2017. The infected fig tree in this study had typical FWD symptoms, showing wilting and discoloration of leaves. These branches had brown-discolored sapwood with no decay on the crosscut areas. They were stored in a cage present in the greenhouse at the Nagoya University Higashiyama Campus on December 15, 2017. During the emergence of insects from the branches, newly emerging beetle adults were sampled in the cage every 1 to 2 days. All specimens were directly kept into 1.5-ml sterile microcentrifuge tubes using disinfected forceps and transferred to the laboratory.



Fungal Isolation and Culturing

Potato dextrose agar (PDA: 4 g potato starch, 20 g dextrose, 15 g agar, and distilled water up to 1 L) supplemented with streptomycin sulfate (100 mg/L) and synthetic low-nutrient agar (SNA: 1 g KH2PO4, 1 g KNO3, 0.5 g MgSO4⋅7H2O, 0.5 g KCl, 0.2 g glucose, 20 g agar, and 1 L distilled water) were autoclaved at 121°C for 15 min and were used in all the experiments. Sterile petri dishes (INA-OPTIKA Co., Ltd., Osaka, Japan) were prepared with 10 ml of PDA or SNA culture medium and kept in a sterile laminar flow chamber under UV light until the solidification of the culture medium. Fungal cultures on the PDA were used to characterize the colony and odor, whereas those on SNA were employed for the examination of microscopic characteristics.

Whole beetles were surface-washed by vortexing for 15 s in 1 ml sterile distilled water and one small drop of Tween 20 (<10 μl). A second wash was performed using sterile distilled water only. Each washed beetle was separated into body parts, viz., head, thorax, and abdomen, via two sterilized pins under an OLYMPUS SZ6045-TRPT stereomicroscope (Olympus Optical Co., Ltd., Tokyo, Japan). Afterward, the three respective body parts were inoculated individually on PDA plates. The fungi were allowed to grow (25°C, dark) for 5 to 10 days before sub-identification. The total number of colonies formed on each plate was recorded, and five colonies from each sample were selected and streaked for purification. Representative subcultures of the dominant morphotype recovered from the three respective body parts were stored on PDA slants at room temperature.



Microscopic Observation

The specimens were initially characterized based on morphology and were grouped based on the similarities in the morphotype (such as growth speed, color, thickness, transparency, and texture). The spores were observed and photographed using a phase-contrast microscope Olympus BX41 (Olympus Optical Co., Ltd., Tokyo, Japan) and an Olympus FX380 3CCD digital camera system connected to the FLvFs software (Flovel Image Filling System version 2.30.03, Tokyo, Japan).



Fungal Identification

At least one culture from different groups was selected for DNA extraction, including a representative from each morphological group. Fungal identification was performed based on the morphological characteristics. This data was further supported by the sequencing of the internal transcribed spacer (ITS) rDNA and ambrosia Fusarium sequence data of three genes, viz., translational elongation factor 1-α (TEF1) and DNA-directed RNA polymerase II largest (RPB1) and second largest subunit (RPB2).

The mycelium of each isolate was harvested from the 2-week-old plates, and their DNAs were extracted by PrepMan® Ultra Sample preparation reagent (Applied BiosystemsTM) as per the instructions of the manufacturer. Polymerase chain reaction (PCR) amplification was conducted by using these extracted DNAs and primers ITS5/ITS4 (White et al., 1990) for ITS rDNA, EF1/EF2 (O’Donnell et al., 1998) for TEF1, newly designed primers, AF-RPB1F (5′-TTCCTCACCAAGGAGCAGAT-3′)/AF-RPB1R (5′-TCGCCAATAACATGGTCAAA-3′) for RPB1 and AF-RPB2F (5′-ACGATCCATGGAGTTCCTCA-3′)/AF-RPB2R (5′-CGTTGTACATGACCTCGAAA-3′) for RPB2. Then, 20 μl of PCR mixture consisted of 10 μl of GoTaq master mix (Promega Co., Ltd.), 1 μl of DNA template, 0.5 μl of each primer (10 mM), and 8 μl of sterile distilled water. The PCR conditions included initial denaturation at 95°C for 4 min, 40 cycles of 30 s at 94°C, 30 s at 53°C (annealing temperature), and 50 s at 72°C, with a final elongation at 72°C for 8 min for ITS regions. For the other sequence regions, appropriate annealing temperatures were used as 55°C for EF1/EF2 and AF-RPB2 and 48°C for AF-RPB1. The amplicons were confirmed by running the PCR product on 1% agarose gel with GelRedTM Nucleic Acid Gel Stain (Biotium, Hayward, CA, United States). Furthermore, the PCR products were purified by ExoSAP-IT PCR Product Cleanup reagent (Applied BiosystemsTM) following the instructions of the manufacturer and sequenced in both directions by using the BigDye Terminator v. 3.1 ready reaction mixture (Perkin-Elmer, Warrington, United Kingdom). Sequence data was obtained on ABI PRISMTM 3100 genetic analyzer (Applied Biosystems, Foster City, CA, United States). They were assembled using CAP3 (Huang and Madan, 1999), combined in species, edited on AliView (Larsson, 2014), and used for phylogenetic analysis.



Phylogenetic Analyses

Multigene phylogenetic analyses of Fusarium spp. were conducted in this study using concatenated DNA sequences of the ITS rDNA, TEF1-α, RPB1, and RPB2 gene regions. The sequences were obtained from the NCBI database for 64 isolates previously used in the AFC phylogenetic analyses (Kasson et al., 2013; Carrillo et al., 2019; Sandoval-Denis et al., 2019; Lynn et al., 2020) (the accession numbers are included in Supplementary Table 2). It was aligned using MUSCLE algorithm (Edgar, 2004) and adjusted manually. The maximum-likelihood tree with the ultrafast bootstrap of 1,000 replicates (Hoang et al., 2018) was inferred using the IQ-TREE program (Nguyen et al., 2015) with the Model Finder option (Kalyaanamoorthy et al., 2017). Fusarium pseudensiforme (NRRL 46517) was used as the outgroup.



Data Analyses

The relative dominance (RD, %) and frequency of occurrence (FO, %) of fungal species isolated from the head, thorax, and abdomen of female adults of E. interjectus were calculated using the equations listed below:
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RESULTS


Beetle Specimens

In total, 453 beetle specimens (♀: 439; ♂: 14) were collected from fig branches during March 2, 2018–August 20, 2018. The dispersal peak of females and males was observed in April and March, respectively. Based on morphological characterization, all the beetles were identified as E. interjectus (Figure 1). In this study, the sex ratio of adults emerging from the galleries was about 31:1 (♀: ♂). This value was much higher than that of Xyleborini ambrosia beetle which has an average ratio of 13:1 (Kirkendall, 1993; Cooperband et al., 2016; Castro et al., 2019; Cognato et al., 2020). A total of 51 adult specimens (female and alive) were randomly selected and used for fungal isolation during March 2, 2018–April 6, 2018 (Supplementary Table 1).



Fungal Flora

A total of 96 isolates were selected and purified. Of these, 34 isolates were from the head, 31 were from the thorax, and 31 were from the abdomen (Table 2). After morphological categorization, 25 selected isolates were sequenced. Finally, 13 filamentous fungi (Fusarium kuroshium, Arthrinium arundinis, Cladosporium cladosporioides, Acremonium sp., Fusarium decemcellulare, Xylariales sp., Pithomyces chartarum, Roussoella sp., Phialophora sp., Stachybotrys longispora, Paecilomyces formosus, Sarocladium implicatum, and Bionectria pityrodes) were identified, and two unknown isolates could also be detected (Table 2).


TABLE 2. Relative dominance (RD, %) and frequency of occurrence (FO, %) of fungal species isolated from the head, thorax, and abdomen of female adults of Euwallacea interjectus in this study.
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Phylogenetic Analysis

We obtained each sequence data for FSSC in this study (427 bp for ITS, 380 bp for TEF1, 1,400 bp for RPB1, and 658 bp for RPB2). The sequences of ITS were homologous to those of F. euwallaceae and F. kuroshium. The sequences of EF1-α genes were homologous to those of F. kuroshium (KX262220 and KX262216). The RPB1 sequences were similar to those of F. kuroshium and F. floridanum, but there were 3-bp differences among them. The RPB2 sequences were identical to those of Fusarium spp. (AF13 and AF17) and F. kuroshium. In the phylogenetic tree constructed by IQTree, F. kuroshium was placed in the distinct clade among the ambrosia fusaria but closely related to Fusarium spp. (AF13 and AF14). The number of parsimony informative sites were 9, 13, 69, and 40 bp for ITS, EF1-α, RPB1, and RPB2, respectively.

Fusarium kuroshium was identified based on morphology (Figure 2) and phylogenetic placement (Figure 3). It was characterized by the greenish conidial masses formed on the sporodochia and dolphin-shaped macroconidia, which are typical of ambrosia fusaria associated with Euwallacea beetles (Figure 2). It was phylogenetically from the clade of ambrosia Fusarium but closely related to F. kuroshium (Figure 3).
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FIGURE 2. Morphological characteristics of Fusarium kuroshium. (A,B) Colony on potato dextrose agar (PDA) at 25°C 10 days after inoculation. (C,D) Greenish conidial masses formed on sporodochia in culture on PDA (25°C, dark, 2 months). (E) Conidial spores in the colony on PDA (25°C, dark, 2 months). (F) Conidial spores in the colony on synthetic low-nutrient agar (25°C, dark, 1 month).
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FIGURE 3. Multilocus phylogenetic analysis of ambrosia Fusarium clade conducted with four genes: ribosomal internal transcribed spacer, elongation factor 1-α, DNA-directed RNA polymerase II largest subunit, and DNA-directed RNA polymerase II second largest subunit. The diagram was constructed using IQ-TREE maximum likelihood method bootstrapped with 1,000 replications. The red box indicates the phylogenetic placement of the Fusarium species associated with Euwallacea interjectus distributed in Hiroshima Prefecture, Western Japan.


Fusarium kuroshium is problematic in the taxonomy of ambrosia fusaria. It may contain cryptic species or hybrids because their placements were not congruent in the phylogenetic trees constructed by different methods. Species concept of F. kuroshium should be re-evaluated using a population genetics approach on ambrosia fusaria.



Relative Dominance and Frequency of Occurrence

The relative dominance varies from 3 to 88% (Table 2). The vast majority of isolates from the head was F. kuroshium with a RD of 88%. The dominance of F. kuroshium from the thorax and abdomen was 39 and 45%, respectively (Table 2). The frequency of occurrence of F. kuroshium isolated from the head was higher (59%) than that of other fungi and from other body parts (Table 2).




DISCUSSION

In this study, “symbiotic” relationship is considered as a type of close and long-term biological interaction between ambrosia beetle and its fungal associates. The fungal associates should be stored in its mycangia before release into the galleries and thus significantly dominant among fungal isolates from the mycangia. Our findings showed a novel symbiotic relationship of E. interjectus–F. kuroshium in fig tree of Japan. To the best of our knowledge, this is the first time to identify this combination in the world. Fusarium kuroshium has been found to be closely associated with the oral mycangia (head) of female adults in E. interjectus population (Figure 1), suggesting a mycangial fungus possibly with pathogenicity for the fig tree.

This study provided a detailed survey of the different fungal communities associated with the female adults of an ambrosia beetle, E. interjectus, among different body parts. We identified fewer fungal species from the head as compared to the thorax and abdomen. Therefore, it could be inferred that the dominance of F. kuroshium in the head was higher than that in other parts (Table 2). The previous study showed that the mycangia of E. interjectus was located within their oral mycangia as observed by micro-CT scans (Jiang et al., 2019; Figure 1). This fact could provide an explanation for the higher presence of F. kuroshium in the head than the thorax and the abdomen because mycangia act as reservoirs to house the fungi during transport (Joseph and Keyhani, 2021).

The Euwallacea beetles–Fusarium fungi symbiosis has been found in many other countries and regions such as Israel (Mendel et al., 2012), United States (O’Donnell et al., 2015, 2016; Swain et al., 2017), Panama, Costa Rica (Kirkendall and Odegaard, 2007), Taiwan (Carrillo et al., 2019), and has been found to cause a severe disease to some tree species (Aoki et al., 2018, 2019; Table 1). The extensive native range of species in the Euwallacea spp. and the results of phylogenetic analyses showed that certain Euwallacea species recovered from Florida, United States, and Taiwan were associated with multiple Fusarium species from the AFC (O’Donnell et al., 2015; Carrillo et al., 2019). This further suggested that there was a substantial biological variation from native populations of Euwallacea spp. and their Fusarium spp. associates (Gomez et al., 2018). Some recent studies showed that Fusarium floridanum was farmed by E. interjectus in box elder (Acer negundo L.) in Florida, United States (Aoki et al., 2019). Fusarium kuroshium was found to be the most abundant fungal species from macerated heads of Euwallacea kuroshio (Kuroshio shot hole borer) which was recovered from the California sycamore (Platanus racemosa Nutt.) and avocado (Persea americana Mill.) in California, United States (Gomez et al., 2018; Na et al., 2018; Table 1). Our results indicated that E. interjectus has an association with an original species of the genus F. kuroshium in Japan and may switch to a new fungal symbiont to adapt to newly infested areas. Consistent with a recent study by Carrillo et al. (2019), we hypothesized that a strict relationship exists between the Euwallacea spp. and Fusarium spp. in the native areas of these organisms. This is in contrast to the promiscuous symbiosis observed in non-native areas (O’Donnell et al., 2015; Stouthamer et al., 2017). Given that several exotic pest insects have switched or gained fungal associates after they were introduced into non-indigenous areas (Carrillo et al., 2014, 2019, 2020), co-phylogenetic analyses were conducted to assess symbiont fidelity within the symbiosis (O’Donnell et al., 2015). Recent studies have also shown that Euwallacea fornicatus (Polyphagous Shot Hole Borer) and E. kuroshio can survive and reproduce on each other’s symbiotic fungi in their invasive range on artificial media (Carrillo et al., 2020). However, the ability of E. interjectus to switch its fungal symbiont is still an unresolved question.

Researchers have devoted over 40 years to resolve the dispersal process of FWD, and only one fungal species, C. ficicola, that causes wilt symptom has been discovered in fig orchards in Japan (Kato et al., 1982; Kajitani and Masuya, 2011; Kajii et al., 2013; Morita et al., 2016; Yakushiji et al., 2019). Our initial hypothesis was that C. ficicola could be isolated from the wild E. interjectus beetle, which emerged from fig trees with FWD. However, the results obtained after fungal isolation indicated another direction since unexpected fungi were collected rather than C. ficicola. These results suggested that C. ficicola is not infested via the oral mycangia of E. interjectus. Under certain conditions, the surface structure of elytra might accidentally trap fungal spores, which are transported by chance to fig trees. E. interjectus has numerous pits and setae on its exoskeleton, both of which appear suitable for transporting spores of fungus (Jiang et al., 2019). Our study also displayed that F. kuroshium, A. arundinis, and C. cladosporioides were common in all the three body parts (Table 2). It has been reported in few studies that F. kuroshium caused Fusarium dieback on woody host species in California, United States (Na et al., 2018). It has been found that A. arundinis was a fungal pathogen strain of Korean ginseng root rot in Korea (Durairaj et al., 2018), and C. cladosporioides was the causal agent of Cladosporium rot in grapes in Chile (Briceño and Latorre, 2008; Mengal et al., 2020). These findings indicated that the unexpected fungi, particularly F. kuroshium, possibly take part in FWD in Japan. Inoculation experiments of unexpected fungi on fig trees or saplings have to be conducted to answer this question.

Ambrosia beetles depend upon their fungal symbionts for development and reproduction (Saucedo et al., 2018). Here the E. interjectus–F. kuroshium symbiotic association seems to exhibit strict specificity based on the dominance of fungal isolates. Thus, F. kuroshium, as a potential food source of E. interjectus, can play a nutritional role (primary or auxiliary) in this symbiotic system. If so, E. interjectus probably avoids the colonization of a branch of stem sections of the fig which are already occupied by the pathogen. Further extensive studies are needed to obtain the evidence which could support the actual function and specificity of this novel symbiotic association.
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Wild Apple-Associated Fungi and Bacteria Compete to Colonize the Larval Gut of an Invasive Wood-Borer Agrilus mali in Tianshan Forests
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The gut microflora of insects plays important roles throughout their lives. Different foods and geographic locations change gut bacterial communities. The invasive wood-borer Agrilus mali causes extensive mortality of wild apple, Malus sieversii, which is considered a progenitor of all cultivated apples, in Tianshan forests. Recent analysis showed that the gut microbiota of larvae collected from Tianshan forests showed rich bacterial diversity but the absence of fungal species. In this study, we explored the antagonistic ability of the gut bacteria to address this absence of fungi in the larval gut. The results demonstrated that the gut bacteria were able to selectively inhibit wild apple tree-associated fungi. Among them, Pseudomonas synxantha showed strong antagonistic ability, producing antifungal compounds. Using different analytical methods, such as column chromatography, mass spectrometry, HPLC, and NMR, an antifungal compound, phenazine-1-carboxylic acid (PCA), was identified. Activity of the compound was determined by the minimum inhibitory concentration method and electron microscopy. Moreover, our study showed that the gut bacteria could originate from noninfested apple microflora during infestation. Overall, the results showed that in newly invaded locations, A. mali larvae changed their gut microbiota and adopted new gut bacteria that prevented fungal colonization in the gut.

Keywords: Agrilus mali, larval gut microbiota, Pseudomonas synxantha, invasive insect, wild apple, antifungal compound


INTRODUCTION

Insects have diverse bacterial associations including relationships ranging from parasitism to mutualism (Douglas, 2015). There are a number of studies on the gut microbiota of wood-boring beetles, due to its essential roles in food digestion, compensation for dietary deficiencies, compound detoxification, nutrient production, and more, in the literature (Egert et al., 2003; Douglas, 2015). In addition, insects have a very close relationship with their gut microbiome, and symbiotic interactions can result in host survival under extreme environmental conditions (Gupta and Nair, 2020). There is an unexplored question in invasion ecology, and a study highlighted by Pennisi (2017) raised a new hypothesis: Could the gut microbiome determine the invasion success of phytophagous insects? (Lefort et al., 2017). Recent reports support the crucial role of the gut microflora in insect growth and development and in environmental adaptation (Bahrndorff et al., 2016; Lefort et al., 2017). Gut-associated microorganisms such as bacteria, fungi, protozoa, and viruses can be transiently or permanently transmitted to insects, and this relationship can be either beneficial or harmful (Feldhaar, 2011; Hammer et al., 2017). For example, the gut microflora has a symbiotic relationship with hosts to obtain nutrients, aid digestion, and promote host immunity by protecting against pathogens (Engel and Moran, 2013; Douglas, 2015; Mereghetti et al., 2017). Therefore, studying the microbiome of the insect digestive tract is essential to improve beneficial insect digestive capabilities or pest management programs (Morales-Jiménez et al., 2012).

The interaction between fungi and bacteria in the invasive insect gut has not been thoroughly studied. Fungi and bacteria are frequent in most wood-feeding insect guts and likely play a role in the digestion of plant-cell polymers due to their symbiotic interaction with the host. Microbial composition and abundance in the insect gut vary; wood-feeding insects have a rich bacterial diversity, whereas sap-feeding insects have poor diversity (Engel and Moran, 2013) due to insect gut compartmentalization (Dillon and Dillon, 2004). The bacterial composition of the gut could either be specifically adapted to the gut, maternally transmitted, or acquired from the environment (Ruby et al., 2004). Additionally, the microbial diversity of the gut also depends on the geographic location, which has been shown for honeybees (Yun et al., 2014). The composition of the myco- and microflora of the larval gut are dependent on the developmental stage of the insect and the location, as was shown for the citrus pest Bactrocera minax (Yao et al., 2019). However, during larval growth, the gut bacteria may influence fungal diversity (Yun et al., 2014; Sam et al., 2017; Yao et al., 2019). Moreover, gut bacteria can compete with fungi during gut colonization (Sam et al., 2017).

Wild apple Malus sieversii (Ledeb.) Roem. is a species native to Tianshan forests and usually found in sub-mountain areas (Lin and Lin, 2000), and it is considered the primary progenitor of all cultivated apples (Richards et al., 2009). Because of its rich genetic diversity, it remains a globally significant genetic resource. Unfortunately, wild apple faces extensive abiotic and biotic stresses. Among them, the invasive insect, a wood-borer Agrilus mali (Coleoptera: Buprestidae) has heavily attacked trees since its first detection in the early 1990s and has extensively damaged the wild apple forests of Tianshan (Ji et al., 2004; Bozorov et al., 2019a); since then, 40% of the forest area has been damaged (Wang, 2013). Mainly, mortality of tree is caused by the larval stage of insect that feed cambium, phloem, and outer xylem parts resulting in serpentine galleries that prevent nutrient movement (Ji et al., 2004; Bozorov et al., 2019a). In situ or ex situ conservation of wild apple via propagation nurseries and the development of biotechnological tools to address this problem are necessary.

In our recent study, we showed the microbial diversity of the larval gut of invasive A. mali collected from a Tianshan wild apple forest using throughput sequencing and microbiological approaches to detect fungal species. However, the analysis demonstrated the absence of fungal species (Bozorov et al., 2019b). Recently, Zhang et al. (2018) demonstrated that both bacterial and fungal species colonized adult and larval guts of A. mali (collected from Ili Kazakh autonomous prefecture, Xinjiang Province, China) when fed different apple species in a laboratory condition. In this study, we explored the origin of A. mali larval gut bacteria and their antagonistic interaction with wild apple-associated fungi using microbiological, physiological, and analytical chemistry approaches in the Tianshan Mountain Forest. We hypothesized that the larvae-acquired gut bacteria compete with fungi for colonization in invaded locations. Environmentally acquired bacteria may contribute to shaping the gut microbiome of this important agricultural pest.



MATERIALS AND METHODS


Plant Material Collection and Bacterial Species

The wild apple twigs of randomly chosen trees were collected from the forest in Mohe Village (43°51N, 82°15W), Gongliu County, Ili-Kazakh District, Xinjiang-Uyghur Autonomous Province, China, which is located in the Ili Valley of the Tianshan Mountains. Since insect larvae are specialized in feeding in the phloem/cambium part and rarely in the outer xylem twig, each tree uninfested, larvae-infested, dead twigs, and as well as larval frass were randomly collected. For this purpose, if more than two fourth to fifth instar larvae were found in 50-sm twig (often 1–5 sm in diameter), then it was considered as infested. Moreover, it also considered the healthiness of the infested twig if the upper part of the infested twigs shows more than 50% of dryness. Often, appearance of cracks and coloration change in the bark indicate the presence of larva under it. For twigs that are dried completely but are still on the tree, we considered them as dead twigs. Larval frass was collected from the respective collected infested twig.

The gut bacterial species [Pseudomonas synxantha (#283), Ps. orientalis (#24), Erwinia billingiae (#32), E. persicina (#12), and four Pantoea species strains (#2, 43, 153, 287)] were used from the bacterial cryopreserved stock from the previous study (Bozorov et al., 2019b). The bacteria were grown in Luria–Bertani broth medium (Sigma).



Isolation of Apple-Associated Fungi and Bacteria

Five replicates of uninfested, infested, and dead wild apple twigs, as well as larval frass were used to isolate fungi and bacteria. Larval frass was collected from serpentine galleries made by larvae after removal of the twig bark. Next, healthy, infested, and dead twigs with xylem, bark, and frass were ground with a home blender in sterile conditions. Ground tissues were placed on the respective PDA medium (potato starch 4 gm L–1, dextrose 20 gm L–1, and agar 15 gm L–1, pH 5.6) (Potato Dextrose Agar, Solarbio, P8931-250G) and nutrient agar (NA) (0.5% peptone, 0.3% beef extract, 1.5% agar, pH 6.8) (Difco, France) for fungi and bacteria isolation, and incubated at 25°C. Single colonies were isolated and re-cultivated to classify their morphological features.



DNA Extraction

Fungal isolates were cultivated on PDA medium for 7–14 days upon sufficient production of mycelia. Mini-preparation of fungal DNA method (Liu et al., 2000) with minor modification was used to extract the fungal DNA. Briefly, the cell walls of fungi mycelia were ground with mortar and pestle in the presence of liquid nitrogen. One milliliter of lysis buffer [400 mM Tris-HCl (pH 8.0), 60 mM EDTA (pH 8.0), 150 mM NaCl, 1% sodium dodecyl sulfate] was added into the fine powdered fungal mycelia. Next, the mix was transferred into a 2-ml Eppendorf tube, and thoroughly mixed, and left at room temperature for 10 min. Then, 0.3 ml of potassium acetate (pH 4.8; which is made of 60 ml of 5 M potassium acetate, 11.5 ml of glacial acetic acid, and 28.5 ml of distilled water) was added, vortexed briefly, and centrifuged at 10,000 × g for 1 min. The supernatant was transferred into a new 2-ml Eppendorf tube, and an equal volume of isopropyl alcohol was added and mixed by inversion. Tubes were centrifuged at 10,000 g for 2 min, and the supernatant was discarded. Pellet was washed with 0.3 ml of 70% ethanol and was spun at 10,000 × g for 1 min, then the supernatant was discarded. The DNA pellet was air dried and dissolved in 50 ml of 1 × Tris-EDTA buffer. Bacteria DNA extraction was carried out following our earlier study (Bozorov et al., 2019b).



PCR Analysis and Sequence Analysis

For apple-associated fungi isolate identification, the internal transcribed spacer (ITS) region was amplified using primer pairs ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al., 1990). Amplifications were performed in a total volume of 50 μl containing 10 μl of PrimeSTAR HS (Premix) (Takara, Japan) with an appropriate concentration of dNTPs (0.2 mM) and Taq polymerase (5 U), 1 μl (0.2 μM) of each primer, and 1 μl of diluted DNA. The PCR conditions included 5 min at 95°C for the initial step followed by 35 cycles at 94°C for 15 s (denaturation), 55°C for 30 s (annealing), and 72°C for 2 min (elongation), with a final extension at 72°C for 10 min. PCR products were visualized on a 1.0% agarose gel. PCR products were sequenced bidirectionally with the Sanger method in Beijing Genomics Institute (Shenzhen, China).

PCR amplification of 20-fold-diluted bacterial DNA was performed on a Veriti thermocycler (Applied Biosystems, United States) using forward 27F 5′-AGAGTTTGATCATGG CTCAG-3′ and reverse 1492R 5′-TACGGCTACCTTGTTA CGACTT-3′ primers (Broderick et al., 2004). PCR reaction and condition were performed following our earlier study (Bozorov et al., 2019b).

Sequences were assembled using SeqMan (DNASTAR Lasergene 7). Sequences of ITS and 16S RNA were compared with respective other orthologous fungal and bacterial sequences deposited in GenBank using the BLASTN algorithm. Representative OTUs and sequences from the Sanger method were aligned with CLUSTALW. Maximum likelihood (ML) phylogenetic tree was constructed based on the neighbor-joining algorithm following the Tajima–Nei model with 1,000 bootstrap replicates in MEGA7.



Extraction and Purification of Antifungal Compounds

Each gut bacteria was cultured in 2-L Erlenmayer flasks with 5 L of LB liquid medium. After 5 days, the culture was centrifuged at 8,000 rpm for 10 min to obtain a cell-free supernatant. Supernatants were dehydrated under a fume hood. Initially, a small part of the dried content was divided into three parts and dissolved in either petroleum ether, dichlormethane, or methanol to determine the efficient extracting solvent for antifungal compound. Next, these extracts were vortexed and centrifuged at 10,000 rpm for 5 min. Supernatants were concentrated with a rotary evaporator, and contents were dissolved in 1 ml of the appropriate solution and was examined for its antifungal ability using agar diffusion assay against selected fungi.

The rest of the dehydrated supernatant was extracted with dichlormethane. Dichlormethane phase was concentrated using a rotary evaporator (IKA RV8V, Germany). Crude extract was fractionated with silica gel or sephadex columns chromatography. The crude extract was mixed with an equal mass of silica gel (200–300 mesh) (Qingdao Marine Chemical Company, China), mixed, and loaded on top of the chromatography column (80 cm length and 5 cm diameter) containing 280 g of silica gel. The chromatography column was washed with a mobile phase (v/v) with different proportions of petroleum ether: methanol (100:0, 36:1, 18:1, 9:1, 4:1, 2:1, 1:1, and 0:100 v/v) and ethyl actetate: methanol (9:1, 4:1, 2:1, 1:1, and 0:1 v/v). About 7 ml of eluate was collected in glass vials, monitored with thin layer chromatography (TLC), and each fraction was examined for antifungal activity by agar diffusion. Active fractions were combined based on TLC and diffusion agar results and concentrated using the rotary evaporator. Next, combined fractions were loaded on to a Sephadex column (50 cm length and 1.5 cm diameter). The Sephadex column (Sephadex LH-20, Amersham Pharmacia Biotech, Sweden) was washed with a mobile phase of chloroform: methanol proportion (1:1 v/v). Fractions with 7 ml were collected to glass vials and monitored with TLC. Antifungal activity was examined by agar diffusion against fungi. Next, based on TLC and activity results, active fractions were combined and re-extracted again by silica gel column. Furthermore, the column was washed with a mobile phase with different proportions of hexane: ethyl acetate (100:0, 40:1, 30:1, 20:1, 15:1, 12:1, 10:1, and 0:100 v/v). The fractions were examined by TLC and for antifungal activity. Positive fractions were purified with a Sephadex column by washing with different proportions of dichlormethane:methanol mobile phase (100:0, 70:1, and 0:100).



Thin Layer Chromatography, HPLC, Mass Spectrometry, and NMR Analyses

To investigate the qualitative compositions of the antifungal compound, TLC was applied. TLC analysis was used to monitor the fractions from column chromatography, and spots on silica gel plates were visualized by spraying with a solution (1.5% of aluminum chloride in ethyl alcohol, ammonia vapor, and 5% sulfuric acid in ethyl alcohol pre-heated at 105°C). Next, purity of compound was measured by an UV spectrophotometer (UV-2550 Shimadzu, Japan).

HPLC analysis was performed using a Hitachi Chromaster HPLC system consisting of an 1,110 pump, DT-230 column oven, 1,430 diode array detector, and a YMC C18 column (250 × 4.6 mm, 5 μm). HPLC analysis was performed with the EZChrom Elite software. The mobile phases were water, acetonitrile, and methanol. The mass spectra were measured in a 2690-ZQ 4000 Water-Alliance LC-MS spectrometer (Applied Biosystems/MDS Sciex Concord, ON, Canada). 1H NMR, 13C NMR, and 2D NMR spectra were recorded on Varian MR-400 and VNMRS-600 NMR spectrometers with TMS as an internal standard.



Agar Diffusion

To determine the antagonistic abilities of the gut bacteria, a mix of half of the ISP2 medium (yeast extract 4 g L–1, malt extract 10 g L–1, dextrose 4 g L–1, and agar 20 g L–1, pH7.2) and half of the PDA were used to pour onto a plastic petri dish (90 cm in diameter). Next, each gut bacteria was co-cultured with different fungi isolates. Co-cultivation experiments in single plate was repeated, and the antagonistic ability of bacteria was determined by evaluation of distance between the bacterial growth edge (from the fungal side) and the fungi growth edge (from the bacterial side). Inhibition of fungal growth was calculated by using the following equation (Alenezi et al., 2016):
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where a is the distance from the center of the fungal colony to the fungi growth edge (from the bacterial side and bacterial growth edge), and b is the radius of control of the fungal colony.

To examine antifungal activity of the chromatography fractions, 3-mm diameter holes were punched out in PDA plates with a hole puncher. Fractions from each column chromatography were loaded into a well under sterile flow cabinet. A 5-mm piece of fungi mycelium grown on PDA was punched out and transferred onto the middle of the PDA plate. The plates were cultured for 7 days at 25°C, and fungi growth was recorded every day post cultivation.



Determining Enzymatic Activities

To evaluate different enzyme activities of lignocellulolytic pathways that are involved in the degradation of plant cell wall compounds such as cellulose, lignin, glucans, cellobiose, and xylan, for cellulose degradation, steps were performed following the report by Vasanthakumar et al. (2008). For ligninolytic activity and lignin oxidation assay, reports from Machado et al. (2005) and Vasanthakumar et al. (2008) were followed. Activities of xylanase, cellobiase, and glucanase were determined by evaluation of the coloration of the respective substrates (Vargas-Asensio et al., 2014; Rojas-Jiménez and Hernández, 2015). For lipolytic and proteolytic activities, respective tween 20/80 and milk powder were used as substrates. Enzyme activities of the gut bacteria were evaluated by the appearance of clear halos (Mayerhof et al., 1973; Kumar et al., 2012).



Minimum Inhibitory Concentration

The MIC for selected fungi were determined using a 10-fold serial dilution method. Petri dishes with PDA medium were prepared. Diluted pure compound with respective concentrations (20, 10, 5, 2.5, 1.25, 0.63, 0.31, 0.16, and 0.08 μg) was mixed with the PDA medium. The punched-out fungi mycelium with 0.7-mm diameter gel piece was transferred onto the middle of the agar plate, and mycelial growth was evaluated after 3, 6, 8, 10, and 12 days of post incubation at 25°C. Each treatment was performed in triplicate, and the diameter of the mycelial growth inhibition (MGI) was measured with a caliper, and calculated according to the following equation:
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where, Dc (mm) is the mean of the colony diameter in the control, and Dt (mm) is the mean of the colony diameter in each treatment.



Scanning Electron Microscopy

To examine the effect of the antifungal compound on the fungi hyphae structure, the wild apple-associated Dothiorella sarmentorum fungi was selected. The aerial mycelium of the fungi, a glass coverslip was placed on the surface of the PDA medium inoculated with a mycelial plug and cultured for 4, 6, or 12 days. Glass coverslips covered with mycelium that were directly coated with platinum for 120 s by an Iron Sputter Coater E1045 (Hitachi, Japan) and were viewed under a scanning electron microscope (Carl Zeiss Jena, SUPRA 55VP, Germany) as described earlier in our study (Liu et al., 2020).



Statistical Analysis

All the experimental data consisted of the means of at least three independent replicates, and comparisons of data were performed using one-way ANOVA with Fisher’s PLSD post-hoc test. A p-value of <0.05 was considered statistically significant. All statistical analyses were performed using StatView software packages (SAS Institute Inc., Cary, NC, United States). All figures were generated in Adobe Illustrator CS3 Version 13.0.0.




RESULTS


Identification of Cultivable Wild Apple-Associated Fungi and Bacteria

To elucidate competition between wild apple-associated fungi and bacteria in terms of the larval gut of A. mali colonization, several molecular, microbiological, and analytical tools were applied. For this purpose, we developed an exploratory strategy to conduct stepwise identification of the host tree-associated microorganisms and screen the gut bacteria for antagonistic ability as well as determine the origin of the gut bacteria, as depicted in Figure 1.
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FIGURE 1. A workflow depicting the strategy used to investigate the gut microbiota against the wild apple-associated fungi.


Based on the workflow, we first isolated the fungi and bacteria from different states of twigs, such as noninfested, larvae-infested, and dead twigs, as well as larval frass, to obtain as many species as possible, since the A. mali larvae especially the Malus species feeds on twigs, especially in the younger twigs. A total of 204 monoconidial fungi and 320 bacterial isolates were obtained. Each fungus and bacterium were individually isolated. Individual DNA was extracted from each fungal and bacterial colony. For preliminary identification of fungal and bacterial isolates, the respective internal transcribed spacer (ITS) and 16S RNA regions were amplified. The traditional Sanger method was performed to sequence the regions. Next, sequences of host tree-associated bacterial isolates and sequences of the gut bacteria from our earlier study (Bozorov et al., 2019b) were compared to understand the origin of the gut bacteria. Then, the antifungal activity of the gut bacteria against the host tree-associated fungi was determined. Antifungal compounds were isolated from the strongest gut bacteria, which were hypothesized to prevent fungal growth in the gut. Furthermore, the activity of the antifungal compounds was analyzed.

Sequence analysis among the 204 culturable fungal and 320 bacterial isolates demonstrated 23 and 54 operational taxonomic units (OTUs), respectively (Figure 2). Fungal isolates were distributed into two phyla, seven classes, 13 orders, 15 families, and 19 genera, whereas bacterial isolates corresponded to four phyla, eight classes, 14 orders, 17 families, and 27 genera (Figure 2 and Tables 1, 2).
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FIGURE 2. Clustering analysis of the wild apple-associated fungal and bacterial diversity. Maximum likelihood was inferred using the neighbor-joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches. The evolutionary distances were computed using the Tajima–Nei method and are in units of the number of base substitutions per site. Distance scale represents the number of differences between the sequences. Evolutionary analyses were conducted in MEGA 7.



TABLE 1. Identified fungal isolates from wild apple stems by internal transcribed spacer (ITS) sequence analysis and their taxonomic status.
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TABLE 2. Identified bacterial isolates from wild apple stems by 16S RNA sequence analysis and their taxonomic status.
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The abundance and composition of the apple twig fungi and bacteria differed depending on the material categories (Figure 3). The abundance of fungal isolates was increased in infested twigs compared with non-infested and dead twigs, whereas bacterial diversity was richer in non-infested twigs than in either infested or dead twigs. Additionally, the number of fungi and bacterial isolates in larval frass also differed from the other material categories (Figure 3A). Fungi rather than bacteria mostly colonized dead twigs, whereas a higher abundance of bacterial isolates was found in the larval frass.
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FIGURE 3. Fungal and bacterial diversity and abundance in different wild apple twigs and larval frass. (A) Number of isolates of fungi and bacteria of different twigs and larval frass. (B) Percentage distribution of isolates by their phylum, family, and genus. (C) Venn diagram summarizing the composition of fungal and bacterial isolates at the species level. (D) Heat map analysis displaying a comparison of fungal and bacterial abundance by different twigs and larval frass.


The composition of isolates demonstrated that the fungi and bacteria can colonize twigs commonly or specifically. The distribution of isolates by phylum, family, and genus revealed diverse colonization of different twigs and larval frass (Figure 3B). For example, an additional fungal phylum, Basidiomycota, was found in dead twigs, whereas bacteria were reduced to one phylum. This suggests that increased saprophytic fungi such as Alternaria and Psathyrella in dead twigs could antagonistically reduce bacterial species.

Larval attack made a disappearance of the bacterial phylum Firmicutes but emerged Bacteroidetes. Similarly, it was observed in larval frass (Figure 3B). The Bacillaceae, Staphylococcaceae, and Comamonadaceae families were specific to non-infested twigs, whereas, the Flavobacteriaceae, Nocardiaceae, and Sphingobacteriaceae families were specific to infested twigs, and the Pectobacteriaceae, Rhodanobacteraceae, and Xanthomonadaceae were specific to the larval frass. At the genus level, Frondihabitans, Plantibacter, Bacillus, Staphylococcus, Sphingomonas, and Variovorax were replaced by Rhodococcus, Clavibacter, Williamsia, Rothia, Flavobacterium, Pedobacter, and Novosphingobium in the infested twigs and Luteibacter, Pseudoxanthomonas, Biostraticola, Subtercola, and Herbiconiux in the larval frass. Dead twigs showed only one species, Curtobacterium flaccumfaciens, with the lowest abundance (Figure 3B).

The distribution of fungal species by their taxonomy differed from that of bacteria. The genera Cladosporium and Dothiorella specifically colonized noninfested twigs while Uzbekistanica, Tumularia, Sarocladium, Ascochyta, Didymella, Peyronellaea, and Fusarium were detected from infested twigs. Trichothecium and Psathyrella as well as Aureobasidium and Capronia were specific to dead twigs and larval frass, respectively. Distribution by species composition of fungi and bacteria revealed that 16 bacterial species were specific to noninfested twigs, 10 to infested twigs, and nine to larval frass, whereas six fungal species were specific to noninfested twigs, five to infested twigs, three to dead twigs, and two to larval frass. Taken together, during larval infestation, host tree-associated bacterial composition was reduced, whereas fungal species were increased.



Determining Antagonistic Ability of Larval Microflora

In our previous study, we demonstrated the rich diversity of the Agrilus mali larval gut microbiota, and approximately 99% of the taxa were cultivable bacteria (Bozorov et al., 2019b). To determine the antagonistic ability of the larval gut bacteria toward apple-associated fungi, in vitro screening was performed using cocultivation (Figure 4A). For this experiment, 25 fungi belonging to different species isolated from apple twigs were randomly selected. The results indicated that all the gut bacteria demonstrated antagonistic ability in a selective manner (Figure 4B). The distribution of the share of total antifungal activity by each gut bacteria differed. Among them, Ps. synxantha was able to inhibit fungal isolates with a 41.8% share (24 fungal species), Ps. orientalis with an 11.0% share (12 fungal species), E. billingiae with a 10.4% share (16 fungal species), E. persicina with a 13.3% share (17 fungal species), and Pantoea sp. with 2.5% share (two fungi species). Three P. aqqlomerans strains, 2, 153, and 43, inhibited fungi with a 14.0% (16 fungal species), 3.5% (six fungal species), and 3.5% share (five fungal species), respectively (Figures 4C,D). The results suggest that Ps. synxantha was the strongest antagonist in the larval gut and was able to inhibit 90.9% of the selected host tree-associated fungal species. The difference in antifungal activity of bacteria could be due to the level of fungi ability to neutralize the effect of bacterial toxins and the level of bacterial compound.
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FIGURE 4. Antifungal activity of the gut bacteria against different fungal species isolated from wild apple twigs. (A) Examples of the gut bacterial inhibition of wild apple fungi. (B) Antifungal activity of the gut bacteria against selected fungi from the different types of apple twigs. (C) Share of antifungal activity of each gut bacteria. Different letters indicate significant differences determined by one-way ANOVA, followed by a Fisher PLSD post-hoc test (p < 0.05). (D) Number of fungal isolates inhibited by each gut bacterium.




Determination of Enzymatic Activities of the Gut Bacteria

The gut bacteria perform various enzymatic functions in the degradation of cell wall compounds, lipids, and proteins (Table 3). In a previous report, A. mali larvae gut collected from wild apple twigs represented 99.1% of cultivable Pantoea, Erwinia, and Pseudomonas species. Other 36 OTUs were non-culturable bacteria (Bozorov et al., 2019a). We showed that only Pantoea, Erwinia, and Pseudomonas species consisted of the examined ability of the gut bacteria to degrade plant cell wall components, but in this study, we showed the levels of bacterial lysocellulotic and other enzymatic activities. Pantoea species were able to highly degrade lignocellulosics such as cellulose, xylanase, glucanase, and cellobiose but not lignin, lipids, or proteins. Both Erwinia species showed weak cellulolytic activity, and only E. persicina demonstrated xylanase, glucanase, and lipase activities. Pseudomonas species were not able to degrade plant cell wall compounds but showed strong protease activity. Moreover, Ps. orientalis showed weak lignocellulolytic and strong lipolytic activities. Lignin oxidation was not observed by any gut bacteria.


TABLE 3. Enzymatic activities of the gut bacteria from insect larvae.
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Bacterial Antifungal Compounds

To isolate antifungal metabolites from gut bacteria, dehydrated bacterial cultures were extracted using different solvents to determine the extraction efficiency. The results showed that methanolic extracts from Ps. synxantha, Ps. orientalis, P. aqqlomerans 2, E. billingiae, and E. persicina demonstrated the highest antifungal activities compared with other solvents (Table 4). The strongest antifungal activity was observed for Ps. synxantha and P. aqqlomerans 2 compared with other gut bacteria. Since Ps. synxantha was able to strongly inhibit almost all selected fungal species and could be a potential bacterium preventing fungal growth in the gut, further work along these lines will be continued.


TABLE 4. Effect of different solvents on the extraction efficiency of active compounds.
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An estimated 280-mg crude methanolic extract from Ps. synxantha was re-extracted with silica and Sephadex gel column chromatographies using different solvent systems. Each fraction was examined with an agar diffusion to determine its antifungal activity and monitored with TLC. For the final purification of the active fraction, Sephadex column chromatography was used with a dichloromethane mobile phase. The purity of the active fraction was analyzed with preparative HPLC showing a single symmetrical peak at 250 nm with a retention time of 9.1 min. The dried pure compound was greenish-yellow, needle-crystalline, and soluble in chloroform, DMSO, and methanol but insoluble in water.

Pure antifungal compounds were characterized by ESI-MS, 1H-NMR, and 13C-NMR. The molecular mass spectra demonstrated ion peaks at m/z 225.06544 [M + H]+ (base peak) and m/z 247.04738 [M + NA]+ (Figure 5). The 1H and 13C NMR spectral data of the compounds and their assignments are shown in Table 5. After NMR and mass spectrometry analyses, the compound of interest was determined to be phenazine-1-carboxylic acid.


[image: image]

FIGURE 5. Mass spectra of antifungal compounds and the structure of phenazine-1-carboxylic acid (PCA).



TABLE 5. 1H and 13C NMR chemical shifts of phenazine-1-carboxylic acid and HMBC data in CDCL3, δ, ppm at 400 MHz.
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Minimum Inhibitory Concentration and Scanning Electron Microscopy

To determine the minimum inhibitory concentration, a filamentous fungus, Dothiorella sarmentorum #18, was chosen because of its faster growth on PDA. This species was also used during all purification steps to determine the antifungal activity of the fractions. Purified phenazine-1-carboxylic acid at an MIC of 12.5 mg ml–1 was able to clearly inhibit mycelial growth of D. sarmentorum. Serial dilutions of the compound showed that the effective doses at 50% and 80% were 1.25 and 5 mg ml–1, respectively (Figures 6A,B).


[image: image]

FIGURE 6. Minimum inhibitory concentration and scanning electron microscopy. (A) Minimum inhibitory concentration (MIC) of PCA. Graphic represents the effects of different PCA concentrations on fungal growth at different incubation time. Fungal growth decreased at a concentration of 0.08 mg ml–1 PCA, and complete inhibition of mycelial growth was observed at 25 and 12.5 mg ml–1. Different letters indicate significant differences determined by one-way ANOVA, followed by a Fisher PLSD post-hoc test (p < 0.05). (B) MIC assay after 12 days of incubation at 28°C. (C) Scanning electron microscopy (SEM) images of the effect of PCA against D. sarmentorum.


To further understand the effect of phenazine-carboxylic acid on fungal growth, mycelial growth was observed with SEM. Mycelia obtained from the edge of the D. sarmentorum colony growing in antifungal compound-free medium (control) produced hyphae with smooth surfaces (Figure 6C). With the addition of several concentrations of PCA ranging from 0.312 to 5 μg ml–1 into the medium, fungal hyphae lost smoothness depending on the PCA concentration. A high amount of PCA caused the failure to form a hyphal network thus inhibiting fungal growth.



Origin of the Gut Bacteria

After hatching, insect larvae can adopt bacteria either directly parentally or from the host during feeding. To understand the origin of gut bacteria, we compared 16S RNA sequences of the same species found in apple twigs and gut bacteria (Figure 7A). For this purpose, we analyzed bacteria from noninfested and infested twigs and larval frass. Since gut bacteria could be excreted, they could be found in larval frass. Sequence analysis and the neighbor-joining tree revealed that the gut bacterial gene sequences were identical to those of related apple bacteria (Figure 7A). Erwinia billingiae, E. perscina, Ps. orientalis, Ps. synxantha, and P. agglomerans specifically colonized non-infested twigs were still found in infested twigs but not in dead twigs. Erwinia billingiae and P. agglomerans were detected in the larval frass since these bacteria were highly abundant in the gut and thus could be excreted (Figure 7B).
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FIGURE 7. Identity analysis of the gut bacteria and possible route of bacterial transmission to larvae. (A) Clustering of bacterial species from the larval gut, apple twig-associated bacteria, and frass. The evolutionary history was inferred by using the maximum likelihood method based on the Tamura–Nei model. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches. The evolutionary distances were computed using the Tajima–Nei method and are in units of the number of base substitutions per site. Distance scale represents the number of differences between the sequences. Evolutionary analyses were conducted in MEGA 7. Bacterial species in black, red, and green words relate to GenBank, apple twigs, and the gut bacteria, respectively. (B) Possible mechanism of transmission of tree bacteria to the larval gut.





DISCUSSION

In nature, many microorganisms interact with each other to coexist, and their ecological relationships range from parasitism to mutualism (Prosser et al., 2007). Depending on the species, insects have symbiotic associations with diverse and complex resident and transient microorganisms (Hooper and Gordon, 2001; Egert et al., 2003; Dillon and Dillon, 2004; Douglas, 2015). In previous work, the larval gut of the invasive wood-borer A. mali demonstrated a diverse bacterial community, but among them, the most abundant Panthoea spp. (99%), some Erwinia species, and Pseudomonas species, were able to degrade plant cell wall compounds (Bozorov et al., 2019a). The larval gut did not show any fungal species using either high-throughput sequencing or culture-dependent methods (Bozorov et al., 2019b). In this study, we explored the interaction between the gut bacteria of invasive wood-borer insect larvae and wild apple-associated fungi to elucidate the absence of fungi in the larval gut.

Fungi and bacteria can be transiently or permanently associated with the host and transmitted to the gut from their parents or the host (Feldhaar, 2011; Hammer et al., 2017). In contrast to the results of Zhang et al. (2018), who showed that A. mali larvae can be colonized by fungi and bacteria, our earlier report demonstrated the absence of fungi in the larval gut of A. mali (Bozorov et al., 2019b). However, both fungi and bacteria can colonize the congeneric A. planipennis (Mogouong et al., 2020). Hypothetically, the initial A. mali invasion of the Tianshan forests could have involved both bacterial and fungal species but eventually, competition by local microorganisms within the gut could have orchestrated the gut community, resulting in the elimination of fungal species from the gut. This could result in recompositing the larval gut microbiota to adapt to new environments for better insect survival. The diversity of the insect gut microbiota can be determined by the environmental habitat, diet, developmental stage, and phylogeny of the host (Yun et al., 2014). The gut microbiota could play an important role in the larval overwintering process at low temperature (Wang et al., 2017; Ferguson et al., 2018), and the climate of the natural habitat of A. mali, the Far East, Eastern China, and the Korean Peninsula, is not colder than that in Tianshan (Yang et al., 2017; Yao et al., 2020). The most abundant Panthoea bacteria of the larval gut with strong lygnocellulosic ability might provide sugars as energy resources and as cryoprotectants. During overwintering, insects accumulate sugars and polyols (Khani et al., 2007; Kostal et al., 2007) that can act as cryoprotectants and enhance cold hardiness for winter survival (Kost’al et al., 2001). However, to deeper understand the invasive insect larvae adaptation, it requires conducting additional in vitro experiments.

Both fungal and bacterial compositions varied in different twigs. Bacterial abundance was high in noninfested twigs, but fungal abundance was higher in infested twigs. This indicates that plant immunity reduced because larvae feed on the phloem of trees by creating serpentine galleries, thus preventing nutrient movement. The transition from twig infestation to twig death, thus, creates the growth condition for saprophytic wood decaying fungi (WDF) (Lundell et al., 2014; Park et al., 2020). Lignin is known to be extensively degraded by WDF and other fungi (Lundell et al., 2014; Park et al., 2020). Eversince, A. mali larvae specialized in less lignified phloem tissue compared with lignified xylem and that the gut bacteria of larvae degrade cellulose but not lignin (Bozorov et al., 2019b). Moreover, the lignin composition and content vary between xylem and phloem (Lourenço et al., 2016). Wood-decaying saprophytic fungi are the majority of species belonging to Basidiomycota and Ascomycota (Lundell et al., 2014). Bacteria and WDF must interact with each other to coexist, although WDF are well known for being highly competitive (Boddy, 2000). This is consistent with our result that bacterial composition was highly reduced in dead twigs. Saprophytic fungi can be inhibited by symbiotic bacteria when co-cultured together on artificial medium (Figure 4B) but in nature, dead twigs cannot be a food source for bacteria. This indicates that tree-associated bacteria found in this study could be symbiotic bacteria growth of which rely on relationship with the living plant, but in dead twigs bacteria might not grow because of the interrupted symbiotic link. Likely, bacterial species from non-infested trees must be transmitted into the larval gut because the originated gut bacteria were reduced or not found in the infested twigs (Figure 7B). Additionally, fungal isolates could also be transmitted into the A. mali gut, as reported by Zhang et al. (2018), but our study showed that this might not have occurred in the Tianshan forests (Bozorov et al., 2019b). Probably, presence of gut antagonistic bacteria might prevent fungi colonization of the gut. However, additional in vitro experiments are required to clarify bacterial communities of insect host trees of natural habitat and invaded area.

The current study demonstrated that all gut bacteria were able to antagonize tree-associated fungi with different inhibition levels. However, Ps. synxantha inhibited almost all fungal species with the highest inhibition rate. Possibly, this bacterium might play as key competitor against fungi in the gut. Apparently, fungi also had a low composition and abundance in larval frass that might be caused by the presence of antifungal compounds produced by the gut bacteria. However, no Pseudomonas species were detected in the larval frass. In contrast to Pantoea aqqlomerans and E. billingiae that were detected in the larval frass, it could be that Pseudomonas species might be localized in one of the upper compartments of the gut, such as the foregut or midgut. Chen et al. (2018) demonstrated that a more diverse microbial community was found in the foregut than in the midgut and hindgut in silkworms (Bombyx mori). However, experimental validation of bacterial species localization by gut compartments is required.

Several studies have reported the antagonistic ability of Pseudomonas species against fungi by the production of various types of antifungal metabolites (Jayaswal et al., 1993). Phenazine carboxylic acid (PCA) is one of the antifungal compounds produced by Pseudomonas chlororaphis, Ps. Fluorescens, and Ps. protegens that is able to kill some lepidopteran larvae (Flury et al., 2017) but the current study showed that PCA produced by Ps. synxantha was not lethal to A. mali larvae. Likely, PCA might prevent fungal colonization in the gut, which likely might explain the absence of fungi in the larval gut. This contrasts with the results of Zhang et al. (2018), who showed that both bacteria and fungi were found in A. mali larvae, including one Pseudomonas sp., but identification in species level was not clear. However, this species could be Ps. orientalis identified in our study as possessing weak inhibition of some apple-associated fungi. It was reported that these bacteria produce various types of antifungal compounds, such as pyoverdine, safracin, and phenazine, which are effective against bacteria and fungi (Kron et al., 2020). Moreover, Ps. orientalis has been isolated from most coleopteran insects due to its encoded cellulolytic enzyme involved in terpene transformation of plant resin compounds (Rojas-Jiménez and Hernández, 2015); this is consistent with our result that Ps. orientalis plays a role in cell-wall degradation (Bozorov et al., 2019b).

Other gut bacteria, such as Panthoea and Erwinia, also showed average antagonistic abilities against some apple-associated fungi despite their strong lignocellulolytic activities (Bozorov et al., 2019b). The most abundant gut bacteria, P. aqqlomerans, also had antifungal activity but was not able to inhibit all endophytic and saprophytic fungi. However, its antagonistic ability is reported in the literature (Iturritxa et al., 2017; Thissera et al., 2020). It was reported that E. billingiae also has antifungal ability against pathogenic Heterobasidion annosum, Armillaria mellea, and Fusarium circinatum fungi infecting Pinus radiata trees (Mesanza et al., 2016; Iturritxa et al., 2017), and E. persicina has activity against A. alternata (Goryluk-Salmonowicz et al., 2016). It is likely that bacterial species within the genus could produce similar antifungal compounds, such as herbicolin, pulicatin, and pyrrolnitrin (Greiner and Winkelmann, 1991; Chernin et al., 1996; Thissera et al., 2020).

We analyzed wild apple-associated bacteria, and some of them were transmitted to the gut of A. mali larvae. Among them, Ps. synxantha produced the antifungal phenasine carboxylic acid compound that strongly inhibited apple-associated fungal species; thus, it might inhibit fungal colonization in the larval gut. Other gut bacterial species, Panthoea and some Erwinia species, participated in plant cell wall cellulose degradation. Taken together, in the invaded area, insect larvae adopt selectively the apple-associated fungi and bacteria to build its own gut microflora. The gut bacterial community might participate in intensive plant cellulosic degradation to provide an energy source for the larvae to better adapt and survive in new regions.
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The genus Platycerus (Coleoptera: Lucanidae) is a small stag beetle group, which is adapted to cool-temperate deciduous broad-leaved forests in East Asia. Ten Platycerus species in Japan form a monophyletic clade endemic to Japan and inhabit species-specific climatic zones. They are reported to have co-evolutionary associations with their yeast symbionts of the genus Sheffersomyces based on host cytochrome oxidase subunit I (COI) and yeast intergenic spacer (IGS) phylogenies. Here we examined the heat tolerances of the yeast colonies isolated from the mycangia of 37 females belonging ten Japanese Platycerus species. The upper limits of growth and survival temperatures of each colony were decided by cultivating it at ten temperature levels between 17.5 and 40°C. Although both temperatures varied during 25.0–31.25°C, the maximum survival temperatures (MSTs) were a little higher than the maximum growth temperatures (MGTs) in 16 colonies. Pearson’s correlations between these temperatures and environmental factors (elevation and 19 bioclimatic variables from Worldclim database) of host beetle collection sites were calculated. These temperatures were significantly correlated with elevation negatively, the maximum temperature of the warmest month (Bio5) positively, and some precipitative variables, especially in the warm season (Bio12, 13, 16, 18) negatively. Sympatric Platycerus kawadai and Platycerus albisomni share the same lineage of yeast symbionts that exhibit the same heat tolerance, but the elevational lower range limit of P. kawadai is higher than that of P. albisomni. Based on the field survey in their sympatric site, the maximum temperature of host wood of P. kawadai larvae is higher about 2–3°C than that of P. albisomni larvae in the summer, which may restrict the elevational range of P. kawadai to higher area. In conclusion, it is suggested that the heat tolerance of yeast symbionts restricts the habitat range of their host Platycerus species or/and that the environmental condition that host Platycerus species prefers affect the heat tolerance of its yeast symbionts.

Keywords: maximum growth temperature, maximum survival temperature, environmental factor, host wood material, Scheffersomyces


INTRODUCTION

Diverse insect taxa and fungi can have mutualistic relationships (Biedermann and Vega, 2020). The presence of mycangia in insects, which are fungus-carrying organs, indicates obligate dependencies of the insects on fungal functions (Mueller et al., 1998; Aanen et al., 2009; Grebennikov and Leschen, 2010). Symbiotic relationships with fungi are especially critical for wood-feeding insects, because wood consists of polymers that are indigestible to insects such as cellulose, hemicellulose, and lignin (Haack and Slansky, 1987; Geib et al., 2008; Stokland, 2012). Female stag beetles (family Lucanidae) possess mycangia in the form of an exoskeletal organ on the dorsal side of the abdominal tip that carries microbial symbionts (Tanahashi et al., 2010; Tanahashi and Hawes, 2016; Kubota et al., 2020). Stag beetles mainly feed on decaying wood (Tanahashi and Kubota, 2013; Tanahashi et al., 2018) and commonly carry yeast symbionts belonging to the genus Scheffersomyces, a xylose-fermenting group of yeasts (Du Preez and Prior, 1985; Jeffries and Kurtzman, 1994; Olsson and Hahn-Hägerdal, 1996). Xylose is the main component of hemicellulose in broad-leaved tree species (Sjöström, 1993).

Platycerus is a genus of small stag beetles, and Platycerus species have adapted to mature cool-temperate, deciduous broad-leaved forests in East Asia (Kubota et al., 2011; Zhu et al., 2019, 2020). Ten Platycerus species in Japan form a monophyletic clade endemic to Japan and inhabit species-specific climatic zones (Kubota et al., 2011; Zhang and Kubota, 2021a,b). Their mycangia contain Scheffersomyces yeast symbionts that are closely related to Scheffersomyces segobiensis. Most known yeast symbionts of Dorcus, Lucanus, and Prismognathus stag beetle species besides Platycerus are also related to S. segobiensis or Scheffersomyces stipitis (Tanahashi et al., 2017; Kubota et al., 2020; Zhu et al., 2020; Ueki et al., 2021). Based on phylogenetic analyses of insect cytochrome oxidase subunit I (COI) and yeast intergenic spacer (IGS) genes, Japanese Platycerus have co-evolutionary associations with their yeast symbionts, which indicates an obligative dependency between Platycerus species and Scheffersomyces yeasts, although their contribution to host beetle growth and development has not been clarified (Tanahashi et al., 2017; Kubota et al., 2020). The adaptation of Platycerus species to cool temperate forests may be related to the heat tolerance of the beetles or microbial symbionts.

Climate change is one of the most serious issues of the present and near future, and it affects species distributions (Hamann and Wang, 2006; McKenney et al., 2007; Tonnang et al., 2010; Qin et al., 2019) and species interactions (Gilman et al., 2010; Walther, 2010; Harley, 2011; Blois et al., 2013). Its negative effects on mutualistic relationships with microbes have recently gained increasing attention (Wernegreen, 2012; Kikuchi et al., 2016; Hughes et al., 2017). Platycerus species in Japan are adapted to a cool climate and are considered somewhat endangered by global warming (Kubota et al., 2010). The Representative Concentration Pathway 8.5 (RCP 8.5) scenario predicts a major distribution range loss for Platycerus species by 2070 (Zhang and Kubota, 2021a). Intraspecific variation may also be important for local adaptation by the species (Zhang and Kubota, 2021b). However, these predictions do not reflect the temperature tolerance of microbial symbionts such as Scheffersomyces yeasts. We consider the yeast symbionts may affect the climate adaptation of their Platycerus host species.

To better understand climate adaptation of Japanese Platycerus species, it is expected to evaluate heat tolerance of their likely species-specific Scheffersomyces yeast symbionts. We estimated two temperature tolerance indicators for the yeast symbionts and examined the relationships between the heat tolerance and environmental factors at the beetle collection sites. We focused on three sympatric species and investigated the characteristics and seasonal temperature changes of the host wood materials. Finally, we discuss the relationship between Japanese Platycerus species and their yeast symbionts regarding climate adaptation.



MATERIALS AND METHODS


Heat Tolerance Indicators

We examined the heat tolerance levels of 37 yeast strains from Platycerus species, of which 36 were obtained in a previous study by Kubota et al. (2020) and one was newly extracted from Platycerus kawadai. As a control group, we used 12 yeast strains from other lucanid genera obtained in previous studies (11 from Kubota et al., 2020 and one from Zhu et al., 2020) (Table 1, Supplementary Table 1, and Supplementary Figure 1).


TABLE 1. Samples used to determine the maximum growth temperature (MGT) and maximum survival temperature (MST).
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Each frozen stock strain was thawed and spread onto a potato dextrose agar (Sigma Aldrich, St. Louis, MO, United States) plate. A small pellet of each colony was cultured in yeast and malt liquid medium (3.0 g/L yeast extract, 10.0 g/L malt extract, 10.0 g/L glucose) for 24 h followed by centrifugation at 2,000 rpm for 5 min and transfer of the precipitate into sterilized water. We adjusted the concentration of this suspension so that the optical density of each sample was 1.0 as measured using a spectrophotometer (V-630, JASCO Corporation, Hachioji, Japan) at a wavelength of 600 nm (OD600). We spread 1.0 μL of the prepared yeast suspension linearly onto a yeast nitrogen base (YNB) (1.6% YNB: Sigma Aldrich, St. Louis, MO, United States; 2% agar, 1.6% glucose) plate (Figure 1A). At most, 16 strains were put on one plate. The upper limit of growth and survival temperature of each strain were decided by cultivating each strain at ten temperatures between 17.5 and 40°C with 2.5°C intervals, since the temperature gradient incubator (TG-180-CCFL, NKsystems, Osaka) used in this study maintains accurate temperatures with setting 5°C intervals.
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FIGURE 1. Yeast nitrogen base plates used to determine threshold temperatures. (A), all colonies growing well (n = 16); (B), colonies were divided into three growth categories: +, growing well; −, not growing; w, growing weakly.


We used two heat tolerance indicators. We observed the growth condition of each yeast strain at four days after the beginning of incubation and classified the growth condition into the following three categories: +, growing well; −, not growing; w, growing weakly (Figure 1B). When + was followed by - over two consecutive temperature levels, we defined the mid-point temperature between the two levels as the maximum growth temperature (MGT) of that strain. When w was observed at a temperature level, we determined that temperature as the MGT for that strain.

Yeasts not growing at higher temperatures were not necessarily dead. Therefore, as the second indicator, we changed the incubating temperature of all yeasts to 20.0°C immediately after determining the MGT, which is a suitable growth temperature for all lucanid yeast symbionts used in this study. At two days after the temperature change, we observed the growth condition of each yeast strain again. We determined the maximum survival temperature (MST) using the same criteria as for the MGT (Figure 1B). The incubation days for elucidating both indicators were determined based on a preliminary experiment that identified the minimum incubation time needed for stable yeast colony formation.



Correlations Between Heat Tolerance and Environmental Variables

We obtained environmental variables, including elevation and 19 bioclimatic variables covering the environmental niches for each studied stag beetle species, for each sampling site from Worldclim database1 (Hijmans et al., 2005) at a resolution of 2.5 arc-min (∼5 km) (Table 2). Then, we calculated Pearson correlation coefficients between environmental variables and the heat tolerance indicators of Scheffersomyces yeasts (MST and MGT) using R v. 3.6.3 (R Core Team, 2014).


TABLE 2. List of environmental variables examined in this study and Pearson correlation coefficients with the maximum growth temperature (MGT) and maximum survival temperature (MST).
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Characterization of Host Wood Materials of Sympatric Platycerus Species

On March 25, 30, and 31, and April 28, 2007, we examined the characteristics of host wood materials hosting the sympatric Platycerus species: Platycerus delicatulus, Platycerus kawadai, and Platycerus albisomni in the Irikawa area (Site 7 in Supplementary Table 1 and Supplementary Figure 1, about 150 m × 150 m and 1,300 m elevation) in the University of Tokyo Chichibu Forest, Saitama Prefecture, since it is one of locations where the maximum number (three) of Platycerus species can be found sympatrically in Japan (Zhang and Kubota, 2021a). Mature deciduous broad-leaved trees are dominant in the Irikawa area, such as Fagus crenata, Fagus japonica, Quercus crispula, Prunus sargentii, and Acer spp. The stag beetles P. delicatulus and P. albisomni are distributed above about 1,100 m elevation in the Irikawa area, whereas P. kawadai is restricted to elevations above 1,300 m.

We randomly chose 93 fallen or standing dead woods (branches and stems) of broad-leaved tree species and recorded their rot type, length, maximum diameter (except protruding branches), minimum height above the ground, maximum height above the ground, hard part ratio, and remaining bark ratio. The rot type was classified as white rot, brown rot, soft rot, or an intermediate type between different rot types. The hard part ratio represented the ratio of wood volume that could not be broken by hand. The hard part ratio and the remaining bark ratio were roughly estimated to the nearest 5% by eye. Following the random sampling, we searched for individuals of the three Platycerus species by looking for their oviposition marks on the wood surface and cutting wood by hatchet. When we found adults and larvae, we recorded their positions (depth below the wood surface, height above ground, and diameter of the branches or trunks) as well as other wood characteristics as described above. The collected larvae were reared and emerged adults were examined together with collected adults.



Temperature Changes in Host Wood Materials of Sympatric Platycerus Species

We recorded the temperatures of five host wood materials in the Irikawa area that typically host the three sympatric Platycerus species, P. delicatulus (2), P. kawadai (1), and P. albisomni (2). We installed data loggers (Ondotori TR51i, T & D Corporation, Matsumoto, Japan) that record wood temperature every 30 min on the wood materials on May 12, 2015 and collected the data on November 12, 2015. This period includes the warmest season when Platycerus individuals are within their host wood at the egg or larval stage. To evaluate the relationship with the heat tolerance levels of yeast symbionts to increasing temperatures, we took the measurements during the warmest season. Each temperature sensor was installed at a depth of 1 cm at oviposition marks on the wood surface, where larvae are often found. The conditions of the surveyed wood materials are shown in Table 3 (also see Supplementary Figure 2).


TABLE 3. Host wood materials of three sympatric Platycerus species in which temperature changes were investigated in the Irikawa area, the University of Tokyo Chichibu Forest (1,300 m elevation).
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RESULTS


Heat Tolerance Indicators

The cultivation plate conditions at four days after the beginning of incubation, which was used to determine the MGT of Scheffersomyces yeasts, are shown in Supplementary Figures 3, 4. The plate conditions at two days after the incubation temperature change to 20.0°C, which was used to determine the MST, are shown in Supplementary Figures 5, 6. The yeast symbionts of all well examined lucanid species grew from 20.0 to 22.25°C. The MGT and MST of the yeast symbionts of each Platycerus species ranged between 25.0 and 31.25°C, and the MST was higher than the MGT in 16 strains. Symbionts of the sugitai species group (Platycerus akitaorum, Platycerus sugitai, and Platycerus urushiyamai) and P. sue (Clade Ic according to IGS based phylogeny; Table 1 and Figure 2) were relatively vulnerable to high temperatures (MGT: 25.0–27.25°C; MST: 25.0–27.5°C). By contrast, the symbionts of Platycerus viridicuprus (Clade II according to IGS based phylogeny; Table 1 and Figure 2) were resistant to high temperatures (MGT: 31.25°C; MST: 31.25°C) except for YS87.1 (Clade Ic according to IGS based phylogeny; Table 1 and Figure 2) (MGT: 26.25°C; MST: 26.25°C). Symbionts shared between the sympatric the acuticollis species group (P. albisomni and Platycerus takakuwai) and P. kawadai exhibited almost equally heat tolerance levels (MGT: 28.75–30.0°C; MST: 28.75–30.0°C). Their heat tolerance levels were almost the same but sometimes different from those of sympatric P. delicatulus (Clade Id according to IGS based phylogeny; Table 1 and Figure 2) (MGT: 28.75°C; MST: 28.75–31.25°C). Most yeast symbionts of other lucanid genera exhibited even higher temperature tolerance levels (MGT: 28.75–40.0°C; MST: 28.75 to >40.0°C) than those of Platycerus (Table 1).
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FIGURE 2. Bayesian inference (BI) phylogeny of yeast symbionts of Platycerus species in Japan based on intergenic spacer (IGS) sequences. The IGS sequences of South Korean Platycerus hongwonpyoi yeast symbionts were added as the outgroup (modified from Kubota et al., 2020).




Correlations Between Heat Tolerance and Environmental Variables

Pearson correlation coefficients between environmental variables and the heat tolerance indicators of yeasts (MST and MGT) are shown in Table 1. Significant correlations are also shown in Supplementary Figures 7, 8. Strong negative correlations were observed between the indicators and precipitation-related variables (Bio12, Bio13, Bio16, and Bio18), especially in the warm season (Table 2). Temperature-related variables (Bio2, Bio3, Bio5, and Bio7) were positively related to MST. However, only one temperature related variables (Bio5; maximum temperature in the warmest month) was related to MGT. Moreover, negative correlations were observed between elevation and MGT and MST (Table 2).



Characterization of the Host Wood Materials of Sympatric Platycerus Species

We found 31 adults (P. delicatulus: 18; P. kawadai: 9; P. albisomni: 4) and 79 larvae of Platycerus were found in 40 dead host wood materials. Of 79 larvae, 21 died and 58 emerged as adults (P. delicatulus: 32; P. kawadai: 16; P. albisomni: 21) in the laboratory from August to October of 2007. We identified the adult species based on their external morphologies, but could not identify the species of the dead larvae. Ultimately, we identified Platycerus species from 29 dead host wood materials. The numbers of wood materials that hosted P. delicatulus, P. kawadai, and P. albisomni were 13, 7, and 11, respectively (Supplementary Table 2). Both P. delicatulus and P. kawadai inhabited in two wood materials. Four tree species were identified as the host of Platycerus species (F. japonica, F. crenata, P. sargentii, and Acer sp.). However, most of the host tree species could not be identified. Platycerus females usually leave oviposition marks on the host wood. We found oviposition marks on 34 of 40 wood materials in which Platycerus adults or larvae were found.

The characteristics of the host wood of three species and randomly chosen wood materials are shown in Supplementary Table 2. Compared to randomly sampled wood materials, P. delicatulus preferred thicker wood, which is found at high positions above the ground. P. kawadai avoided wood on or under the ground and also preferred wood at high positions. P. albisomni preferred soft wood, which is found more commonly on or under the ground.

Of the host wood characteristics, the maximum diameter, hard part ratio, and maximum height above the ground were significantly different among species (Supplementary Table 2). Characteristic host wood values were similar between P. delicatulus and P. kawadai. The host wood of P. albisomni was much softer than that of P. delicatulus and P. kawadai. The maximum diameter and maximum height of the host wood of P. albisomni were significantly smaller and lower than those of P. delicatulus, respectively. Whereas the rot type of the host wood of P. delicatulus and P. kawadai was white rot or white-brown rot, that of the host wood of P. albisomni was white rot, soft rot, and white-soft rot. Platycerus species were not found in wood with brown rot or brown-soft rot (Supplementary Table 2). P. albisomni individuals lived in low-positioned host wood nearer to the ground, where the host wood was considerably wetter than that of P. delicatulus and P. kawadai (Supplementary Table 3).



Temperature Changes in the Host Wood Materials of Sympatric Platycerus Species

The temperatures of five host wood materials were recorded smoothly from May 5 to August 31, 2021, whereas the temperature measurement occasionally failed after this period. The maximum temperatures of the five host wood materials varied between 12.0 and 25.7°C. The variation in diurnal maximum temperatures among host wood materials tended to be larger around the troughs and peaks (Supplementary Figure 9A). Because the highest temperature of each host wood was recorded on July 26 and 27 and August 1 and 2, we focused on temperature changes in each host wood from July 24 to August 2 (Supplementary Figure 9B). The maximum temperature of the host wood of P. kawadai larvae was about 2–3°C higher than that of P. albisomni larvae, and that of P. delicatulus was intermediate between the two species (Supplementary Figure 9B). Additionally, multiple sudden temperature changes were recorded, possibly caused by rain showers or changes in sunlight (Supplementary Figure 9B).




DISCUSSION

In this study, we demonstrated the variation in heat tolerance of the Scheffersomyces yeast symbionts of ten Japanese Platycerus species (Table 1). The heat tolerance levels (MGT and MST) seemed to be related to each yeast’s phylogenetic position based on the IGS gene, although statistical confirmation was limited because of the small sample size per clade except for Clade Ia (Table 1). Both MGT and MST were negatively correlated with elevation and positively correlated with the maximum temperature of the warmest month (Bio5). They were also negatively correlated with multiple precipitation-related variables, especially in the warm season (Bio12, 13, 16, and 18). Rainfall in the warm season lowers the atmosphere and habitat temperature, which may contribute to the survival of species without high heat tolerance. Over all, the habitat climate of Platycerus species is generally concordant with the heat tolerance of its yeast symbionts.

In eastern Japan, P. delicatulus, P. kawadai, and P. albisomni are sympatric and they prefer different types of host wood; P. delicatulus prefers relatively thick and hard, often standing wood with white rot, P. kawadai prefers relatively thin and hard, often standing wood with white rot, and P. albisomni prefers relatively thin and soft wood with white rot or soft rot on the ground (Imura, 2010). Little quantitative information about the host wood characteristics of Platycerus species was previously known (Ikeda, 1987). In this study, we quantitatively evaluated wood characteristics in the field (Supplementary Tables 2, 3), which are concordant with the available information (Imura, 2010). We analyzed the host wood materials of three species reflecting these characteristics (Table 3) and measured temperature changes in wood with oviposition marks. We focused on the maximum temperatures of host wood in the warm season to assess the heat tolerance of the yeast symbionts. The temperature fluctuations in the host wood of P. kawadai (thin and standing) and P. albisomni (on the ground) were the largest and smallest, respectively (Supplementary Figures 9A,B). The host wood of P. albisomni was typically wet, which might have contributed to its small temperature variation. As a result, the highest maximum host wood temperature during the study period was observed for P. kawadai (25.7°C), the lowest for P. albisomni (22.4 and 23.9°C), and an intermediate temperature for P. delicatulus (24.3 and 24.6°C) (Supplementary Figure 9B). The study site was near the lower elevational limits of P. kawadai, and the species’ maximum host wood temperature (25.7°C) was lower than its MGT and MST (28.75°C). Conclusively, the heat tolerance levels of the yeast symbionts are in accordance with the distribution of P. delicatulus and P. albisomni at lower elevations.

Platycerus kawadai and P. albisomni share the same lineage of yeast symbionts (Clade Ia according to IGS-based phylogeny), members of whom exhibit the same heat tolerance, whereas P. delicatulus hosts yeasts belonging to a different clade (Clade Id) (Figure 1). The difference between P. kawadai and P. albisomni in the maximum temperature of host wood reflects their yeast symbionts’ heat tolerance, which might explain their vertical distribution (P. kawadai: above 1,300 m elevation; P. albisomni: above 1,100 m elevation). If the two species exhibit the same heat tolerance as in their yeast symbionts at the larval stage in summer, the elevational lower limit of P. kawadai should be higher than that of P. albisomni, since the maximum temperature of the host wood of P. kawadai is higher than that of P. albisomni in the same site (Table 3). In conclusion, the heat tolerance of Platycerus yeast symbionts is concordant with climate conditions not only on the geographical level but also on the microhabitat level.

Our results suggest the following hypotheses regrading heat adaptation in Platycerus species: the heat tolerance of yeast symbionts restricts the habitat range of their host Platycerus species or/and the environmental condition that host Platycerus species prefers affect the heat tolerance of its yeast symbionts. For these hypotheses, it seems to be important to examine the heat tolerance of host beetles, or the temperature effect on yeast functions. However, the phylogeny of Platycerus species is not completely concordant with the phylogeny of their yeast symbionts (Kubota et al., 2020). This might be caused by the rare lateral transmission of yeasts (Ueki et al., 2021). Lateral transmission of yeast symbionts might have led to the evolution of thermal adaptation in Platycerus species, or the dispersal of Platycerus species to a new thermal environment might have result in lateral yeast transmission.

The family Lucanidae comprises more than 1,000 species, of which most species are distributed in warmer areas than Platycerus species (Kim and Farrell, 2015). In this study, most yeast symbionts of other lucanid taxa, including cool-adapted species (e.g., Prismognathus angularis) exhibited higher heat tolerance than did those of Platycerus species. Because they are distantly related to symbionts of Platycerus species (Kubota et al., 2020), this yeast-related phylogenetic constraint of stag beetles might have affected heat adaptation in Scheffersomyces yeasts. For the heat-tolerant yeasts such as Saccharomyces cerevisiae and Kluyveromyces marxianus, the molecular and metabolic bases of the response to heat stress have been examined (Piper, 1993; Kalyuzhin, 2011; Huang et al., 2018; Matsumoto et al., 2018). The factors exhibiting diverse heat tolerance in Scheffersomyces yeasts seem to be a future research topic.

Under climate change, the thermal sensitivity of microbial symbionts constrains insect responses, and highly dependent microbial mutualisms may strongly restrict thermal responses (Wernegreen, 2012) such as in southern green stinkbugs and bacterial gut symbionts (Kikuchi et al., 2016), or corals and zooxanthellae (Hughes et al., 2017). Therefore, rapid global warming is likely to promote a range shift, and local extinction of Platycerus species due to the heat tolerance of their yeast symbionts. It may also promote the replacement of yeast symbionts that exhibit low heat tolerance by more tolerant symbionts of Platycerus species or other lucanid taxa.

Surprisingly, Scheffersomyces is almost the only fungus that Platycerus and many lucanid taxa carry in their mycangia (Tanahashi et al., 2010, 2017; Kubota et al., 2020), which suggest the importance of Scheffersomyces to lucanid taxa. However, lucanid species are expected to additionally carry the diverse bacterial taxa, which may also affect the thermal response of the host beetles.

In conclusion, we suggested that there is a close relationship between thermal adaptation in Scheffersomyces yeasts and the environmental factors preferred by their Platycerus host species. This study’s results will contribute to a better understanding of the evolution of symbiotic lucanid-microbial systems.
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Fungi of the genus Geosmithia are frequently associated with bark beetles that feed on phloem on various woody hosts. Most studies on Geosmithia were carried out in North and South America and Europe, with only two species being reported from Taiwan, China. This study aimed to investigate the diversity of Geosmithia species in China. Field surveys in Fujian, Guangdong, Guangxi, Hunan, Jiangsu, Jiangxi, Shandong, Shanghai, and Yunnan yielded a total of 178 Geosmithia isolates from 12 beetle species. The isolates were grouped based on morphology. The internal transcribed spacer, β-tubulin, and elongation factor 1-α gene regions of the representatives of each group were sequenced. Phylogenetic trees were constructed based on those sequences. In total, 12 species were identified, with three previously described species (Geosmithia xerotolerans, G. putterillii, and G. pallida) and nine new species which are described in this paper as G. luteobrunnea, G. radiata, G. brevistipitata, G. bombycina, G. granulata (Geosmithia sp. 20), G. subfulva, G. pulverea (G. sp. 3 and Geosmithia sp. 23), G. fusca, and G. pumila sp. nov. The dominant species obtained in this study were G. luteobrunnea and G. pulverea. This study systematically studied the Geosmithia species in China and made an important contribution to filling in the gaps in our understanding of global Geosmithia species diversity.

Keywords: fungal community, symbiosis, 9 new taxa, Geosmithia, bark beetles


INTRODUCTION

Members of Geosmithia are widely distributed fungal associates of phloem- and xylem-feeding beetles (Pitt, 1979; Kolařík et al., 2007, 2017; Lin et al., 2016), such as species in Bostrichidae and Curculionidae-Scolytinae (Coleoptera) (Juzwik et al., 2015; Kolařík et al., 2017). Geosmithia species are predominantly isolated from phloem-feeding bark beetles on broadleaved and conifer trees although they have been documented from many other substrates including soil (Kolařík et al., 2004), seed-feeding beetles (Huang et al., 2017), animal skin (Crous et al., 2018), indoor environment (Crous et al., 2018), insect-free plant tissues (McPherson et al., 2013), and food materials (Pitt and Hocking, 2009). To date, almost 60 phylogenetic and 21 formally described Geosmithia species have been recognized (Strzałka et al., 2021).

Geosmithia is similar to Penicillium and Paecilomyces in morphology, but it can be distinguished by the combination of stipe with or without a curved basal cell, verrucose conidiophores (including phialide), cylindrical phialide shape with a very short and cylindrical neck (collula), and ellipsoidal or cylindrical conidia (except globose conidia in Geosmithia eupagioceri and G. microcorthyli). The colony color could be in shades of white, yellow, brown, or red but never bluish-green or green (Kolařík et al., 2004; Kolařík and Kirkendall, 2010).

The spores of Geosmithia may be transmitted by attaching to the surface of the beetle vector, but the ecological role of most Geosmithia species in symbiosis with bark beetles is still unclear. Some species serve as the main food source or supplementary nutrition for the beetles (Kolařík and Kirkendall, 2010; Machingambi et al., 2014), but most are probably commensals with minimal or no benefit to the beetle (Veselská et al., 2019) because the vector beetles show neither any apparent morphological adaptation nor nutrient dependence (Huang et al., 2017, 2019). Some Geosmithia species exhibit extracellular antimicrobial and antifungal metabolites, but their ecological implications are unknown (Stodůlková et al., 2009; Veselská et al., 2019).

Some Geosmithia species can cause serious tree diseases. One example is the thousand cankers disease (TCD) of walnuts caused by G. morbida (Kolařík et al., 2011). Following high-density colonization by its beetle vector, the walnut twig beetle (Pityophthorus juglandis), in the phloem of walnut (Juglans spp.) or wingnut (Pterocarya spp.) trees, G. morbida causes numerous small lesions which eventually girdle the vascular tissue (Tisserat et al., 2009; Kolařík et al., 2011; Utley et al., 2012; Seybold et al., 2013; Hishinuma et al., 2015). TCD has affected many walnut trees in North America, especially in the western United States (Tisserat et al., 2009, 2011), and has recently been detected in Europe (Montecchio et al., 2014). Another mildly pathogenic species Geosmithia sp. 41 causes mild pathogenicity in Quercus argifolia (Kolařík et al., 2017), originally reported as G. pallida (Lynch et al., 2014).

After the discovery of the Geosmithia–beetle association (Kirschner, 2001), there has been an accumulation of reports describing Geosmithia fungi from phloem-feeding bark beetles around the world (Kolařík et al., 2004, 2007, 2008; Kubátová et al., 2004; Kolarik et al., 2005; Kolařík and Jankowiak, 2013; McPherson et al., 2013; Jankowiak et al., 2014; Machingambi et al., 2014; Pepori et al., 2015; Huang et al., 2019; Strzałka et al., 2021). Fungal communities associated with phloem-infected bark beetles are formed by a variety of biological and abiotic factors. The tree host is one of the most important selection factors (Skelton et al., 2018). Like other beetle-vectored fungi such as the ophiostomatoid fungi (Seifert et al., 2013), Geosmithia species display variable degrees of specificity to their beetle vectors and tree hosts, ranging from generalists to single-species specialists (Kolařík et al., 2007, 2008; Kolařík and Jankowiak, 2013; Jankowiak et al., 2014; Veselská et al., 2019). Other factors affecting the fungal community structure include beetle ecology, surrounding host tree community, and climatic factors (Six and Bentz, 2007; Jankowiak et al., 2014). These factors also influence the communities of Geosmithia, most notably by the fact that different beetles infesting the same host tree have similar Geosmithia assemblages (Kolařík et al., 2008; Machingambi et al., 2014).

At present, most of the studies of Geosmithia were conducted in North and South America and Europe, but the mycoflora of Asian bark beetles remain understudied. This study investigated the Geosmithia species from China using phylogenetic analyses and morphological and physiological features, and nine Geosmithia new species are described to fill the gap in our understanding of the global Geosmithia diversity.



MATERIALS AND METHODS


Sampling, Isolating, and Preserving Fungal Isolates

The beetle gallery samples were collected in Fujian, Guangdong, Guangxi, Hunan, Jiangsu, Jiangxi, Shandong, Shanghai, and Yunnan Province from plant hosts of Altingia gracilipes (Altingiaceae), Gnetum luofuense (Gnetaceae), Lauraceae sp., Liquidambar formosana (Altingiaceae), L. styraciflua (Altingiaceae), Eriobotrya japonica (Rosaceae), Acacia pennata (Mimosaceae), Rhus chinensis (Anacardiaceae), Cupressus funebris (Cupressaceae), and Ulmus spp. (Ulmaceae) and kept individually in sealable bags (Table 1). The adult beetles were individually placed in Eppendorf tubes. Both galleries and adult beetles were kept at 4°C for further isolation. The beetle vectors included three groups: (1) Curculionidae-Scolytinae: Acanthotomicus suncei, Scolytus jiulianshanensis (Curculionidae-Scolytinae), S. semenovi, Microperus sp. L589, Cryphalus eriobotryae, C. kyotoensis, and Phloeosinus sp. and P. cf. hopehi, (2) Curculionidae-Platypodinae: Crossotarsus emancipates, and (3) Bostrichidae: Dinoderus sp. L489, Sinoxylon cf. cucumellae and Xylocis tortilicornis (Table 1). The fungal isolates were obtained by scraping wood tissue from the beetle galleries and crushing the beetle coating. The isolates were inoculated on 2% malt extract agar [MEA: 20 g agar (Solarbio, China), 20 g malt extract (Hopebio, China), and 1 L deionized water] amended with 0.05% streptomycin. The cultures were purified by hyphal-tip subculturing and incubated at 25°C. All the cultures obtained in this study were deposited in the culture collection (SNM) of Shandong Normal University, Jinan, Shandong Province, China. Isolates linked to type specimens of the fungal species were deposited in the China General Microbiological Culture Collection Center (CGMCC), Beijing, China. The holotype specimens (dry cultures) were deposited in the Herbarium Mycologicum, Academiae Sinicae (HMAS), Beijing, China (Table 2).


TABLE 1. Distribution and number of species of Geosmithia among 178 isolated strains.
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TABLE 2. Cultures examined in this study and their GenBank accession numbers.
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DNA Extraction, Amplification, and Sequencing

DNA was extracted by scraping fresh fungal tissue from pure cultures and adding to 50 μl extraction solution of the PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, Foster City, CA, United States). The samples were vortexed for 1 min, incubated at 100°C for 10 min, and then centrifuged at 5,000 rpm (MiniSpin Plus Centrifuge, Eppendorf 5453, Germany) for 5 min. The supernatant was transferred to a new Eppendorf tube and used as the template for polymerase chain reaction (PCR) amplification.

The rDNA region of ITS1-5.8S-ITS2, internal transcribed spacer (ITS), was amplified using the primer pair of ITS1-F (Gardes and Bruns, 1993) and ITS4 (White et al., 1990). The translation elongation factor 1-α gene (TEF1-α) was amplified using the primer pair of EF1-983F and EF1-2218R (Rehner and Buckley, 2005). β-Tubulin (TUB2) was amplified by using T10 and Bt2b (Glass and Donaldson, 1995; O’Donnell and Cigelnik, 1997). The second-largest subunit of the RNA polymerase II gene (RPB2) was amplified using the primer pair of fRPB2-5F/fRPB2-7cR (Liu et al., 1999). The PCR amplifications were carried out in a final 25-μl PCR reaction mixture consisting of 50–100 ng template DNA, 1.25 U Taq polymerase (Vazyme Biotech Co., Ltd., Nanjing, China), 200 μM dNTP, 0.5 μM of each primer, and 5% (v/v) dimethyl sulfoxide. The PCR conditions were as follows: 95°C for 3 min, followed by 30 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min. The final extension step was 72°C for 10 min. The amplified products were sequenced in Sangon Biotech, Qingdao, Shandong Province, China.



DNA Sequence Analyses

The sequences obtained using the forward and reverse primers were aligned in Geneious version 10.2.2 (Biomatters, Auckland, New Zealand). The reference sequences of Geosmithia species were retrieved from GenBank (Table 2). Emericellopsis pallida CBS 490.71 was chosen as the phylogenetic outgroup. The sequences were aligned by using the online version of MAFFT v. 7 (Katoh and Standley, 2013) with the default settings. The best nucleotide substitution model for each partition was determined in jModelTest v. 2.1.1 (Darriba et al., 2012). Maximum parsimony (MP) analyses were performed using MEGA v.10.2.0 with 1,000 bootstrap replicates; gaps were treated as a fifth-state character. Maximum likelihood (ML) phylogenetic analyses were conducted in the CIPRES Science Gateway (Miller et al., 2010) using RAxML v. 8.2.2 (Stamatakis, 2014) with the recommended partition parameters to assess the tree topology and bootstrap values from 1,000 replicate searches. Bayesian inference (BI) was estimated in the CIPRES Science Gateway (Miller et al., 2010) using MrBayes 3.2.7a (Ronquist et al., 2012). The MCMC runs of four chains were executed simultaneously from a random starting tree for 20 million generations, and every 100 generations were sampled, resulting in 200,000 trees. Chain convergence was determined with Tracer 1.71, and the effective sample size values over 200 are considered adequate. A total of 50,000 trees were discarded during burn-in. Posterior probabilities were estimated from the retained 150,000 trees. Phylogenetic trees were visualized and edited in FigTree v. 1.4.3. The final alignments used in this study have been submitted to TreeBase2 (nos.: 28242).



Morphological Study

Morphological characters were observed and recorded using Olympus BX61 microscope (Olympus Corporation, Tokyo, Japan). The images were analyzed using ImageJ3. At least 50 measurements for each of the structures were measured. The results of the calculation are expressed as (minimum -) mean minus standard deviation -- mean plus standard deviation -- (- maximum). One-way ANOVA in SPSS version 26.04 was used to evaluate the morphological differences of the different species, with a significance level of 0.05 (Supplementary Figure S5).



Growth Study

Three independently isolated strains of each novel taxon were randomly selected for the growth experiments. The actively growing edge mycelia were inoculated at the center of 90-mm Petri dishes containing 2% MEA and incubated in darkness at temperatures ranging from 5 to 35°C at 5°C intervals and 37°C for 8 days; each temperature had three duplicates. The colony diameters were measured every 2 days, and then the optimum temperature of growth for each species and the high- and low-temperature conditions of growth were calculated.




RESULTS

In total, 125 samples (N) were collected (Table 1). A total of 178 strains in the genus Geosmithia were isolated from 12 beetle species and their galleries. One hundred fifty-eight strains were from the galleries and 20 strains were from the beetles. There were 63 strains from Jiangxi, 47 from Guangdong, 23 from Shandong, 20 from Yunnan, 9 from Shanghai, 8 from Jiangsu, 5 from Fujian, 2 from Guangxi, and 1 from Hunan (Table 1).


Phylogenetic Analysis

The preliminary classification was carried out by BLAST on NCBI GenBank using the ITS marker (Supplementary Table S1). Subsequently, 32 representative strains were selected for multi-gene phylogenetic analysis, and 24 strains were screened for morphological studies (Table 2). The aligned sequences, including gaps, yielded 555 characters for ITS where 124 were parsimony informative, 899 characters for TEF1-α where 209 were parsimony informative, 1,066 characters for RPB2 where 380 were parsimony informative, and 653 characters for TUB2 where 321 were parsimony informative. The concatenated dataset comprised 162 sequences covering 3,173 characters where 1,028 were parsimony informative. The final average standard deviation of split frequency of MCMC analysis was 0.009591 for the concatenated dataset, 0.004862 for ITS, 0.006573 for TEF1-α, 0.008026 for RPB2, and 0.007595 for TUB2. The best substitution model for ITS, TEF1-α, RPB2, TUB2, and combined alignment was GTR + I + G. For all datasets (ITS, TUB2, TEF1-α, and RPB2), ML, MP, and Bayesian inference produced nearly identical topologies, with slight variations in the statistical support for each of the individual sequence datasets (Figure 1 and Supplementary Figures S1–S4). Phylograms obtained by ML are presented for all the individual datasets.
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FIGURE 1. Maximum likelihood (ML) tree of Geosmithia generated from the combined ITS, TEF1-α, TUB2, and RPB2 sequence data. The sequences generated from this study are printed in bold. The bold branches indicate posterior probability values ≥0.9. Bootstrap values of ML/maximum parsimony ≥75% are recorded at the nodes. T, ex-type isolates.




Morphological Statistical Analysis

The results of the morphological comparison of the different species are presented in Supplementary Figure S5. The values are mean of 50 measurements (±) SD, and significant differences according to Dunnett-t3′ multiple-range tests at p < 0.05 levels were indicated and followed by different letters.



Taxonomy

Among the 178 strains obtained in this study, 12 species were identified. Nine of these species are new to science and are described as follows:


Geosmithia luteobrunnea R. Chang and X. Zhang, sp. nov.

MycoBank MB839256

Etymology: luteobrunnea, referring to the yellowish-brown appearance of the colony on MEA.

Diagnosis: The stipe of G. luteobrunnea is slightly thicker and shorter than that in other species. Geosmithia luteobrunnea can grow at 5 and 35°C, even grows slowly at 37°C (Figure 2).
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FIGURE 2. Morphological characteristics of Geosmithia luteobrunnea sp. nov. (SNM261 = CGMCC3.20252, SNM226, SNM287). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. The stipe (indicated with arrows) is thick and short. Scale bars: 10 μm (B–E).


Type: China, Jiangxi Province, Ganzhou City, Longnan County, Jiulianshan National Nature Reserve (24°34′1′′ N, 114°30′ E), from the gallery of Scolytus jiulianshanensis on Ulmus sp., 5 May 2020, S. Lai, Y. Xu, S. Liao, Y. Wen and T. Li (HMAS 249919 – holotype, SNM261 = CGMCC3.20252 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (19.0–) 29.6–61.5 (–85.0)-μm long. Conidiophores borne mostly from aerial fungal hyphae, erect, determinate, solitary, sometimes funiculose, with all parts verrucose; base often consisting of a curved and atypically branched cell, stipe (6.4–) 11.3–40.1 (–78.4)-μm long, (1.5–) 1.7–3.2 (–6.0)-μm wide; penicillus, monoverticillate to terverticillate (penicilli of conidiophores on aerial funiculose mycelia are monoverticillate or biverticillate), symmetric or asymmetric, often irregularly branched, rami (1st branch) in whorls of 1–3, (4.1–) 5.2–7.0 (–8.7) × (1.2–) 1.7–2.5 (–3.2) μm, metulae (last branch) in whorls of 1 to 2, (4.0–) 4.9–6.5 (–7.6) × (1.4–) 1.8–2.3 (–2.6) μm; phialides in whorls of 1–3, cylindrical, without or with short cylindrical neck and smooth to verrucose walls, (4.2–) 5.1–7.5 (–10.2) × (1.1–) 1.5–2.3 (–2.7) μm. Conidia hyaline to subhyaline, smooth, narrowly cylindrical to ellipsoidal, (2.3–) 2.9–4.0 (–4.7) × (0.9–) 1.2–1.7 (–2.2) μm, produced in non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 50–64 mm at 20°C, 58–78 mm at 25°C, and 44–70 mm at 30°C. The hyphae grow slowly at 5 and 35°C. After 8 days of culture, the colony diameter was 1.5–4 mm and 11–14 mm, respectively. The optimal temperature for growth was 25°C. Colonies at 25°C, 8 days, were oppressed, velutinous, or floccose with raised mycelial cords; colony margin smooth, filamentous, diffuse; aerial mycelium sparse; substrate mycelium sparse; conidiogenesis moderate; milky white to light yellow; reverse lighter brown; absence of exudate; no soluble pigment. When incubated at 35°C, colonies were raised, slightly depressed at the center, rugose, or irregularly furrowed; margin undulate somewhat erose; aerial mycelia sparse to moderate; substratum mycelia dense, forming a tough basal felt; the colony was darker and yellowish-brown; reverse brown; soluble pigment was brown. MEA, 37°C, 8 days, germinating only.

Host: Liquidambar formosana, Liquidambar styraciflua, Ulmus sp.

Beetle vectors: Acanthotomicus suncei, Scolytus jiulianshanensis.

Distribution: Currently only known from Jiangxi and Shanghai.

Notes: Geosmithia luteobrunnea and G. radiata are phylogenetically close to each other on ITS, TUB2, RPB2, TEF1-α trees, and combined alignment tree (Figure 1 and Supplementary Figures S1–S4). The colony morphology of G. luteobrunnea and G. radiata are also similar, but there are many differences among those two species. First of all, their sequences are different (Table 3). Then, under the microscope, the morphological differences between them are more obvious (Supplementary Figure S5). The spore of G. radiata is shorter than the other specie. The stipe of G. radiata is thicker than the other specie, and the stipe of G. luteobrunnea is slightly shorter than the other two species (Supplementary Figure S5). Moreover, their growths at different temperatures are also different (Table 4). G. luteobrunnea can grow at both temperatures, especially at 35°C, even grows slowly at 37°C. Geosmithia radiata only grows a little at 5°C and grows slowly at 35°C. The growth speed of G. luteobrunnea is faster than that of G. radiata (Table 4). Geosmithia luteobrunnea and G. radiata form a species group outstanding by cream to yellow or brown color of sporulation accompanied by the darker (brownish to rusty) shades of the substrate mycelium and colony reverse. This feature is shared also by the phylogenetically related Geosmithia sp. 11 (Kolařík et al., 2007) which is known from Europe and the Mediterranean (Kolařík et al., 2007, 2008) and seems to be diagnostic for the whole species group.


TABLE 3. Summary of the variability between species of the Geosmithia luteobrunnea species complex.
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TABLE 4. The colony diameter of G. subfulva, G. bombycine, G. luteobrunnea, G. radiata, G. granulate, and G. pallida species complex, G. brevistipitata and G. pumila, at different temperatures after 8 days on malt extract agar medium (unit: millimeter).
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Additional cultures examined: China, Shanghai, from the gallery of Acanthotomicus suncei on Liquidambar styraciflua, April 2019, L. Gao (SNM226, SNM287).



Geosmithia radiata R. Chang and X. Zhang, sp. nov.

MycoBank MB839257

Etymology: radiata, referring to the radial appearance of the colony on MEA.

Diagnosis: The spore and the stipe of G. radiata are thicker than closely related species. Geosmithia radiata only grows a little at 5 and 35°C (Figure 3).
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FIGURE 3. Morphological characteristics of Geosmithia radiata sp. nov. (SNM279 = CGMCC3.20253, SNM884). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. The sporulation structure is coarse, and the phialides (indicated with arrows) are abundant and compact. Scale bars: 10 μm (B–D) and 20 μm (E).


Type: China, Jiangxi Province, Ganzhou City, Longnan County (24°5′2.4′′ N, 114°47′2.4′′ E), from the gallery of Acanthotomicus suncei on Liquidambar formosana, 5 May 2020, S. Lai (HMAS 249920 – holotype, SNM279 = CGMCC3.20253 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (22.6–) 35.6–85.7 (–119.3)-μm long. Conidiophores borne from the substrate or aerial hyphae, sometimes arising laterally from another conidiophore, erect, determinate, solitary, with all parts verrucose; stipe commonly (7.3–) 18.4–63.6 (–115.8)-μm long, (1.6–) 2.1–3.8 (–5.9)-μm wide, penicillus, with walls thick, septate; penicillus terminal, monoverticillate, biverticillate, or terverticillate, mostly symmetrical, rami (1st branch) in whorls of 2 to 3, (4.2–) 5.2–7.8 (–10.6) × (1.3–) 2.1–3.5 (–4.8) μm; metulae (last branch) in whorls of 1 to 2, (2.6–) 3.9–5.8 (–7.3) × (1.3–) 1.7–2.6 (–3.3) μm. Phialides in whorls of 1–5, (3.9–) 4.6–6.2 (–7.7) × (1.5–) 1.9–2.8 (–3.9) μm, cylindrical, without or with short cylindrical neck and smooth to verrucose walls. Conidia cylindrical to ellipsoidal, smooth, hyaline to subhyaline, (2.2–) 2.5–3.2 (–4.0) × (0.9–) 1.1–1.5 (–1.8) μm, formed in non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 50–58 mm at 20°C, 59–69 mm at 25°C, and 49–60 mm at 30°C. The hyphae grow slowly at 5 and 35°C. After 8 days of culture, the colony diameter was only 1 and 1–4 mm, respectively. The optimal temperature for growth is 25°C. Colonies at 25°C, 8 days, plane, slightly raised centrally, velutinous, with a slight overgrowth of aerial mycelium, with floccose and funiculose areas; substrate mycelium darker, aerial mycelium hyaline; sporulation moderate to heavy, pale cream; vegetative mycelium hyaline; reverse lighter yellow; soluble pigment and exudate absent. When incubated at 35°C, colonies were rising, slightly sunken in the center, furrowed, or irregularly fringed; the substratum hyphae were dense and formed a tough basal felt. The colony is dark and yellowish-brown. MEA, 37°C, 8 days: no growth.

Host: Liquidambar formosana, Ulmus sp.

Beetle vectors: Acanthotomicus suncei, Scolytus jiulianshanensis.

Distribution: Jiangxi.

Notes: See comparisons between Geosmithia luteobrunnea, G. radiata below the description of G. luteobrunnea.

Additional cultures examined: China, Jiangxi Province, Ganzhou City, Xunwu County (24°57′ N, 115°38′2′′ E), from the gallery of Acanthotomicus suncei on Liquidambar formosana, 5 May 2020 (SNM884).



Geosmithia brevistipitata R. Chang and X. Zhang, sp. nov.

MycoBank MB841503

Etymology: brevistipitata, referring to the short conidiophore stipe, a character distinguishing it from other members of the species complex.

Diagnosis: Isolates of G. brevistipitata formed a monophyletic clade on all the phylogenetic trees (Figure 4).
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FIGURE 4. Morphological characteristics of Geosmithia brevistipitata sp. nov. (SNM1616 = CGMCC3.20627, SNM1610, SNM1611). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. The stipe (indicated with arrows) is short and sometimes not smooth. Scale bars: 10 μm (B–E).


Type: China, Shandong Province, Linyi City, Tianfo scenic spot (35°5′ N, 118°2′ E), from the gallery of Phloeosinus cf. hopehi on Cupressus funebris, 8 August 2021, Y. Cao (HMAS 351566 - holotype, SNM1616 = CGMCC3.20627 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (9.5–) 15.5–42.3 (–77.9)-μm long. Conidiophores borne from the substrate or aerial hyphae, sometimes arising laterally from another conidiophore, erect, determinate, solitary, with all parts verrucose; stipe commonly (2.9–) 7.5–30.0 (–56.0) × (1.3–) 1.9–3.0 (–4.1) μm, penicillus, with walls thick, septate; penicillus terminal, monoverticillate or biverticillate, mostly symmetrical, metulae in whorls of 2–3, (4.6–) 6.3–9.1 (–11.2) × (1.8–) 2.0–2.7 (–3.2) μm. Phialides in whorls of 2–5, (3.2–) 5.0–8.7 (–11.4) × (1.3–) 1.7–2.4 (–2.8) μm, cylindrical, without or with short cylindrical neck and smooth to verrucose walls. Conidia cylindrical to ellipsoidal, smooth, hyaline to subhyaline, (2.2–) 2.4–3.1 (–3.8) × (1.2–) 1.5–1.9 (–2.2) μm, formed in non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 24–30 mm at 20°C, 23–34 mm at 25°C, and 8–12 mm at 30°C. The hyphae grow slowly at 5°C. After 8 days of culture, the colony diameter was only 2–3 mm. No growth at 35°C. The optimal temperature for growth is 20–25°C. Colonies at 25°C, 8 days, plane, granular, with a slight growth of aerial mycelium; substrate mycelium white; reverse white; sporulation moderate white; soluble pigment and exudate absent. MEA, 37°C, 8 days: no growth.

Host: Cupressus funebris.

Beetle vectors: Phloeosinus cf. hopehi.

Distribution: Shandong.

Notes: Isolates of G. brevistipitata formed a monophyletic clade on both ITS, TUB2, TEF1-α, and RPB2 trees. Its closely related species differ on various trees, such as according to ITS tree, isolates of G. brevistipitata were closely related to G. cnesini, G. xerotolerans, G. omnicola, G. ulmacea, and Geosmithia sp. 12 (Supplementary Figure S5), but according to the TUB2 tree, isolates of G. brevistipitata were connected to other species, e.g., G. microcorthyli and G. obscura (Supplementary Figure S2). Among the other species described, it is outstanding by the combination of slow growth and white colony color and short stipe.

Additional cultures examined: China, Shandong Province, Linyi City, Tianfo scenic spot (118°2′ N, 35°5′ E), from the gallery of Phloeosinus cf. hopehi on Cupressus funebris, 8 August 2021, Y. Cao (SNM1610).



Geosmithia granulata R. Chang and X. Zhang, sp. nov.

MycoBank MB 840646

Etymology: granulata, referring to the granular appearance of the colony on MEA.

Diagnosis: The conidia of G. granulata are shorter than the closely related species (Figure 5).
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FIGURE 5. Morphological characteristics of Geosmithia granulata sp. nov. (SNM1015 = CGMCC3.20450, SNM1013). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. Conidia hyaline, smooth, wide oval shape, like an egg. Scale bars: 10 μm (B–E).


Type: China, Yunnan Province, Xishuangbanna City, Xishuangbanna Botanical Garden (21°55′1′′ N, 101°16′1′′ E), from the gallery of Sinoxylon cf. cucumella on Acacia pennata, 1 May 2021, Y. Dong and Y. Li (HMAS 351568 - holotype, SNM1015 = CGMCC3.20450 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like, (9.6–) 11.6–26.0 (–50.6) μm in length. Conidiophores emerging from hyphae, smooth, septate; stipe (4.0–) 4.8–8.3 (–14.3) × (1.1–) 1.4–2.1 (–2.6) μm; penicilli typically longer than the stipe, terminal, monoverticillate, biverticillate, or terverticillate, symmetric or asymmetric, often irregularly branched, rarely more; metulae in whorls of 1–2, (5.2–) 5.7–8.1 (–11.3) × (1.0–) 1.3–1.7 (–2.0) μm; phialides in whorls of 1–4, smooth, (3.3–) 4.9–7.1 (–8.8) × (1.0–) 1.3–1.8 (–2.2) μm. Conidia hyaline, smooth, wide oval shape, like an egg, (1.5–) 1.8–2.2 (–2.5) × (0.8–) 1.0–1.4 (–1.8) μm. Conidia formed in long, non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 27–32 mm at 20°C, 30–34 mm at 25°C, and 8–12 mm at 30°C. At 5°C: germinating only. At 35°C, the mycelia grew slowly. After 8 days of culture, the diameter of the colony was 2–4 mm. The optimal growth temperature is 20–25°C. At 25°C, 8 days: Colonies were flat and radiated, surface texture powdery; central hyphae slightly raised and wrinkled, conidiogenesis heavy; marginal colonies were similar to annual rings, slightly flocculent, hyphae were sparse, milky white, reverse creamyrice white; without exudate and insoluble pigment. MEA, 37°C, 8 days, no growth.

Host: Acacia pennata, Hibiscus tiliaceus, Ulmus sp.

Beetle vectors: Sinoxylon cf. cucumella, Ernoporus japonicus, Scolytus semenovi.

Distribution: Guangdong, Jiangsu, Yunnan.

Notes: According to the tree made by ITS and TEF1-α sequence, SNM1015 and SNM1013 were clustered with Geosmithia sp. 20 (Supplementary Figures S1, S3). TUB2 and RPB2 sequences of Geosmithia sp. 20 were not available on GenBank; therefore, Geosmithia sp. 20 was not included in TUB2 and RPB2 trees. These results suggested that our isolates and Geosmithia sp. 20 belonged to the same species, described as G. granulata sp. nov. This extends the geographical distribution of this species to the Mediterranean Basin (Kolařík et al., 2007) and western part of the United States (Kolařík et al., 2017) where it was found in association with many bark beetle species feeding on plants from the families Asteraceae, Fabaceae, Moraceae, Oleaceae, Ulmaceae (Mediterranean Basin), or Cupressaceae, Ulmaceae (Western United States).

Additional cultures examined: China, Yunnan Province, Xishuangbanna City, Xishuangbanna Botanical Garden (21°55′1′′ N, 101°16′1′′ E), from the gallery of Sinoxylon cf. cucumella on Acacia pennata, 1 May 2021, Y. Dong and Y. Li (SNM1013).



Geosmithia subfulva R. Chang and X. Zhang, sp. nov.

MycoBank MB 841505

Etymology: subfulva, referring to the beige appearance of the colony on MEA.

Diagnosis: Isolates of G. subfulva formed a monophyletic clade on all the phylogenetic trees (Figure 6).
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FIGURE 6. Morphological characteristics of Geosmithia subfulva sp. nov. (SNM1304 = CGMCC3.20579, SNM1298). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. The metulae (indicated with arrows) branches are few and sparse. Scale bars: 10 μm (B–E).


Type: China, Guangdong Province, Zhuhai City (22°16′48′′ N, 113°30′28′′ E), from the gallery of Ernoporus japonicus in the twig of Hibiscus tiliaceus, 21 June 2021, W. Lin (HMAS 351569 - holotype, SNM1304 = CGMCC3.20579 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (13.3–) 21.0–43.5 (–62.5)-μm long. Conidiophores arising from substrate or aerial mycelium with all parts verrucose; stipe (5.3–) 9.3–26.4 (–36.6) × (0.9–) 1.5–2.2 (–3.1) μm; penicillus, biverticillate to quaterverticillate, symmetric or asymmetric, often irregularly branched, rarely more, rami (1st branch) in whorls of 1–2, (4.8–) 5.6–7.4 (–8.4) × (1.0–) 1.3–1.8 (–2.0) μm, metulae (last branch) in whorls of 1–3, (4.0–) 4.6–5.9 (–6.9) × (0.9–) 1.2–1.6 (–1.8) μm; phialides 1–3, cylindrical or ellipsoidal, without or with short cylindrical neck and smooth to verrucose walls, (3.6–) 4.8–6.9 (–10.0) × (0.8–) 1.1–1.4 (–1.6) μm. Conidia hyaline, smooth, wide oval shape, (1.1–) 1.5–2.2 (–2.2) × (1.0–) 1.1–1.5 (–1.7) μm. Conidia formed in long, non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 17–26 mm at 20°C, 24–36 mm at 25°C, and 20–29 mm at 30°C. At 5 and 35°C, the mycelia grew slowly. After 8 days of culture, the colony diameter was 4–6 and 3–5 mm. The optimal growth temperature is 25°C. Colonies at 25°C, 8 days, plane with radial rows and slightly raised centrally, texture velutinous (powdery); beige to off-white; reverse milky white; soluble pigment and exudate absent. When incubated at 35°C, the colonies are the same as described above. MEA, 37°C, 8 days: no growth.

Host: Hibiscus tiliaceus, Rhus chinensis.

Beetle vectors: Cryphalus kyotoensis, Ernoporus japonicus, Hypothenemus sp. L636.

Distribution: Fujian, Guangdong, Shandong.

Notes: Isolates SNM1304 and SNM1298 formed a monophyletic clade on both ITS, TUB2, TEF1-α, and RPB2 trees (Supplementary Figures S1–S4). On the ITS tree, SNM1304 and SNM1298 were distinct from all other species. On the TUB2 tree, SNM1304 and SNM1298 are linked to G. pulverea but have no strong support. On TEF1-α and RPB2 trees, they are nested in a clade including not only G. pulverea but also several other species.

Additional cultures examined: China, Guangdong Province, Zhuhai City (22°16′48′′ N, 113°30′28′′ E), from the gallery of Ernoporus japonicus LW320 in the twig of Hibiscus tiliaceus, 21 June 2021, W. Lin (SNM1298).



Geosmithia pulverea R. Chang and X. Zhang, sp. nov.

MycoBank MB839259

Etymology: pulverea, powdery in Latin. On MEA medium, G. pulverea has powdery sporulation.

Diagnosis: Geosmithia pulverea produces long spore chains, while its closely related species does not (Figure 7).
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FIGURE 7. Morphological characteristics of Geosmithia pulverea sp. nov. (SNM885 = CGMCC3.20255, SNM270, SNM888). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. The stipe (indicated with arrows) are slender and abundant with spores. Scale bars: 10 μm (B–E).


Type: China, Guangdong Province, Shenzhen City (21°55′12″ N, 101°16′12″ E), from the gallery of Dinoderus sp. L489 in the vine of Gnetum luofuense, 12 April 2018, Y. Li (HMAS 249922 – holotype, SNM885 = CGMCC3.20255 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (17.5-) 30.9–84.3 (-120.1)-μm long. Conidiophores arising from substrate or aerial mycelium with all parts verrucose; base often consisting of curved and atypically branched cell; stipe (16.2–) 32.7–85.7 (–153.9) × (1.9–) 2.5–3.7 (–4.7) μm; penicillus, biverticillate to quaterverticillate, symmetric or asymmetric, often irregularly branched, rarely more, rami (1st branch) in whorls of 2–4, (8.2–) 10.2–14.4 (–18.9) × (2.2–) 2.5–3.3 (–3.9) μm, metulae (last branch) in whorls of 2–3, (6.3–) 7.5–10.9 (–15.8) × (1.8–) 2.1–2.8 (–3.5) μm; phialides 1–3, cylindrical or ellipsoidal, without or with short cylindrical neck and smooth to verrucose walls, (5.3–) 7.0–9.6 (–12.3) × (1.5–) 1.8–2.5 (–3.0) μm. Conidia hyaline, smooth, narrowly cylindrical to ellipsoidal, (2.1–) 2.5–3.4 (–5.1) × (1.1–) 1.2–1.6 (–2.0) μm. Conidia formed in long, non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 23–29 mm at 20°C, 30–37 mm at 25°C, and 31–36 mm at 30°C. No growth at 5°C. At 35°C, the mycelia grew slowly. After 8 days of culture, the colony diameter was 1.5–4 mm, with a yellow soluble pigment. The optimal growth temperature is 25–30°C. Colonies at 25°C, 8 days, plane with radial rows and slightly raised centrally, texture velutinous (powdery); sporulation abundant, light brownish yellow to buff; reverse yellowish to slightly avellaneous brown; soluble pigment and exudate absent. When incubated at 35°C, the colonies are the same as described above. MEA, 37°C, 8 days: no growth.

Host: Acacia pennata, Gnetum luofuense, Liquidambar formosana, L. styraciflua, Choerospondias axillaris, Lauraceae, Eriobotrya japonica, Rhus chinensis, Ulmus spp.

Beetle vectors: Sinoxylon cf. cucumella, Acanthotomicus suncei, Crossotarsus emancipatus, Dinoderus sp. L489, Microperus sp. L589, Phloeosinus sp., Scolytus semenovi, Scolytus jiulianshanensis, Cryphalus kyotoensis, Cryphalus eriobotryae.

Distribution: Fujian, Guangdong, Guangxi, Hunan, Jiangxi, Yunnan, Shandong, Shanghai.

Notes: Geosmithia pulverea colony was powdery and brown-yellow. One of the most obvious features is the long spore chain. According to the tree made by ITS sequence, SNM888, SNM885, and SNM248 were clustered with Geosmithia sp. 3, and SNM886, SNM887, and SNM270 were clustered with Geosmithia sp. 23 (Supplementary Figure S1). However, in the trees with TUB2, TEF1-α, and RPB2, these strains did not have a clear subclassification (Supplementary Figures S2–S4). It was consequently recognized, using multigene phylogeny, together with Geosmithia sp. 23, as a well-defined phylogenetic species inside the G. pallida species complex (Huang et al., 2017; Kolařík et al., 2017). The colony of G. pulverea was very similar to Geosmithia sp. 3 on MEA, but Geosmithia sp. 3 was darker and wrinkled (Kolařík et al., 2004). Geosmithia pulverea seems to have a smaller stipe size, but other features fit the morphology of Geosmithia sp. 3 (Kolařík et al., 2004). In this study, we are providing a formal description for the Chinese strains related to Geosmithia sp. 3 and sp. 23 which are known to be distributed over various bark beetle hosts in Temperate Europe in the case of Geosmithia sp. 3 (Kolařík et al., 2004, 2008; Strzałka et al., 2021) or seems to have a global distribution and many bark beetle hosts across Temperate Europe (Strzałka et al., 2021), the Mediterranean Basin (Kolařík et al., 2007), Northern America (Huang et al., 2017, 2019; Kolařík et al., 2017), and Seychelles (Kolařík et al., 2017). Further study is needed to assess the taxonomic relationships between G. pulverea, Geosmithia sp. 3, and Geosmithia sp. 23.

Additional cultures examined: China, Guangxi Province, Shangsi City, Shiwandashan Mt. (21°54′12′′ N, 107°54′14′′ E), from the body surface of Crossotarsus emancipates, 27 March 2018, Y. Li (SNM887).

China, Hunan Province, Changsha City, Yuelushan Mt. (28°10′56′′ N, 112°55′41′′ E), from the gallery of Microperus sp. L589 on the trunk of Choerospondias axillaris, 15 July 2019, Y. Li (SNM888).



Geosmithia fusca R. Chang and X. Zhang, sp. nov.

MycoBank MB841506

Etymology: fusca, referring to the brown appearance of the colony on MEA.

Diagnosis: The difference with closely related species G. cucumellae is reflected in such a way that the conidia of G. fusca are smooth and do not produce long spore chains (Figure 8).


[image: image]

FIGURE 8. Morphological characteristics of Geosmithia fusca sp. nov. (SNM1578 = CGMCC3.20626, SNM1577). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. Conidia hyaline, smooth, wide oval shape. Scale bars: 10 μm (B–E).


Type: China, Guangdong Province, Zhuhai City, Agricultural Science Research Center (22°18′9′′ N, 113°31′40′′ E), from the gallery of Xylocis tortilicornis on Phyllanthus emblica, 6 July 2021, W. Lin (HMAS 351570 - holotype, SNM1578 = CGMCC3.20626 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (16.3–) 20.2–55.8 (–94.3)-μm long. Conidiophores variable in shape and size, emerging from a surface mycelium, with all segments smooth or minutely verrucose to distinctly verrucose, septate, stipe (8.6–) 10.1–38.5 (–70.1) × (1.2–) 1.5–2.1 (–2.6) μm; penicilli typically shorter than the stipe, terminal, monoverticillate or biverticillate, symmetric or asymmetric, irregularly branched; metulae in whorls of 2–3, (4.9–) 6.0–8.3 (–9.9) × (1.1–) 1.3–1.8 (–2.1) μm; phialides in whorls of 1–3, smooth, (4.6–) 5.8–8.1 (–9.4) × (1.0–) 1.3–1.7 (–1.9) μm. Conidia cylindrical to ellipsoid, (1.5–) 2.0–2.7 (–3.4) × (0.9–) 1.1–1.7 (–1.7) μm. Conidia formed in long, non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 21–26 mm at 20°C, 25–36 mm at 25°C, and 26–32 mm at 30°C. At 5 and 35°C, the mycelia grew slowly. After 8 days of culture, the colony diameter was 1–3 and 7–11 mm, respectively. The optimal growth temperature is 25–30°C. At 25°C, 8 days: Colonies flat with radial rows, surface texture powdery; sporulation abundant, brown; central hyphae were raised and white flocculent; reverse yellowish to brown; without exudate and insoluble pigment. MEA, 37°C, 8 days: germinating only.

Host: Hibiscus tiliaceus, Phyllanthus emblica, Acacia pennata.

Beetle vectors: Ernoporus japonicus, Xylocis tortilicornis, Sinoxylon cf. cucumella.

Distribution: Guangdong, Yannan.

Notes: In the phylogenetic tree, SNM1012, SNM1067 and SNM1577, SNM1578 formed very close separate branches (Figure 1 and Supplementary Figures S1–S4), but combined with morphological analysis, it was found that SNM1012, SNM1067 and SNM1577, SNM1578 had no significant difference except for a small difference in spore length (Supplementary Figure S5). So, they are described as the same species.

Additional cultures examined: China, Guangdong Province, Zhuhai City, Agricultural Science Research Center (22.3025 N, 113.5277 E), from the gallery of Xylocis tortilicornis LW319 on Phyllanthus emblica, 6 July 2021, W. Lin (SNM1577).

China, Yunnan Province, Xishuangbanna City, Xishuangbanna Botanical Garden (21°55′1′′ N, 101°16′1′′ E), from the gallery of Sinoxylon cf. cucumella on the trunk of Acacia pennata, 1 May, 2021, Y. Dong and Y. Li (SNM1012, SNM1167).



Geosmithia pumila R. Chang and X. Zhang, sp. nov.

MycoBank MB841507

Etymology: pumila, referring to the tree host of Ulmus pumila where this species has been isolated.

Diagnosis: Isolates of G. pumila formed a monophyletic clade on all the phylogenetic trees (Figure 9).


[image: image]

FIGURE 9. Morphological characteristics of Geosmithia pumila sp. nov. (SNM1653 = CGMCC3.20630, SNM1657). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. Most phialides (indicated with arrows) are not smooth. Scale bars: 10 μm (B–E).


Type: China, Jiangsu Province, Nanjing City, Nanjing Forestry University (32°3′36′′ N, 118°48′36′′ E), from the gallery of Scolytus semenovi in the branch of Ulmus sp., 25 August 2021, S. Lai (HMAS 351571 - holotype, SNM1653 = CGMCC3.20630 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like and (12.9–) 35.9–72.7 (–109.4)-μm long. Conidiophores arising from substrate or aerial mycelium with all parts verrucose; stipe (9.9–) 19.7–51.5 (–77.9) × (1.2–) 1.4–2.2 (-2.6) μm; penicillus, monoverticillate or biverticillate, mostly monoverticillate, symmetric or asymmetric, often irregularly branched, rarely more, metulae in whorls of 2 to 3, (5.1–) 6.3–8.9 (–10.5) × (1.1–) 1.4–2.0 (–2.3) μm; phialides 1–3, smooth to verrucose walls, (5.0–) 5.7–7.3 (–8.5) × (1.1–) 1.2–1.6 (–1.8) μm. Conidia hyaline, smooth, ellipsoidal, (1.5–) 1.9–2.5 (–2.9) × (0.9–) 1.1–1.5 (–1.9) μm. Conidia formed in long, non-persistent conidial chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 25–29 mm at 20°C, 25–33 mm at 25°C, and 22–26 mm at 30°C. At 35°C: germinating only. At 5°C, the mycelia grew slowly. After 8 days of culture, the colony diameter was 7–10 mm. The optimal growth temperature is 20–25°C. Colonies at 25°C, 8 days, plane with radial rows, texture velutinous (powdery), slightly funiculus centrally; sporulation medium, light yellow to rice white; reverse milk-white; soluble pigment and exudate absent. MEA, 37°C, 8 days: no growth.

Host: Ulmus sp.

Beetle vectors: Scolytus semenovi.

Distribution: Jiangsu.

Notes: Based on ITS, TUB2, TEF1-α, and RPB2 trees (Supplementary Figures S1–S4), SNM1653 and SNM1657 were grouped with Geosmithia sp. 2. Therefore, we considered that SNM1653, SNM1657, and Geosmithia sp. 2 were the same species. This extends the geographical range to Europe, the Mediterranean Basin (Kolařík et al., 2007, 2008), the whole United States (Huang et al., 2017, 2019; Kolařík et al., 2017), Peru (Kolařík et al., 2004), and South Africa (Machingambi et al., 2014), which is reported to be in association with a large number of insect and tree hosts.

Additional cultures examined: China, Jiangsu Province, Nanjing City, Nanjing Forestry University (32°3′36′′ N, 118°48′36′′ E), from the gallery of Scolytus semenovi in the branch of Ulmus sp., 25 August 2021, S. Lai (SNM1657).



Geosmithia bombycina R. Chang and X. Zhang, sp. nov.

MycoBank MB 840535

Etymology: bombycina, referring to the cotton appearance of the colony on MEA.

Diagnosis: Isolates of G. bombycina formed a monophyletic clade on all the phylogenetic trees (Figure 10).
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FIGURE 10. Morphological characteristics of Geosmithia bombycina sp. nov. (SNM933 = CGMCC3.20578, SNM934). (A) Eight-day-old culture on 2% malt extract agar. (B–E) Conidiophores and conidia. The penicilli (indicated with arrows) are typically shorter than the stipe, terminal, monoverticillate, biverticillate or terverticillate, symmetric or asymmetric. Scale bars: 10 μm (B–E).


Type: China, Fujian Province, Fuqing City (25°71′ N, 119°15′ E), from the gallery of Cryphalus eriobotryae on Eriobotrya japonica, 8 April 2021, Y. Li (HMAS 350284 – holotype, SNM933 = CGMCC3.20578 – ex-holotype culture).

Description: Sexual state not observed. Asexual state penicillium-like, (14.0–) 20.2–41.0 (–62.6) μm in length. Conidiophores emerging from hyphae, smooth, septate; stipe (5.4–) 9.4–30.0 (–47.5) × (0.9–) 1.4–2.0 (–2.4) μm; penicilli typically shorter than the stipe, terminal, monoverticillate, biverticillate or terverticillate, symmetric or asymmetric, often irregularly branched, rarely more; metulae in whorls of 1–2, (5.1–) 5.9–8.3 (–10.5) × (1.0–) 1.2–1.7 (–2.1) μm; phialides in whorls of 2–4, smooth, (4.9–) 5.8–9.4 (–12.6) × (0.9–) 1.3–1.7 (–2.0) μm. Conidia hyaline, smooth, narrow, and oval, (2.1–) 2.4–3.3 (–4.1) × (0.8–) 0.9–1.3 (–1.5) μm, produced in non-persistent chains. Substrate conidia absent.

MEA, 8 days: Colony diameter 20–23 mm at 20°C, 24–31 mm at 25°C, and 22–30 mm at 30°C. The hyphae grow slowly at 5 and 35°C. After 8 days of culture, the colony diameter was less than 1 and 5–8 mm, respectively. The optimal temperature for growth was 25–30°C. At 25°C, 8 days: The colonies were flat, like annual rings; central hyphae were raised and white flocculent; filamentous, diffuse, basal mycelium sparse; conidiogenesis moderate, milk-white; reverse creamy white; no exudate and insoluble pigment. When incubated at 35°C, the colonies grew, and the mycelia were sparse and snowflake-shaped, with no soluble pigment. MEA, 37°C, 8 days, no growth.

Host: Eriobotrya japonica.

Beetle vectors: Cryphalus eriobotryae.

Distribution: Currently only known from Fujian.

Notes: According to ITS, TUB2, and TEF1-α trees (Supplementary Figures S1–S4), SNM933 and SNM934 formed a monophyletic clade and nested with Geosmithia sp. 22, Geosmithia sp. 24, G. longistipitata, G. pazoutovae, and G. fagi. The RPB2 sequences for those species were not available on GenBank. Therefore, SNM933 and SNM934 formed a distinct clade that was far away from all the known species on the RPB2 tree.

Additional cultures examined: China, Fujian Province, Fuqing City (25°71′ N, 119°15′ E), from the gallery of Cryphalus eriobotryae on Eriobotrya japonica, 8 April 2021, Y. Li (SNM934).





DISCUSSION

This is the first relatively comprehensive study of Geosmithia species associated with bark beetle in China. The samples were collected from 9 provinces, 12 tree hosts, and 12 bark and ambrosia beetles. A total of 178 strains of Geosmithia were isolated in this study. The analyses of ITS, RBP2, TUB2, and TEF1-α showed that those isolates were separated into 12 taxa, with three strains previously described, G. xerotolerans, G. putterillii, and G. pallida, and the other nine were novel species, described as G. luteobrunnea, G. radiata, G. brevistipitata, G. bombycina, G. granulata (Geosmithia sp. 20), G. subfulva, G. pulverea (Geosmithia sp. 3 and Geosmithia sp. 23), G. fusca, and G. pumila in this study. Those species were isolated from larvae, frass, and wood dust in the beetle galleries of dying, stressed, or weakened broad-leaf and conifer tree hosts, such as Liquidambar spp., Ulmus sp., and Cupressus sp.

The dominant species obtained in this study were G. luteobrunnea and G. pulverea, with 39 and 33 strains, respectively (Table 1). The reason for their abundance in our dataset is the fact that our study focused on sampling from Altinginaceae. Two species, G. putterillii and G. radiata, have only been isolated in Jiangxi (Table 1). The samples collected from Guangxi and Hunan only yielded G. pulverea.

Geosmithia putterillii was isolated from bark beetles feeding on plants from the family of Rosaceae (Kolařík et al., 2008) and Lauraceae in Europe (Kolařík et al., 2004) and on various families of angiosperms and gymnosperms in the Western United States (Kolařík et al., 2017). The type strain was isolated from timber in New Zealand (Pitt, 1979). In this study, G. putterillii was isolated from the gallery of Phloeosinus sp. on Lauraceae log (Jiangxi). This study is the first report of G. putterillii in China. It is becoming clear that G. putterillii is widely distributed globally, across many beetle hosts.

Another known species collected in this study is G. pallida, originally isolated from cotton yarn and soil (Kolařík et al., 2004). Later, it was found to be associated with beetles, such as ambrosia beetle Xylosandrus compactus (Vannini et al., 2017), and plants such as Brucea mollis (Deka and Jha, 2018). G. pallida was previously reported to induce dieback poisoning on coast live oak (Quercus agrifolia) by Lynch et al. (2014). Later, it was proved that the identification was incorrect, and the causal agent of this disease was confirmed to be Geosmithia sp. 41 (Kolařík et al., 2017). Two isolates were obtained from the gallery of Sinoxylon cf. cucumella on Acacia pennata in this study, which is the first report of G. pallida in China.

Most of G. luteobrunnea were isolated from the galleries of A. suncei (Table 1). Acanthotomicus suncei was recorded on Liquidambar in Fujian, Jiangsu, Jiangxi, Zhejiang, and Shanghai, China (Li et al., 2021). The hosts of this beetle were limited to sweet gum trees, such as L. styraciflua and L. formosana. The beetle was recorded as an agent of great damage to the imported American sweetgum L. styraciflua in Shanghai and neighboring Jiangsu Province (Gao and Cognato, 2018). The role of the fungus in this outbreak and the tree pathology remain uninvestigated, although the authors of this paper noted small lesions around the beetle galleries. The other five isolates were isolated from the galleries of S. jiulianshanensis on Ulmus sp., which suggests that G. luteobrunnea might colonize a wide range of tree hosts.

Geosmithia radiata was only isolated in samples from Jiangxi Province, from two plant families: Altinginaceae and Ulmaceae (Table 1). The colony of G. radiata is similar to G. luteobrunnea in morphology, but the difference can be seen in the micromorphology (Supplementary Figure S5). In addition, G. luteobrunnea can grow faster at 35°C, while G. radiata grows slower, and G. luteobrunnea could grow at 35°C, but G. radiata could not (Table 4).

Geosmithia brevistipitata and G. xelotolerans were isolated from the gallery of Phloeosinus cf. hopehi. This is not the first time that Geosmithia species were isolated from the gallery of Phloeosinus species. According to previous reports, G. flava, G. longdonii, G. putterillii, G. Lavandula, etc., are all related to Phloeosinus (Kolařík et al., 2017). It is now more certain that Phloeosinus and Geosmithia are closely related. Geosmithia xelotolerans is cosmopolite, known from the Mediterranean on many bark beetle species infecting Fabaceae, Moraceae, Oleaceae (Kolařík et al., 2007), in Western US on Cupressaceae, Pinaceae Fagaceae, Rosaceae (Kolařík et al., 2017), and in Eastern US on Cupressaceae, Fagaceae (Huang et al., 2017, 2019), and wall of the wall (Spain, Crous et al., 2018). Our study expanded the distribution range of G. xelotolerans.

Geosmithia bombycina was isolated from the gallery of C. eriobotryae on E. japonica. Cryphalus eriobotryae is one of the beetle pests that infest loquat (Zheng et al., 2019). This is the first study about the fungal association of this beetle.

Geosmithia granulata was isolated from the gallery of Sinoxylon cf. cucumella on Acacia pennata, Ernoporus japonicus on Hibiscus tiliaceus, and Scolytus semenovi on Ulmus sp. in this study. It was reported that it could be vectored by different beetle species which infested several plant hosts (Kolařík et al., 2007). In this study, we expanded the range of its beetle vectors and tree host.

Geosmithia pulverea is a species closely related to Geosmithia sp. 3 and Geosmithia sp. 23, which are known from various bark beetle hosts in Europe, United States, and Seychelles (Kolařík et al., 2007, 2008, 2017; Huang et al., 2017, 2019). Further study is needed to clarify the evolutionary relationship among these three lineages. In this study, we isolated G. pulverea from Aca. gracilipes, Alt. gracilipes, E. japonica, Gne. luofuense, L. formosana, L. styraciflua, Rhus chinensis, and Ulmus sp. (Table 1), which suggested that this species could colonize a very wide variety of plant hosts. It is also the most widely distributed species, isolated from Guangdong, Guangxi, Hunan, Jiangsu, Jiangxi, Shandong, and Shanghai (Table 1) and vectored by several beetle species, such as S. jiulianshanensis, A. suncei, C. emancipatus, C. kyotoensis, Dinoderus sp., Microperus sp., and Phloeosinus sp. (Table 1). Moreover, the abundance of Geosmithia species associated with A. suncei in the current study was also consistent with the frequent occurrence in Shanghai and Jiangxi (Gao et al., 2021).

In addition to G. pallida, Geosmithia pulverea, and Geosmithia fusca are the species found in the G. pallida species complex in this study. Only eight isolates of G. fusca were obtained from the gallery of Sinoxylon cf. cucumella on Acacia pennata. Two isolates of G. pallida, eight isolates of G. pulverea, and two isolates of G. granulata were also obtained from this beetle. Information about this beetle was very limited. As far as we know, it was found on Wendlandia tinctoria and distributed in the Himalayan mountain area and Burma, Thailand, Laos, and Vietnam (Liu, 2010; Liu and Beaver, 2018; Borowski, 2021). This is the first report in China, and this is the first study on its fungal associations.



CONCLUSION

This study does not provide sufficient data to determine the structure of the Geosmithia community in China, as was inferred in Europe and United States after a significantly greater sampling effort (Kolařík et al., 2007, 2008, 2017; Kolařík and Jankowiak, 2013; Jankowiak et al., 2014; Huang et al., 2017, 2019). Fungal communities are regulated by several factors, including geographic location, host tree species, and bark beetle vectors. Further sampling is needed to understand the determinants (Veselská et al., 2019). It is clear, however, that the diversity of China’s subcortical fungi is substantial. Fungal communities associated with trees need to be further investigated because many currently unknown species may cause plant diseases.
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It is now well-established that the microbiome is relevant for many of an organism’s properties and that its composition reacts dynamically to various conditions. The microbiome interacts with host immunity and can play important roles in the defenses against pathogens. In invertebrates, immune priming, that is, improved survival upon secondary exposure to a previously encountered pathogen, can be dependent upon the presence of the gut microbiome. However, it is currently unknown whether the microbiome changes upon priming treatment. We here addressed this question in a well-established model for immune priming, the red flour beetle Tribolium castaneum exposed to the entomopathogenic bacterium Bacillus thuringiensis (Bt). After priming treatments, the microbiota composition of beetle larvae was assessed by deep sequencing of the V1-V2 region of the bacterial 16S rRNA gene. We compared the effect of two established routes of priming treatments in this system: injection priming with heat-killed Bt and oral priming via ingestion of filtered sterilized bacterial spore culture supernatants. For oral priming, we used several strains of Bt known to vary in their ability to induce priming. Our study revealed changes in microbiome composition following the oral priming treatment with two different strains of Bt, only one of which (Bt tenebrionis, Btt) is known to lead to improved survival. In contrast, injection priming treatment with the same bacterial strain did not result in microbiome changes. Combined with the previous results indicating that oral priming with Btt depends on the larval microbiome, this suggests that certain members of the microbiome could be involved in forming an oral priming response in the red flour beetle.
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INTRODUCTION

Microbes and their hosts share a long and complex ecological and evolutionary history. They both form a dynamic interplay where host genetics can alter microbiome communities (Taylor and Vega, 2020), while members of the microbiome can protect the host against pathogens by releasing bacteriocins and toxins (McLaren and Callahan, 2020). Microbiomes have also been shown to be important in the development and activation of the host immune system (Hernández-Martínez et al., 2010; Koch and Schmid-Hempel, 2012; Onchuru et al., 2018). The hosts’ adaptive immunity can alter gut microbiota composition and diversity in mice (Zhang et al., 2015), while symbionts and microbes have been shown to play an important role in shaping innate immunity in honeybees (Horak et al., 2020) and to influence the infection success of a parasite in bumblebees (Mockler et al., 2018). Yet, their role in an important defense strategy of invertebrate hosts is far from understood: “immune priming” is a form of innate immune memory that leads to enhanced protection upon secondary infection (Kurtz and Franz, 2003; Little and Kraaijeveld, 2004). Over the last decade, this phenomenon has been described in numerous invertebrate species (for review, refer to Contreras-Garduno et al., 2016; Milutinović et al., 2016; Sheehan et al., 2020). Immune priming can occur within and across generations and shows similarities to trained immunity in vertebrates (Netea et al., 2011); however, the detailed mechanisms behind it remain largely unknown for most species (refer to Tetreau et al., 2019; Mondotte et al., 2020).

With an increasing number of studies trying to explore the nature of the priming response in insects, it turned out that the microbiome plays a role in priming in some model systems, but mechanisms are still unclear. For example, it has been shown that eradication of gut microbiota in adult Anopheles gambiae eliminated the immune priming against Plasmodium falciparum parasites (Rodrigues et al., 2010). However, in another study with Anopheles albimanus infected with Plasmodium berghei, priming did not depend on the presence of the microbiome (Contreras-Garduño et al., 2015). In our model organism, the red flour beetle Tribolium castaneum, the microbiome is necessary for forming a priming response that protects against oral infection with the bacterial pathogen Bacillus thuringiensis tenebrionis (Futo et al., 2016). These findings indicate that members of the microbial community of the host seem to contribute to the interplay between the host immune system and the pathogens. Nevertheless, a general explanation of how this might work is still missing.

The red flour beetle shows a specific priming response toward strains of the spore-forming entomopathogen Bacillus thuringiensis (Bt). This bacterium expresses plasmid-encoded crystalline inclusions (Cry toxins) specifically toxic to various insect orders after ingestion (Palma et al., 2014). In the red flour beetle, there are two different routes of infection with Bt that lead to different responses in gene expression and immune activity (Behrens et al., 2014). For septic wounding or injection, vegetative Bt cells are introduced into the body cavity (Roth et al., 2009; Ferro et al., 2019); for oral infection, Bt spores are ingested with the food (Milutinović et al., 2013). The oral route, which is often considered to be more natural, has been used less often for priming and infection experiments and seems to work only with beetle larvae (Milutinović et al., 2013). Like the infections, the priming response can be triggered via both septic and oral routes. Septic or injection priming is strain-specific, and treatment includes the use of heat-killed vegetative Bt cells that are introduced into the hemocoel via septic wounding or injection. This priming route has been demonstrated in the beetle larvae and adults and can be transferred to the offspring (Roth et al., 2009; Tate et al., 2017; Ferro et al., 2019; Schulz et al., 2019). Oral priming treatment works via ingestion of the sterile supernatant of the spore culture (Milutinović et al., 2014). Even though it is not clear what substance from the supernatant is responsible for the response, this form of priming also shows some degrees of strain specificity and, as mentioned above, requires microbiota (Futo et al., 2016, 2017). The oral priming treatment leads to the upregulation of immune recognition genes and elevated levels of reactive oxygen-based defenses, suggesting alertness of the immune system (Greenwood et al., 2017). Taken together, these findings indicate that there might be some sort of interaction of the hosts’ immune response with the microbiome, but it is not clear whether the formation of the oral priming response affects the resident microbial community. Given the described differences between the routes of infection and priming procedures in terms of immune responses and protection, it is important to know if they also influence the resident microbiome differently.

Here, we made use of 16S rRNA sequencing, to examine how the different routes of priming treatment, as well as the different bacterial strains used for oral priming, affect the microbiome composition of red flour beetle larvae. For microbiome analyses, we used isolated RNA instead of DNA. This method avoids amplification of chloroplast DNA (from flour) and enables assessing the microbial species that are metabolically active upon treatment. We studied the microbiome composition at two different time points, 24 h after and 4 days after the priming treatment based on the previously established priming and infection protocols (Roth et al., 2009; Milutinović et al., 2014; Ferro et al., 2019). We used the Bacillus thuringiensis tenebrionis (Btt) strain for both priming treatment routes, and additionally, for the oral priming route, two further Bt strains: Bacillus thuringiensis tolworthi (Bt tolworthi) that carries a different Cry toxin than Btt, and Bt407–, a strain that is deprived of the Cry toxin and does not lead to priming or mortality upon oral exposure (Milutinović et al., 2014, 2015). With this approach, we wanted to observe whether different priming treatments have any influence on the microbiome composition of the beetle larvae and thereby advance our understanding of the evolution of forms of immune memory within invertebrate immune defenses.



MATERIALS AND METHODS


Model Organisms

In this study, we used wild-type Tribolium castaneum (Cro1) population which was collected from Croatia in 2010 (Milutinović et al., 2013) and adapted to laboratory conditions for numerous overlapping generations until the start of this experiment in 2019. Beetles were reared on organic wheat flour (Bio Weizenmehl Type 550, DM-drogerie markt GmbH + Co. KG) supplemented with 5% brewer’s yeast (flour mixture was previously heat-sterilized at 75°C for 24 h), at 30°C, 70% relative humidity, and 12-h/12-h light–dark cycle.

In all priming treatments, we used three different entomopathogenic gram-positive B. thuringiensis strains: B. thuringiensis morrisoni var. tenebrionis [Btt; BGSCID 4AA1 acquired from the Bacillus genetic stock center (BGSC)], Bacillus thuringiensis tolworthi [Bt tolworthi, Bacillus Genetic Stock Center (BGSC, Ohio State University, United States)], and B. thuringiensis 407- (Bt407-; kindly provided by Dr. Christina Nielsen-Leroux, Institut National de Recherche Agronomique, 78285 Guyancourt Cedex, France).

All of the bacterial strains were stored at 25% glycerol at –80°C before the experiment started.



Experimental Design

To assess the microbiome composition upon different routes of priming treatment, we performed injection and oral priming of larvae (Figure 1). Approximately 2,000 1-month-old adults were allowed to lay eggs for 24 h. Age-synchronized 15-day-old larvae were obtained from the beetle culture and used for all the priming experiments. Since we were interested in possible changes in the overall microbiome upon different treatments and not solely the gut microbiome composition, we processed whole larvae without dissection nor surface sterilization. The previous data showed that surface sterilization did not have a significant effect on the microbial load (Silva, 2017).
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FIGURE 1. Overview of the experimental design and sample preparation for sequencing.


For injection priming, we had two treatments: “Injection_Btt” (i.e., injection of heat-killed Btt) and “Injection_Wounded” (i.e., injection of PBS). Moreover, a “Naïve” group served as a control (i.e., non-injected). Oral treatments consisted of dietary exposure of larvae to the filter-sterilized supernatant of one of the following bacterial strains: Btt, which carries the Cry3Aa toxin: “Oral_Btt”; Bt tolworthi, which carries the Cry3Ba toxin: “Oral_Bttol”; Bt407–, which does not produce any Cry toxin and does not lead to immune priming or mortality after ingestion: “Oral_Bt407–” (Milutinović et al., 2013, 2014). Moreover, exposure to sterile, non-conditioned medium served as a control: “Oral_Medium.” To examine whether there is a change in microbiome overtime after priming treatment, we sampled larvae at two different time points. The first time point corresponded to 24 h after priming treatment, where six replicates of ten pooled larvae per treatment were frozen in liquid nitrogen. The second time point corresponded to the time where larvae would have been challenged with bacteria, which is four days after priming when six replicates of ten pooled larvae per treatment were frozen in liquid nitrogen and kept at –80°C until RNA extraction. At both time points, we used six replicates of ten pooled naïve larvae (not treated, kept on flour). RNA was extracted in five batches, each batch consisting of all treatments at both time points to avoid extraction bias. For each RNA extraction batch and cDNA synthesis, we used blank controls to control for possible contamination from the kit and extraction process. In total, we generated 79 samples with successful RNA extraction followed by cDNA synthesis and six blank controls.

Samples were barcoded and sent to the Institute of Clinical Molecular Biology, Christian-Albrechts-University Kiel where they were sequenced for V1-V2 variable region of 16S rRNA gene.



Immune Priming Treatments


Injection Priming Treatment

We generated overnight bacterial culture as previously described (Roth et al., 2009; Ferro et al., 2019) and adjusted the concentration to 1 × 109 ml–1 bacteria followed by heat inactivation for 30 min at 90°C. To ensure a complete inactivation, a subsample of the heat-inactivated bacteria was cultivated on lysogeny broth (LB) agar plates at 30°C.

We primed 120 individuals of 15-day-old larvae with heat-killed B. thuringiensis [DSM no. 2046, German Collection of Microorganisms and Cell Cultures (DSMZ)] by injecting 18.4 nl of a 1 × 109 ml–1 concentrated heat-killed bacterial dilution laterally between the 2nd and 3rd most posterior segment with the Nanoject II (Drummond Scientific Company, Broomall, PA, United States). The injected volume is equivalent to a dose of about 18,400 heat-killed bacteria per larva. We used 120 larvae as injection control (Injection Wounded) and injected them with 18.4 nl of sterile phosphate-buffered saline (PBS) (Calbiochem®) while 120 larvae were left untreated (naïve). We placed all injected and naïve beetles into 96-well plates individually containing flour with 5% yeast and kept them at normal rearing conditions until sampling.



Oral Priming Treatment

With some minor modifications, we prepared spore cultures and supernatants as previously described (Milutinović et al., 2014; Futo et al., 2016). We plated bacteria from frozen stock on LB agar plates and incubated overnight at 30°C. The next day we inoculated 5 different colony-forming units in 5 ml of Bt medium [w/V–0.75% Bacto Peptone (Sigma), 0.1% glucose, 0.34% KH2PO4, 0.435% K2HPO4] that was supplemented with 25 μl of sterile salt solution (0.2 M MgSO4, 2 mM MnSO4, 17 mM ZnSO4, and 26 mM FeSO4) and 6.25 μl of sterile 1 M CaCl2 × 2H2O, incubated at 30°C overnight. We transferred the overnight cultures to 1-L Erlenmeyer flasks consisting of 300 ml of Bt medium supplemented with 1.5 ml of salt solution, 375 μl 1 M CaCl2 × 2H2O. The cultures were incubated for 6 days at 180 rpm, 30°C. On the third day of incubation, we added 1.5 ml of salt solution and 375 μl 1 M CaCl2 × 2H2O to the cultures. On day six, we centrifuged the cultures at 4,500 rpm for 15 min at room temperature. The remaining supernatants from Btt, Bttol, and Bt407– were centrifuged two times at 4,500 rpm for 15 min and then filter-sterilized with a 0.45-μm pore-size, followed by a 0.2-μm pore-size cellulose acetate filter (Whatman GmbH). We mixed every milliliter of spore-free supernatant with 0.15 g heat-treated flour (supplemented with 5% yeast). We pipetted 10 ml of the priming diet mixture into each well of a 96-well plate (Sarstedt, Germany), followed by sealing with breathable foil (Kisker Biotech) and drying overnight at 30°C. For the medium control treatment, the diet was prepared by mixing 0.15 g heat-treated, yeast-supplemented flour with each milliliter of non-conditioned Bt medium. To ensure that there were no live spores or bacteria, we cultivated filter-sterilized supernatants on LB agar plates and in LB medium at 30°C overnight. In total, we used 480 larvae for oral priming treatments. A number of 120 larvae per treatment were put individually on a previously prepared priming diet in 96-well plates. After 24 h on a diet, we sampled 60 larvae and transferred the remaining 60 onto control flour disks consisting of PBS mixed with 0.15 g/ml flour, in which they stayed for four days until they were sampled again.



Priming and Infection With Btt and Bt tolworthi

From the previous studies, we have the information of oral priming and infection abilities of Btt and Bt407– in red flour beetles (Milutinović et al., 2014), but the same data are lacking for Bt tolworthi. Earlier research has shown that the Bacillus strain containing the same Cry toxin (Cry3Ba) as Bt tolworthi can induce mortality and priming response via oral route in beetle larvae (Futo et al., 2017). To investigate whether there would be the same outcome in Bt tolworthi, we performed a priming and infection experiment with Bt tolworthi and Btt as a positive control. Then, 15-day old larvae were exposed to Btt, Bt tolworthi, and medium control diet prepared as previously described. After 24 h on a diet, we transferred the larvae to the PBS flour disks and 4 days later exposed them to Btt or Bt tolworthi spores (5 × 109 ml–1). Mortality was screened for 7 days and dead larvae were identified by immobility, the characteristic body shape, and a darkened color. We performed this experiment in a full factorial design, in two independent blocks each consisting of 48 larvae/treatment. All larvae were kept individualized in 96-well plates.

We prepared spore cultures for infection as previously described and as in Milutinović et al., 2013 with minor modifications. After 6 days of sporulation and the first centrifugation step, we washed the spores in 20 ml of PBS. After centrifugation, we resuspended the spores in 5–10 μl of PBS (depending on the size of the pellet) and counted them in the Thoma counting chamber. We adjusted the concentration to 5 × 109 ml–1 spores and mixed them with 0.15 g of flour/ml of spore suspension. For negative control, we used PBS mixed with 0.15 g/ml flour. We pipetted 10 μl of either spore or control solution into 96-well plates, sealed them with the breathable foil, and dried them at 30°C for 24 h.




Sample Processing


Sample Preservation

On the first day and fourth day post-priming, we removed 10 larvae from each treatment group from the flour disks and quickly transferred them into a 1.5-ml Eppendorf tube, which was immediately immersed in liquid nitrogen and stored at −80°C for further extraction. This resulted in six replicates per treatment group per time point.



RNA Extraction and cDNA Synthesis

We homogenized all frozen samples with a pestle in liquid nitrogen followed by adding 100 μl of phenol/chloroform/isoamyl alcohol (PCI) to each tube. Following the instructions suggested by the manufacturer, we isolated the microbial RNA using RNeasy PowerMicrobiome Kit (Qiagen, Hilden, Germany)/(MoBio). After checking the quality of purified RNA with gel electrophoresis and quantifying the RNA concentrations with the Qubit RNA HS Assay (Life Technologies, Thermo Fisher Scientific), we performed cDNA synthesis with SuperScript II reverse transcriptase (Life Technologies, Inc.) with random hexamers from the RevertAid cDNA synthesis kit (Fermentas). We stored all cDNA samples at –20°C until further processing. Upon quality check, five samples were excluded due to insufficient RNA concentrations for further processing. In total, 79 samples were obtained: 12 samples for the “Naïve” group (6 per time point), 12 samples for the “Injection_Wounded” treatment, 12 samples for “Injection_Btt” (6 per time point), 12 samples for “Oral_Medium” (6 per time point), 10 samples for “Oral_Btt” (5 per time point), 10 samples for “Oral_Bt407–“ (5 per time point), and 11 samples for “Oral_Bttol” (6 for first time point, 5 for second time point).



Library Preparation and 16S Sequencing

Library preparation and 16S sequencing were done at the Institute of Clinical Molecular Biology, Christian-Albrechts-University Kiel. For sequencing, variable regions V1 and V2 of the 16S rRNA gene within the DNA samples were amplified using the primer pair 27F-338R in a dual-barcoding approach as per the study of Caporaso et al. (2012). About 3.5 μl of cDNA was used for amplification, and PCR products were verified via the agarose gel electrophoresis. PCR products were normalized using the SequalPrep Normalization Plate Kit (Thermo Fischer Scientific, Waltham, MA, United States), pooled equimolarly, and sequenced on the Illumina MiSeq v3 2 × 300 bp (Illumina Inc., San Diego, CA, United States). Demultiplexing after sequencing was based on 0 mismatches in the barcode sequences.




Analysis


Bioinformatics Processing

We processed all demultiplexed paired-end FASTQ files using the dada2 pipeline (v1.10.1) (Callahan et al., 2016) in R studio (v3.5.0). In summary, we filtered out low-quality sequencing reads and trimmed them to a consistent length. The truncLen option was set to 240 and 220 for forward and reverse reads, respectively. Additionally, the trimLeft option was set to five to trim the 5’ ends of the reads. Next, the filtered reads were dereplicated, and the learnErrors function was used to learn error rates for the amplicon dataset. Subsequently, the paired reads were merged to obtain a unique amplicon sequence variant (ASV) table, following the step in which chimeras were filtered out. Each ASV represents a unique 16S rRNA of various microbial strains. The taxonomic assignment of these ASVs was performed using the native Bayesian classifier of dada2 trained against the SILVA reference database (Pruesse et al., 2007) (release 138). Multiple sequence alignment was performed using the DECIPHER (v 2.10.2) (Wright, 2015) and phangorn (v2.5.5) (Schliep, 2011) packages followed by phylogenetic tree construction using FastTree (v 2.1.11) (Price et al., 2010). For further filtering, we used phyloseq (v1.26.1) (McMurdie and Holmes, 2013) and decontam (v1.2.1) (Davis et al., 2018) packages. All sequences that were significantly more prevalent in negative controls than in positive samples (threshold 0.5) were identified as contaminants (310) and were removed from the dataset. Additionally, we also removed cyanobacteria as they most likely came from chloroplast reads from the flour.



Statistical Analysis

All statistical analyses and plots were produced using the web tool Microbiome Analyst (Dhariwal et al., 2017; Chong et al., 2020) and R studio (v3.5.0). A gene tree, ASV taxonomy, ASV counts, and sample table (Supplementary Table 1) were generated using phyloseq package and further analyzed using Microbiome Analyst. Using this web tool, we calculated and plotted relative abundances, calculated observed species richness and Shannon biodiversity index (Hill et al., 2003), and performed principal component analysis (PCA) (Gower, 2015) and linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011). Before analysis, we filtered out ASVs that had mean abundance values less than minimum ASV read counts and with less than four reads.

Further analysis and plots of the observed species richness and Shannon biodiversity index were performed in R studio. To test for a normal distribution of the indices, a Shapiro–Wilk test was performed (Shapiro and Wilk, 1965). Since the observed species richness and Shannon index were normally distributed, and assumptions were met (homogenous variation between treatments), one-way ANOVA was performed. The means were compared using Tukey’s honest significant differences (HSDs).

Before performing PCA, data were normalized using total sum scaling (TTS) normalization. We visualized relative composition per treatment using PCA based on Bray–Curtis dissimilarity and employed PERMANOVA (a permutational ANOVA/MANOVA) and PERMDISP (permuted dispersion, which tests for homogeneity of dispersions) to statistically evaluate the treatment effect.

To determine the taxa driving the differences between the treatments, we performed biomarker discovery with LEfSe. Before LEfSe analysis, relative log transformation (RLE) of the data was done. We identified significant taxa based on the FDR adjusted to cutoff < 0.05 and LDA score < 2.0. We used BLAST1 to identify the sequences of the taxa that were significantly differentially abundant.

For the analysis of survival, a Cox proportional hazards model was applied with one random effect (Therneau et al., 2003) using coxph function from the “survival” package (Therneau, 2021). The treatment was defined as the fixed factor, while a putative plate effect was defined as a random factor and added as a frailty term. We checked the necessary assumptions for survival analysis by checking Schoenfeld’s residuals to test whether hazards are proportional and whether we have influential cases in the data. The assumptions were met, and after fitting the model, the variance between treatments was assessed using a one-way ANOVA. The means were compared using Tukey’s post hoc analysis with Benjamini–Hochberg correction.





RESULTS


Microbiome Analysis and Composition

In the red flour beetle T. castaneum, oral immune priming through the ingestion of sterile bacterial spore culture supernatants has been shown to depend upon the presence of the larval microbiome (Futo et al., 2016). Here, we investigated whether different priming treatments lead to a difference in larval microbiome diversity. Microbiome composition was assessed by deep sequencing of the V1-V2 region of the bacterial 16S rRNA gene, at two time points, 24 h and 4 days after the priming treatments.

After quality filtering and processing, we retained in total 4,203,008 16S rRNA reads with an average of 53,202 reads per sample across 79 samples. After filtering out low count ASVs for both time points together, a total of 2,047 low abundance ASVs were removed and 441 ASVs remained. Overall, the 10 most abundant ASVs of the larvae microbiome matched to the genus Massilia (35%), Bacillus (26%), Acinetobacter (8%), Escherichia-Shigella (5%), Pseudomonas (3%), Sphingomonas (4%), Cutibacterium (3%), Methylobacterium_Methylorubrum (3%), Paracoccus (1%), and Staphylococcus (2%) (Figure 2 and Supplementary Figure 1). The relative abundance plot suggests that the abundance of the Bacillus genus is higher in oral priming treatments with Btt and Bt tolworthi while the microbiome of the other treatments seems relatively stable. Both time points overall showed a similar microbiome composition (Supplementary Figure 2).
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FIGURE 2. Relative microbiome composition of red flour beetle larvae based on bacterial 16S rRNA gene profiling after seven different priming treatments in two time points (A: 24 h after priming, B: 4 days after priming). The y-axis indicates relative abundances (sums to 1 for each treatment) of all the ASVs detected. Each treatment corresponds to 12 replicates of 10 pooled larvae each. Only top 10 genus have been represented in the figure with all other genus being aggregated as Others. Not_Assigned represents all ASVs for which genus could not be assigned. For the absolute microbiome abundance, see Supplementary Figure 4.




Oral Priming Treatments Modify Microbiome Diversity

We analyzed the microbiome diversity measures for the two time points separately (24 h: ANOVA, F = 0.95, Df = 6, p = 0.47; 4 days: ANOVA, F = 0.90, Df = 6, p = 0.50), which results in 352 and 461 ASV features for the first and second time points, respectively. We used observed species richness and Shannon biodiversity index to evaluate whether the different priming treatments result in differences in the microbiome diversity. Observed species richness was consistent in different treatment regimes and time points. However, larvae treated with Btt and Bt tolworthi supernatants showed significantly lower diversity in the Shannon index at the first time point (ANOVA, F = 5.92, Df = 6, p = 0.003) compared to all other treatments while no difference was detected at the second time point in any of the treatments (ANOVA, F = 2.30, Df = 6, p = 0.06) (Figure 3).
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FIGURE 3. Alpha biodiversity measures in relation to time points and treatment regimes. Each dot represents one replicate of 10 pooled larvae. The letters indicate the differences between the treatments after post hoc and p-value adjustment. (A) Observed species richness measure of experimental treatments 24 h and 4 days after priming shows no difference between the regimes (24 h: ANOVA, F = 0.95, Df = 6, p = 0.47; 4 days: ANOVA, F = 0.90, Df = 6, p = 0.50). (B) Shannon index measures of experimental treatments 24 h after priming shows a higher diversity in oral Btt and oral Bt tolworthi treatments (ANOVA Df = 6, F = 5.92, p = 0.003) and 4 days after priming showing no difference between the treatments (ANOVA, F = 2.30, Df = 6, p = 0.060).


To investigate the impact of priming treatments on the microbiome community structure, we conducted principal coordinate analysis (PCoA) using Bray–Curtis dissimilarity distances (Supplementary Table 2) for both time points. Only for the first time point (24 h after priming), the diversity measures showed differences between priming treatments. Our analysis revealed that samples belonging to larvae orally primed with Btt and Bt tolworthi cluster closely together indicating that those two priming regimes impact the larval microbiome (Figure 4; PERMANOVA, F = 2.1791 R2 = 0.28377, p < 0.001). PERMDISP analysis showed not to be significant which means that there was no difference in dispersion between groups, and the difference detected is coming from Btt and Bttol priming treatments (PERMDISP: F = 2.1699, p = 0.071298). Additional analysis of the second time point (4 days after priming) showed that there is no impact of different priming treatments on the microbiome composition of the larvae (Supplementary Figure 3).
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FIGURE 4. Principal—coordinate (PCoA) plot of the first time point (24 h after priming) based on Bray—Curtis dissimilarity distances. Priming with Btt and Bt tolworthi have an impact on the microbiome composition. Ellipses are drawn around samples belonging to the same priming regime and there are six replicates of each of the regimes. Permanova: F = 2.179, R2 = 0.284, p < 0.001. Perdmadisp: F = 2.170, p = 0.071.




Taxa Belonging to the Genus of Bacillus Are Responsible for the Microbial Change Following Oral Priming Treatments

Next, we identified the features (ASVs) that are responsible for observed diversity differences in the first time point (24 h after priming) with a LEfSe analysis (Supplementary Table 2). A number of three taxa—ASV 3, ASV 20, and ASV 185—were identified as significant (Figure 5; FDR < 0.05, LDA > 2). ASV 3 and ASV 20 were found to be the most abundant in “Oral_Btt” and “Oral_Bttol” priming treatments, whereas ASV 185 seemed to be present only in “Oral_Bt407” treatment. Since we did not get a taxa match for the significant ASVs when searching against SILVA database, we searched their nucleotide sequences in BLAST and identified that ASVs in question belong to different species of Bacillus (Bacillus thuringiensis as ASV 3, Bacillus widemanni/Bacillus proteolyticus as ASV 20, and Bacillus mobilis as ASV 185). However, the discrimination between Bacillus species based on 16S rRNA gene is unreliable (Chen and Tsen, 2002; Soufiane and Côté, 2009). Therefore, with these results, we suspect that bacterial cues in the priming diets with Btt and Bt tolworthi strains increased the abundance of only certain members of the Bacillus genus and thereby have a strong effect on the microbiome community of the beetle larvae.
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FIGURE 5. Linear discriminant analysis effect size plot. Significant features are ranked in decreasing order by their LDA scores (x-axis). The heatmap to the right of the plot indicates whether the taxa are higher (red) or lower (blue) in each treatment. FDR < 0.05, LDA score >2. Using BLAST all ASVs were identified as Bacillus.




Bt tolworthi Does Not Induce a Priming Response in the Flour Beetle Larvae

We observed similar changes in microbiome after oral priming treatment with Btt and Bt tolworthi. This raises the question of whether (1) Bt tolworthi is able to kill T. castaneum larvae upon oral exposure, and (2) whether it also leads to the protection through a priming response. The previous experiments have shown that mortality in T. castaneum larvae results from ingestion of Btt spores (harboring the Cry3Aa toxin), but also from another Bacillus strain that has a Cry3Ba toxin and bacterial cues which induced a specific priming response orally (Futo et al., 2017). Bt tolworthi also carries a Cry3Ba toxin, but it has not yet been investigated whether this strain is able to induce a priming response in red flour beetles. Therefore, we conducted oral priming and challenge experiments with Btt and Bt tolworthi in a full factorial design. After 7 days of tracking survival, we observed that Bt tolworthi did not induce any mortality or priming response in red flour beetle larvae (Cox proportional hazards (coxph): X2 = 4.74, Df = 1.96, p = 0.09) (Figure 6A). Moreover, exposure to bacterial cues from Bt tolworthi did not contribute to improved survival against Btt infection (i.e., no unspecific priming effect) (Figure 6B). By contrast, in the same experiment, we could confirm the previously reported (Milutinović et al., 2014; Futo et al., 2017) priming response in larvae treated with Btt [Cox proportional hazards (coxph): X2 = 5.9, Df = 2, p = 0.05] (Figure 6B).
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FIGURE 6. T. castaneum survival upon different priming treatments. (A) There is no increase in survival of 19-day-old beetle larvae orally infected with Bt tolworthi spores (5 × 109 mL–1) when previously primed with Btt or Bt tolworthi supernatants [Cox proportional hazards (coxph): X2 = 4.74, Df = 1.96, p = 0.09]. (B) Survival of 19-day-old beetle larvae orally infected with Btt spores (5 × 109 mL–1) is increased when previously primed with Btt supernatant [Cox proportional hazards (coxph): X2 = 5.9, Df = 2, p = 0.05]. 5 days prior to the spore infections, larvae were exposed to priming diet mixture with flour and either sterile supernatants of Btt, Bt tolworthi or control Bt medium.





DISCUSSION

While there is increasing evidence for the role of the microbiome in the formation of host immune responses, potential interactions of the microbiome with immune priming mechanism in invertebrates are currently less clear. To our knowledge, this is the first study to show that different immune priming treatments affect the insect hosts’ microbiome composition. Using a well-established model for immune priming, the red flour beetle T. castaneum primed with the entomopathogenic B. thuringiensis, we found that oral immune priming treatments of beetle larvae significantly changed their microbiome diversity and composition, as determined via 16S rRNA sequencing. By contrast, septic priming treatment via injection did not change the larval microbiome. Interestingly, the observed changes in microbial communities were largely driven by an increased abundance of Bacillus bacteria, that is, species belonging to the same genus as the entomopathogen used for the priming treatments.

The most abundant bacterial taxa in whole body larvae across all treatments belong to the phyla Proteobacteria, Firmicutes, and Actinobacteria, and the genera Bacillus, Acinetobacter, Pseudomonas, and Escherichia. These microbiome compositions are consistent with the previous studies in insects in general (e.g., Yun et al., 2014), as well as the studies in T. castaneum (Kumari et al., 2011; Agarwal and Agashe, 2020). However, while Enterobacteriaceae were the most common and dominant bacteria in adults, larvae, and pupae of flour beetles in Agarwal and Agashe (2020), the genus Massilia, which has so far not been described for T. castaneum, was most prevalent in most of our treatments. Massilia is considered to be a part of the soil microbiome (Ofek et al., 2012) and has been reported in black ants (Osimani et al., 2018) and longhorn beetles (Rizzi et al., 2013). Some members of this genus show endochitinase capabilities (Adrangi et al., 2010) which could be important for cuticle organization after molting or degradation of an old cuticle in T. castaneum (Noh et al., 2018).

The oral priming treatment, that is, feeding of sterile spore culture supernatants of B. thuringiensis resulted in differences in microbial diversity and composition 24 h after treatment, which were not detectable anymore at a later time point 4 days after treatment. As these differences were driven by an increased abundance of Bacillus species, we had to exclude any direct contamination from the priming diet. Priming diets were filter-sterilized to remove all bacterial cells, and additional plating and incubation in the LB medium showed no bacterial growth. Furthermore, we consider it unlikely, but cannot fully exclude, that RNA traces present in the supernatant may have directly contributed to the observed expansion of Bacillus species in larvae exposed to these diets, because we could not detect any 16S rRNA above background level (i.e., medium control; Supplementary Figures 5, 6), which corresponds to the RNA concentration lower than the 1:10,000,000 dilution of the Btt RNA positive control with 450 ng/μl of RNA.

It is thus most likely that Bacillus species that were previously present in the larvae expand in response to the priming treatment. Indeed, Bacillus has been previously reported in T. castaneum (Kumari et al., 2011; Agarwal and Agashe, 2020) and also in the closely related Tenebrio molitor (Osimani and Aquilanti, 2021). Furthermore, Bacillus was present in all our treatments, not only the orally primed ones. What could cause increased growth of resident Bacillus after the oral priming treatment? Cues or metabolites in the spore culture supernatant could trigger growth and enhance the competitive success of Bacillus. Filter-sterilized supernatants from Bacillus species were shown to consist of proteins and peptides, metabolites, quorum-sensing-related proteins, microbial wall cell components, and flagellins (Gohar et al., 2005). Secreted peptides of Bacillus can serve as quorum-sensing molecules (Slamti et al., 2014). Along with quorum-sensing-related proteins, other metabolites and even monomers of the Cry proteins could potentially contribute to the growth of Bacillus in orally primed larvae.

Could the increased abundance of Bacillus also cause the priming effect, that is, higher survival upon challenge? Indeed, higher Bacillus abundance could cause an immune activation that prepares the larvae for defense against the following infection. The previous transcriptome studies of orally primed T. castaneum indeed identified the upregulation of several genes involved in defense against oral pathogens, such as hexamerin, pathogenesis-related protein 5, lysozyme, and hdd1 defense protein (Greenwood et al., 2017), as well as long non-coding RNAs (lncRNAs), which potentially control immune responses (Ali and Abd El Halim, 2020; Shirahama et al., 2020).

However, we observed that similar microbiome changes in larvae treated with Btt and Bt tolworthi may argue against a direct causal role of the microbiome for oral immune priming, because contrary to Btt, Bt tolworthi neither orally primes nor kills T. castaneum. Bt tolworthi carries a different Cry toxin than Btt, namely, Cry3Ba. Even though this toxin has a high affinity to receptors of the midgut epithelial cells of T. castaneum (Contreras et al., 2013) and another Bt strain carrying Cry3Ba caused mortality and priming (Futo et al., 2017), Bt tolworthi did not induce significant mortality or priming in the present and previous studies (Milutinović et al., 2013; Zanchi et al., 2020). LEfSe analysis showed that one taxon belonging to Bacillus is more abundant also in the Bt407– priming treatment. This could be explained by previously mentioned quorum sensing where secreted peptides in the supernatant could facilitate the growth of resident Bacillus. While Bt407– is lacking any, both Btt and Bt tolworthi express Cry proteins, and it is possible that monomers of the protein remain in the filter-sterilized supernatant and could even further promote the communication and growth of the existing Bacillus strain.

Even though taxa that were driving the difference among the oral treatments were identified using BLAST on a species level, we are careful in concluding that those three different ASVs belong to different species and only consider that ASVs in question belong to the genus Bacillus. Due to the high conservation of the 16S rRNA gene, differentiation between the Bacillus cereus and Bacillus thuringiensis strains is unreliable and many authors suggest using additional methods to discriminate between the strains (Chen and Tsen, 2002; Soufiane and Côté, 2009). The potential presence of two or more 16S sequences within a single Bacillus genome (e.g., Prüss et al., 1999) may suggest that ASV 3 and ASV20, which appear in roughly similar proportions across our different samples, might even originate from one and the same Bacillus strains. This question could in the future be tackled with long-read sequencing technology (Johnson et al., 2019).

Priming treatment via injection with heat-killed Btt does not influence the T. castaneum microbiome compared to injection control and naïve larvae. Such a difference to oral priming could arise if at least partially separate mechanisms underpin immune priming via the two different routes. This is not unlikely, as host defenses depend on the infection routes of pathogens, and different immune parameters are activated in the hemolymph and gut (e.g., Martins et al., 2013). For T. castaneum, transcriptomic data showed that the gene activation greatly differs between the routes of B. thuringiensis infection (Behrens et al., 2014). The septic route brings a pathogen into direct contact with immune cells and effectors in the hemocoel, whereas special adaptations are needed for pathogens to break the gut barrier. Accordingly, different priming mechanisms could enable the protection of the host when it comes into contact with a priming agent through these different routes. Candidate mechanisms for priming vary across different insect host species and priming routes (Milutinović and Kurtz, 2016), although we currently lack detailed knowledge of route-specific priming mechanisms within any one species, including T. castaneum (Milutinović et al., 2016). What could be the role of the microbiome for immune priming, in the light of the present and previous study showing that priming disappears in the absence of the microbiome (Futo et al., 2016)? We suggest that oral immune priming in T. castaneum may depend on the interplay of host immune factors with members of the resident microbiome and the pathogen itself. Any direct role of the gut microbiota for an unspecific immune priming effect via hemolymph factors as observed in Anopheles gambiae (Rodrigues et al., 2010; Gomes et al., 2021) is unlikely in our system because it could not explain the observed bacterial-strain specificity of the oral priming response (Futo et al., 2017). A study in Drosophila revealed that antiviral resistance is achieved by a two-signal system: microbiota-dependent priming and virus-dependent sensing (Sansone et al., 2015). Something similar might happen in our system where the oral priming response could depend on resident microbiome changes and sensing that is dependent on bacterial cues.

Even though the details of the mechanisms behind priming still remain unclear, this study yields further insight into the interplay of different immune treatments with the microbiome of invertebrates. To better understand the specific role of members of the microbiome in priming responses, it would be important to experimentally manipulate the microbial communities. This would help to further deepen our understanding of such forms of memory in invertebrate immunity.
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Anoplophora glabripennis (Asian longhorned beetle) is a wood-boring pest that can inhabit a wide range of healthy deciduous host trees in native and invaded areas. The gut microbiota plays important roles in the acquisition of nutrients for the growth and development of A. glabripennis larvae. Herein, we investigated the larval gut structure and studied the lignocellulose activity and microbial communities of the larval gut following feeding on different host trees. The larval gut was divided into foregut, midgut, and hindgut, of which the midgut is the longest, forming a single loop under itself. Microbial community composition and lignocellulose activity in larval gut extracts were correlated with host tree species. A. glabripennis larvae fed on the preferred host (Populus gansuensis) had higher lignocellulose activity and microbial diversity than larvae reared on either a secondary host (Salix babylonica) or a resistant host (Populus alba var. pyramidalis). Wolbachia was the most dominant bacteria in the gut of larvae fed on S. babylonica and P. alba var. pyramidalis, while Enterococcus and Gibbsiella were the most dominant in larvae fed on P. gansuensis, followed by Wolbachia. The lignocellulose-degrading fungus Fusarium solani was dominant in the larval gut fed on different host trees. Functional predictions of microbial communities in the larval gut fed on different resistant host trees suggested that they all play a role in degrading lignocellulose, detoxification, and fixing nitrogen, which likely contribute to the ability of these larvae to thrive in a broad range of host tree species.

Keywords: gut microbiota, lignocellulose, gut structure, Anoplophora glabripennis, host tree resistance, larval nutrition


INTRODUCTION

Insect herbivores inhabit diverse habitats and feed on various substrates. Like other animals, insects are colonized by microorganisms including bacteria, fungi, protozoa, and archaea (Douglas, 2015). Insect guts connect the interior of the insect with the external environment, and they harbor diverse microbial assemblages (Dillon and Dillon, 2004; Engel and Moran, 2013). Many studies have reported complex interactions between gut microbes and host insects that are important for both organisms (Warnecke et al., 2007; Douglas, 2015; Peter and Fernando, 2020). For example, insect guts provide living space for microorganisms, and in turn, microorganisms in the gut provide support to their hosts in the form of nutrition, digestion, development, reproduction, defense, behavior, and survival (Prasad et al., 2018; Hassan and Martin, 2022). Studies have reported that gut microbiota also has negative even detrimental effects on host insects (Ge et al., 2017; Khaeso et al., 2017; Xu et al., 2019). With developments in molecular biology, research on the gut microbial community and biological functions of insects has gradually increased, and the results have potential implications for pest control (Lemoine et al., 2020).

The xylem is a nutritionally poor, recalcitrant substrate containing refractory lignocellulosic bonds (Geib et al., 2008; Brune, 2014). Wood-feeding (xylophagous) insects can adapt to a range of ecological niches, where they often thrive on the xylem of nutrient-poor or refractory species because of the contributions of gut microbes to host nutrition are particularly important in wood-boring insects (Brune and Dietrich, 2015). Gut microbes can degrade lignocellulose and release glucose and other fermentable sugars from recalcitrant plant cell wall carbohydrates, including cellulose and hemicellulose, helping wood-boring pests in terms of digestion, absorption, and utilization of lignocellulose, and providing essential nutrients such as amino acids, as demonstrated for Saperda vestita (Delalibera et al., 2005), Dendroctonus valens (Cheng et al., 2018), Sirex noctilio (Li et al., 2021), and others. The microbiota components that mediate these interactions consist primarily of fungi and bacteria. However, the gut microbial assemblages and functions of borers may vary considerably depending on gut morphology, insect species, and host plant (Warnecke et al., 2007; Schauer et al., 2012; Ceja-Navarro et al., 2013; Mikaelyan et al., 2017).

The Asian longhorned beetle, Anoplophora glabripennis Motschulsky, is a wood-feeding insect that requires international quarantine. A. glabripennis is highly polyphagous and found on a wide range of tree species, including species Acer, Populus, Salix, Ulmus, Betula and Aesculus (Cavey et al., 1998; Luo et al., 2003). Unlike most cerambycids that feed on stressed, dying, or dead trees, A. glabripennis is among the most feared invasive insect species worldwide because it attacks healthy, vigorous trees, in addition to weakened trees. Females lay eggs underneath the bark at the phloem-cambium interface. Newly hatched larvae feed subcortically along the phloem and bark, and the second instar larvae begin boring into the xylem and heartwood to feed (Luo et al., 2003). Larval feeding disrupts vascular tissue, which girdles the tree and eventually causes death.

In a nutrient-poor environment, beetle larvae utilize a number of strategies to contend with the nutritional challenges of feeding on living trees. The genome of A. glabripennis contains an extensive repertoire of genes involved in lignocellulose digestion and metabolism of xenobiotics (Scully et al., 2013a,b; McKenna et al., 2016). Previous research showed that lignin, cellulose, and hemicellulose degradation occur within the gut of larval A. glabripennis (Geib et al., 2008, Geib et al., 2009, 2010). These lignocellulolytic enzymes may originate from gut symbionts, ingestion of enzymes produced by wood decay fungi, or the insect itself (Martin, 1983; Brune, 2003; Suh et al., 2005). However, A. glabripennis larvae harbor a diversity of bacteria and fungi in their gut that have putative roles in nutrient provisioning, lignocellulose metabolism, and allelochemical metabolism (Geib et al., 2009; Mason et al., 2019). For example, bacteria can fix and recycle nitrogen (Scully et al., 2013a,b, 2014; Ayayee et al., 2016). A filamentous fungus (Fusarium solani) is consistently associated with the larval stage, and this species can degrade lignocellulose and cell wall polysaccharides and extract nutrients from woody tissues (Geib et al., 2012; Scully et al., 2013a,b; Herr et al., 2016).

In the beetle species that harbored gut microbes, a broader diversity of microbes was associated with broader tree host range. A. glabripennis larvae reared in a preferred host (Acer saccharum) had the highest gut bacterial diversity compared with larvae reared either in a resistant host (Pyrus calleryana) (Geib et al., 2010). An extensive investigation of the different tree species attacked by A. glabripennis conducted in north-western China and found that it has different host suitability. Populus gansuensis is the preferred host for A. glabripennis, followed by Salix babylonica, with Populus alba var. pyramidalis being more resistant. However, A. glabripennis was able to complete its development in all these species. Whether changed microbiota in A. glabripennis fed on different host trees would lead to varied microbial functions and further influence the fitness of the insect is unclear.

This study aimed to examine relationships between host tree species, gut microbial community composition, and lignocellulose digestion in A. glabripennis. We studied the gut structure of larvae and compared gut microbial communities and lignocellulose activities of larvae in a preferred host (Populus gansuensis: EBY), an alternative host (Salix babylonica: LS), and a third tree species (Populus alba var. pyramidalis: XJY) highly resistant to A. glabripennis. We also predicted the function of microbial communities in the gut of larvae feeding on different host tree species. This study may unlock novel strategies for the development of pest management approaches based on interfering with the gut microbiota and restricting their role in larval survival and development.



MATERIALS AND METHODS


Insect Collection and Gut Dissection

New oviposition pits within a week were marked in the artificial mixed forest plantation attacked by A. glabripennis from the Jiuquan City, Gansu Province, Northwest China (39.71°N, 98.5°E) in October 2019. Overall, nine trees were selected (three for each of P. gansuensis, S. babylonica, and P. alba var. pyramidalis), and each sample tree was marked with fresh oviposition pit. A. glabripennis require 2 years to complete its life cycle in that area. All trees were collected in April 2020, at which time the larvae were at the second instar stage (boring into nutrient-poor xylem to feed). Felled trees were cut into ∼50 cm bolts and stored in barrels until transportation. Infested material was transported to the quarantine room at Gansu Agricultural University. Larvae were collected using a wood splitter (MX-3326, Qufu Mingxin Machinery Equipment Co., Ltd., Shandong, China).

Before gut dissection, we prepared sterile water, 75% (v/v) ethanol, and phosphate-buffered saline (PBS). All work areas and instruments were surface-sterilized with 75% (v/v) ethanol. After being removed from logs, A. glabripennis larvae were anesthetized on ice, surface-sterilized, fixed on a wax plate, and carefully dissected using a dissection microscope (Shanghai Yongke Optical Instrument Co., Ltd., Shanghai, China) under aseptic conditions (Mason et al., 2017). A pair of microscissors was used to cut larvae from the end of the abdomen to the head. The gut was gently removed and placed in sterile water to wash off any attached fat bodies or other tissues. If visible damage to the gut was observed, the insect was discarded. Guts were placed in a sterilized 1.5 mL centrifuge tube, immediately flash-frozen in liquid nitrogen, and stored at −80°C until DNA extraction. Larval guts were observed under a Leica M205FA stereoscopic microscope (Leica, United States), and different parts were analyzed in detail.



Preparation of Enzyme Solution

Crude gut enzyme extracts were prepared from pooled samples of three larval guts. Three independent repetitions were performed for each tree species (P. gansuensis, S. babylonica, and P. alba var. pyramidalis). Gut dissections were performed as described above. Pooled gut samples were suspended in 2 mL of acetic acid-sodium acetate buffer (pH 5.2, 0.1 M) and homogenized with a micropestle on ice. Samples were centrifuged at 12,000 g for 20 min at 4°C and the supernatant was collected in a fresh centrifuge tube, stored at −30°C, and used as an enzyme solution to measure ligninase and cellulase activities.



Determination of Lignocellulolytic Enzyme Activity

To determine the effect of the host tree on gut cellulolytic activity, in vitro activities of β-1,4-exoglucanase, β-1,4-glucosidase, and β-1,4-endoglucanase was measured in crude gut extracts incubated with cellulose substrates based on the release of reducing sugars assessed by dinitrosalicylic acid (DNS) assay (Miller, 1959). For β-exoglucanase activity, 200 μL of a 1% avicel solution was combined with 100 μL of crude gut extract (Kukor et al., 1988). For β-glucosidase activity, 200 μL of a 1% salicin solution was combined with 100 μL of diluted enzyme solution (crude gut extract diluted five times with acetic acid-sodium acetate buffer) (Li et al., 2010). For β-endoglucanase activity, 200 μL of 1% carboxymethylcellulose solution was combined with 100 μL of diluted enzyme solution (Kukor et al., 1988). After incubating at 40°C for 60 min, 300 μL of DNS reagent was added to halt enzyme activity. Samples were immediately incubated in a boiling water bath for 5 min, and absorbance was read at 540 nm on a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA, United States) along with glucose standards.

In this study, three lignin-degrading enzymes were examined in crude gut extracts. Lignin peroxidase (LiP) activity was measured based on veratryl alcohol (Pinto et al., 2012), and the change in absorbance at 310 nm was determined within 3 min of reaction. The reaction mixture (3 mL) comprised 0.1 mL of veratryl alcohol with 0.1 mL of enzyme solution, 0.1 mL of H2O2, and 2.7 mL of tartaric acid-sodium tartrate. Manganese peroxidase (MnP) activity was determined based on the oxidation rate of MnSO4 (Xu et al., 2017), and the change in absorbance at 270 nm was determined within 3 min. The sample mixture (4 mL) contained 0.1 mL of MnSO4 substrate, 0.4 mL of enzyme solution, 0.1 mL of H2O2, and 3.4 mL of tartaric acid-sodium tartrate. Laccase activity (Lac) was determined with ABTS as substrate (Kumari and Das, 2016), and the change in absorbance at 420 nm was measured within 3 min. Briefly, 0.2 mL of ABTS was mixed with 2.7 mL of tartaric acid-sodium tartrate and 0.1 mL of enzyme solution. One unit of enzyme activity (LiP, MnP, and Lac) was defined as the amount of enzyme required to produce 1 μmol of product per min at the temperature employed.



Total DNA Extraction, PCR Amplification, and Sequencing

Total DNA was extracted from gut tissue using a ZR Fecal DNA MiniPrep Kit (Zymo Research, Irvine, CA, United States). Frozen tissues were immediately submerged in lysis buffer and homogenized by steel bead beating at 1,000 rpm for 200 s using a Scientz-48L Frozen Tissue Grinder (Ningbo Xinzhi Biotechnology Co., Ltd., Zhejiang, China). Subsequent steps were performed following the manufacturer’s protocol. The DNA concentration and integrity were estimated by Quant-It dsDNA Assay (Life Technologies, Carlsbad, CA, United States) and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). Reactions (20 μL) contained 0.4 μL of FastPfu polymerase (Transgene, China), 10 ng of DNA, 0.8 mL of each primer (5 mM), 0.2 mL of BSA, 2 mL of dNTPs (2.5 mM), 4 mL of 5 × FastPfu buffer, and double-distilled water (ddH2O) to 20 mL. Primers 515F and 806R were used for bacterial V4 16S-rRNA amplification, while primers ITS1 and ITS2 were used for fungal ITS1 amplification. Reaction conditions for 16S amplification included an initial denaturation step at 95°C for 3 min, followed by 27 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10 min. ITS1 amplification followed similar procedures but with 32 cycles. PCR products were assessed by 2% (w/v) agarose gel electrophoresis followed by staining with GelRed and visualization under ultraviolet light. The 16S rRNA and ITS2 regions were amplified in triplicate and mixed with DNA. Equal volumes were pooled for analysis using an Illumina MiSeq platform, and sequencing of the amplification library was completed by Sangon Biotech (Shanghai) Co., Ltd.



Processing of Sequencing Data

To get high-quality clean reads, raw reads were further filtered according to the following rules using FASTP 0.20.0 (Chen et al., 2018): (i) removing reads containing more than 10% of unknown nucleotides (N); (ii) removing reads containing less than 50% of bases with quality (Q-value) >20. Paired end clean reads were merged as raw tags using FLASH v1.2.11 (Magoč and Salzberg, 2011) with a minimum overlap of 10 bp and mismatch error rates of 2%. High-quality effective sequences were analyzed with open-source Quantitative Insights into Microbial Ecology (QIIME 2.0) (Bolyen et al., 2019). The reads were denoised into amplicon sequence variants (ASVs) using the DADA2 pipeline which is tool available in QIIME 2.0 (Edgar, 2013). A representative sequence was selected from each OTU using default parameters. Bacterial reads were compared to the SILVA 138 database using a confidence threshold of 70%, while the UNITE v8.0 database was used for fungal reads (Nilsson et al., 2019). OTUs identified as unclassified bacteria or fungi at the phylum level, archaea, mitochondria, or chloroplasts were excluded. These were classified as additional quality controls or contaminants and removed before analysis. OTUs < 1% of average relative abundance in groups were categorized as “others.” OTUs < 0.001% of total sequences across all samples were discarded.



Statistical Analysis

Lignocellulolytic enzyme activity was analyzed using a one-way analysis of variance (ANOVA). Differences between mean values were evaluated using the Tukey’s honestly significant difference (HSD) test. Alpha-diversity analysis was calculated for different gut groups using QIIME2.0 and visualized using the “vegan” (v2.5.3) R package (Caporaso et al., 2010). Shannon, Chao, Simpson, ACE, and coverage indices were calculated. Among these, Shannon and Chao indices were calculated for different groups, and the Wilcoxon rank test was used to calculate significant differences (*0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01). Beta diversity analysis was performed to investigate structural variation in microbial communities of the different group samples using Unweighted and Weighted UniFrac distance metrics (Lozupone and Knight, 2005) principal coordinates analysis (PCoA). The significance of differentiation of microbiota structure among groups were assessed by adonis or PERMANOVA (permutational multivariate analysis of variance) with 1,000 permutations (Jari Oksanen et al., 2019).

Bacterial and fungal taxa analyses were plotted using the “circos” R package (Krzywinski et al., 2009). Based on the modified OTU data, differences in the top ten genera relative abundances between different groups of microbial community species were compared by one-way ANOVA followed by the Scheffe test (*0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01), conducted using the “stats” R package.

Bacterial and fungal community functions were predicted by phylogenetic investigation of communities by reconstructing of unobserved states (PICRUSt2 v2.1.4) based on high-quality sequences (Langille et al., 2013). The PICRUSt package generates predictions from 16S rRNA and ITS2 data using annotations of sequenced genomes in the Greengene database and the Kyoto Encyclopedias of Genes and Genomes (KEGG, release 64.0) database.




RESULTS


Gut Structure of A. glabripennis Larvae

The gut structure of A. glabripennis larvae accounted for the largest proportion of the body cavity except for the fat body (Figures 1A,B). It consists of three parts: the foregut, midgut, and hindgut, each of which can be separated (Figures 1B,C). The foregut is short and only extends to the end of the prothorax. The midgut is further subdivided into three parts: the anterior midgut (am), middle midgut (mm), and posterior midgut (pm). In general, the anterior end of the midgut is enlarged, starts from the anterior end of the mid thorax, extends to the eighth abdominal segment, and then folds forward, turning at the second abdominal segment and extending to the eighth abdominal segment. The hindgut is relatively thin, starting from the eighth abdominal segment, reaching the middle of the ninth abdominal segment, extending forward to the seventh abdominal segment, and finally folding toward the anus. Malpighian tubules branch from the midgut-hindgut border (Figure 1C). We also observed digested xylem debris in the gut (Figure 1C).
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FIGURE 1. The digestive system of A. glabripennis larvae. (A) Second instar larvae, (B) Schematic diagram of the digestive system of A. glabripennis larvae during dissection. The division of the midgut refers to Mason et al. (2017). (C) Gut morphology of A. glabripennis larvae, separated into anterior midgut (am), middle midgut (mm), posterior midgut (pm), malpighian tubules (mt), xylem debris (xd).




Lignocellulose-Degrading Enzyme Activities in the Gut of A. glabripennis Larvae

The enzyme activities of three different types of cellulases were compared between larvae reared on different tree species (Figure 2A). The β-1,4-glucosidase and β-1,4-endoglucanase activities were significantly higher in enzyme extracts from the guts of A. glabripennis fed on EBY than those fed on LS and XJY (p < 0.001). In addition, β-1,4-endoglucanase activity was also significantly higher in LS gut extracts than in XJY extracts (p < 0.01). The β-1,4-exoglucanase activity was highest in LS but was not significantly different from the other two species (p > 0.05; Figure 2A). The enzyme degradation of lignin by enzyme extracts from the guts of A. glabripennis showed that LiP and Lac activities were higher in EBY than in XJY and LS, but there was no significant difference with LS (Figure 2B). Lac activity was also significantly higher in LS gut extracts than in XJY extracts (p < 0.01). There were no significant differences in MnP activities in gut extracts from larvae fed on the three different host trees (p > 0.05; Figure 2B).
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FIGURE 2. Gut enzyme activity of A. glabripennis larvae fed on different Populus gansuensis (EBY), Salix babylonica (LS), or Populus alba var. pyramidalis (XJY) as host tree species. (A) Cellulose-degrading enzyme activity in the larval gut. (B) Lignin-degrading enzyme activity in the larval gut. LiP, lignin peroxidase; MnP, manganese peroxidase; Lac, laccase. Results followed by different letters are significantly different according to the HSD test (p ≤ 0.05).




Bacterial and Fungal Communities of A. glabripennis Larval Guts Fed on Different Host Tree Species

A total of 1,006,740 paired-end reads of 16S rRNA V3-V4 amplicon sequences and 1,027,726 reads of ITS amplicon sequences were generated to survey the bacterial and fungal communities, respectively. After quality filtering, we obtained 984,910/992,800 high-quality sequences (an average of 108,222/110,311 reads per sample), from which 2,856/494 OTUs were identified from 9 samples (Supplementary Table 1). The OTU-level rarefaction curves were generated to compare the richness and evenness of OTUs among samples (Supplementary Figures 1, 2), indicating that these specimens’ sequencing depths were appropriate. Bacterial and fungal OTU richness and diversity varied in the guts of A. glabripennis larvae fed on different host tree species. Larvae obtained from EBY had a greater richness of gut bacterial and fungi OTUs than larvae from LS and XJY (Supplementary Table 2). LS larvae guts had the fewest bacterial OTUs, while XJY larvae guts had the fewest fungal OTUs. Venn diagrams were plotted to visualize the shared and unique OTUs among the three different host trees. A total of 15.38% of bacterial OTUs were shared among the three groups, with unique OTUs mainly being present in EBY (23.46%), LS (20.5%), and XJY (21.02%; Supplementary Figure 3). A total of 19.13% of fungal OTUs were shared among the three groups, with unique OTUs largely being present in EBY (21.6%), LS (16.07%), and XJY (10.71%; Supplementary Figure 4).

For the observed OTUs, alpha-diversity was used to evaluate differences in community richness (Chao index) and diversity (Shannon index) among the guts of larvae fed on different tree species. The results showed no significant differences in Chao index for gut bacterial microbiota between different host trees (Figure 3B). However, there were significant differences in gut microbiota diversity for the three tree species (p < 0.05). Specifically, the Shannon index of gut bacterial microbiota in EBY and LS was significantly higher than that of XJY (Figure 3A). A significant effect of different host tree was observed for bacterial community membership when using PCoA based on unweighted and weighted UniFrac distances (Figures 3C,D, R2 = 0.1652, and p = 0.027 for unweighted; R2 = 0.2969 and p = 0.014 for weighted). The bacterial composition of LS was more similar to XJY than EBY.
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FIGURE 3. Bacterial communities in the A. glabripennis larval gut. Boxplots of (A) species diversity (Shannon index) and (B) species richness (Chao index). Significant differences in alpha-diversity were analyzed by Wilcoxon rank-sum test (*0.01 < p ≤ 0.05). (C) Unweighted and (D) weighted UniFrac-based PCoA plots of bacterial communities. The significant differences in beta-diversities were analyzed using adonis analysis with 1,000 Monte Carlo permutations. EBY, Populus gansuensis; LS, Salix babylonica; XJY, Populus alba var. pyramidalis.


The fungal composition in larvae guts was simpler than bacteria; both the number of observed OTUs and the Shannon index was lower for fungi than bacteria (Supplementary Table 2 and Figure 4). The trends in the Chao index and the Shannon index were similar. Alpha-diversity was significantly higher in EBY and LS samples compared with XJY samples (p < 0.05; Figures 4A,B). However, we also found that fungal species richness and species diversity were not significantly different between EBY and LS. A significant effect of different host trees was observed for fungal community membership when using unweighted UniFrac distances (Figure 4C, R2 = 0.2051, and p = 0.041). No significant differences were observed when considering weighted UniFrac distances (Figure 4D, R2 = 0.2846, and p = 0.202). Comparatively, the fungal communities of EBY and XJY were more similar than those of LS.
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FIGURE 4. Fungal communities in the A. glabripennis larval gut. Boxplots of (A) species diversity (Shannon index) and (B) species richness (Chao index). Significant differences in alpha-diversity were analyzed by Wilcoxon rank-sum test (*0.01 < p ≤ 0.05). (C) Unweighted and (D) weighted UniFrac-based PCoA plots of fungal communities. The significant differences in beta-diversities were analyzed using adonis analysis with 1,000 Monte Carlo permutations. EBY, Populus gansuensis; LS, Salix babylonica; XJY, Populus alba var. pyramidalis.


The relative abundance of bacterial and fungal communities in larval guts from the three host trees was examined at phylum and genus levels (Figure 5). Across all samples, the dominant component of the bacterial community at the phylum level was Proteobacteria, followed by Bacteroidetes, Firmicutes, Actinobacteria, Verrucomicrobia, Patescibacteria, Acidobacteria, Epsilonbacteraeota, and Deinococcus-Thermus (Figure 5A). Wolbachia was dominant in larval gut communities at the genus level, followed by Enterococcus, Gibbsiella, Dysgonomonas, Olivibacter, Acinetobacter, Ochrobactrum, Luteimonas, Lactobacillus, Shinella, and Pseudomonas (Figure 5B). However, each group had a significantly enriched set of microorganisms at the genus level (Figure 6A and Supplementary Figure 5). Wolbachia was notably enriched in the guts of larvae fed on LS and XJY compared with EBY (p < 0.05), whereas Enterococcus and Gibbsiella were the most abundant bacteria in EBY (p < 0.01). Dysgonomonas was notably enriched in XJY (p < 0.001), while Ochrobactrum and Lactobacillus were significantly enriched in LS (p < 0.05).
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FIGURE 5. Taxonomic composition of bacterial and fungal communities associated with the A. glabripennis larval gut. The relative abundance is shown for each bacterial (A) phylum and (B) genus. The relative abundance is also shown for each fungal (C) phylum and (D) genus. Each bar is indicated by a different color at the phylum and genus level. OTUs < 1% of the average relative abundance in groups are summarized as “others”. EBY, Populus gansuensis; LS, Salix babylonica; XJY, Populus alba var. pyramidalis.
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FIGURE 6. Significant differences in microbial composition in the larval gut following feeding on three host tree species. Differences in relative abundance are shown for the ten most significant differences. Relative abundances are shown for (A) bacteria and (B) fungi. EBY, Populus gansuensis; LS, Salix babylonica; XJY, Populus alba var. pyramidalis. One-way ANOVA followed by Scheffe test; *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001.


Ascomycota and Basidiomycota mainly dominated the fungal communities in larvae of A. glabripennis at the phylum level (Figure 5C). Across all samples, the highest proportion of the fungal community at the genus level was Fusarium (species-level analysis identified Fusarium solani), followed by Nakazawaea, Triadelphia, Lactarius, Acremonium, Aureobasidium, Candida, Filobasidium, Aspergillus, Ogataea, Colletotrichum, Saccharomyces, Clavispora, Kazachstania, and Penicillium (Figure 5D and Supplementary Figure 6). There were more unclassified fungi at the genus level in LS than in EBY and XJY samples (Supplementary Figure 6). The top ten fungal genera inhabiting the larval guts also varied between host tree species (Figure 6B). For instance, Fusarium was notably enriched in EBY and XJY compared with LS (p < 0.05), whereas Nakazawaea and Ogataea were the most abundant fungi in XJY (p < 0.05). The presence of common genera suggests that they might perform essential functions in the growth and development of A. glabripennis larvae, especially Fusarium among fungi and Wolbachia among bacteria (Supplementary Figures 5, 6). In addition, most of the highly abundant bacterial and fungal genera were correlated to varying degrees; the relative abundance of Fusarium was negatively correlated with Wolbachia (Supplementary Figure 7).



Microbial Functions in A. glabripennis Larval Guts Predicted by PICRUSt2

Bacterial community functional prediction was performed on the guts of larvae fed on the three host trees, and 24 genes potentially related to lignocellulose degradation were identified, along with one gene putatively associated with nitrogen fixation and one gene possibly involved in detoxification (Figure 7). The detailed enzyme-catalyzed reactions of these gene products are shown in Supplementary Table 3. Based on lignocellulose degradation pathways, 17 predicted genes were involved in cellulose and hemicellulose degradation, of which 6-phospho-β-glucosidase (EC3.2.1.86) was the most abundant in the guts of larvae fed on all three different host tree sources, followed by β-glucosidase (EC3.2.1.21), β-galactosidase (EC3.2.1.23), and alpha-L-fucosidase (EC3.2.1.51; Figure 7). 6-phospho-β-glucosidase (EC3.2.1.86) was significantly higher in EBY compared with those in LS and XJY (p < 0.05). β-glucosidase (EC3.2.1.21) and β-galactosidase (EC3.2.1.23) were significantly higher in EBY and XJY than in LS (p < 0.05; Supplementary Table 4). Seven predicted genes were involved in lignin degradation, the most significant of which were glutathione peroxidase (EC1.11.1.9) and catalase (EC1.11.1.6), which were significantly higher in XJY compared to the other two tree species (p < 0.05; Supplementary Table 4). For biological nitrogen fixation, we predicted key genes for the nitrogenase component protein (nifH). We predicted a key gene encoding a carboxylesterase component protein (CarE) for insect detoxification. Nitrogenase (EC1.18.6.1) and carboxylesterase (EC3.1.1.1) were highest in EBY but were not significantly different from the other two species (p > 0.05; Supplementary Table 4).
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FIGURE 7. Predicted bacterial community functions in the A. glabripennis larval gut following feeding on different host tree species. The total number of predicted gene family counts is shown. EBY, Populus gansuensis; LS, Salix babylonica; XJY, Populus alba var. pyramidalis.


Fungal community functional prediction identified 22 genes potentially related to lignocellulose degradation and two genes potentially related to detoxification (Figure 8). The detailed enzyme-catalyzed reactions are shown in Supplementary Table 5. Most of the predicted genes were involved in cellulose and hemicellulose degradation, among which β-glucosidase (EC3.2.1.21) was the most abundant, but there was no significant difference among the three host tree species (p > 0.05; Supplementary Table 6). Five predicted genes were involved in lignin degradation, of which laccase (EC1.10.3.2) was the most abundant. In addition, it was also significantly higher in EBY than in XJY and LS (p < 0.05; Supplementary Table 6). The predicted genes involved in detoxification degradation carboxylesterase (EC3.1.1.1) and acetylcholinesterase (EC3.1.1.7).
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FIGURE 8. Predicted fungal community functions in the A. glabripennis larval gut following feeding on different host tree species. The total number of predicted gene family counts is shown. EBY, Populus gansuensis; LS, Salix babylonica; XJY, Populus alba var. pyramidalis.





DISCUSSION

Herbivorous insects feed on different host plants, leading to differences in their gut structures. The digestive tract of A. glabripennis larvae is divided into three parts, the foregut, midgut, and hindgut, each of which can be separated. The midgut forms a single loop under itself (Figure 1). The gut structure of A. glabripennis is similar to that of the wood borer pest Apriliona germari (Wang, 2012). The digestive tract of the beetle larvae is larger than the body length, which is significantly different from other insects (Wang, 2012; Wu et al., 2016), such as wasps (Foelker, 2016). In addition, the midgut of A. glabripennis larvae comprises > 90% of the total length of the digestive tract and is further divided into the anterior midgut, middle midgut, and posterior midgut (Mason et al., 2017). The midgut of Eucryptorrhynchus scrobiculatus and Eucryptorrhynchus brandti accounted for 39.63% and 36.91% of the entire digestive tract, respectively. According to the shape of the midgut, it was divided into two parts: the anterior midgut and the posterior midgut (Chen, 2016).

Previous research suggested that lignin, cellulose, and hemicellulose degradation occur within the gut of A. glabripennis larvae (Geib et al., 2008, 2009, 2010). Studies on midgut transcriptome data from A. glabripennis larvae revealed a number of enzymes with putative roles in the digestion of xylem, detoxification, and nutrient extraction, which likely contribute to the ability of these larvae to thrive in a broad range of host trees (Scully et al., 2013a,2018). In the present study, feeding on the preferred host tree species (P. gansuensis) resulted in high lignocellulose enzyme activity, whereas feeding on P. alba var. pyramidalis, characterized by strong resistance, lignocellulose enzyme activity was lowest (Figure 2). This result is consistent with previous studies by Geib et al. (2010) and Li et al. (2010). In addition, Chen et al. (2006) concluded that the order of cellulase activities in the guts of A. glabripennis larvae was β-1,4-glucosidase > β-1,4-endoglucanase > β-1,4-exoglucanase, consistent with our current results. However, the activities of lignocellulose enzymes in the guts of different species of longhorn beetle larvae are not the same. Yin et al. (1996) found that the β-1,4-endoglucanase activity of larvae of Apriona germari was highest, while Suo et al. (2004) found that the activity of β-1,4-exoglucanase was highest in the larvae of Monochamus alternatus. Therefore, the activities of insect digestive enzymes may be affected by many factors, including the host environment, insect taxa, developmental state of the insect body, mobility, energy requirements, and even genes (Wang et al., 2020).

Wood-feeding insect guts have a limited capacity to digest lignocellulose, and they often work in collaboration with the gut microbiota to degrade lignin biopolymers and release glucose (Brune and Dietrich, 2015). The A. glabripennis larval gut harbors a rich diversity of microbes, with a marked variation in community complexity and composition when feeding on different host trees (Geib et al., 2010). When feeding on the preferred host tree, A. glabripennis larval guts had the most diverse bacterial and fungal community, followed by the alternative host tree species, and the least diverse microbial community was associated with the high resistance host tree (Supplementary Figures 3, 4). This is consistent with the results of lignocellulose activity in larval gut extracts fed on the three host tree species. The results show that the host tree can impact gut microbial community complexity and lignocellulose activity in A. glabripennis (Geib et al., 2010; Scully et al., 2018).

The bacterial community complexity and composition of the A. glabripennis larval gut were influenced by host tree species and geographic location. Larvae fed on EBY had the greatest diversity of any 16S library, with the highest number of OTUs and the highest Chao richness estimate (Scully et al., 2018; Mason et al., 2019). At the phylum level, characterization of A. glabripennis larval gut bacterial communities of insects collected from an invasion area in New York, United States, and from the native range in Hebei, China, gave similar community complexity results to those of our current study, with Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria as the dominant bacteria (Schloss et al., 2006; Geib et al., 2010; Podgwaite et al., 2013), but the bacterial diversity in the gut of larvae from different regions was significantly different at the genus taxonomic level. In the present study, Wolbachia dominated the guts of larvae feeding on LS and XJY, while Enterococcus and Gibbsiella were the most abundant in the guts of larvae feeding on EBY. In the United States, identification of bacterial taxa (OTUs) from the larval gut of A. glabripennis fed on three different host trees showed that Enterobacter was the dominant bacterial genus in Pin oak and Callery pear, while Enterococcus was dominant in sugar maple (Geib et al., 2010). Furthermore, sugar maple and EBY were the preferred host species of A. glabripennis, and Enterococcus was the most dominant genus in the gut of larvae feeding on these trees. However, the relationship between Enterococcus and feeding on different host trees cannot be determined for larvae of A. glabripennis; this will be studied in future work to explore host tree resistance to cerambycids.

In addition, Wolbachia is the widest endosymbionts within the insect cells, with an infection rate of ∼66% in all species of insects, and it has a great impact on the growth and development of host insects (Ahmed et al., 2016). Although Wolbachia was found in the gut of Saperda populnea larvae in previous work (Cao et al., 2021), the present study was the first to show that Wolbachia is abundant in the gut of A. glabripennis. Notably, total DNA was extracted using larval gut tissue (containing the contents) in this study. The relative abundance of Wolbachia in larval gut microbiotas fed on resistant and alternative hosts was significantly higher than that in preferred hosts (Figures 5, 6). This may suggest that the gut bacterial communities may have low numbers and have less possibility to exert effects in resistant and alternative hosts, which requires more research to elaborate on this finding.

In addition to ubiquitous associations with bacteria, wood-feeding insects often have associations with eukaryotic partners. Our current study revealed significant differences in fungal diversity in the guts of larvae feeding on different host tree species, and gut fungal diversity decreased with increasing host resistance capacity (Supplementary Figure 4). In previous research, the frass component of ovipositing behavior, the presence of F. solani (FSSC) in the oviposition pits but not nearby tissues, and the consistent detection of F. solani across studies in space and time suggested that this fungus plays a vital role in the life history of A. glabripennis (Scully et al., 2013a,b; Mason et al., 2019). This is consistent with our current findings; fungal communities in the A. glabripennis larval gut were dominated by F. solani following feeding on all three host trees. We did not observe FSSC in any adjacent healthy phloem tissue, but we did detect FSSC in 100% of oviposition pits in China (unpublished data). Besides F. solani, the guts of larvae feeding on different host trees contained unique genera of dominant fungi; the major fungal genera in larval guts fed on XJY also included Nakazawaea, Ogataea, and Candida, while Triadelphia and Acremonium were mainly found in EBY, and Penicillium was detected in LS. The reason for this discrepancy is not clear, but it could reflect differences in larval health and/or host tree species.

The xylem is mainly made of lignin, cellulose, and hemicellulose. Different digestive enzymes are required for different substrates, which may sometimes act incongruence (Chiappini and Aldini, 2011). For a long time, there have been different opinions about the source of digestive enzymes in wood-boring pests. These lignocellulolytic enzymes may originate from gut symbionts, ingestion of enzymes produced by wood decay fungi, the insect itself, or some combination of these (Martin, 1983; Brune, 2003; Suh et al., 2005). In the present study, we predicted several genes encoding enzymes in the gut microbiota involved in lignin degradation, including several peroxidases, laccases, enzymes oxidizing phenolic/non-phenolic compounds, and lignin-modifying proteins (Levasseur et al., 2013). These include gluco-oligosaccharide oxidases, which oxidize different carbohydrates, and glycolate oxidase (van Hellemond et al., 2006), which oxidizes glycolate to glyoxylate and generates reactive oxygen species. These gene family counts were higher in the gut of larvae feeding on different host tree species (Figures 7, 8). This suggests that larval gut microbial communities feeding on different host trees have endogenous potential to degrade lignin and extract nutrients from woody tissue (Scully et al., 2012). Previous work suggested that a gut-derived F. solani isolate could detect laccases that degrade lignin depolymerization, but lignin- and Mn-dependent peroxidase activities were not detected. In this study. F. solani was the most dominant fungus in the gut of larvae feeding on different hosts. Interestingly, our current study echoes previous findings: laccase activity was among the most pronounced gut fungal community functions.

Regarding degradation of cellulose and hemicellulose, there are genes encoding enzymes, such as β-glucosidase which hydrolyzes cellobiose and short-chain oligosaccharides (Glass et al., 2013), cellulase, which cleaves internal bonds in cellulose (Klyosov, 1990), and β-galactosidase, which hydrolyzes β-galactosidic bonds (Husain, 2010). In the present study, we identified genes that encode enzymes involved in the degradation of cellulose and hemicellulose in the gut microbial community, including β-galactosidase (Husain, 2010), β-glucosidase (Glass et al., 2013), xylan1,4-β-xylosidase (Zhou et al., 2012), alpha-L-fucosidase, endo1,4-b-xylanase, β-mannosidase, carboxylesterase, and others (Numan and Bhosle, 2006). These gene family counts were higher in the gut of larvae feeding on different host tree species (Figures 7, 8). Microbial community composition varies between populations and host trees but appears to perform similar functional roles (Scully et al., 2013a,b, 2018). Moreover, predicted genes were involved in cellulose and hemicellulose degradation was the highest in preferred host trees (Supplementary Tables 4, 6), which may be related to the higher microbial diversity in larval gut feeding on preferred host trees than in the other two tree species. Most of the genes predicted in the present work were detected previously in the midgut transcriptomes of A. glabripennis and Trichoferus campestris (Scully et al., 2013a; Mohammed et al., 2018), including nifH involved in nitrogen fixation and providing nitrogen to A. glabripennis larval gut bacterial communities, as reported by Thompson et al. (2013, 2014) and Gaby and Buckley (2014). We also identified carboxylesterases and acetylcholinesterase which might be involved in detoxification metabolism, which play an important role in catabolizing plant secondary metabolites and other exogenous toxins and maintaining the normal physiological and biochemical activities of insects.



CONCLUSION

In summary, this study described the A. glabripennis larval gut structure, examined gut lignocellulose activities in tree hosts with different resistance levels, and predicted the roles of the gut microbiota in the survival of larvae in nutrient-deficient host xylem. The digestive tract of A. glabripennis larvae is divided into the foregut, midgut, and hindgut. The midgut forms a single loop under itself and comprises > 90% of the total length of the digestive tract. The microbial community composition and lignocellulose activity of gut extracts from larvae correlated well with host tree species. When feeding on preferred host trees, P. gansuensis exhibited high microbial community diversity and lignocellulose enzyme activity compared with feeding on an alternative host (S. babylonica) and a highly resistant host (P. alba var. pyramidalis). Wolbachia was most abundant in the gut of A. glabripennis, but less abundant in the gut of larvae feeding on the preferred host than on other trees. The A. glabripennis larval gut is consistently associated with F. solani. The functional predictions of microbial communities in the larval gut fed on different resistant host trees suggested that they all have roles in degrading lignocellulose, detoxification, and fixing nitrogen. These functions likely contribute to the ability of these larvae to thrive in a broad range of host tree species.
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Microbial communities associated with animals vary based on both intrinsic and extrinsic factors. Of many possible determinants affecting microbiome composition, host phylogeny, host diet, and local environment are the most important. How these factors interact across spatial scales is not well understood. Here, we seek to identify the main influences on microbiome composition in a specialist insect, the western corn rootworm (WCR; Diabrotica virgifera virgifera), by analyzing the bacterial communities of adults collected from their obligate host plant, corn (Zea mays), across several geographic locations and comparing the patterns in communities to its congeneric species, the northern corn rootworm (NCR; Diabrotica barberi). We found that bacterial communities of WCR and NCR shared a portion of their bacterial communities even when collected from disparate locations. However, within each species, the location of collection significantly influenced the composition of their microbiome. Correlations of geographic distance between sites with WCR bacterial community composition revealed different patterns at different spatial scales. Community similarity decreased with increased geographic distance at smaller spatial scales (~25 km between the nearest sites). At broad spatial scales (>200 km), community composition was not correlated with distances between sites, but instead reflected the historical invasion path of WCR across the United States. These results suggest bacterial communities are structured directly by dispersal dynamics at small, regional spatial scales, while landscape-level genetic or environmental differences may drive community composition across broad spatial scales in this specialist insect.

Keywords: insect-microbe interactions, microbial ecology, biogeography, Diabrotica virgifera virgifera, beetle, metacommunity


INTRODUCTION

Animals have evolved while in constant contact with microorganisms. Associations between hosts and microorganisms exist on a continuum from beneficial to detrimental. In insects, bacterial communities can improve host fitness by enhancing nutrition (Ben-Yosef et al., 2014), disrupting plant defenses (Chu et al., 2013), and protecting against disease (Miller et al., 2021), but are also capable of inducing mortality in certain situations (Caccia et al., 2016; Mason et al., 2019). Variation in bacterial communities within hosts may result in differential survival with direct implications for design and implementation of conservation and pest management strategies (Paddock et al., 2021).

Inter- and intra-species variation in the microbiome can be influenced by numerous factors. Host species identity can dictate what microbes survive within the host. Insect guts vary in morphology, pH, and immune response (Caccia et al., 2019), which serve as filters for specific microbes resulting in communities that vary between closely related species (Adair et al., 2020). Host diet partially determines the local species pool with which the host interacts. Different feeding modalities (e.g., chewing vs. sucking mouthparts) constrain access to food sources, which can affect which microbes are associated with insects (Huang et al., 2021). Furthermore, certain food substrates can be digested by microbes within insects, and thus can alter communities through resource limitation or niche partitioning (Mason et al., 2020; Brochet et al., 2021). The host’s external environment can also generate variation between insect microbiomes by affecting the local source pool of microbes. Such factors as temperature (Wang et al., 2020), landscape context (Park et al., 2019), and plant diversity (Cohen et al., 2020) may be associated with variation between insect microbiomes in different local habitats.

Host microbiomes across a biogeographic space can best be described through a metacommunity framework (Adair and Douglas, 2017; Miller et al., 2018), where host-associated communities in local environments are subsets of the larger environmental metacommunity and linked through dispersal. Spatial limits on microbial dispersal, or “dispersal limitation,” can result in patterns of geospatial correlation in which microbial community similarity decays with increasing geographic distance (Finkel et al., 2012; Moeller et al., 2017). At different spatial scales, the determinants of microbiome composition may change and result in different communities. Both landscape composition and configuration can dictate the dispersal capacity of microorganisms within the metacommunity (Parajuli et al., 2020). For example, in humans, small-scale dispersal events may be disrupted by barriers such as human-made structures or vegetation (Parajuli et al., 2020). At a continental scale, dispersal may be very limited and other factors such as lifestyle, diet, age, and genetics may account for most variation between hosts (Yatsunenko et al., 2012). Which microbes are associated with hosts is determined by interactions of both deterministic and stochastic processes (Adair and Douglas, 2017), but how these processes interact across spatial scales is not well understood.

Corn rootworms (genus Diabrotica; Coleoptera, Chrysomelidae) represent a useful system to investigate the influence of biogeographical arrangement on host associated microbiome composition. Many studies have investigated determinants of microbiome composition in generalist feeding insects (Adair et al., 2018; Jones et al., 2019; Cohen et al., 2020). Studies with generalist insects have limitations on distinguishing between the influence of geographic location and the influence of diet on microbiome composition. In the United States, two rootworm species predominate east of the Rocky Mountains: the western corn rootworm (Diabrotica virgifera virgifera LeConte; WCR) and the northern corn rootworm (Diabrotica barberi Smith & Lawrence; NCR). Both species overlap in distribution, phenology, and host plant usage (Krysan and Miller, 1986), which allows us to better examine environmental factors influencing microbiome composition. In addition, they comprise the most damaging groups of corn pests in the United States, with management costs and yield losses combining for over $2 billion annually (Wechsler and Smith, 2018). Management continues to become more complicated as both species have evolved resistance to crop rotation and transgenic crops producing toxins derived from the bacterium Bacillus thuringiensis (Bt; Levine et al., 1992, 2002; Calles-Torrez et al., 2019). In WCR, the microbiome may help beetles overcome plant defenses, and changes in larval microbiome composition are linked to resistance to Bt (Chu et al., 2013; Paddock et al., 2021). The geospatial consistency of bacterial community composition within WCR has yet to be investigated.

Here, we characterize the bacterial communities in two sister Diabrotica species and compare the patterns of assembly at different spatial scales. We collected WCR beetles from corn fields across their ranges in the United States using two sampling scales, regional scale (~12–50 km between sites along linear transects) and continental scale (>200 km). We examined correlations between bacterial community dissimilarity and distance between collection sites for WCR. We hypothesize that environment contributes to variation in microbial communities, and thus, differentially influences the similarity of microbial communities across biogeographical space. Specifically, we predict that microbiome sequence similarity decreases with geographic distance (distance decay), and that the effect is stronger at the landscape level where dispersal limitation may be higher compared to local levels. Increased understanding of the factors influencing microbiome composition in insects can provide insight into how microbe-mediated effects on plant-insect interactions may have evolved.



MATERIALS AND METHODS


Insects

WCR and NCR are univoltine species that emerge in late July into August. In this study, adult beetles were collected from corn fields between July and August in 2016, 2019, and 2020. Information including date of collection and location of the closest city or populated place to the collection site can be found in Supplementary Information. WCR were collected at two spatial scales (Figure 1). A small, regional-scale sampling scheme consisted of field sites located ~25 km apart along two transects in eastern Colorado and western Kansas. On average, WCR can disperse ~17 m a day. Distances between any two sites ranged from 11.46–276.73 km. Beetles were collected in ethanol and stored at −20°C at the Corn Insects and Crop Genetics Research Unit (CICGRU) in Ames, Iowa until DNA extraction. For the broad, continental-scale sampling scheme, field sites were ~250 km apart, with paired distances ranging from 248 to 3,122 km. Beetles were stored in 95% ethanol and shipped to Columbia, Missouri, where they remained until DNA was extracted. A total of 24 sites across 11 states were sampled for WCR in 2016, 2018, and 2020. Within the small regional-scale sampling scheme, 14 city level sample sites were collected in 2016. Eight beetles were collected at each site for a total of 192 WCR beetles. NCR were collected only at a continental scale and were processed in the same manner as WCR. A total of four sites were sampled for NCR in 2020. Within Missouri, two city level samples were collected. Eight beetles were collected at each site for a total of 32 NCR beetles.

[image: Figure 1]

FIGURE 1. Sample locations of wild, adult Diabrotica virgifera virgifera (black dots) and D. barberi (gray dots). Beetles were collected from cornfields during late July to early August. Colorado is zoomed out with small circles showing close-proximity sampling locations (note one location is across the border in Kansas). Each dot consists of one sample site where eight individual beetles were collected.




DNA Extraction and 16S rRNA Gene Amplification

For each sample location, DNA was extracted from individual beetles (n = 8). Before the day of extraction, beetles in ethanol were removed and placed in individual 2-ml tubes to dry overnight. Beetles were transferred to beaded tubes (MP Biomedicals, Santa Ana, CA, catalog no. 116913500), flash frozen in liquid nitrogen for 20 s, immediately placed in a single-tube bead beater, and shaken for 20 s to pulverize the sample. Bacterial DNA was extracted from pulverized beetles using PowerFecal® DNA Isolation Kit (QIAGEN, catalog no. 12830-50) in accordance with the manufacturer’s protocols.1 Frozen beetles processed at CICGRU were ground by mortar and pestle and then transferred to sterile 1.5-ml microcentrifuge tubes. Bacterial DNA was extracted using DNA Blood and Tissue kit (QIAGEN, catalog no. 69504) in accordance with the manufacturer’s protocols.2 The concentration of extracted DNA was quantified using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA). DNA was stored at −80°C until further downstream processing. Prior to amplification, DNA concentration was standardized to 3.51 ng/μl. The V4 hypervariable region of the 16S rRNA gene was amplified using single indexed universal primers (U515F/806R) with Illumina standard adapter sequences. Dual-indexed forward and reverse primers were used in all reactions. PCR reaction steps were as follows: 98°C(3:00) + 25 cycles of [98°C(0:15) + 50°C(0:30) + 72°C(0:30)]. The resulting amplicons (5 μl) were pooled before sequencing on the Illumina MiSeq 2 × 250 bp platform (Paddock et al., 2021). The construction and sequencing of 16S sequencing amplicon libraries were completed at the University of Missouri (MU) DNA Core facility.



16S rRNA Community Analysis

Sequence assembly and annotation were performed by the MU Informatics Research Core Facility. Primers were trimmed using Cutadapt in two rounds,3 first removing forward primers with an error rate of 0.11 mismatches and minimum length of 19 bp, followed by a second round of trimming from the 3′ end executed with an error rate of 0.1 mismatches and minimum length of 20 bp. A minimal overlap of 3 with the 3′ end of the primer sequence was required for removal. Untrimmed contigs were discarded between rounds of trimming. Using the Qiime2 plugin, DADA2 (Callahan et al., 2016; version 1.10.0), forward and reverse reads were truncated to 150 bp and discarded if the number of expected errors was >2.0. Chimeras were detected using the “consensus” method and removed. Resulting sequences were filtered to retain only sequences 249–257 bases long. Taxonomy was assigned to amplicon sequence variants (ASVs) using the Silva.v132 database with the “sklearn” classifier in Qiime2. ASVs were compiled into biom tables for data analysis. ASV tables with metadata and associated taxonomy were imported in to RStudio version 3.5.2 for downstream analysis. ASVs matching chloroplast, mitochondria, and archaea sequences were filtered and removed using phyloseq::filter_taxa in RStudio (McMurdie and Holmes, 2013). Taxa labeled “uncharacterized” at the phylum level were also removed. An extraction blank was used to remove contaminant sequences based on prevalence using decontam in RStudio. The resulting data set was rarefied to a read depth of 750 and subsequently used for analyses of alpha and beta diversity in RStudio.



Statistical Analysis

To examine differences in microbial communities within host species, we removed Wolbachia from the data. Wolbachia can account for over 90% of the relative abundance in microbial communities (Ludwick et al., 2019; Paddock et al., 2021), and its association is nearly ubiquitous (Giordano et al., 1997). Conversely, Wolbachia infection in NCR populations exhibits strong geographic partitioning (Roehrdanz and Levine, 2007). Analyses conducted with Wolbachia can be found in the Supplementary Table S4 and Supplementary Figures S2, S3 Alpha diversity indices (Chao-1 and inverse Simpson’s D) for both host species across sites were generated using estimate_richness in the phyloseq package. Analyses of beta-diversity were conducted using a permutational multivariate analysis of variance (PERMANOVA) based on Bray–Curtis and Jaccard distances at the ASV level. Comparisons of differentially abundant taxa present between species were conducted using DESeq2 in RStudio using unrarefied data (Love et al., 2014).

We asked whether the state where a sample was collected from affected microbiome composition within the WCR and NCR. To do this, we analyzed alpha- and beta-diversity separately for each species. For WCR, we also compared microbiome composition across cities within the smaller spatial scale in Colorado and Kansas. Alpha diversity indices (Chao-1 and inverse Simpson’s D) were log-transformed before analysis of variance to correct for non-normal distributions, and significance considered as p < 0.05. Analyses of beta-diversity were conducted using a permutational multivariate analysis of variance PERMANOVA based on Bray-Curtis and Jaccard distances at the ASV level. Year of collection was treated as a random factor by restricting permutations within year. Beta dispersion as measured by the average distance to centroid of each group was calculated using vegan::betadisper and compared using a permutational test with vegan::permutest. Pairwise comparisons were made for significant differences observed in PERMANOVA using pairwiseAdonis::pairwiseadonis2 at corrected p < 0.05 (Martinez Arbizu, 2020).

To better understand the patterns of community composition at different scales in WCR, we examined the correlation between community dissimilarity and geospatial arrangement. First, we calculated microbiome dissimilarity between individual insects using both Bray-Curtis and Jaccard distances at the ASV level. Geographic distance between sample locations was calculated using the Haversine formula for distance (Robusto, 1957). Resulting distance matrices were analyzed by mantel test using Spearman’s rank-ordered correlation permuted 9,999 times using vegan::mantel. Secondly, values for PC1 for the WCR, individual-species PCoA were extracted using the scores function and then used as the dependent variable in a linear model examining the relationship to geographic distance from a historically relevant origin source region defined as the sample site closest to Mexico along the invasion path (Arizona). To visualize differences between ASVs in WCR collected from different locations, we generated a heat map using the log10 abundance of 125 most abundant ASVs.



Data Availability

Raw sequences can be found on the NCBI SRA database under the project accession number PRJNA785968. Raw data and accompanying metadata can be found at FigShare at doi: 10.6084/m9.figshare.17130035. Code used in statistical analyses can be found at FigShare at doi: 10.6084/m9.figshare.17130455.




RESULTS


WCR and NCR Bacterial Community Composition

Beetle microbiomes were mainly composed of bacteria from the phyla Proteobacteria, Firmicutes, Actinobacteria, and Bacteriodetes, in order of decreasing relative abundance (Figure 2A). A complete list of all ASVs found within WCR and NCR is located in Supplementary Table 1. Overall, 230 ASVs (~12% of the total ASVs identified) were shared in at least one WCR beetle and one NCR beetle (Figure 2B). These shared ASVs composed 88.2% (±1.5%) of reads in WCR and 91.2% (±3.0%) of NCR reads on average. Shared ASVs can be found in Supplementary Table 2. Seven ASVs were found in each species under a prevalence threshold of 50% presence across all samples per species (Supplementary Table 3). Four of those ASVs were shared between WCR and NCR: two from the family Enterobacteriaceae, and one each from the genera Pantoea and Lactococcus. ASVs from an unclassified genus in Enterobacteriaceae had the highest relative abundance in both WCR (54.3%) and NCR (40.4%). Other taxa with high relative abundance in WCR were in the genera Lactococcus, Acinetobacter, Pseudomonas, Serratia, Pantoea, Microbacterium, Massilia, Sphingomonas, and Exiguobacterium in order of decreasing relative abundance. In NCR, Lactococcus, Pantoea, Serratia, Acinetobacter, Sphingomonas, Pseudomonas, Chryseobacterium, Stenotrophomonas, and Microbacterium were found in high relative abundance (in decreasing order). Nevertheless, several taxa differed in relative abundance between the two rootworm species (Supplementary Figure 1). Alpha diversity measurements for WCR and NCR were averaged across sites (Table 1).
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FIGURE 2. (A) Phylum level stacked bar chart of average relative abundance of bacterial communities from adult Diabrotica virgifera virgifera (western corn rootworm, WCR) and Diabrotica barberi (northern corn rootworm, NCR) collected from across the United States arranged in order of decreasing longitude (west to east). Each bar represents an individual beetle. (B) Venn diagram comparing amplicon sequence variant (ASV) overlap in WCR and NCR microbiomes using rarefied data. Data presented with Wolbachia removed from communities.




TABLE 1. Average alpha diversity metrics of western corn rootworm (WCR) and northern corn rootworm (NCR) collected from different locations across the United States.
[image: Table1]



Biogeographical Impact on Bacterial Community Composition

Local environments have an impact on the composition of bacterial communities within WCR and NCR (Figure 3). We found bacterial communities differed at the city and state level in both host species based on the results of the PERMANOVA with Bray-Curtis and Jaccard distances (Table 2). In pairwise comparisons, WCR collected from New York, Pennsylvania, and Michigan consisted of unique bacterial communities different from all other states. Arizona was significantly different from all other locations except Colorado and Illinois. Texas was also different from Kansas and South Dakota. For samples collected from smaller regional-scale sampling scheme in Colorado and Kansas (n = 14), overall variation between communities was less than at the landscape level (Table 2). Wild NCR collected from Minnesota harbored unique bacterial communities compared to Missouri and North Dakota. We found no differences between North Dakota and Missouri at the city or state level (Supplementary Table 5). Patterns of differential abundance of ASVs across sites were observed (Figure 4).
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FIGURE 3. Principal coordinates analysis of bacterial communities in Diabrotica virgifera virgifera (WCR) and Diabrotica barberi (NCR) collected from their natural host plant corn in the wild based on Bray-Curtis distances. Data presented with Wolbachia removed from communities.




TABLE 2. Beta diversity metric comparisons between collection site within host species.
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FIGURE 4. Heat map of log10 abundance of the top 125 most abundant ASVs in western corn rootworm (WCR) across sampling locations in the United States. Each row represents a single ASV and each column represents one beetle microbiome collected from one site within the state. Colorado consisted of multiple sampling sites. Family level grouping of ASV are provided on the right of the figure. Data presented with Wolbachia removed from communities.


Pairwise comparisons do not account for geospatial correlation; however, we used mantel tests to investigate correlations between geographic distance and microbiome community dissimilarity between collection locations. The full WCR data set encompassing the continental scale showed no significant correlation between geographic distance and microbiome dissimilarity for Bray-Curtis (p = 0.15) or Jaccard (p = 0.16) distances. At a smaller geospatial scale (~25 km apart), microbiome dissimilarity increased with increasing distance between sample locations (Figure 5A; Bray-Curtis, p = 0.03; Jaccard, p = 0.03). We suspected the historical geographic pattern of invasion may be correlated to microbiome similarity. Specifically, we examined the relationship between distance from Arizona, the most ancestral population sampled (Lombaert et al., 2018) and microbiome dissimilarity. The values from PC1 of the PCoA of WCR based on Jaccard distances revealed a significant correlation (Figure 5B; p = 0.009). This correlation explained 3% of the variation captured by PC1 (Figure 5B; R2 = 0.03).
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FIGURE 5. Correlations at various spatial scales between (A) Haversine distance and microbiome community dissimilarity (Jaccard) and (B) Haversine distance from ancestral population (Arizona) of Diabrotica virgifera virgifera (WCR) and values from axis 1 of PCoA of microbiome community similarity based on Jaccard distance.





DISCUSSION

In this study, we found bacterial communities of two insects, WCR and NCR, are significantly impacted by location of collection. However, the geospatial patterning of bacterial communities differed at different spatial scales. The factors governing organization of microbial communities associated with hosts vary in strength across time and space. Populations of WCR can disperse between locations, encountering and mixing microbial populations from isolated patches. If selective environmental forces are similar between locations, the host-associated microbiome may be more affected by dispersal and drift. Thus, community similarity would be expected to decrease over increasing geographical space (Finkel et al., 2012). Here, we found, at smaller spatial scales, bacterial community similarity was correlated with geographic distance between WCR populations. Genetic analyses of the same WCR populations studied here revealed a weak but significant pattern of isolation by distance in Colorado (Kim and Sappington, unpublished data). Our results appear to follow this same pattern of decay by distance (Finkel et al., 2012). We conclude that the spatial turnover observed at the local level in WCR microbiomes is a result of dispersal limitation and ecological drift. However, at broad spatial scales, differences in landscape diversity or host genetics may overshadow dispersal limitation and account for most of the differences in observed microbiome communities separated by long distances.

In Drosophila, rapid genomic evolution can occur in response to the microbiome and, at broad spatial scales, differences in microbiome community composition could be driven by local adaptation (Rudman et al., 2019). Previous genetic analysis found a lack of genetic structuring in WCR across most of the United States, presumably because of a lingering lack of genetic equilibrium after the eastward range expansion out of the western Great Plains beginning in the mid-twentieth century (Kim and Sappington, 2005; Flagel et al., 2014). This eastward expansion of WCR (Gray et al., 2009) may also partially explain the lack of distance decay in microbial community composition at the continental scale observed in this study. Populations in New York, Pennsylvania, and Michigan relatively near the eastern front of WCR expansion may exhibit residual effects of founder populations as evidenced by their disparate microbiome communities. Cropping patterns in agricultural landscapes in the eastern United States are more diverse and include less continuously-planted corn than in the central United States, increasing isolation between populations of insects and microbes by hindering dispersal between locations (Onstad et al., 2003). Correlation with distance from a historically relevant origin region (Arizona) for WCR and microbiome composition may reflect an interaction between host genetic structure and isolation by distance. Alternatively, because the agricultural landscapes of the eastern United States differ markedly from those in the Corn Belt, local environmental selection of the microbial species pool could result in significantly different microbial communities found within the insect. It is not well understood what influence the soil microbiome has on adult corn rootworm microbiome composition or which microbes persist through metamorphosis (Ludwick et al., 2019). Feedback between host genetics, the microbial species pool, and dispersal limitation could account for the patterns found here. Further investigation is warranted to elucidate environmental effects (i.e., temperature, landscape composition, and altitude) on host associated microbiomes in rootworms and other insects.

It is possible that differences in microbiome composition derive from management tactics used within a crop field. While the beetles in this study were collected from corn, we do not know what hybrids or management practices were used in the fields of collection. Macro-level changes in diet (i.e., different host plant species) can have pronounced effects on microbiomes across insect species (Jones et al., 2019; Mason et al., 2020), but differences seem to diminish at finer levels of host plant taxonomic resolution (i.e., plant genotypes; Mason et al., 2021). Several corn genotypes harbor unique taxa, but it is unclear how they are affected by their local environment (Favela et al., 2021). Microbiomes of WCR larvae also respond to ingestion of transgenic crops producing B. thuringiensis (Bt). Larvae resistant to Bt host a unique microbial community that is less taxonomically rich than susceptible insects (Paddock et al., 2021). We do not know if any populations that we sampled are resistant to Bt. To that end, no studies have investigated whether adult WCR microbiomes also respond to Bt. The functionality of microbial communities in adult WCR are documented to involve adaptation to plant defenses and to influence oviposition sites (Lance, 1992; Chu et al., 2013). However, estimation of individual species functionality in the microbiome of WCR is lacking. Resolution provided by 16S rRNA sequencing does not allow for accurate prediction of functionality and requires further study. While we observed differences between Colorado and other sites, we cannot distinguish the biological signal from a possible kit artifact. In addition, we did not examine microbial strain-level diversity in this study. The increased resolution may illuminate differences in community composition that could not be detected by 16S rRNA sequencing.

Differences in the ecological properties and requirements of microbes may generate variation in the species pool at different locations, which can then affect assembly of host-associated microbiomes. Sample location affects microbiome composition in both species of corn rootworm (Table 1). The local species pool of microbes available to colonize the host likely varies with collection location. For instance, communities within a state are more similar than across states (Table 1), which suggests a local environmental or geospatial effect on bacterial assembly. Microbes associated with a host’s food comprise most of the local species pool for that host (Delsuc et al., 2014; Deb et al., 2019). Thus, specialist insects might have a more predictable microbiome (Gomes et al., 2020). Certain components of corn have a predictable and heritable microbiome (Walters et al., 2018). In our case, WCR adults are likely closely associated with the microorganisms colonizing their diet, sharing taxa found both in corn silk and leaves (Wagner et al., 2020; Khalaf et al., 2021). The most common family found in our samples, Enterobacteriaceae, is generally found in other insects feeding on corn plants as well (Jones et al., 2019), suggesting a close association with corn. Other microbial taxa may be more responsive to abiotic and biotic factors associated with the local environment or may vary in dispersal capacity. Future studies examining the site-specific environmental pool of bacteria would improve the understanding of the impact of food source on microbiome composition in insects.

We found WCR and NCR harbor a small set of commonly occurring bacteria regardless of location. Commonly occurring bacteria (i.e., those represented in 50% of samples) totaled seven for both D. virgifera virgifera and D. barberi, with four being shared between the two species. This is consistent with other insects which host facultative microbes with high variation between individuals (Blankenchip et al., 2018; Hammer et al., 2020; Silver et al., 2021). The number of shared taxa between WCR and NCR was relatively small (~12%) but accounted for a high amount of the total sequences within the communities (~90%). Specific filtering by host species can structure distinct microbial communities (Jones et al., 2019; Adair et al., 2020), and while we documented distinct taxa within each host species, we cannot be certain they are due to host filtering. A more controlled study is necessary to distinguish environmental and host effects. Still, host species identity does not account for all the interindividual variation observed in host associated microbiomes (Colman et al., 2012; Yun et al., 2014). In our study, the commonly occurring bacteria may capture a large amount of the variation between sites. Consequently, the correlations between locations we observed may be signatures of smaller parts of the bacterial communities found within WCR and NCR, given the effect sizes (Figures 5A,B). Generalist insects may exhibit weaker distance decay patterns due to variation in diet overshadowing local environmental influence.

Integrating landscape ecology, biogeography, and metacommunity theory into host-associated microbiome studies has been complicated. What microbes an animal encounters in its life are influenced in part by the host diet and the environment in which the host interacts (Littleford-Colquhoun et al., 2022). Both the diet and environment are impacted by selective and neutral forces. Host factors such as species identity or life stage also influence microbial community composition (Suárez-Moo et al., 2020). Specialist insects provide a unique opportunity to investigate factors affecting microbiome composition across geographical space. Dispersal limitation between geographically isolated environments results in unique microbial communities. This isolation can also impact host genetic factors that results in variation between microbiomes. Through a metacommunity framework, WCR can be thought of as “islands within islands,” where microorganisms can disperse and establish (or not) on sessile corn plants whereby they interact with another layer of dispersing organisms (insect) that impart their own selective filtering and dispersal barriers onto the microbial communities. This nested structure accounts for variation in dispersal capacity across scales. Understanding how all determinants interact to shape microbiomes within animals is important to better leverage the beneficial effects microbiomes can provide.
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The hemp flea beetle Psylliodes attenuata (Coleoptera: Chrysomelidae: Psylliodes) is a common pest of Cannabis sativa, including cultivars of both medicinal marijuana and industrial hemp. Both the larval and adult stages of this beetle can cause significant damages to C. sativa, resulting in substantial crop losses. At present, little is known about the bacterial and fungal community diversity among populations of this pest insect. In the present study, we obtained P. attenuata samples from nine field sites representing broad industrial hemp productions in China and analyzed their microbial communities using DNA metabarcoding. Bacterial sequences of all the samples were assigned to 3728 OTUs, which belonged to 45 phyla, 1058 genera and 1960 known species. The most common genera were Rickettsia, Wolbachia, and Candidatus_Brownia. Fungal sequences of all the samples were assigned to 910 OTUs, which belonged to 9 phyla, 308 genera and 464 known species. The most common fungal genera were Cladosporium, Cutaneotrichosporon, and Aspergillus. Principal coordinate analysis revealed a significant difference in the bacterial and fungal community structure among the nine P. attenuata populations. Understanding the microbial symbionts may provide clues to help develop potential biocontrol techniques against this pest.
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Introduction

Being one of the world’s oldest crops with significant economic and medicinal importance, Cannabis sativa L. (cannabis) has attracted an enormous amount of attention and become one of the most commonly cultivated plants worldwide (Deguchi et al., 2020; Gao et al., 2020). Based on the statistics from Organization for Economic Co-operation and Development (OECD), industrial hemp is grown in more than 130 countries with 94 certified hemp varieties for large-scale productions of food, textiles and building materials. Similarly, C. sativa is of significant medical and recreational interests due to its productions of the psychoactive compound D-9-tetrahydrocannabinol (THC) and/or other cannabinoids such as cannabidiol (CBD). CBD and THC have shown pharmacological properties in the treatment of mood disorders, pain, cancer, diabetes, and inflammatory and neurodegenerative diseases (Andre et al., 2016; Irakli et al., 2019).

The hemp flea beetle, Psylliodes attenuata (Koch) 1803 (Coleoptera: Chrysomelidae: Psylliodes), is among the most common pests that can cause severe crop losses in Cannabis production areas (Goncalves et al., 2019). P. attenuata is geographically broadly distributed across Eurasia, from the United Kingdom to France, the Middle East, eastern Siberia, Japan, and China (Goncalves et al., 2019). The larvae and adult of the hemp flea beetle can damage hemp crops, with adults causing more damages than grubs. The larvae feed on hemp roots, and the adult feed on apical leaves, flowers, and seeds of hemp (McParland et al., 2000). Many flea beetles are polyphagous, but the hemp flea beetle is mostly an oligophagous insect, feeding on hemps (Zhao et al., 2018; Deguchi et al., 2020). Indeed, hemp flea beetle has been suggested as a candidate biocontrol agent for eradicating illegal marijuana growth due to its obligatory feeding on hemp (Hall, 1999).

Insect microbiota have attracted a lot of attention because they have shown to provide a diverse range of effects on insects, from nutrition, physiology, to behavior. For example, insect microbiota are known to detoxify noxious secondary metabolites and xenobiotics, such as terpenes (Berasategui et al., 2017), caffeine (Ceja-Navarro et al., 2015; Summers et al., 2015), nicotine (Brandsch, 2006), and insecticides; defending against parasites and other pathogens; generating and relaying signals among hosts; improving behavior and immunity; and producing nutrients to supplement host’s diet and to enhance their digestion (Dillon and Dillon, 2004; Ezemwa et al., 2012; Wu et al., 2016). In recent years, a growing number of studies have cataloged and characterized microbial communities, particularly in bees (Moran et al., 2012), fruit flies (Erkosar et al., 2017; Bing et al., 2018), termites (Rossmassler et al., 2015), silkworm (Chen et al., 2018), whiteflies (Santos-Garcia et al., 2020), and beetles (Kudo et al., 2018). For example, Zhang et al. (2022) found that a normal gut microbiota is required for olfactory learning and memory abilities, mainly by regulating tryptophan metabolism, with host-specific Lactobacillus strains enhancing memory by transforming tryptophan to indole derivatives that activate the host aryl hydrocarbon receptor in honeybee (Zhang et al., 2022).

In a previous study, we analyzed the genetic diversity and geographic structure of P. attenuata in hemp fields in China based on mitochondrial COI gene sequences. Our analyses revealed that geographic separation among the regional populations accounted for 58% of the total genetic variance, while within-local populations accounted for 42% of the total observed genetic variance (Guo et al., 2020). However, the significance of the observed genetic diversity and geographic differences remains unknown. In this study, we analyzed the bacterial and fungal communities associated P. attenuata to investigate whether the different geographic populations of P. attenuata contain distinct bacterial and fungal communities. In addition, we were interested in whether there were common shared bacterial and fungal species among the diverse P. attenuata populations. Commonly shared microbes among geographic diverse hosts would suggest their potential key functions to these pests. In contrast, geography-specific patterns would suggest unique microbial communities for individual geographic regions. Such discoveries could potentially help us design novel strategies to control and prevent the damaging effects of these pests on hemp crops.

To achieve our objectives, we broadly sampled hemp flea beetles in four hemp-growing regions in China where nine P. attenuata populations were collected. We then obtained data on microbial communities inside these flea beetles using high-throughput next-generation DNA sequencing. Finally, we analyzed the alpha diversity, the beta diversity, and predicted functions of the microbial community. The observed data were discussed in the context of general microbial diversity in insects, their potential roles in the biology of the hemp flea beetles, and implications for developing future control and management strategies against these pests.



Materials and methods


Sample collection and identification of Psylliodes attenuata

For this study, we broadly sampled hemp flea beetles in four hemp-growing regions in China: northeastern China (including Heilongjiang and Jilin provinces), central-east China (Shandong and Anhui provinces), south-central China (Hunan province), and southwestern China (Yunnan province). Nine sites within the four regions were sampled and the site information is presented in Figure 1 and Table 1 (Guo et al., 2020). The collected adult beetles were soaked in 99.7% anhydrous alcohol, and then surface-cleaned with PBS buffer for three times, placed in a sterile centrifuge tube, frozen with liquid nitrogen for more than 1h and stored at −80°C. These beetles were identified as hemp flea beetles based on their morphological features and mitochondrial COI sequences (McParland et al., 2000; Guo et al., 2020). At each of the nine sites, we obtained 20 flea beetles for analyses, with each flea beetle collected from a different hemp plant. The 20 flea beetles from each site were randomly grouped into four samples as biological repeats, with each sample containing five beetles to ensure that sufficient microbial DNA could be extracted for analyses from each sample. A total of 36 samples were collected and analyzed in this study.
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FIGURE 1
Collection localities for Psylliodes attenuata. The map was downloaded from http://bzdt.ch.mnr.gov.cn. The locations of sampling sites are noted with numbers and red cross on the map. The details of P. attenuata collections were shown in Table 1.



TABLE 1    The details of Psylliodes attenuata collections.
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DNA extraction and PCR Amplification

Microbial community genomic DNA was extracted from each of four samples at each of the nine sites using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). The 16S ribosomal RNA (rRNA) gene spanning hypervariable regions (V3−V4) and fungal internal transcribed spacer 1 (ITS1) region were respectively amplified using the following primer pairs: 338F/806R (5′-ACTCCTACGGGAGGCAGCAG-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′) and ITS1F/ITS2R (5′-CTTGGTCATTTAGAGGAAGTAA-3′ and 5′-GCTGCGTTCTTCATCGATGC-3′) by an ABI GeneAmp 9700 PCR thermocycler (ABI, CA, United States). The PCR amplification of 16S rRNA/ITS1 DNA fragments was performed as follows: initial denaturation at 95°C for 3 min, followed by 28/35 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 10°C. Each PCR mixture contained 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, BSA 0.2 μL, template DNA 10 ng, and finally ddH2O up to 20 μL. PCR reactions were performed in triplicate. The PCR products were extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to manufacturer′s instructions and quantified using Quantus™ Fluorometer (Promega, United States).



Illumina MiSeq sequencing

For both the amplified 16S rRNA and ITS1 sequences, the purified amplicons from each of the 36 samples were separately barcoded and the 36 barcoded samples were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, CA, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (BioProject Number: PRJNA843905; sequence accession numbers SRR19449852-SRR19449887).



Processing of sequencing data and statistical analysis

The raw 16S rRNA and ITS1 sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2015) and merged by FLASH version 1.2.7 (Magoč and Salzberg, 2011) with the following criteria. First, the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous nucleotide bases were also discarded; (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region was set at 0.2. Reads that could not be assembled were discarded; (iii) Samples were distinguished and sorted according to their barcode and primers.

The data were analyzed on the free online platform of Majorbio Cloud Platform1. Operational taxonomic units (OTUs) with 97% similarity cutoff (Stackebrandt and Goebel, 1994; Edgar, 2013; Xu, 2016, 2020) were identified and clustered using UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.11 (Wang et al., 2007) against the 16S rRNA database (Silva v138) and ITS database (Unite v8.0) (Kõljalg et al., 2013) using confidence threshold of 0.7. The curated OTU data in QIIME were used to calculate the alpha diversity indices by Mothur version 1.30.2, including Sobs, Chao, Ace estimators, Shannon and Simpson indices, respectively. Values were compared using one-way ANOVA Tukey test among samples, P < 0.05 was considered statistically significant. These analyses were performed with the Statistical Package for the Social Sciences, version 20.0 (SPSS, Chicago, United States). Bray–Curtis distance matrices were constructed using rarefied OTU abundance table and visualized in principal coordinate analysis (PCoA). Taxonomic heat maps were clustered by the average linkage method with the Bray–Curtis distance and generated by the R package. Both the total OTU count data and rarefied data were used for comparisons among samples. The functional of the bacterial and fungal community was respectively predicted by PICRUSt2 and FUNGuild.




Results


Comparison of bacterial communities across all samples

The composition of the bacterial communities within and among the nine geographic populations of the hemp flea beetle P. attenuata in China was investigated by high-throughput metabarcode DNA sequencing. Our sequencing generated a total of 1,887,854 reads of bacterial 16S rRNA genes with an average length of 412 bp. In total, 3728 bacterial OTUs were identified among the nine geographic populations. These bacterial OTUs belonged to 45 phyla, 1058 genera, and 1960 species (Table 2 and Supplementary Table 1). After rarefaction according to the lowest sample sequence number, 2933 OTUs were clustered, attributed to 42 phyla and 970 genera and 1751 species for the nine P. attenuata populations (Table 2 and Supplementary Table 2). Rarefaction curves from both the original sequencing data and rarefied data sets showed that the curves of all 36 samples approached asymptote, indicating that the amount of sequencing data was sufficiently representative of the microbial diversity within each of the 36 samples (Supplementary Figure 1).


TABLE 2    Summary of the 16S ribosomal RNA (rRNA) and internal transcribed spacer (ITS) read counts of bacteria across nine geographic populations of the hemp flea beetle P. attenuata in China.
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There were significant differences in bacterial species richness (observed OTUs) and community diversity (Shannon) with Alpha-diversity analyses between the HN and the other eight geographic populations (including AH1, AH2, AH3, DQ, HRB, JL, SD, and YN) (Figures 2A,B and Tables 2, 3). In addition, species richness of the HN population was the highest among the nine geographic populations (Figure 2A). At the phylum level, Proteobacteria and Bacteroidetes dominated the bacterial community across all samples but HN (Supplementary Figure 2). At the genus level, OTUs of the AH1 population were mainly annotated to Rickettsia (82.2%) and Candidatus_Brownia (7.04%); OTUs of AH2 were mainly annotated to Rickettsia (76.42%), Cutibacterium (4.67%), and Rhodococcus (4.5%); OTUs of AH3 were mainly annotated to Rickettsia (83.86%) and Candidatus_Brownia (9.81%); OTUs of SD were mainly annotated to Rickettsia (36.2%), Pantoea (33.21%), and Prevotella_9 (13.11%); OTUs of DQ were mainly annotated to Wolbachia (35.73%), Candidatus_Brownia (30.48%), and Enterobacter (13.45%); OTUs of HRB were mainly annotated to Wolbachia (53.12%), Candidatus_Brownia (33.76%), and Rickettsia (6.69%); OTUs of JL were mainly annotated to Rickettsia (21.55%), Enterobacter (20.69%), Lactococcus (20.64%), Wolbachia (18.56%), and Candidatus_Brownia (9.34%); OTUs of YN were mainly annotated to Wolbachia (62.55%), Rickettsia (21.41%), and Candidatus_Brownia (12.81%) (Figure 2C). The similarities and differences in composition and structure of the bacterial communities among all geographic samples were revealed by Principal components analysis (PCoA). PCoA separated most field populations (ADONIS test with 999 permutations, P < 0.05) except the SD, JL, and DQ samples (Figure 2D).
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FIGURE 2
Bacterial community composition within and among nine geographic populations of the hemp flea beetle P. attenuata in China. (A) Histogram of species richness (number of OTUs). (B) Histogram of community diversity measured by Shannon index. Letters above each population indicate significant differences (one-way ANOVA, Tukey test, P < 0.05, see Table 3) in the mean values. (C) Relative abundance of bacterial genera in different populations. (D) Principal components analysis (PCoA) plots of bacterial communities based on the Bray-Curtis distance. Each symbol or color represents a sample. The significant differences in beta diversities were analyzed using Adonis analysis with 999 permutations, P < 0.05. (E) Heatmap showing the relative abundance of top thirty bacterial genera. Hierarchical cluster analysis was based on the Bray-Curtis distance with average method.



TABLE 3    The diversity indices of bacteria and fungi based on 16S rRNA and ITS sequences respectively across nine geographic populations of the hemp flea beetle P. attenuata in China.
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We selected the bacterial genera with the top thirty abundance ratios and drew heat maps based on their relative abundances in different geographic populations (Figure 2E). From the overall distribution of the microbial community at different populations, Rickettsia, Wolbachia, and Candidatus_Brownia were the dominant genera (Figure 2E and Supplementary Figure 3) across most of the samples except the HN samples. Pantoea (33.21%) was abundant in SD, but the numbers were relatively small in the other populations. The abundance ratio of Lactococcus in JL was significantly higher than those in the other populations (Figure 2E). Overall, the bacterial communities from the three AH populations (AH1, AH2, and AH3 samples) were clustered together, with the SD sample being most similar to them among the non-AH samples. HRB, DQ, YN and JL populations clustered into a different group, while the HN populations were distinctly different. There was no genus in the HN population exceeding 6.30%.



Abundance of bacteria across Samples

Figure 2 shows the bacterial community overlap among the nine geographic regions of the hemp flea beetle P. attenuata in China at different taxonomic levels. At all taxonomic levels, the HN population had the highest richness (Figure 3). At the OTU level, there were 54 shared OTUs among the nine geographic regions, and the unique OTUs of AH1, AH2, AH3, SD, DQ, HRB, HN, JL, and YN were respectively 127, 109, 55, 155, 115, 74, 1040, 30, and 29 (Figure 3). At other taxonomic levels, there were 13 shared Phyla, 19 shared Classes, 39 shared Orders, 56 shared Families, 57 shared Genera, 56 shared known species, and 54 shared OTUs among the nine geographic regions (Figure 3).
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FIGURE 3
(A–G) Overlap among bacterial communities at different taxonomic levels among the nine geographic populations of the hemp flea beetle P. attenuata in China, with the number of species unique to each population in the petal and the number of species common to all populations in the center. Below is a bar chart of the total number of species in each population at selected taxonomic level.




Bacterial community dissimilarity across samples

According to the UPGMA analyses, there were three geography-specific bacterial community clusters. The bacterial communities in AH1, AH2, and AH3 samples from Anhui were very similar to each other (Figure 4, group A). Similarly, the four samples from Yunnan (Figure 4, group C) and four samples from Hunan (Figure 4, group D) were respectively clustered together based on their geographic locations. However, for samples from the northeast (Heilongjiang and Jilin) and eastern China (Shandong), their samples were inter-mixed. For example, three samples each from HRB and DQ were clustered in group B, but the remaining sample from HRB and DQ (one each from these two regions) were clustered with those from other geographic areas (Figure 4). Heatmap analyses showed similar results. Groups A, B, C, D, and E described in the UPGMA graph were similarly found in the heat map. Within groups A, B, and C, the sample distances at the OTU level were close except DQ_3. In contrast, within group D (i.e., four samples within the HN region), the distances among the four biological replicates at the OTU level were far apart from each other (Figure 4).
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FIGURE 4
Bacterial community dissimilarity among samples from nine geographic populations of the hemp flea beetle P. attenuata in China. The picture on the left: analysis of unweighted pair-group method with arithmetic mean (UPGMA) based on hierarchical clustering at the OTU level. The picture on the right: sample distance heatmap analysis at the OTU level.




Functional prediction analysis of bacterial communities

To understand the potential roles of the bacterial community at the nine local populations of the hemp flea beetle P. attenuata in China, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and the Cluster of Orthologous Groups (COG) functions were predicted (Figure 5). We found that the highest relative abundance of KEGG pathways at level 3 prediction was “metabolic pathways,” “biosynthesis of secondary metabolites,” and “microbial metabolism in diverse environments” (Figure 5A). The relative abundances of “xenobiotics biodegradation and metabolism,” “metabolism of terpenoids,” and “polyketides metabolic pathways” at level 2 pathway predictions, which belong to the “general metabolism” in level 1 pathway prediction were overall high (Figure 5B). The relative abundance of predicted COG functions was shown in Figure 5C. The functional category with the highest abundance was “function unknown.” The main metabolism functional features included translation, ribosomal structure and biogenesis, energy production and conversion, cell wall/membrane/envelope biogenesis, replication, recombination and repair.
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FIGURE 5
Comparison of predicted KEGG pathways and COG functions among nine geographic populations of the hemp flea beetle P. attenuata in China by PICRUSt2. (A) The relative abundance of KEGG pathways prediction based on level 3. (B) The relative abundance of metabolism pathways. The inferred metabolic pathways are shown with xenobiotics biodegradation and metabolism and metabolism of terpenoids and polyketides in the pathway level 2, which belong to the metabolism in pathway level 1. (C) The relative abundance of predicted COG functions.




Comparison of fungal communities

The composition of the fungal communities within and among the nine geographic populations of the hemp flea beetle P. attenuata in China was investigated by high-throughput metabarcoding ITS1 sequencing. The finalized ITS sequencing data of the total sample contained 2,458,552 reads with an average length of 228 bp. In total, 910 OTUs were identified. These OTUs belonged to 9 phyla, 308 genera and 464 species (Table 2 and Supplementary Table 3). After rarefaction to the sample with the lowest number of sequence reads, 746 OTUs were clustered, attributed to 9 phyla and 277 genera and 410 known species for the nine P. attenuata populations (Table 2 and Supplementary Table 4). Rarefaction curves showed that all 36 samples approached asymptote, consistent with sufficient sequencing depths for each of the 36 samples analyzed here for fungal diversity (Supplementary Figure 4).

There were significant differences in fungal species richness (observed OTUs) between AH1 and AH3, HRB, SD (Figure 6A and Table 2). There was no significant difference in fungal community diversity (Shannon) based on Alpha-diversity analyses among the nine local populations of the hemp flea beetle P. attenuata in China (Figure 6B and Table 3). At the phylum level, Ascomycota and Basidiomycota were found to constitute the main members of the fungal community (Supplementary Figure 5). At the genus level, OTUs of AH1 were mainly annotated to Cutaneotrichosporon (64.86%) and Fusarium (9.80%); OTUs of AH2 were mainly annotated to Cutaneotrichosporon (16.54%), Aspergillus (15.57%), and Nigrospora (5.36%); OTUs of AH3 were mainly annotated to Aspergillus (23.88%) and Alternaria (9.65%); OTUs of SD were mainly annotated to unclassified_f__Ophiocordycipitaceae (41.79%) and Latorua (9.42%); OTUs of DQ were mainly annotated to Cladosporium (16.35%), Candida (14.31%), and Cutaneotrichosporon (9.18%); OTUs of HRB were mainly annotated to Cladosporium (12.86%), Cutaneotrichosporon (12.52%), unclassified_f__Didymellaceae (11.26%), unclassified_o__Hypocreales (16.52%), and Filobasidium (12.42%); OTUs of JL were mainly annotated to Cladosporium (44.79%) and Metarhizium (9.09%); and OTUs of YN were mainly annotated to Cladosporium (27.93%), Purpureocillium (28.65%), and Filobasidium (11.9%) (Figure 6C). The similarities and differences in composition and structure of the fungal communities of all samples were investigated by Principal components analysis (PCoA). PCoA separated most field populations (ADONIS test with 999 permutations, P < 0.05) but not the DQ, HN, HRB, and YN (Figure 6D). We selected the fungal genera with the top thirty abundance ratios and drew heat maps based on their relative abundance within different populations (Figure 6E). From the overall distribution of the fungal community at different populations, Cladosporium, Cutaneotrichosporon and Aspergillus were the dominant genera (Figure 6E and Supplementary Figure 6) across most of the samples but not the AH3 and SD populations. Unclassified_f__Ophiocordycipitaceae (41.79%) was abundant in SD, relatively rare in other populations. The abundance ratio of Purpureocillium in YN was significantly higher than those of the other populations (Figure 6E and Supplementary Figure 6).
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FIGURE 6
Fungal community composition within and among the nine geographic populations of the hemp flea beetle P. attenuata in China. (A) Histogram of species richness (number of OTUs). (B) Histogram of community diversity measured by Shannon index. Letters above each population indicate significant differences (one-way ANOVA, Tukey test, P < 0.05, see Table 3) in the mean values. (C) Relative abundance of fungal genera in different populations. (D) Principal components analysis (PCoA) plots of fungal communities based on the Bray-Curtis distance. Each symbol or color represents a sample. The significant differences in beta diversities were analyzed using Adonis analysis with 999 permutations, P < 0.05. (E) Heatmap showing the relative abundance of top thirty genera. Hierarchical cluster analysis was based on the Bray – Curtis distance with average method.




Abundance of fungi across samples

Fungal community overlap at different taxonomic levels among the nine local populations of the hemp flea beetle P. attenuata in China is shown in Figure 6. At the OTU level, the AH2 population has the highest fungal species richness (Figure 7). Overall, there were 13 shared fungal OTUs among all geographic samples, and the unique number of OTUs of the AH1, AH2, AH3, DQ, HN, HRB, JL, SD, and YN were respectively 67, 73, 46, 59, 63, 42, 54, 39, and 50 (Figure 7). At the other taxonomic levels, there were 10 shared Classes, 12 shared Orders, 14 shared Families, 12 shared Genera, and 16 shared known species among the nine geographic samples (Figure 7).
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FIGURE 7
(A–F) Overlap in fungal community composition at different taxonomic levels among the nine geographic populations of the hemp flea beetle P. attenuata in China, with the number of fungi unique to each population in the petal and the number of fungi common to all populations in the center. Below is a bar chart of the total number of species in each population at selected taxonomic level.




Fungal community dissimilarity across samples

According to the UPGMA analyses, replicate samples within three of the nine geographic regions were clustered according to their geographic origins. Those included the AH1, JL, and HN samples respectively (Figure 8). For replicate samples from other six geographic locations, they were not uniformly clustered together based on their geographic locations. Instead, in most cases, 2−3 of the four samples from each location were clustered together while the remaining 1−2 showed more similar fungal assembly to samples from other geographic regions. Heatmap analyses showed a similar pattern as that shown on the UPGMA graph (Figure 8).
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FIGURE 8
UPGMA (left) and heatmap (right) analyses of the fungal community in the nine geographic populations of the hemp flea beetle P. attenuata in China.




Functional predictive analysis of fungal communities

To understand the potential roles of the fungal community among the nine local populations of the hemp flea beetle P. attenuata in China, putative fungal functions were predicted based on FUNGuild (Figure 9). The main fungal functional features included (i) animal pathogen-endophyte-lichen parasite-plant pathogen-wood saprotroph, (ii) undefined saprotroph, (iii) animal pathogen, and (iv) unknown.
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FIGURE 9
Comparison of predicted fungal functional groups among the nine geographic populations of the hemp flea beetle P. attenuata in China by FUNGuild.





Discussion

In contrast to many other agricultural pests, little is known about P. attenuata, including its internal microbial community. Here, the compositions and structures of the microbiota communities of P. attenuata from fields across the hemp growth regions in China were surveyed by high-throughput sequencing of 16S rDNA gene for bacteria and ITS1 DNA fragment for fungi. We found that Proteobacteria (59.57−86.88%) and Bacteroidetes (2.52−35.21%) dominated the bacterial community across eight of the nine geographic samples (HN was the exception). The observed bacterial distribution pattern showed both similarities and differences with those in other insect species (Supplementary Figure 2). For example, in sap-feeding insects, such as aphids (Gauthier et al., 2015; Zhao et al., 2016), Proteobacteria was also the most abundant bacteria phyla. In many insect species of Lepidoptera, Diptera, Coleoptera, Hymenoptera, Hemipter and mites, the most prevalent phyla were Proteobacteria and Firmicutes (Zhang et al., 2020). Species in phylum Proteobacteria are known to perform many important functions such as nitrogen fixation, metabolisms of critical nutritional components (including sugars and proteins), insecticide resistance, and protection against parasites and pathogens in fruit flies, aphids, and moths (Zhang et al., 2020). In our study, we found that the highest relative abundances of KEGG pathways prediction at “level 3” were “metabolic pathways,” “biosynthesis of secondary metabolites,” and “microbial metabolism in diverse environments” (Figure 5). Therefore, Proteobacteria species likely play an important role in the nutrition and metabolism of P. attenuata.

At the genus level, dominant bacterial genera were Rickettsia (Proteobacteria), Wolbachia (Proteobacteria), Candidatus_Brownia (Bacteroidetes), Enterobacter (Proteobacteria), Pantoea (Proteobacteria), and Rhodococcus (Actinobacteria) (Figure 2C). This observed pattern is different from those reported in several other insects. For example, in Dendroctonus beetles, the dominant bacterial genera were Erwinia, Serratia, Klebsiella, Rhodococcus, and Sphingomonas (Xu et al., 2019).

For the first time, Rickettsia and Wolbachia infections were observed in P. attenuata. Wolbachia belongs to alpha-proteobacteria and strains in this genus are common intracellular parasites in arthropods and nematodes. It’s estimated that up to 70% of all insect species may contain Wolbachia (Kozek and Rao, 2007). These endosymbionts can infect many host tissues but the dominant tissues are those involved in sexual reproduction. Indeed, Wolbachia bacteria have been found to alter host insect biology in several ways, including nutrient provision, feminization, male-killing, parthenogenesis, and sperm-egg incompatibility or cytoplasmic incompatibility (Werren et al., 2008). Cytoplasmic incompatibility refers to the inability of con-specific sperm and egg to form viable offspring and it occurs when a Wolbachia infected male mates with a female that is either uninfected or infected by a different Wolbachia strain (Yen and Barr, 1971). Cytoplasmic incompatibility reduces the reproductive success of uninfected females and promotes the spread of Wolbachia strains infecting females. While the major mode of their transmission is vertical, they can also spread horizontally between host species (Werren et al., 2008). Indeed, due to their significant roles, Wolbachia bacteria have been explored as a potential agent in the control of mosquito-borne diseases in humans because of their unique ability to invade host mosquito populations rapidly (Pan et al., 2012). Similar suggestions have been made for controlling plant pathogens and pests. For example, Wolbachia endosymbionts in the Asian citrus pest psyllid Diaphorina citri can repress the holin promoter activity in the alpha-proteobacteria “Candidatus Liberibacter asiaticus,” a citrus disease agent, by killing the bacteria and preventing the disease from spreading (Jain et al., 2017).

The endosymbiotic Wolbachia is closely related to another intracellular bacterial genus Rickettsia (Perlman et al., 2006; Duron et al., 2008). While Rickettsia are most noted for causing human diseases, including Rocky Mountain spotted fever and epidemic typhus, they are also widely distributed in insects and play diverse roles (Perlman et al., 2006; Karkouri et al., 2022). For example, Rickettsia have shown to provide nutrition for host insects, improve their ability to resist high temperature and natural enemies, and significantly enhance the resistance of whitefly to infection by the bacterial pathogen Pseudomonas syringae (Zhang et al., 2021). Similar to those of Wolbachia, Rickettsia bacteria have shown to be capable of manipulating the reproductive behavior of host arthropods, including fertility, male-killing, and parthenogenesis (Perlman et al., 2006). In our study, the dominant bacterial genus in AH1, AH2, AH3, and SD were Rickettsia, the dominant bacterial genus in DQ, HRB, and YN were Wolbachia, and the dominant bacterial genera in JL was Rickettsia and Wolbachia. At present, the detailed roles of Wolbachia and Rickettsia to their host P. attenuata are not known. If they are found to play key roles in the survival and reproduction of P. attenuata in these regions, a potential novel control strategy against hemp flea beetles can be developed by targeting these endosymbiotic bacteria within these beetles.

Interestingly, the bacterial species richness and community diversity of the HN samples were significantly higher than those of other populations (Figures 2A,B). Furthermore, principal co-ordinate analysis showed that the community structures were similar among the four biological replicates within the HN region (Figure 2D). Therefore, the high bacterial species richness and community diversity of the HN samples were likely due to the uniqueness of the ecological niche at this site. Previous studies have shown that the microbial community in insects reflects the environmental microbial populations which in turn impact the insect host’s biology (Xu et al., 2019). The sampling site within Hunan province is rich in organic matter and has a climate different from other eight sites. Specifically, the site has had a long history of growing industrial hemp and at the site, the summers are hot, humid, and overcast while the winters are cold, humid, windy, and often cloudy. Over the course of the year, the temperature typically varies from 8°C to 33°C and is rarely below 4°C or above 36°C. At present, how these two features might have contributed to its distinct hemp beetle bacterial community in HN remain to be investigated. Additional sampling at sites with similar climates to those analyzed here as well as their corresponding soil samples are needed to determine the relative contributions of climate and soil niche to differences in the microbiome of hemp flea beetles.

The genus Lactococcus was abundant in the JL samples (20.64%) but rare in the other populations (<0.4%). Lactococcus is a genus of lactic acid-producing bacteria where only a single product lactic acid is produced during glucose fermentation. The broad distribution of Lactococcus bacteria in the Jilin samples suggested the potential importance of this fermentative pathway for this population of hemp flea beetles. In addition, this metabolic uniqueness of the Jilin samples may reflect other host phenotypic differences such as pesticide resistance. For instance, insecticide- resistant strains of the diamondback moth Plutella xylostella contained more abundant bacteria belonging to Lactobacillales, Pseudomonadales, and Xanthomonadales but fewer Enterobacteriales than an insecticide-susceptible strain (Xia et al., 2013). The genus Pantoea was abundant in the SD population (33.21%) and was rare in other populations (<2%). Pantoea is a highly diverse genus that can cause plant diseases and human diseases but also have functions in habitat restoration and pesticide degradation (Walterson and Stavrinides, 2015). It’s possible that Pantoea in the SD populations functioned similarly to those found in plants and humans. At present, how bacteria in genera Lactococcus and Pantoea might contribute to trait differences among P. attenuata populations and among the host plant Cannabis sativa are unknown.

Aside from comparing bacterial diversity, we also investigated the mycobiota of the P. attenuata samples. The dominant fungal phyla in our samples belonged to Ascomycota and Basidiomycota (Supplementary Figure 5). This result was not surprising because the great majority of known terrestrial fungi are in Ascomycota and Basidiomycota (Stajich et al., 2009), including molds, mushrooms, rusts, smuts, and yeasts. Species in Ascomycota and Basidiomycota play important ecological and economical roles, including making essential contributions to the bio-product industry, nutrient cycling, antibiotic production, and as animal, human and plant pathogens (Pei et al., 2019). In our study, the fungal communities of all samples of hemp flea beetles were dominated by common environmental fungi in Ascomycota and Basidiomycota. This result is consistent with the hypothesis that environmental fungal community is a key determinant of the fungal community within hemp flea beetles.

Our analyses revealed that the total number of known bacterial and fungal species was greater than the total number of bacterial and fungal OTUs. This result is not surprising because the OTUs were defined based on a 97% sequence similarity cutoff for both the bacterial and fungal datasets while many currently known closely related sister species had higher sequence similarities than 97% at these two barcode loci (Edgar, 2013; Xu, 2016, 2020). Given that there are unclassified novel taxa in both the bacterial and fungal datasets, the true numbers of bacterial and fungal species in our samples of P. attenuata are likely much higher than what we found here. High coverage metagenome sequencing coupled with culture-based surveys will help generate more robust estimates of bacterial and fungal diversities in these samples (Xu, 2020). The obtained microbial cultures will also allow direct tests of their potential roles in the survival and reproduction of hemp flea beetles.

We note that even though several geography-specific microbial community clusters were found in both the bacterial and fungal datasets, such clusters could be due to differences in other factors associated with the specific geographic regions, including climate, host cultivars, soil conditions, and host pest genotypes. Indeed, the four broad geographic regions (i.e., Northeast China, East-central China, Central-south China, and Southwestern China) analyzed here are known to differ from each other in at least one of the above factors. In addition, we observed samples in several geographic regions that were not clustered according to their geographic origins. At present, the reasons for such differences are not known. However, fine-scale heterogeneity in soil microflora, hemp clones/cultivars, health status (e.g., microbial infections) of sampled host hemp plants, and the host plant microbiome within crop fields could all have contributed to microbiome differences among hemp flea beetles sampled from different parts of a field. Fine-scale sampling of diverse microbiomes from the soil, host plants, and hemp flea beetles are needed in order to test their specific effects on the microbiome structures of hemp flea beetles.



Conclusion

The present study revealed the bacterial and fungal communities associated with hemp flea beetles across hemp production regions in China. Our analyses demonstrated that there were differences in microflora among field populations in different locations, which likely reflect their adaption to their local environments and to potential phenotypic differences among their host beetles. More research is required to explore the detailed roles of these microbes in P. attenuata, including how environmental factors may impact their interactions. One such approach is to isolate specific microbe and then test their effects on hemp flea beetles by inoculating them to hemp flea beetles from diverse locations. Similarly, the identification of widespread and dominant bacteria in genera Wolbachia and Rickettsia and several other bacteria suggests potentially key roles of these bacteria for hemp flea beetles, especially on the reproduction of these pest insects (Duron et al., 2008). Regarding the potential role of Wolbachia on cytoplasmic incompatibility in hemp flea beetles, additional research is needed on the distribution and genetic diversity of Wolbachia strains among hemp flea beetles from within and between geographic regions. Furthermore, genetic crosses between hemp flea beetles uninfected or infected with the same or different Wolbachia strains need to be analyzed. Such data will be crucial for evaluating whether these bacteria could be potentially used as biocontrol agents against these pest beetles in hemp fields and greenhouses.
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Eurasian spruce bark beetle, Ips typographus is a destructive pest of the Norway spruce (Picea abies). Recent outbreaks in Europe have been attributed to global warming and other anthropogenic impacts. Bark beetles are guided by multiple complex olfactory cues throughout their life cycle. Male-produced aggregation pheromones, comprising 2-methyl-3-buten-2-ol and cis-verbenol, have been identified as the most powerful attractants for dispersing conspecifics. In addition to host trees, bark beetles interact with multiple organisms, including symbiotic ophiostomatoid fungi, which may promote beetle colonization success and offspring development. Previously, in a short-distance laboratory assay, we demonstrated that I. typographus adults are attracted to the volatile organic compounds (VOCs) produced by three symbiotic fungi: Grosmannia penicillata, Endoconidiophora polonica, and Leptographium europhioides. Furthermore, the abundant fusel alcohols and their acetates were found to be the most attractive odorants in the fungal VOC profile. In this study, using a long-distance field-trapping experiment, we analyzed the role of fungal VOCs as attractants for dispersing I. typographus. Two types of fungal lures were tested in combination with pheromones in traps: (1) live cultures of fungi grown on potato dextrose agar (PDA) and (2) dispensers containing synthetic fusel alcohols and their acetates in equal proportions. Subsequently, the composition of VOCs emitted from live fungal lures were analyzed. We found that the symbiotic fungi synergistically increased the attraction of beetles to pheromones in field traps and the attractiveness of live fungal lures depended on the fungal load. While one Petri dish with E. polonica, when combined with pheromones synergistically increased trapping efficiency, three Petri dishes with L. europhioides were required to achieve the same. The synthetic mix of fungal fusel alcohols and acetates improved the catch efficiency of pheromones only at a low tested dose. VOC analysis of fungal cultures revealed that all the three fungi produced fusel alcohols and acetates but in variable composition and amounts. Collectively, the results of this study show that, in addition to pheromones, bark beetles might also use volatile cues from their symbiotic fungi to improve tree colonization and reproductive success in their breeding and feeding sites.
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spruce bark beetle, fungal VOCs, fusel alcohols and acetates, attraction, synergism, aggregation pheromones


Introduction

Associations between insects and their ectosymbiotic fungi are common in terrestrial ecosystems. These fungi rely exclusively on insects for their dispersal and, in turn, provide a wide range of benefits to their vectors (Buser et al., 2014; Madden et al., 2018; Biedermann and Vega, 2020). The benefits provided by fungi include nutrition supplementation, detoxification of xenobiotics, defense of insect hosts from pathogens, and protection of insects from various abiotic conditions (Douglas, 2009; Oliver et al., 2014; Flórez et al., 2015; van den Bosch and Welte, 2017; Lemoine et al., 2020; Lehenberger et al., 2021). Although various cues are important for the behavioral ecology of insects, most insects rely on their sense of smell, that is, olfaction, to make crucial decisions in their life cycle. In some insect-fungus symbiotic associations, such as in the Drosophila-yeast system, where nutritional symbionts are acquired from the environment in each generation, volatile organic compounds (VOCs) produced by the fungi often serve as predominant cues to interact with the insects (Christiaens et al., 2014; Becher et al., 2018). Microbial VOCs act as semiochemicals for insects to elicit either an attraction or aversion behavior (Davis et al., 2013; Kandasamy et al., 2016).

The Eurasian spruce bark beetle, Ips typographus L. (Coleoptera: Curculionidae: Scolytinae), is an aggressive conifer pest that kills Norway spruce [Picea abies (L.) Karst. (Pinales: Pinaceae)] in the Eurasian forests. Recent warm and dry summers have promoted large-scale outbreaks of bark beetles, which have resulted in serious disruption of the spruce-dominated forest ecosystem in Europe (Huang et al., 2020; Hlásny et al., 2021; Netherer et al., 2021). Pioneer males select a suitable tree for colonization, construct nuptial chambers under the bark and infect the chamber walls with the microbes they carry. They attract potential mates and other males by releasing aggregation pheromones comprising cis-verbenol and 2-methyl-3-buten-2-ol, either to overwhelm the host tree defenses by a mass attack or for group foraging of the scarce resources. One to four females join with a male in the nuptial chamber, and each female constructs its oviposition tunnel in the inner bark, lays eggs, and inoculates symbiotic fungi in the bark (Biedermann et al., 2019). The occurrence of fungi, especially polyphyletic ophiostomatoid fungi, such as Grosmannia penicillata (Grosmann) Goid., Endoconidiophora polonica (Siemaszko) Z.W. de Beer, T.A. Duong and M.J. Wingf., Leptographium europhioides (E. F. Wright and Cain) M. Procter and Z.W. de Beer, and Ophiostoma bicolor R.W. Davidson and D.E. Wells, is common and abundant (Kirisits, 2007; Linnakoski et al., 2012). Ophiostomatoid fungi may assist beetles in colonizing healthy trees by exhausting their defense mechanisms, detoxifying host defense chemicals, and supplementing the beetles with essential nutrients that are crucial for their larval development and maturation (Bleiker and Six, 2007; François et al., 2009; Krokene, 2015; Wadke et al., 2016; Kandasamy et al., 2021).

A recent study employing a short-distance laboratory assay (Kandasamy et al., 2019) has shown that endogenous VOCs, especially fusel alcohols and acetates, produced by the symbiotic fungi, are behaviorally active and attract young adults to them. These findings suggested that immature or callow adults might utilize fungal VOCs to seek out nutritious fungi under the bark to feed on them for attaining sexual maturity. In particular, callow adults of I. typographus preferentially fed on E. polonica-, G. penicillata-, and L. europhioides-colonized spruce bark, over the uncolonized control diet. In short-range (ca. 13 cm) olfactometer assays, beetles were strongly attracted to the volatile profile of E. polonica, G. penicillata, and L. europhioides grown on potato dextrose agar (PDA), over the uncolonized agar. Endoconidiophora polonica volatile profile consisted mostly of fusel acetates and less fusel alcohols, whereas the volatile profiles of G. penicillata and L. europhioides contained mostly fusel alcohols and less fusel acetates and sesquiterpenes. Furthermore, in short-distance assays, the synthetic mix of the E. polonica-mimic blend and the equal-ratio mix of all fusel alcohols and acetates were attractive at low doses. Ips typographus detects fusel alcohols and their acetates through numerous broadly tuned olfactory neurons in their antennae. In addition to fusel alcohols and acetates, G. penicillata and L. europhioides have been reported to produce the I. typographus aggregation pheromone, 2-methyl-3-buten-2-ol de novo, spiroketals such as exo- and endo-brevicomin, and trans-conopthorin, when inoculated into the spruce bark (Zhao et al., 2015, 2019). Exo- and endo-brevicomins are pheromone components of several bark beetles, especially of the genus Dendroctonus (Keeling et al., 2021). However, the ecological relevance of fungi (i.e., attraction or repulsion of beetles), which produce semiochemicals for the bark beetles, remains unknown. In addition, it remains unknown whether the dispersing adult I. typographus, once it leaves its brood galleries to seek suitable host trees, would also respond to a blend of fungal VOCs, apart from its aggregation pheromone.

Previous studies have provided ample evidence of the attraction of diverse insect species to the live cultures of fungi in agricultural landscapes (Nout and Bartelt, 1998; El-Sayed et al., 2005; Davis et al., 2012; Davis and Landolt, 2013; Andreadis et al., 2015). These studies showed that the attraction of insects to fungal VOCs appears to be a common ecological phenomenon, probably because many insects depend on symbionts for their nutrition and development. Bark beetles have an intricate relationship with fungal symbionts, and the importance of fungal VOCs in bark beetle biology has only recently been recognized (Kandasamy et al., 2016). The relevance of the attraction of bark beetles to fungi or their complex bouquets under field conditions remains unknown for any bark beetle species. Only individual compounds found in the volatile profile of ophiostomatoid fungi have been tested in field trials, together with pheromones of different bark beetle species. For example, 2-phenylethanol reduced the attraction of Dendroctonus frontalis and Dendroctonus ponderosae to their corresponding aggregation pheromones (Pureswaran et al., 2000; Sullivan et al., 2007). However, I. typographus did not exhibit any behavioral response when 2-phenylethanol was tested in combination with its aggregation pheromone (Schlyter et al., 1987).

In this study, VOCs from ophiostomatoid fungi were investigated as synergistic attractants for I. typographus pheromones. The main objective of this study was to test whether fungal VOCs could improve the attractiveness of I. typographus pheromones in field traps. Two types of fungal VOC baits were used together with pheromones in traps: live cultures of fungi on PDA and a synthetic blend of fusel alcohols and their acetates having different release rates. Our findings clearly showed that symbiotic fungal VOCs synergize the attraction of dispersing adult I. typographus to its aggregation pheromones.



Materials and methods


Preparation of fungal culture lures

Three common symbionts of I. typographus-E. polonica, Ep (MPICE-2014-1 isolated in 2014 from Gotha, Germany); G. penicillata, Gp [NFRI-2006-209/44/2 isolated in 2006 from Kronoberg (Växjö), Sweden]; and L. europhioides, Le [NFRI-1990-119/20 isolated in 1990 from Nord-Trøndelag (Namsskogan), Norway], were used in this study (Kandasamy et al., 2019). Under sterile conditions, fungi were cultured on PDA (VWR, Leuven, Belgium) in plastic Petri dishes (9 cm diameter, 2 cm wall thickness) and incubated at 25°C for 4 days in the laboratory, before being transferred to the field. In 4-day-old fungal culture Petri dishes, 30 uniformly placed holes (each 2 mm in diameter) were made on the lids (1 hole/2.12 cm2 of lid) using a soldering unit. Later, the Petri dishes were temporarily sealed using a Parafilm and carried to the field in a cold box.



Preparation of synthetic volatile organic compounds dispensers

A mixture of fungal VOCs containing fusel alcohols and acetates: 3-methyl-1-butanol (Sigma- Aldrich, 95%), 2-methyl-1-butanol (Sigma-Aldrich, 9%), 3-methyl-1-butyl acetate (Sigma-Aldrich, 95%), 2-phenylethanol Sigma-Aldrich, 99%), 2-methyl-1-butyl acetate (Sigma-Aldrich, 99%), and 2-phenylethyl acetate (Sigma-Aldrich, 98%) was prepared at a ratio of 1:1:1:1:1:1 (v/v). The actual release rates of the dispensers were determined in the laboratory under ambient conditions (25°C, 0.5 m/s airflow) using the gravimetric method (Table 1). Three replicates of each dispenser type were weighed for 10 days at regular intervals, and weight loss was recorded to the nearest 0.0001 g using a fine balance. The average release rate for each dispenser type was calculated based on the average weight loss over 24 h. Additionally, the average release rate of dispensers, under natural field conditions, was determined using the gravimetric method by periodically weighing the dispensers used in the field.


TABLE 1    Design and release rates of artificial dispensers containing the mixture of fusel alcohols and acetates.
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Study site and overall field experimental setup

The study was conducted at the Czech University of Life Sciences, Prague-owned School Forest Enterprise in Kostelec and Černými Lesy, in the Czech Republic for two consecutive years, 2019 and 2020 in two blocks. In 2019, the first block of the experiment using fungal cultures was run from 25 April to 25 May in a 100 m long, 60 m wide clear cut created in 2018 in the Norway spruce forest (49.9339142N, 14.8726833E). Nine cross-vane traps (Ecotrap, Fytofarm, Bratislava, Slovak Republic) were placed in a single row, 30 m southwest of the open forest edge [Figure 1-(1)]. Traps were fixed on wooden poles that were placed 1.5 m above the ground, and the distance between the traps was 15 m.
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FIGURE 1
Experimental field site and trap design. (1) Location within the Czech Republic and arrangement of traps for live fungal bait experiment in 2019 (circles) and in 2020 (crosses); synthetic volatile organic compounds (VOCs) bait experiment in 2020 (triangles). (2) Cross-vane trap baited with Petri dish dispensers containing actively growing fungus and I. typographus pheromone components, 2-methyl-3-buten-2-ol and cis-verbenol. Close-up view of (3) perforated Petri dish dispenser, which was hung in the trap together with pheromone components, and (4) dispenser with synthetic fungal compounds and pheromones.


In 2020, the second block of the fungal culture experiment and analysis of baits prepared from synthetic fungal VOCs were held from 18th May to 1st June in 150 m long and 100 m wide clear cuts made during the winters of 2019/2020 (location:49.9333822N, 14.8773022E). Nine traps were placed in a single row, 30 m from the forest edge. Eight traps with synthetic baits were placed in a second row running parallel to the forest edge, 50-m distance from the forest edge, and 20 m from the traps for the fungal culture experiment [Figure 1-(1)].

Petri dishes containing the fungal cultures and perforated lids, prepared as described above, were baited in the barrier traps by hanging them vertically on a metal wire with the perforated side exposed to the air. Synthetic baits, containing the pheromone components (62 mg/day of 2-methyl-3-buten-2-ol, 1.2 mg/day of cis-verbenol), were suspended on a metal wire, parallel to the fungal culture [Table 1, Figure 1-(2,3)]. Different loads of the fungal cultures were tested in combination with pheromones. Pheromone alone and pheromone with fungus-free PDA were used as the controls. The “high” load fungal culture contained three perforated Petri dishes, and the “low” load culture contained only one perforated Petri dish. Dispensers with a mixture of synthetic VOCs with release rates of 8.4, 1.7, and 0.34 mg/day were tested, both in combination with pheromones and individually in the same experiment [Figure 1-(4)].

In both 2019 and 2020, the same block design was used to test the efficiency of fungal lures in improving the attractiveness of pheromones. Each block contained nine baits (empty, agar + pheromone, Ep H + pheromone, Ep L + pheromone, Le H + pheromone, Le L + pheromone, Gp H + pheromone, and Gp L + pheromone), which were relocated (replication) nine times in a Latin square design. Old fungal culture lures were replaced every 4 days with fresh 4-day-old fungal cultures, as the fungal cultures reached a stationary growth phase after 7 days. In 2020, additionally, the synthetic VOCs lures experiment was conducted in a block design with eight baits (empty, pheromone, Mix L + pheromone, Mix M + pheromone, Mix H + pheromone, MixL, MixM, and MixH), which were rotated eight times. The daily mean temperature during the experimental period was 11°C in 2019 and 13°C in 2020 (Supplementary Figure 1), and the mean temperature at noon was between 19 and 25°C. During each rotation, the collection jars were emptied and adult I. typographus were stored in Falcon tubes containing >99% ethanol (v/v). The specimens were counted later in the laboratory and sex was determined by dissection. In catches with more than 50 beetles, 50 were randomly selected for sex determination. The relative catch efficiency of the traps in percentage was calculated as the number of beetles caught in a single treatment to the sum of all bark beetles caught during a single rotation.



Chemical composition of headspace volatile organic compounds from fungal culture lures

Petri dishes containing the fungal cultures were prepared as described above. Thirty holes (2 mm in diameter) in the lid were made on the day of the first analysis of the VOCs. Petri dishes were kept in an incubator at 25°C, except at the time of headspace VOC collection. Dynamic headspace VOCs from fungal cultures were collected using a pull system in 2 L glass jars, closed by a silicone stopper with two pre-made holes. At 4-, 5-, 6-, and 7-days post-inoculation, two Petri dishes of each fungus were placed in a glass jar, a cartridge containing Tenax TA sorbent (SKC, PA, USA) was connected to the outlet hole, and the air passing through inlet hole was filtered using a similar cartridge. The sucking pocket pump with an airflow of 100 ml/min was attached to the sorbent cartridge in the outlet tube, and the headspace VOCs were collected for 2 h at 25°C. The cartridges containing the VOCs were extracted five times with 200 μl hexane. The same two Petri dishes per fungus were used repeatedly for headspace VOC collection at 5-, 6- and 7-days post-inoculation.

VOCs were analyzed using two-dimensional gas chromatography coupled with time-of-flight mass spectrometry (GC × GC-TOF-MS) (Leco Pegasus 4D, Leco, MI, USA) in a single-dimension mode. Injection volume was set at 1 μl and a programmed temperature vaporizing injector (PTV) was used in cold split-less (20°C) injection mode and then heated to 280°C at 8°C/s. For compound separation, a 30 m (0.25 mm i.e., 0.25 μm film thickness) Rxi-5MS (Restec, PA, USA) column was used. The oven temperature program was set at 40°C for 2 min, then ramped up at 5°C/min to 120°C, then at 10°C/min to 200°C, and finally at 20°C/min to 280°C and held for 2 min. The mass spectrometer was operated in the mass range of 35–500 m/z with an acquisition speed of 10 Hz. The total GC run time was about 32 min. The VOC concentration was calculated using external calibration curves generated from commercially available pure 3-methyl-1-butanol, 2-methyl-1-butanol, 3-methyl-1-butyl acetate, 2-phenylethanol, 2-methyl-1-butyl acetate, and 2-phenylethyl acetate. For confidence interval, relative standard deviation (2RSD) (Ep, day 5, n = 6) was used. Other compounds discussed in the non-target VOCs analysis were identified based on the spectral similarity with the NIST mass spectral library (NIST 2017), and this identification was supported by a comparison of measured and published retention indices.



Statistical analyses

R software version 4.1.3 (R Core Team, 2022) was used for statistical analyses. Linear mixed-effect models were used to analyze data from the fungal culture lure experiment with the year added as a random variable. The dependent variables were the relative number of trapped beetles, and the independent variables were different fungal culture lures in various quantities. The dependent variable was logarithmically transformed, and the outcome of the best model followed Gaussian distribution. The comparison of means was done using the “nlme” function for R (Pinheiro et al., 2022). The model selection and validation were performed using the protocol from Zuur and Ieno (2016), using Akaike information criterion (AIC) and Q-Q-plot residuals. The null hypothesis of factor non-significance was rejected at the standard level of α = 0.05. Treatment contrast was applied to compare the significance of all factors against agar + pheromone catches. A linear model was used to analyze data from the synthetic VOCs experiment. The dependent variable was the relative number of trapped beetles, the proportion of males, and the independent variables were different doses of VOCs mix. The dependent variable was logarithmically transformed, and the outcome of the best model followed Gaussian distribution. Treatment contrast was applied to compare all factors against pheromone-only catches. Owing to the lack of significance in the case of the proportion of males, only F-test was tested.




Results


Ophiostomatoid fungi increase the attractiveness of pheromone baits in field traps

The total number of I. typographus adults captured in 2019 was 14,071, and that in 2020, was 4,889. (Supplementary Tables 1, 2). Trap catches varied much throughout each study season, with 1–3,074 beetles per trapping day in 2019 and 24–131 beetles in 2020. The variability in absolute catches was caused by fluctuations in weather and beetle activity (Supplementary Figure 1).

The relative number of beetles caught in traps containing different fungal culture lures were significantly different (ANOVA, F = 2.87, df = 7, P < 0.01; Supplementary Table 3). The four fungal culture treatments, namely the high and low doses of E. polonica (Ep H and Ep L), high doses of L. europhioides (Le H), and G. penicillata (Gp H) had higher relative catches, compared to that in the control, in both the years (Figure 2). However, only the combined relative catches of Ep L and Le H in both the years were statistically significant (Ep L, t = 2.65, P < 0.01; Le H, t = 2.69, P < 0.01) (Table 2). For Gp H and Le H, the variant with the highest fungal dose always achieved higher catches, and for Ep L, the variant with the lower fungal dose had higher catches, compared to that in the control.
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FIGURE 2
Percentage trap catches of I. typographus in pheromone traps baited with various loads of different fungal cultures. pheromone: I. typographus pheromone consists of 2-methyl-3-buten-2-ol and cis-verbenol with a release rate of 42 and 1.5 mg/day, respectively; agar, perforated Petri dish (90 mm in diameter) containing only potato dextrose agar (PDA); Ep, Endoconidiophora polonica; Le, Leptographium europhioides; Gp, Grosmannia penicillata grown on PDA for 4–7 days; H, high load of fungus culture (three Petri dishes); L, low load of fungus culture (one Petri dish). Whiskers represent 95% confidence intervals (CI), black dots are the predicted mean of combined year percentage trap catches generated by the linear mixed model and colored dots are original values from different years.



TABLE 2    Field attraction of Ips typographus to ophiostomatoid fungi. The table shows the results of contrast comparison estimated from a linear mixed model, log (Relative catches of I. typographus) ∼ Baits + (1| Year). Baits contain aggregation pheromone in combination with various loads of different live fungal cultures.
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In the 2019 experiment, the proportion of females was at an average of 78 ± 10%, and in 2020, it was at 81 ± 6%, from all the catches. The proportion of female catches in the different fungal cultures was not significantly different from that of the controls and among fungal species (ANOVA, F = 0.225, df = 3, P = 0.88).



Synthetic fungal volatile organic compounds containing fusel alcohols and their acetates improve the attractiveness of pheromones

A total of 3,514 beetles were caught in this experiment. The absolute number of beetles caught in the traps varied from 42 to 211 (Supplementary Tables 4, 7). There was a statistically significant difference between the relative number of bark beetles caught by the different types of dispensers tested in combination with pheromones (ANOVA, F = 3.298, df = 3, P < 0.05) (Supplementary Table 5). The relative catches decreased with increasing release rates of the fungal VOC mixture. The highest relative catch was recorded in the dispenser with the lowest release rate (MixL); however, the difference in catches between MixL and pheromone-only bait was not statistically significant (contrast t-test, P = 0.09, Supplementary Table 6) (Figure 3). The proportion of females, caught in all the dispensers in combination with pheromones, was 75 ± 6% and was not significantly different among them (ANOVA, F = 0.225, df = 3, P = 0.88).
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FIGURE 3
Percentage trap catches of Ips typographus in pheromone traps baited with dispensers containing a mixture of 3-methyl-1-butanol, 2-methyl-1-butanol, 3-methyl-1-butylacetate, 2-phenylethanol, 2-methyl-1-butylacetate, and 2-phenylethylacetate in equal volume ratio 1:1:1:1:1:1 (v/v). Dispensers denoted as MixL, MixM, and MixH have release rate of 0.34, 1.7, and 8.4 mg/day, respectively; pheromone: pheromone consisting of 2-methyl-3-buten-2-ol and cis-verbenol with a release rate of 42 and 1.5 mg/day, respectively. Whiskers represent 95% CI, black dots are the predicted mean generated by the linear regression model and orange dots are original values.


The absolute number of beetles caught in synthetic VOC dispensers without pheromones ranged from 0 to 6. The empty control traps did not catch any beetle. Only the MixH bait caught some beetles, but the catches were meager, with a maximum of six (Supplementary Tables 8, 9).



Fusel alcohols and their acetates dominate the VOC profile of fungal culture lures

Time-series headspace VOCs were collected from different fungi grown on PDA and analyzed using GC-TOF-MS. The partial least square-discriminant analysis (PLS-DA) score plot showed that nearly 68% variation in the volatile profiles was explained by the first two components and the model quality parameters (R2Xcum = 0.80, R2Ycum = 0.94, and Q2cum = 0.75) showed that there was a clear distinction in the VOC profiles of E. polonica, G. penicillata, and L. europhioides (Figure 4). For E. polonica, the most distinct feature was the abundance of acetate acetates (especially isobutyl acetate). In G. penicillata and L. europhioides, the most distinct factors were the abundance of methyl isovalerate, unknown sesquiterpenes, propyl acetate, and 3-methyl-1-butyl acetate. As fusel alcohols and their acetates are biologically active, we quantified these VOCs in the headspace of the Petri dish dispensers. In E. polonica, the release rates of 3-methyl-1-butyl acetate and 2-methyl-1-butyl acetate ranged from 1,000 to 5,500 ng/h/Petri dish, and from 200 to 1,500 ng/h/Petri dish, respectively, at an 8:1 ratio on day 4 and 3:1 on day 7. In L. europhioides, acetates were detectable only from day 6, with a 300 ng/h/Petri dish of 3-methyl-1-butyl acetate and 30 ng/h/Petri dish of 2-methyl-1-butyl acetate at a 9:1 ratio. In G. penicillata, only 3-methyl-1-butyl acetate was detected on day 6 in a 35 ng/h/Petri dish.
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FIGURE 4
Partial least square-discriminant analysis (PLS-DA) score plot of headspace volatile organic compounds (VOCs) collected at different time points after inoculation with three fungi grown on potato dextrose agar (PDA). X- and Y-axes represent scores of components 1 and 2 respectively, obtained from PLS-DA analysis. Endoconidiophora polonica (green); Leptographium europhioides (blue); Grosmannia penicillata (red). SIMCA 17 (Sartorius Stedim, Sweden) software was employed using normalized (constant sum) data.


Fusel alcohols, such as 3-methyl-1-butanol and 2-methyl-1-butanol, were the most abundant in cultures of L. europhioides and G. penicillata. The release rate of 3-methyl-1-butanol in L. europhioides varied from 200 ng/h/Petri dish on day 4 to 3,500 ng/h/Petri dish on day 7, and in G. penicillata ranged from 100 ng/h/Petri dish on day 4 to 3,500 ng/h/Petri dish on day 6 (Figure 5). The release of 2-methyl-1-butanol was lower for both the fungi. The ratio of these compounds was approximately 2:1 for L. europhioides and 4:1 for G. penicillata, in the recorded period. In E. polonica, the release rate of fusel alcohols was low at 50–130 ng/h/Petri dish of 3-methyl-1-butanol and 100–250 ng/h/Petri dish of 2-methyl-1-butanol at a 0.5:1 ratio (Figure 5). Additionally, L. europhioides produced methyl isovalerate. All fungi released low amounts of 2-phenylethyl acetate. The release rate of fusel alcohols and their acetates reached a maximum on day 6, and then either decreased in E. polonica and G. penicillata or remained constant in L. europhioides until day 7. The release rate of VOCs was proportional to the growth rate of fungi. Fungi actively grew until they reached the edge of the dish and attained their maximum surface area (mm2) on day 6 (Figure 5).


[image: image]

FIGURE 5
Emission rate of fusel alcohols and their acetates from perforated Petri dish dispensers inoculated with different fungi in relation to the surface area of fungal mycelium at the time of sampling. Error bars represent relative standard deviation (2RSD) (Ep, day 5, n = 6).


Other VOCs, such as sesquiterpene hydrocarbons, were produced by all fungi in relatively lower amounts. For example, β-caryophyllene levels in L. europhioides reached a maximum on day 7. In general, L. europhioides released several sesquiterpenes in higher amounts, compared to the other two fungi (Supplementary Figure 2).




Discussion

We found that VOCs emitted from live fungal cultures synergize the attraction of I. typographus to its aggregation pheromones in barrier traps. To our knowledge, this is the first study to show that VOCs from fungal cultures synergize the attraction of bark beetles with their pheromones under natural field conditions. The three common fungal associates of I. typographus-E. polonica, G. penicillata, and L. europhioides emit distinct volatile cues dominated by fusel alcohols and their acetates when grown on PDA (Figures 4, 5) (Kandasamy et al., 2019). Traps baited with low VOC-emitting E. polonica culture and high VOC-emitting L. europhioides culture, together with pheromones, significantly increased the attraction of beetles to the pheromones, compared to the traps with pheromones alone. Additionally, the synthetic mix of fusel alcohols and acetates produced by fungi at a low release rate increased the attraction of beetles to pheromones. Collectively, these results show that fungal VOCs could play a previously overlooked yet crucial role in host colonization of beetles by synergizing pheromone attraction in conspecifics.

The attractive load of fungal cultures varies among the species. Endoconidiophora polonica released high amounts of fusel acetate and low amounts of fusel alcohol, whereas L. europhioides and G. penicillata released high amounts of fusel alcohol and low amounts of acetate ester. Our field-trapping experiment clearly showed that low loads of E. polonica and high loads of L. europhioides cultures were attractive. We also showed that there is moderate evidence that a synthetic blend of fungus-produced fusel alcohols and acetates increased the attraction of pheromones only at low doses. These results agree with those of a previous study (Kandasamy et al., 2019), in which an E. polonica mimic blend and a synthetic blend of alcohols and acetates were attractive at lower doses in a short-distance laboratory trap bioassay. Based on these results, it appears that fusel acetates with low release rates are the main active components in the attractive blend of fungal VOCs. As E. polonica releases a large amount of acetate acetates, attraction occurs at a lower load in field traps. However, as L. europhioides releases only a low amount of acetate acetates, a higher load is necessary. Unexpectedly, the G. penicillata culture did not significantly increase the attraction of pheromones, even though it is an important fungal symbiont of I. typographus (Zhao et al., 2018; Tanin et al., 2021). In this study, the analysis of the volatile profile of G. penicillata revealed only trace amounts of acetate acetates, a finding which is in contrast with a previous study in which the same isolate produced a substantial amount of acetate acetates (Kandasamy et al., 2016, 2019). It could be attributed to a well-documented fact that some fungal pathogens maintained in the laboratory degenerate over time or exhibit phenotypic plasticity due to a lack of selection pressure from the host substrate (Krokene and Solheim, 2001).

We found that a lower load of E. polonica culture is sufficient to increase the attraction of pheromones; therefore, we speculate that beetles can successfully colonize the host tree with a lower spore load of E. polonica. In fact, the abundance of E. polonica isolated from the beetles and their breeding galleries, and the proportion of beetles that carry this fungus have been reported to be low in most sampling locations across Europe (Linnakoski et al., 2012, 2016; Giordano et al., 2013). E. polonica is the primary invader of host trees and is better suited to grow in fresh tissues and to rapidly colonize the sapwood faster than other fungal symbionts of I. typographus (Solheim, 1991, 1992). Endoconidiophora polonica is one of the most virulent pathogens and has been shown to kill the host trees, following an artificial inoculation (Horntvedt et al., 1983; Wadke et al., 2016). When the beetle population is endemic, the colonization of the whole tree by I. typographus usually lasts several weeks because of the low beetle density in the vicinity (Toffin et al., 2018). In this scenario, E. polonica inoculated by a few early colonizers should be sufficient to be established in the bark because of its fast growth rate and rapid colonization of fresh tissues without any competition from other microbes (Solheim, 1992). In addition, fungal VOCs have been detected in infected spruce tissues from the very first day of infection and are shown to increase exponentially thereafter (Zhao et al., 2015; Kandasamy et al., 2021). Therefore, it is very likely that VOCs produced by E. polonica are released simultaneously with the aggregation pheromone of the beetle, which can synergistically increase the attraction of conspecifics to colonize the tree.

The synthetic blend of fungal VOCs alone did not capture many bark beetles. Remarkably few beetles were found in traps baited with a high dose of fungal VOCs mix (Supplementary Tables 8, 9). In addition to fusel acetates, the fungal VOCs mix also contained 3-methyl-1-butanol and 2-methyl-1-butanol, which are structurally similar to the beetle pheromone, 2-methyl-3-buten-2-ol. Notably, 2-methyl-1-butanol has been found to elicit a strong secondary response in the olfactory neurons of I. typographus, that primarily respond to 2-methyl-3-buten-2-ol (Kandasamy et al., 2019). Thus, catches with high doses of fungal VOCs mix alone could arise because of secondary activation of pheromone neurons by high amounts of fusel alcohols. Another explanation could be that the aggressive bark beetles, such as I. typographus, which are specialized in a single conifer species, respond to fungal VOCs only in the presence of specific background signals, such as pheromones or host tree VOCs. Indeed, we found increased trapping of I. typographus in the fungal baits only in the presence of pheromones. In contrast, fungal VOCs alone were sufficient to trap several generalist insects that forage on multiple plant species in agricultural landscapes (Davis and Landolt, 2013; Andreadis et al., 2015). Interestingly, many fungi associated with different bark beetle species share similar components in their volatile profiles and mainly consist of fusel alcohols and/or their acetates (Cale et al., 2016; Kandasamy et al., 2016). A recent study showed that at a short distance, adult I. typographus did not discriminate between its fungi and the fungi associated with the North American spruce bark beetle, Dendroctonus rufipennis, likely because of their similar volatile profiles (Tanin et al., 2021). Therefore, it is likely that I. typographus is evolutionarily adapted to respond to fungal VOCs from long distances only in combination with pheromones to avoid cross-attraction to non-symbiotic fungi vectored by a different bark beetle. As pheromones are usually species-specific, their combination with fungal VOCs represents a reliable signal for dispersion of the beetles, indicating the presence of conspecifics and a suitable fungal symbiont.

Higher catches in traps containing a combination of pheromones and fungal VOCs indicate that fungal VOCs play an important role in beetle aggregation and colonization. Fusel alcohols and their acetates are produced by the fungi by the metabolism of amino acids via the Ehrlich pathway, which is present only in microbes (Hazelwood et al., 2008). It has been suggested that fungi release fusel alcohols and their acetates to signal the insects about the nutritional quality of the diet comprising of sugars and amino acids and, in turn, insects act as dispersal agents to transport the fungal spores to new substrates/host (Saerens et al., 2010; Madden et al., 2018). It is noteworthy that most fungi that release fusel alcohols and acetates are often nutritional symbionts of their corresponding mutualistic insect partners, and insects are adapted to locate their symbiotic partners through numerous broadly tuned olfactory receptors that detect fungal VOCs (Davis et al., 2013; Christiaens et al., 2014; Mansourian and Stensmyr, 2015; Becher et al., 2018). Based on the current and a previous study, we clearly showed that bark beetles, such as I. typographus, are attracted to their fungal symbionts both in the field and laboratory conditions. This provides another example to the increasing body of evidence that insect-fungus relationships are mediated by fungus-produced VOCs. Furthermore, as the association between I. typographus and its fungal symbionts is still under debate, the results of this study indicate that there is a potential mutualistic relationship between I. typographus and its fungal symbionts.

The volatile profile of fungi depends on substrate quality and environmental conditions. In this study, fungi were grown on an artificial substrate, and only the VOCs endogenously produced by them were investigated. However, in nature, fungi colonize the bark phloem and sapwood with a distinct nutrient profile containing high amounts of defense chemicals such as terpenes and phenolics. Recent studies showed that I. typographus—symbiont fungi metabolize the terpenes and phenolics and release a suite of VOCs that function as semiochemicals for I. typographus (Kandasamy et al., 2021; Jirošová et al., 2022). Future studies should investigate the synergistic effect of the fungal VOCs on pheromone attraction by inoculating the fungal cultures on natural substrates, such as spruce bark phloem and sapwood. We acknowledge the limitations of testing pure single-species cultures under field conditions. In the breeding galleries constructed by the beetles, several closely related species of ophiostomatoid fungi and yeasts co-inhabit the phloem of the bark (Giordano et al., 2013; Linnakoski et al., 2021). Therefore, one approach would be to analyze mixed microbial cultures in their natural growth substrates together with pheromones in field traps. Such efforts could provide new combinations of semiochemicals that could be added to the current practices of the management of bark beetles.
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Introduction: Bacteria play critical roles in the reproduction, metabolism, physiology, and detoxification of their insect hosts. The ladybird beetle (Harmonia axyridis) harbors a myriad of endosymbiotic microbes. However, to date, little is known about how the microbial composition of H. axyridis varies throughout its life cycle.

Methods: In this study, 16S rRNA amplicon sequencing and quantitative PCR were employed to investigate the diversity and dynamics of bacterial symbionts across the egg, larval, pupae, and adults stages of H. axyridis.

Results: Higher bacterial community richness and diversity were observed in eggs, followed by those in adults and pupae. The community richness index differed significantly between second-instar larvae and other developmental stages. Proteobacteria, Firmicutes, and Actinobacteria were the dominant phyla. Staphylococcus, Enterobacter, Glutamicibacter, and Acinetobacter were the dominant bacteria genera; however, their relative abundances fluctuated across host developmental stages. Interestingly, the larval stage harbored high proportions of Firmicutes, whereas the adult microbial community largely consisted of Proteobacteria.

Discussion: This study is the first to determine the symbiotic bacterial composition across key life stages of H. axyridis. These outcomes can foster the development of environmental risk assessments and novel biological control strategies.

KEYWORDS
 Harmonia axyridis, symbiotic bacteria, high-throughput sequencing, quantitative PCR, life stages


Introduction

The existence of symbiotic relationships between insect hosts and their internal microbiota is a broad and widely recognized phenomenon (Douglas, 2014). Microbial endosymbionts play important roles in host insects, contributing to nutrient acquisition, development and reproduction, detoxification and metabolism, and strengthening the immune system against pathogen and parasitoid invasion (Douglas, 1998; Dillon and Dillon, 2004; Koch and Schmid-Hempel, 2011; Shin et al., 2011; Zheng et al., 2013). Examples of such contributions include the synthesis of vitamins and amino acids, detoxification of toxic compounds, stimulation of the immune system and defense against pathogens, protection against natural enemies, and facilitation of tolerance against abiotic stressors (Scarborough et al., 2005; Jones et al., 2013; Gerardo and Parker, 2014; Douglas, 2015; Kwong et al., 2017; Muhammad et al., 2017; Horak et al., 2020). Studies have shown that symbiotic bacteria in the genus Buchnera promote aphids’ fitness by providing essential amino acids (Douglas et al., 2001). Additionally, Citrobacter, a gut endosymbiotic bacterium of Bactrocera dorsalis, enhanced resistance against the organophosphate insecticide trichlorfon (Cheng et al., 2017). However, the microbiota of many insect species have not yet been well characterized, making it difficult to understand the composition and function of bacterial symbionts and their potential impacts on host ecology and evolution.

Harmonia axyridis is an important natural enemy in cotton fields. It is used as a biological control agent in agricultural and forest systems, owing to its high fertility and strong predation capacity (Kenis et al., 2020), and has been employed successfully as a biological control agent in many countries (Brown et al., 2008). Both larval and adult stages are polyphagous and prey upon various destructive agricultural pests (Muhammad et al., 2017), which play an important role in natural and agricultural ecosystems (He et al., 2018). Additionally, H. axyridis is a useful model species for environmental risk assessments (Desneux et al., 2007; Gao et al., 2021).

Harmonia axyridis is holometabolous, with four gradual stages (egg, larva, pupa, and adult) proceeding development. Currently little is known about the bacterial community structures across life stages, and how microbial populations change as a function of metamorphosis. Therefore, investigating the composition of bacterial endosymbionts across all life stages of H. axyridis is necessary. Moreover, it is important to understand the bacterial species richness, composition dynamics, and functional organization of endosymbionts for future studies on microbial symbiosis in this important insect species (Verstraete, 2007; Marzorati et al., 2010).

In this study, the bacterial community composition and relative abundance of eggs, larvae, pupae, and adults (male and female) of H. axyridis were investigated via high-throughput Illumina sequencing of the bacterial 16S rRNA gene fragment. Additionally, we investigated how H. axyridis-associated bacterial species richness, composition dynamics, and relative abundances varied by life stage, as well as the absolute abundance. Other studies have shown that differences in bacterial relative abundances determined by high-throughput techniques may not accurately reflect those of actual taxon abundances (Zhang et al., 2017). Therefore, we used 16S rRNA gene-targeted group-specific primers for quantitative PCR analysis of four identified predominant bacterial genera across the different developmental stages of H. axyridis. Detailed elucidation of H. axyridis bacterial symbionts will not only provide comprehensive insights into understanding the composition and functional roles of bacterial endosymbionts, but also contribute to the development of biological control strategies.



Materials and methods


Rearing and collection of Harmonia axyridis

Harmonia axyridis used in this study were collected from the field of Institute of Cotton Research of CAAS (Anyang, Henan, China). The H. axyridis population were reared in cages (35 cm × 35 cm × 35 cm) under the following conditions: 25°C ± 2°C; 14: 10 h light: dark cycle; and 70 ± 10% relative humidity (RH). Beetles were fed on pea aphids, Acyrthosiphon pisum, reared on Vicia faba plants in an artificial climate chamber under the following conditions: 20°C ± 2°C, 14: 10 h light: dark cycle, and 70% ± 10% relative humidity (RH).

All samples were collected within 24 h of emergence, including eggs, first-, second-, third-, and fourth-instar larvae, pupae, female adults, and male adults, and flash frozen in liquid nitrogen. One hundred individual eggs were pooled as a single sample; six repeats were used for each instar, with 20 individuals each instar pooled as a single sample.



DNA extraction and PCR amplification

Prior to DNA extraction, all samples were surface sterilized by washing 70% ethanol for 30 s, soaking in H2O2, followed by rinsing thrice with sterile water. TIANamp Genomic DNA Kit (TIANGEN Biotech, Beijing, China) was used for microbial DNA extraction. DNA concentration and purity were quantified using the NanoDrop 2000C spectrophotometer (Thermo Scientific, United States), and DNA quality was checked by 1% agarose gel electrophoresis.

For the bacterial 16S rRNA gene PCR amplification, the V3-V4 region of the 16S rRNA gene was amplified using the primer set 338F 5-ACTCCTACGGGAGGCAGCAG-3 and 806R 5-GGACTACHVGGGTWTCTAAT-3 (Chu et al., 2015) using a GeneAmp 9,700 thermocycler PCR system (ABI, United States). PCR reactions were carried out in triplicate in 20 μl mixtures that included 10 ng of template DNA, 4 μl of 5 × FastPfu Buffer, 2 μl of 2.5 mM dNTPs, 0.4 μl of FastPfu Polymerase, 0.8 μl (5 μM) of each primer, and nuclease-free water. The cycling conditions were as follows: initial denaturation at 95°C for 3 min, 29 cycles of 95°C for 30 s, 53°C for 30 s, and 72°C for 45 s, and a final extension at 72°C for 10 min. PCR products were visualized on 2% agarose gels after amplification.



Illumina MiSeq platform sequencing

PCR products were excised from 2% agarose gels, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), and quantified using QuantiFluor™-ST (Promega, United States) according to the manufacturer’s protocol. The purified amplicons were pooled in equimolar amounts, and sequencing was conducted on an Illumina MiSeq PE300 platform by Majorbio Co., Ltd. (Shanghai, China). A flowchart of the experimental procedure is provided in Supplementary Figure S1.



Bioinformatic analysis of 16S rDNA and statistical methods

Raw sequence reads of all samples were demultiplexed, quality-filtered using Trimmomatic, and merged using FLASH (Mago and Salzberg, 2011). The optimized sequences were clustered into operational taxonomic units (OTUs) using UPARSE (version 7.1, http://drive5.com/uparse/) based on sequence similarity of 97% (Edgar, 2013). Subsequently, all effective 16S rRNA gene sequences were aligned against the SILVA (SSU132) 16S rRNA database.1 Then, through the Ribosomal Database Project (RDP, http://rdp.Cme.msu.edu/) Classifier (Quast et al., 2012), the species classification information corresponding to each OTU was obtained using a 70% confidence threshold.

Based on the OTU results, rarefaction curves and alpha diversity indices referring to community diversity (Shannon and Simpson), community richness (Chao and Ace), and sequencing depth (Good’s coverage) were estimated using MOTHUR2 (Schloss et al., 2009; Caporaso et al., 2010). The differences in alpha diversity among groups were compared using one-way ANOVA for normally distributed data; non-normally distributed samples were subjected to the Kruskal–Wallis test to compare between treatments. A heatmap was generated from the relative abundance of OTUs using the Vegan Package in R (version 2.4; https://cran.r-project.org/web/packages/vegan/). For phylogenetic beta diversities, non-metric multidimensional scaling analysis (NMDS) was used for visualization using community membership and the relatedness of community members. To detect potential biomarkers, the linear discriminant analysis (LDA) effect size (LEfSe) method3 was used based on a normalized relative abundance matrix. The LEfSe method uses the Kruskal–Wallis test to identify features with significant differences across all life stages of H. axyridis and performs LDA to evaluate the effect size of each feature (Segata et al., 2011). In addition, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the Kyoto Encyclopedia of Genes and Genomes (KEGG) category and obtain the levels of metabolic pathway information (Langille et al., 2013).



Quantification of bacterial communities

Quantitative PCR (qPCR) was used to determine total copies of the 16S rRNA gene using universal bacterial 16S rDNA primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 355R (5′-CTGCTGCCTCCCGTAGGAGT-3′) on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). 20 μl reactions of 10 μl 2× TransStart Green qPCR SuperMix (TransGen Biotech, China), 1 μl of template DNA, 0.4 μl (each) 10 μM primer, 0.4 μl 50 × ROX, and 7.8 μl Nuclease-free-water, were performed in triplicate. The cycling conditions were 95°C for 3 min followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Quantification was based on standard curves produced from serial dilutions of the cloned target sequence in the pEASY-T3 cloning vector (TransGen Biotech, China). Each reaction plate had an independent standard curve. Additionally, we also determined the copy number of the eight most dominant bacterial genera following the same PCR conditions described above; primers and PCR efficiencies are shown in Supplementary Table S2.



Sequence data accession number

All 16S rRNA gene sequence data are available in the Sequence Read Archive under accession no. SRP254074.




Results


Overview of Harmonia axyridis microbiotas

In this study, we performed Illumina MiSeq sequencing of the bacterial 16S rRNA gene to analyze. After quality filtering and read merging, a total of 2,731,854 high-quality reads remained for subsequent analysis, which clustered into 2,455 OTUs based on 97% sequence similarity (Supplementary Table S1). The highest and lowest OTUs number were observed in eggs and second-instar larvae, respectively.

Harmonia axyridis, as a complete metamorphosis insect, has a complete life cycle including egg, larva, pupa, and adult (Figure 1). Alpha diversity indices were used to assess bacterial community richness (Chao1 and Ace) and diversity (Shannon and Simpson; Supplementary Figure S2; Supplementary Table S1). Significant differences in the community richness index were found between the second-instar larvae and all other stages (Supplementary Figure S2A), except for adults (Supplementary Figure S2B). The rarefaction curves of bacterial OTUs tended to be saturated (Supplementary Figure S3) and coverage values of all samples were more than 0.99 (Supplementary Table S1), suggesting that the sequencing depth and microbial diversity were enough to cover the majority of bacterial taxa present across all development stages of H. axyridis. We compared the community composition and structures of all samples using non-metric multidimensional scaling analysis (NMDS); the beta diversity of microbiota associated with different development stages of the ladybird was investigated by weighted and unweighted Unifrac. Diversity estimation suggested higher bacterial community richness and diversity in the eggs, followed by adults and pupae, with the second-instar larval stage having the least community richness and diversity (Figure 2).
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FIGURE 1
 Overview of development stages of the Harmonia axyridis.
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FIGURE 2
 Non-metric Multidimensional Scaling (NMDS) ordination based on (A), weighted and (B), unweighted UniFrac distances of bacterial communities of Harmonia axyridis.




Microbial community composition

Normalized sequences were aligned against the SILVA database and clustered into different taxonomic levels using a 70% threshold. A total of 36 phyla, 81 classes, 212 orders, 412 families, and 900 genera were identified (Figures 2, 3). Taxonomic classification revealed that Firmicutes was the most prevalent phylum in eggs and larval-stage samples, while Proteobacteria were the most prevalent in adult samples (both males and females) of H. axyridis. Figure 3A shows the microbial community composition at the phylum level (relative abundance > 0.1%); in all samples, the top four phyla with highest relative abundances were Firmicutes, Proteobacteria, Actinobacteria, and Cyanobacteria. The prevalence of Firmicutes was significantly higher in eggs (82.87%), first-instar larvae (71.70%), second-instar larvae (94.60%), third-instar larvae (73.76%), and fourth-instar larvae (85.97%), whereas it decreased sharply in the pupa (38.72%). After eclosion, the relative abundance of Firmicutes decreased (3.94%–8.58%) in adults, while the prevalence of Proteobacteria increased. Firmicutes (F = 33.39, df = 7, p < 0.001), Proteobacteria (F = 61.58 df = 7, p < 0.001), and Actinobacteria (F = 4.46 df = 7, p = 0.001) showed significantly different relative abundances across the entire life cycle.
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FIGURE 3
 Bacterial community composition at the level of (A), phyla (>0.01), (B), family (>0.01) and (C), genus (>0.01). *denotes unclassified operational taxonomic units (OTU) reported at higher taxonomic levels. Refer to Figure 1 for sample abbreviations.


Further comparison of the microbial communities was conducted at the family level; the community composition of bacterial families is presented in Figure 3B. A representative sample of 16 main families was screened, and 15 of these families were members of Firmicutes, Proteobacteria, and Actinobacteria. Within Firmicutes, Staphylococcaceae was the most abundant across all larval-stage samples, ranging widely from 69.05 to 93.75%; values ranged from 3.08 to 6.93% in adult samples. Comparatively, the most abundant taxa in the adult samples were Enterobacteriaceae, ranging narrowly from 78.99% to 81.36% (Figure 3B).

A community heatmap was generated to visualize the distribution of multiple OTUs across different developmental stages of H. axyridis (Supplementary Figure S4). Staphylococcus, Enterobacter, Glutamicibacter, Acinetobacter, Corynebacterium, Aeromonas, and Pseudomonas were the dominant genera (Supplementary Figure S4). The Staphylococcus genus was most abundant across the egg and all larval-stage samples, ranging widely from 68.30% to 93.75%, while it decreased sharply in the pupa (37.50%) and only accounted for 3.08%–6.93% in adult samples. In contrast, the Enterobacter genus was more abundant in adult samples, followed by the other dominant genera of Serratia (39.24%–62.22%), Glutamicibacter (0.66%–0.68%), and Acinetobacter (0.56%–1.37%). Additionally, it is noteworthy that Serratia was only found in adult and third-instar larval samples.



Significant differences in microbial communities across different developmental stages

We performed biomarker analysis using the linear discriminant analysis (LDA) effect size (LEfSe) method to identify changes in the abundance of bacterial taxa associated with the observed differences across all life stages of H. axyridis (Figure 4). At the genus level, 11 bacterial clades presented statistically significant differences with an LDA threshold of 4.0 (Supplementary Figure S5). Among them, two bacterial genera were present in the first-instar larva, one in the second-instar larva, one in the third-instar larva, three in the pupa, one in female adults, and three in the male adults (Figure 4). The 11 genera showed significant differences in relative abundance across different developmental stages of H. axyridis (p < 0.05, non-parametric factorial Kruskal–Wallis (KW) sum-rank test). Combined with the heatmap of the relative abundance of bacterial genera (Figure 3) and community composition of bacterial genera (Figure 2B), the results demonstrated that five bacterial genera could be used as signatures of H. axyridis life stage. Specifically, the most representative bacterial genera in eggs and larval-stage samples were Staphylococcus, Enterobacter, Glutamicibacter, and Acinetobacter, and the most representative bacterial genera in adult samples were Enterobacter, Serratia, and Staphylococcus.
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FIGURE 4
 Linear discriminant analysis effect size (LEfSe) analysis of microbial abundance across all life stages of Harmonia axyridis. Linear discriminant analysis (LDA) score identified the size of differentiation across all life stages of H. axyridis with a threshold value of 4.0.


To verify the accuracy of culture-independent analysis of the dominant bacterial genera described above, we used 16S rRNA gene-targeted group-specific primers for real-time PCR analysis of four identified predominant bacterial genera (Staphylococcus, Enterobacter, Glutamicibacter, and Acinetobacter) and total bacterial abundance across the different developmental stages of H. axyridis. The total bacterial copy numbers at different developmental stages were significantly different (p < 0.005, Kruskal–Wallis test)—those of eggs and adults (females and males) were the highest, while those of second-instar larvae were the lowest. The copy numbers showed that larval stages had very high numbers of Staphylococcus, which harbored two dominant species, Staphylococcus sciuri and Staphylococcus xylosus. Uniquely, the bacterial genus Acinetobacter was found in higher abundance only in third-instar larvae, with copy numbers being 714.21-fold higher than in second-instar larvae, and 43.46-fold higher than in adults (Supplementary Figure S6). The bacterial community structure across life stages of H. axyridis was again validated using qPCR analysis, and was consistent with the previously described results of the microbial community.



Functional prediction of microbiota

Using PICRUSt, we identified significant differences between the functional potentials of the bacterial community compositions across the different life stages of H. axyridis. We showed the pathway abundance at two levels: level 1 functional categories were displayed, including metabolism, environmental information processing, and genetic information processing at each developmental stage. In level 2, we showed the richness of the main pathways, including amino acid metabolism, carbohydrate metabolism, energy metabolism, and metabolism of cofactors and vitamins, presenting a major proportion of metabolic activity (Figure 5). On this basis, further dissection of the relationship between microbial abundance and functional roles is an important direction for further investigation.
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FIGURE 5
 Inferred functions of bacterial communities associated with Harmonia axyridis. All of the predicted Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways are shown at the second hierarchical level and grouped by major functional categories.





Discussion

Endosymbiotic bacteria of insects have recently become a key focus of much research because of their important roles such bacteria play in insect growth, development, reproduction, and host adaptability. Few studies have examined the microbial abundance and community structures of symbiotic bacteria across different developmental stages of insects, lacking comparisons of dynamic changes in microbial diversity (Eugeni et al., 2011; Salem et al., 2013). We used Illumina MiSeq deep sequencing of 16S rRNA genes to provide a comprehensive report of the bacterial communities in H. axyridis across all life stages.

Harmonia axyridis like other holometabolous insects, with each stage having distinct differences in morphology, structure, and function. The present study provides the first insight into the bacterial community structure, species richness, and dynamic changes across life stages (eggs, larvae, pupae, and adults (male and female)) of H. axyridis. This study found that a total of 2,455 OTUs were obtained from the sequencing results, and the annotated main taxonomic groups belonged to 36 phyla, 81 classes, 212 orders, 410 families, and 900 genera. Interestingly, diversity estimation analysis revealed that diversity indices and species richness varied across different developmental stages. Specifically, higher bacterial community richness and diversity were observed in eggs, followed by adults and pupae, and a significant difference was found in the community richness index between second-instar larvae and other stages. Overall, the results revealed that the diversity of bacterial communities differed significantly across different life stages; however, no effect was observed with respect to sex. Our study found that the microbial diversity of H. axyridis decreased significantly during the phase transition from egg to larva. This finding was similar to observations in other insects such as Chrysoperla sinica (Zhao et al., 2019), Adelphocoris suturalis (Xue et al., 2021), Spodoptera exigua (Gao et al., 2018), and Chironomus (Senderovich and Halpern, 2013). It is worth noting that the second-instar larvae stage of H. axyridis seems to be a special stage. We speculate that it may be the result of the interaction of species, food sources and living conditions, which needs further analysis and verification. Studies have shown that Buchnera is a primary symbiotic bacterium widely present in A. pisum. Secondary symbiotic bacteria in pea aphids in addition to the major Serratia, there are also Wolbachia and Hamiltonella (Martinez et al., 2014; Hrček et al., 2016; Skaljac et al., 2018). Harmonia axyridis began to prey on pea aphids in adult stage, which may explain the increase of Serratia composition in adult stage. Similar to previous reports on Drosophila, changes in the bacterial diversity of H. axyridis may be the result of a combination of diet (pea aphid feeding levels) and horizontal transmission (Chandler et al., 2011).

We also found that H. axyridis bacterial community were dominated by bacteria in the phyla Firmicutes and Proteobacteria, followed by Actinobacteria, Cyanobacteria, and Bacteroidetes across the entire life cycle (Figure 1A), which was similar to observations in other Coleoptera insects such as Octodonta nipae (Ali et al., 2019), Propylea japonica (Zhang et al., 2019), and Anoplophora glabripennis (Mason et al., 2018). The phylum Firmicutes frequently manipulates the bacterial community structure in various invertebrates, including Deltocephalinae leafhoppers (Kobia et al., 2018) and Bactrocera dorsalis (Huang et al., 2018). Firmicutes play significant roles in insect digestion, nutrient extraction, and organic matter degradation. Similarly, the phylum Proteobacteria can metabolize some secondary metabolites of insect host plants and maintain the development and reproduction of host insects (Dillon et al., 2002). Actinobacteria, another dominant group in H. axyridis, has been shown to play various metabolic and physiological functions including the synthesis of extracellular enzymes and secondary metabolites (Schrempf, 2001).

The most abundant genera in H. axyridis were Staphylococcus, Enterobacter, Glutamicibacter, Acinetobacter, and Serratia, unlike other ladybird species, among which Rickettsia, Wolbachia, and Spiroplasma bacteria were common (Weinert et al., 2007), but these observations were similar to those in Propylea japonica (Zhang et al., 2019). The Staphylococcus genus in phylum Firmicutes was dominant during the early developmental stages (eggs 81.94%, first-instar larvae 68.30%, second-instar larvae 93.75%, third-instar larvae 72.32%, fourth-instar larvae 85.46%, and pupae 37.50%). In nature, Staphylococcus infection is widespread and a large number of insects form symbiotic relationships with these bacteria. Unfortunately, the functional role of the genus Staphylococcus in insects is unclear. Adults had very high numbers of Enterobacter. Enterobacter has been reported to provide a number of substantial benefits to the biological traits of host insects, such as increased fecundity, shortened period of immature development stages, and improved male mating competitiveness and female mating receptivity (Kyritsis et al., 2019). This may be the best explanation for the enrichment of Enterobacter in the adult stage. Serratia is another dominant genus in the adult stage; in Rhynchophorus ferrugineus, Serratia has exhibited antimicrobial activity against bacterial pathogens and could be a potential biocontrol agent for pests (Scrascia et al., 2016). Throughout the development cycle of H. axyridis, Glutamicibacter and Acinetobacter were stable and continuous, with high abundances, indicating that they may play crucial roles in the growth and development of H. axyridis. Glutamicibacter and Acinetobacter are involved in many important functions, such as helping insects digest and absorb nutrients (Yang et al., 2014), providing protection against pathogens, and enhancing host fitness (Dillon and Dillon, 2004). Acinetobacter bacteria have strong drug resistance and play an important role in the immune response of insects because of their ability to degrade pesticides and other large molecular compounds, for their insect hosts (Hao et al., 2002; Li et al., 2020). These dominant symbiotic bacteria across all life stages of H. axyridis demonstrated important metabolic potential, suggesting that H. axyridis microbiota may play essential roles in their host physiology. Our analyses also revealed that metabolic processes were likely the main functional roles of microbial communities (Figure 3). In addition, the functions and pathways described above have so far only been based on the hypothesis found in other insects such as P. japonica, and may play different functions in the body of H. axyridis, which requires further testing and exploration.

Symbiotic bacteria can affect host fitness in many ways, including nutrition and regulating growth rate and stress tolerance (Ferrari et al., 2010; Ruokolainen et al., 2016). Although H. axyridis occupies a dominant position in field pest control, there is a lack of research on its bacterial diversity. We found that the dynamic changes of the flora of Enterobacter and Serratia, which are dominant from Staphylococcus to the final adult stage, are inseparable from the host development stage and dietary changes. The dominant genera of H. axyridis (Staphylococcus, Enterobacter, Gluconobacter, Acinetobacter, and Serratia) may play an important role in nutrient absorption, energy metabolism and environmental adaptation, thus affecting the development and reproduction of host insects. Finally, our study provides a better understanding of the diversity and community composition patterns of host-associated bacteria in different life cycle stages of ladybirds, which will provide an important theoretical basis for future research on symbiotic bacteria and help us understand the ecological and evolutionary roles of intestinal symbionts in this important insect assembly.



Conclusion

As an important natural enemy, and a non-target surrogate in environmental risk assessment of Bt rice, the microbial structure of H. axyridis is of concern. This article investigated the diversity and dynamics of bacterial symbionts across the egg, larval, pupae, and adults stages of H. axyridis. We found that the symbionts structure of H. axyridis significantly varied with age development. In addition, we also predicted the biological functions of different bacterial communities, and provided a basis for further research on the role of bacteria in this and other insects. This is the first bacterial community report to address the life history of the beneficial insect in the field, H. axyridis. Our study reveals our understanding of the community structure of H. axyridis throughout its life cycle, and further advances the environmental risk assessment and biocontrol strategies of dominant natural enemies.
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Introduction: Ambrosia beetles maintain strict associations with specific lineages of fungi. However, anthropogenic introductions of ambrosia beetles into new ecosystems can result in the lateral transfer of their symbionts to other ambrosia beetles. The ability of a Florida endemic ambrosia beetle, Xyleborus bispinatus, to feed and establish persistent associations with two of its known symbionts (Raffaelea subfusca and Raffaelea arxii) and two other fungi (Harringtonia lauricola and Fusarium sp. nov.), which are primary symbionts of invasive ambrosia beetles, was investigated.

Methods: The stability of these mutualisms and their effect on the beetle’s fitness were monitored over five consecutive generations. Surface-disinfested pupae with non-developed mycangia were reared separately on one of the four fungal symbionts. Non-treated beetles (i.e., lab colony) with previously colonized mycangia were used as a control group.

Results: Xyleborus bispinatus could exchange its fungal symbionts, survive, and reproduce on different fungal diets, including known fungal associates and phylogenetically distant fungi, which are plant pathogens and primary symbionts of other invasive ambrosia beetles. These changes in fungal diets resulted in persistent mutualisms, and some symbionts even increased the beetle’s reproduction. Females that developed on Fusarium sp. nov. had a significantly greater number of female offspring than non-treated beetles. Females that fed solely on Harringtonia or Raffaelea symbionts produced fewer female offspring.

Discussion: Even though some ambrosia beetles like X. bispinatus can partner with different ambrosia fungi, their symbiosis under natural conditions is modulated by their mycangium and possibly other environmental factors. However, exposure to symbionts of invasive beetles can result in stable partnerships with these fungi and affect the population dynamics of ambrosia beetles and their symbionts.
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 ambrosia beetles, flexible symbiosis, fungal partners, Fusarium, Harringtonia lauricola, laurel wilt, mutualism, Raffaelea lauricola


1. Introduction

Ambrosia beetles (Coleoptera: Curculionidae: Scolytinae and Platypodinae) live in obligate nutritional relationships with ambrosia fungi (Farrell et al., 2001; Mueller et al., 2005; Biedermann and Vega, 2020). In this mutualistic relationship, the fungi serve as food sources for the beetles, whereas the fungi rely on the beetles for protection, dispersal, and maintenance (Biedermann and Taborsky, 2011; Hulcr and Stelinski, 2017; Nuotclà et al., 2019). Some ambrosia beetles are associated with a single dominant mutualistic fungus, while others are associated with multiple fungal symbionts (Batra, 1963; Gebhardt et al., 2004; Harrington et al., 2010; Kostovcik et al., 2015; Menocal et al., 2017, 2018a; Cruz et al., 2018, 2019, 2021; Saucedo-Carabez et al., 2018; Carrillo et al., 2019). Females in the Xylosandrus and Euwallacea species-complex are commonly associated with Ambrosiella (Microascales: Ceratocystidaceae) and Fusarium (Hypocreales: Nectriaceae) species, respectively, whereas females in the genera Xyleborinus and Xyleborus are strictly associated with Raffaelea species (Ophiostomatales: Ophiostomateacea), suggesting that ambrosia beetles exhibit fidelity toward specific groups of fungal symbionts (Biedermann et al., 2009, 2013; Kasson et al., 2013; Bateman et al., 2015; Mayers et al., 2015, 2020a,b; O’Donnell et al., 2015; Biedermann, 2020).

A few studies have investigated ambrosia beetle symbiont exchange or transition to specific fungi. Carrillo et al. (2014) reported for the first time the lateral transfer of nutritional symbionts between native and exotic ambrosia beetles. Skelton et al. (2019) documented that Xylosandrus compactus Eichhoff can exchange nutritional fungal symbionts among closely related Ambrosiella species, but a shift to more phylogenetically distant fungal species is less likely to occur. In a different study, Carrillo et al. (2020a) demonstrated that various shot hole borers (Euwallacea spp.) can survive and reproduce using each other’s Fusarium fungal symbionts. These studies suggest that transition to other nutritional fungal symbionts could occur more commonly among congeneric ambrosia beetle species that share closely related fungi and in species with relatively small mycangia [pre-oral (Xyleborus spp.) vs. mesonotal mycangia (Xylosandrus spp.)] (Joseph and Keyhani, 2021; Mayers et al., 2022).

Acquisition of new fungal symbionts may occur naturally when one ambrosia beetle species interacts with the fungi inside the gallery system of another species or, when mature females that search for new hosts, encounter fungi present in the environment (Kendra et al., 2011; Carrillo et al., 2014; Rassati et al., 2019). However, only the first mechanism is expected to involve nutritional fungal symbionts. Nutritional ambrosia fungi are not directly transmitted from mother to offspring. Larvae grow feeding on symbiotic fungi, but their gut contents are emptied during the pupal stage. Then, naïve adults acquire their symbionts via feeding (Xyleborus and Euwallacea) or by close contact with the gallery walls (Xylosandrus). This period of independent growth is a critical point for the acquisition of new nutritional fungal symbiont (s) (Six, 2012).

Some invasive ambrosia beetles partner with plant pathogens that can seriously damage forest and agricultural systems (Hanula et al., 2008; Hulcr and Dunn, 2011; Six, 2012; Ploetz et al., 2013; Hughes et al., 2017; Hulcr and Stelinski, 2017). Two new diseases currently threaten avocado production in South Florida. Laurel wilt (LW) and Fusarium dieback (FD) are caused by Harringtonia lauricola (T. C. Harr, Fraedrich & Aghayeva) Z. W. de Beer & M. Procter and Fusarium sp. nov., primary symbionts of Xyleborus glabratus Eichhoff and Euwallacea perbrevis Schedl, respectively (Harrington and Fraedrich, 2010; Eskalen et al., 2013; Smith et al., 2019; de Beer et al., 2022). Although X. glabratus is rarely detected in avocado orchards, other native and exotic ambrosia beetles in these orchards have acquired H. lauricola via lateral transfer (Carrillo et al., 2014; Kendra et al., 2020; Cloonan et al., 2022). The LW pathogen is now associated with the mycangial communities of several Xyleborus, Ambrosiodmus, Xyleborinus, and Xylosandrus species (Carrillo et al., 2014; Ploetz et al., 2017; Cruz et al., 2021). Unlike H. lauricola and its secondary vectors, the FD pathogen (s) are only vectored by Euwallacea spp. However, experiments evaluating the interaction between Fusarium spp. and other Scolytinae species outside the genus Euwallacea are lacking.

Florida avocado orchards house a diverse community of ambrosia beetles that often breed in trees affected by either LW or FD (Carrillo et al., 2012, 2016; Kendra et al., 2017, 2020; Menocal et al., 2018b, 2022; Owens et al., 2019a,b; Rivera et al., 2020; Cloonan et al., 2022). One of these species, Xyleborus bispinatus Eichhoff, is a Florida native beetle that has shown plasticity in its fungal symbiosis (Cruz et al., 2018). This species has become relevant due to its frequent partnership with H. lauricola, and its ability to transmit the pathogen to healthy avocado trees (Carrillo et al., 2014). However, the persistence of this association, the possible additional association with FD pathogen (s), and the effect of these pathogens on the beetle’s fitness are still understudied. To gain insights into this novel partnership, the symbionts of X. bispinatus were removed and the symbiosis was re-established with selected ambrosia fungi species. The specific objectives of this study were to: (1) determine whether X. bispinatus can feed and reproduce on H. lauricola, Fusarium sp. nov., and its original nutritional symbionts R. subfusca and R. arxii, (2) determine how stable these associations could be over several generations, and (3) determine the effect that each fungal symbiont has on offspring production.



2. Materials and methods


2.1. Beetle collection, laboratory rearing, and aposymbiotic beetles

Xyleborus bispinatus adult females were collected in-flight at dusk from an avocado orchard (N25° 35′42” W80° 28′ 21″) (Kendra et al., 2012). Briefly, a white cotton fabric (3 × 3 m) was placed on the ground, and ethanol lures (ultra-high release; Contech Enterprises, Inc., Victoria, BC, Canada) were hung from a tripod at ~1 m above the fabric. Beetles landing on the fabric were collected and placed into plastic containers with moist tissue paper for transport to the laboratory. Then, all females were surface disinfested in 70% ethanol for 10 s to reduce contaminants that could jeopardize laboratory rearing. More active and vigorous females were introduced individually into rearing tubes filled with sterile avocado sawdust artificial media to start new colonies (Menocal et al., 2017, 2018a). Rearing tubes were stored in a walk-in rearing room (25 ± 1°C, 70% RH) for 24 days, allowing the new progeny to reach the pupal stage (Cruz et al., 2018). Then, colonies were dissected under sterile conditions in a laminar flow hood by systematically cutting the rearing media plug into small pieces. Gallery tunnels were opened carefully by removing the medium around them. All male and female pupae from a single colony were gently removed and placed into a sterilized Petri dish. Pupae were individually transferred to Eppendorf tubes to be surface-disinfested by a sequence of washes with phosphate-buffered saline (PBS) + 0.1% Tween, 2% sodium hypochlorite, 70% ethanol, and sterile water for 10, 5, 10, and 10 s, respectively. After the washes, presumably aposymbiotic pupae from each colony were regrouped and allowed to dry before being exposed to selected fungi.



2.2. Fungal isolates, growth conditions, and development of Xyleborus bispinatus on single fungal symbionts

Harringtonia lauricola, R. subfusca, and R. arxii isolates recovered from X. bispinatus and a Fusarium sp. isolate recovered from E. perbrevis were used in the experiment (Table 1). Spore solutions of each fungus were obtained by gently scraping two-week-old monosporic cultures with a sterile plastic rod (Fisher Scientific Catalog No. 23600896) and resuspending them in sterile water to a final concentration of 1 × 106 conidia/mL. The spore solutions (100 μl) were individually plated on 47-mm Petri dishes containing the same avocado sawdust media used to rear the beetles. These cultures were incubated at 25°C for 10 days in complete darkness until the avocado sawdust media was colonized entirely. Then, groups of one male and ten female aposymbiotic pupae from the same colony were transferred to the Petri dishes with the fungal cultures and maintained in complete darkness at room temperature (25°C). Several holes, 0.5 cm deep, were made on the surface of the artificial substrate to promote boring by emerging adults. Adults remained in the plates for 7–10 days to complete sclerotization, fungal acquisition, and mating. Afterward, 20 active, vigorous, and presumably fertilized females, exposed to a given fungal species were placed individually in rearing tubes with sterile avocado sawdust media to establish new colonies. Non-altered X. bispinatus colonies (i.e., with non-modified symbionts) containing R. arxii, R. subfusca, R. subalba, and numerous yeasts, but not H. lauricola (Cruz et al., 2018) were used as the control treatment. All colonies were dissected 40 days later to extract 20 new fully sclerotized females to start new colonies. This procedure was repeated until completing five generations. The number of female and male offspring was recorded for each colony of each generation.



TABLE 1 GenBank accession numbers and primers used for identification of four fungal symbionts used as diets by Xyleborus bispinatus in this study.
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2.3. Fungal symbiont recovery, quantification, DNA extraction, and PCR amplification

One female offspring from each colony and each generation was assayed for fungal presence. Briefly, females were surface disinfested in 70% ethanol, agitated for 10 s, and subsequently rinsed in sterile deionized water. Then, females were individually macerated in 500 μl of sterile water. Aliquots of 100 μl of the macerate were plated on cycloheximide-streptomycin-malt agar (CSMA), a selective medium for Ophiostomatales (Harrington et al., 2010), and potato dextrose agar amended with 0.1 g/l streptomycin (PDA+). Plates were incubated for 5–7 days at 25°C in complete darkness. The number of colony-forming units (CFUs) was recorded for each colony in each generation. Plates exhibiting contaminants such as Aspergillus spp., Penicillium spp., and/or more than one fungal phenotype were discarded along with its corresponding rearing tube. Plates displaying phenotypically identical CFUs were subcultured to obtain four to six single-spore cultures. DNA was extracted from the mycelium of monosporic isolates following a modified Cetyltrimethylammonium Bromide (CTAB) protocol (Doyle and Doyle, 1987). Fungal symbionts were identified using the nuclear ribosomal large subunit (28S), the nuclear ribosomal small subunit (18S), translation elongation factor 1-alpha (EF1α), RNA polymerase largest subunit (RPB1), and RNA polymerase second largest subunit (RPB2). Primers are listed in Table 1. In addition, the identity of H. lauricola was confirmed with two diagnostic microsatellite markers, CHK and IFW (Dreaden et al., 2014). PCR products were purified using ExoSAP-IT (Affymetrix, CA, USA) following the manufacturer’s guidelines. Sequencing of the PCR products was carried out by Eurofins genomics (Louisville, KY).



2.4. Statistical analysis

Data were analyzed using SAS v. 9.4 (PROC GLIMMIX, SAS Institute 2010, Cary, NC, USA). Separate one-way analyses of variance (ANOVA) per fungal symbiont were conducted to detect differences in the number of CFUs and female offspring among generations. Number of males were too few for statistical analysis. A negative binomial distribution was used when analyzing CFU data due to overdispersion in the dataset, and a Poisson distribution was used for female offspring production. Due to the non-normality of the data set and variance heterogeneity, separate Kruskal-Wallis tests were used to detect differences in female offspring production between each fungal symbiont against non-treated beetles in each generation. To determine which fungal symbiont supported more X. bispinatus progeny, female offspring were compared among fungal treatments through an analysis of variance (ANOVA) with a Poisson distribution. Finally, any significant differences were identified by multiple post-hoc comparisons (Tukey’s HSD test) at p < 0.05. All figures were generated using JMP Pro 14.




3. Results

The mean number of H. lauricola propagules recovered from X. bispinatus was relatively constant among generations (F = 0.4752; df = 4, 28; p = 0.7218) (Figure 1A). Females fed solely on H. lauricola increased reproduction (i.e., female offspring) in the first three generations and declined drastically in the last two (F = 9.4419; df = 4, 28; p < 0.0001) (Figure 1B). Switching to a H. lauricola diet resulted in significantly fewer female offspring than that recorded from control females with unaltered symbiosis throughout the five generations (F1: X2 = 9.3272, p = 0.0023; F2: X2 = 11.2295, p = 0.0008; F3: X2 = 7.4715, p = 0.0063; F4: X2 = 14.4687, p = 0.0023; F5: X2 = 12.4670, p = 0.0004) (Figure 1B). Notably, no individuals fed exclusively on H. lauricola survived after the fifth generation.
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FIGURE 1
 Xyleborus bispinatus performance with a single mutualistic fungus (Harringtonia lauricola). (A) Mean number of CFUs (▲) per female offspring per generation and (B) Mean number of female offspring (▲) produced by single female founder per generation. Same letters within the same color are not significantly different (Tukey HSD, α = 0.05). Asterisks show significant differences in female offspring between fungal symbiont and control within generation (Kruskall-Wallis, α = 0.05).


The number of R. subfusca propagules was not significantly different among generations (F = 0.8447; df = 4, 63; p = 0.6969) (Figure 2A). Females fed on R. subfusca diet produced a similar number of female offspring in the first three generations, but reproduction decreased in the last two (F = 6.2366; df = 4, 63; p = 0.0003) (Figure 2B). Females exposed to a R. subfusca diet produced an F1 with a similar number of females to the unaltered control (X2 = 2.5452, p = 0.1106). However, reproduction in subsequent generations was less than in the control (F2: X2 = 18.7822, p < 0.0001; F3: X2 = 18.9397, p < 0.0001; F4: X2 = 21.5985, p < 0.0001; F5: X2 = 25.1267, p < 0.0001) (Figure 2B).
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FIGURE 2
 Xyleborus bispinatus performance with a single mutualistic fungus (Raffaelea subfusca). (A) Mean number of CFUs (▲) recovered from single female offspring per generation and (B) Mean number of female offspring (▲) produced by single female founder per generation. Same letters within the same color are not significantly different (Tukey HSD, α = 0.05). Asterisks show significant differences in female offspring between fungal symbiont and control within generation (Kruskall-Wallis, α = 0.05).


The number of R. arxii propagules recovered from X. bispinatus varied significantly among generations (F = 5.2992; df = 4, 65; p = 0.0254). Raffaelea arxii CFUs were equally constant in the first three generations but increased in the last two (Figure 3A). Xyleborus bispinatus females transitioned to a R. arxii diet produced similar number of female offspring during five generations (F = 0.7125; df = 4, 65; p = 0.5864) (Figure 3B). The F1 female offspring of R. arxii fed females was similar to the control with unaltered symbiosis (X2 = 2.6894, p = 0.1010), but reproduction in subsequent generations was significantly less than in the control (F2: X2 = 12.2685, p = 0.0005; F3: X2 = 11.5424, p = 0.0007; F4: X2 = 19.3982, p < 0.0001; F5: X2 = 24.8068, p < 0.0001) (Figure 3B).
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FIGURE 3
 Xyleborus bispinatus performance with a single mutualistic fungus (Raffaelea arxii). (A) Mean number of CFUs (▲) recovered from single female offspring per generation and (B) Mean number of female offspring (▲) produced by single female founder per generation. Same letters within the same color are not significantly different (Tukey HSD, α = 0.05). Asterisks show significant differences in female offspring between fungal symbiont and control within generation (Kruskall-Wallis, α = 0.05).


Finally, the number of Fusarium sp. nov. propagules recovered from X. bispinatus varied significantly among generations (F = 4.2888; df = 4, 95; p = 0.0261). CFUs of Fusarium sp. nov. increased from the first to the second generation but decreased in the third generation remaining similar throughout the subsequent generations (Figure 4A). Xyleborus bispinatus females that fed on Fusarium sp. nov. diet produced a higher number of female offspring in the last four generations than in the first one (F = 13.5657; df = 4, 95; p < 0.0001) (Figure 4B). In the first generation, Fusarium sp. nov. fed females produced similar number of female offspring to the control, but reproduction increased in subsequent generations, significantly more than in the control (Figure 4B).
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FIGURE 4
 Xyleborus bispinatus performance with a single mutualistic fungus (Fusarium sp. nov.). (A) Mean number of CFUs (▲) recovered from single female offspring per generation and (B) Mean number of female offspring (▲) produced by single female founder per generation. Same letters within the same color are not significantly different (Tukey HSD, α = 0.05). Asterisks show significant differences in female offspring between fungal symbiont and control within generation (Kruskall-Wallis, α = 0.05).


The number of female offspring (F = 4.78; df = 4, 311; p < 0.0001) varied among fungal treatments (Figure 5). Females fed on a Fusarium sp. nov. diet produced the highest number of female offspring (Figure 5). Non-treated beetles (i.e., control) produced fewer individuals than those fed on Fusarium sp. nov., but significantly more than beetles reared on H. lauricola and the two Raffaelea species. There were no significant differences in the number of female offspring among H. lauricola and the Raffaelea treatments (Figure 5). The number of males ranged between 1 or 2 males per colony and did not vary among treatments.
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FIGURE 5
 Comparison of the mean number of female offspring (▲) produced by single female founder adapted to single fungal symbiont. Box plots topped with the same letter are not significantly different (Tukey HSD, α = 0.05).




4. Discussion

Laboratory reared X. bispinatus exhibits flexibility in its symbiotic associations and can establish stable populations feeding on different fungal diets, including known fungal associates and phylogenetically distant fungi, which are primary symbionts of other ambrosia beetle genera. These changes in fungal diets resulted in persistent mutualistic associations, and some symbionts even increased the beetle’s reproduction. However, ambrosia beetles exhibit high fidelity in their symbiotic relationships with specific groups of fungi under natural conditions. The mechanisms that drive this fidelity have been a matter of active and recent research. In some bark and ambrosia beetles, symbiont fidelity is thought to be mediated by the mycangium (Bracewell and Six, 2015; Mayers et al., 2015, 2020a,b, 2022; Li et al., 2017; Skelton et al., 2019). For instance, Ambrosiella fungi thrive in the mycangium of Xylosandrus beetles, whereas distantly unrelated fungi are suppressed. The mycangium of X. bispinatus does not appear to provide this type of selectivity, allowing mutualistic interactions with distant unrelated fungi. Xyleborus spp. have small pre-oral mycangia (Li et al., 2018; Spahr et al., 2020; Mayers et al., 2020a), which are presumed to be less selective or more permissive than larger, more complex mycangia (Mayers et al., 2015, 2020a; Hulcr and Stelinski, 2017; Joseph and Keyhani, 2021). We infer that species with less mycangial selectivity such as X. bispinatus are more likely to establish mutualisms with new ambrosia fungi. Interactions with other organisms inhabiting beetle galleries can also play an important role in the fidelity of ambrosia symbiosis. Grubbs et al. (2020) and Nuotclà et al. (2021) suggested that bacteria may selectively exclude non-mutualistic fungi from the galleries and mycangia. In addition, the mycangia may provide an environment and specific nutrients that favor the growth of particular nutritional fungi (e.g., biological screening). The host tree physiology may also affect symbiotic fungi and, thus, their association with a given beetle. Some ambrosia beetles target stressed trees producing ethanol while others do not. Ethanol-enriched wood favors the growth of particular nutritional symbionts while suppressing others. This suggests that ethanol content in wood may influence the symbiont composition and thus the likelihood of novel symbiont acquisition (Ranger et al., 2018; Cavaletto et al., 2021, 2022; Lehenberger et al., 2021b). However, such selective effects of substrate were not present in our artificial medium and may influence the effects of particular fungi on beetle fitness in vivo.

Some ambrosia beetles can use one or more closely related fungi (Skelton et al., 2019; Carrillo et al., 2020a) as nutritional food sources. Raffaelea species are common partners of Xyleborus species (Harrington et al., 2010; Campbell et al., 2016; Cruz et al., 2018, 2019; Saucedo-Carabez et al., 2018); therefore, the survival and reproduction of X. bispinatus on R. subfusca and R. arxii diets was expected. By contrast, X. bispinatus reared on H. lauricola declined progressively and stopped reproducing after five generations. This result suggests that H. lauricola was a suboptimal food source for X. bispinatus, which contrasts with previous reports indicating that this fungus enables high fecundity rates and significant brood production in this beetle (Saucedo et al., 2017). Our results also suggest that X. bispinatus benefits from feeding upon multiple ambrosia fungi. Colonies fed singly on H. lauricola or Raffaelea spp. had fewer female offspring than colonies from the control treatment (Figures 1B, 2B, 3B). In agreement with these results, a previous study demonstrated that wild X. bispinatus increased reproduction when H. lauricola was added to their diet (Menocal et al., 2018a). Altogether, the available information suggests that X. bispinatus benefits from the new partnership with H. lauricola, but it is unlikely to use it as its primary symbiont.

Mutualisms between Euwallacea beetles and Fusarium spp. are well recognized (Freeman et al., 2012, 2016; Carrillo et al., 2016, 2020b; O’Donnell et al., 2016; Kendra et al., 2022), but associations between Fusarium spp. and other ambrosia beetles are presumed to be incidental and non-mutualistic (Biedermann et al., 2013; Kostovcik et al., 2015; Bateman et al., 2016; Biedermann, 2020). In our study, X. bispinatus engaged in a persistent mutualism with Fusarium sp. nov. [currently >20 generations – data not shown]. This fungus sustained significantly more female offspring than any other single fungus or the unmanipulated colonies with several fungal symbionts (Figure 5). This result is noteworthy because Fusarium spp. belongs to a distant unrelated taxonomic order (Hypocreales) than most other ambrosia fungi (Ophiostomatales). Interestingly, Fusarium solani (Norris and Baker, 1967, 1968) and Fusarium sp. (AF-9) (Kasson et al., 2013) were reported as mycangial fungal partners of Xyleborus ferrugineus Fabricius. Moreover, X. ferrugineus and X. bispinatus were considered synonyms until Atkinson et al. (2013) recognized them as separate species. These results and our findings suggest that both beetles may exhibit mutualisms with Fusarium spp. and that these symbiotic relationships could be more common than previously presumed.

Our results suggest that exotic ambrosia beetles can induce changes in resident ambrosia beetle communities and their symbionts. In their native range, ambrosia beetles are rooted in a network of interactions with native symbiotic fungi, including endophytes, plant pathogens, and mutualists (Simmons et al., 2016; Carrillo et al., 2019). In invaded areas, ambrosia beetles face novel environments, new host opportunities, and potentially novel symbionts (Rassati et al., 2019). In some cases, invasive beetles may not survive in-or adapt to-a new environment (e.g., X. glabratus in avocado) but their fungi (e.g., H. lauricola) can establish novel partnerships with resident ambrosia beetles (Carrillo et al., 2014; Ploetz et al., 2017; Cruz et al., 2021). The symbionts’ ecology could play a major role in developing novel mutualisms. Most ambrosia beetle symbionts only grow in the xylem-sapwood in close proximity to the beetle galleries and inside the beetle mycangia. Unlike most Raffaelea species, H. lauricola displays systemic growth in its lauraceous hosts (Lynch et al., 2012; Ploetz et al., 2012; Campbell et al., 2017). This could be a significant contributing factor for the lateral transfer of this fungus to multiple ambrosia beetles in areas of recent invasion in the USA. For ambrosia fungi with localized growth, sympatric beetle breeding and natal gallery overlapping may be required for fungal exchange. Under these circumstances, competitive fungi displaying fast growth and the ability to nourish ambrosia beetles can outcompete other symbionts and engage in new partnerships. In our experiment, Fusarium sp. nov. appeared to colonize the rearing substrate faster than other fungi. Fusarium sp. nov. may be more nutritious or better at translocating elements from the rearing plug to its fruiting bodies. Fungal mutualists translocate essential elements such as calcium (Ca), nitrogen (N), phosphorous (P), potassium (K), magnesium (Mg), manganese (Mn), and sulfur (S), through their hyphae from the sapwood to fruiting structures in the galleries (Six and Elser, 2019; Lehenberger et al., 2021a). These elements are essential for fungal and beetle growth (Filipiak et al., 2016). A better understanding of the nutritional quality and growth patterns of ambrosia fungi may help identify species with invasive potential and predict novel ambrosia symbioses.

In conclusion, species such as X. bispinatus with fungus-feeding plasticity are likely to establish new symbiotic relationships with exotic ambrosia fungi like H. lauricola. However, our study was conducted under simplified laboratory conditions. Interactions with multiple abiotic (e.g., temperature, relative humidity) and biotic (plant-secondary compounds and other microbial players) factors under natural conditions may lead to other fitness effects and more complex associations. The ecology of the fungal symbionts may also play an important role in novel ambrosia symbiosis. Further experiments on ambrosia beetle symbiosis may help identify patterns and characteristics that make some species more likely to become invasive.
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Background: Soil-derived prokaryotic gut communities of the Japanese beetle Popillia japonica Newman (JB) larval gut include heterotrophic, ammonia-oxidizing, and methanogenic microbes potentially capable of promoting greenhouse gas (GHG) emissions. However, no research has directly explored GHG emissions or the eukaryotic microbiota associated with the larval gut of this invasive species. In particular, fungi are frequently associated with the insect gut where they produce digestive enzymes and aid in nutrient acquisition. Using a series of laboratory and field experiments, this study aimed to (1) assess the impact of JB larvae on soil GHG emissions; (2) characterize gut mycobiota associated with these larvae; and (3) examine how soil biological and physicochemical characteristics influence variation in both GHG emissions and the composition of larval gut mycobiota.

Methods: Manipulative laboratory experiments consisted of microcosms containing increasing densities of JB larvae alone or in clean (uninfested) soil. Field experiments included 10 locations across Indiana and Wisconsin where gas samples from soils, as well as JB and their associated soil were collected to analyze soil GHG emissions, and mycobiota (ITS survey), respectively.

Results: In laboratory trials, emission rates of CO2, CH4, and N2O from infested soil were ≥ 6.3× higher per larva than emissions from JB larvae alone whereas CO2 emission rates from soils previously infested by JB larvae were 1.3× higher than emissions from JB larvae alone. In the field, JB larval density was a significant predictor of CO2 emissions from infested soils, and both CO2 and CH4 emissions were higher in previously infested soils. We found that geographic location had the greatest influence on variation in larval gut mycobiota, although the effects of compartment (i.e., soil, midgut and hindgut) were also significant. There was substantial overlap in the composition and prevalence of the core fungal mycobiota across compartments with prominent fungal taxa being associated with cellulose degradation and prokaryotic methane production/consumption. Soil physicochemical characteristics such as organic matter, cation exchange capacity, sand, and water holding capacity, were also correlated with both soil GHG emission, and fungal a-diversity within the JB larval gut. Conclusions: Results indicate JB larvae promote GHG emissions from the soil directly through metabolic activities, and indirectly by creating soil conditions that favor GHG-associated microbial activity. Fungal communities associated with the JB larval gut are primarily influenced by adaptation to local soils, with many prominent members of that consortium potentially contributing to C and N transformations capable of influencing GHG emissions from infested soil.

KEYWORDS
 carbon dioxide, methane, nitrous oxide, Japanese beetles, fungal ITS1, core mycobiota


1. Introduction

Soil processes that produce greenhouse gases (GHGs) are largely controlled by substrate availability together with physical, chemical and biological factors that influence the degradation and utilization of organic materials (Lubbers et al., 2013). Soil biota, including prokaryotic and eukaryotic microorganisms, soil fauna, and plant roots contribute to these processes through physical and metabolic activities that enhance decomposition resulting in the production of CO2 and other GHGs (Lubbers et al., 2013; Oertel et al., 2016; Griffiths et al., 2021). Although underrepresented in the literature, soil fauna may influence GHG fluxes directly via metabolism and respiration, and indirectly by influencing plant productivity and soil processes through a combination of activities. These activities include herbivory, dispersion of or grazing on microorganisms, fragmentation and redistribution of organic matter, defecation of microbes and nutrient rich compounds, and soil aggregate formation (Kuiper et al., 2013; Lubbers et al., 2013; Filser et al., 2016; Gan et al., 2018; Gan and Wickings, 2020; Görres and Kammann, 2020). Although their importance and abundance in soil is undisputed, the magnitude of the effect of soil fauna on net soil GHG emissions remains poorly quantified with investigations limited to only a few species.

Arthropods comprise the vast majority of soil macrofauna (97%; Decaëns et al., 2006) and several taxa, including millipedes, cockroaches, termites, and scarab beetles, have been associated with increased GHG emissions from the soil (Hackstein and Stumm, 1994; Hackstein and van Alen, 2018). Aside from their negative impacts on the productivity and sustainability of managed ecosystems, scarab beetles produce all three major GHGs (CO2, CH4, and N2O; Majeed et al., 2014; Görres and Kammann, 2020) with an estimated contribution of 0.2%–1.8% of total soil N2O emissions in tropical areas of the planet. In light of their contribution to GHG emissions from soil, their growing importance as agricultural pests, and growing global distribution as a consequence of climate change (Kistner-Thomas, 2019), the larvae of invasive, soil-dwelling scarabs represent an understudied, but potentially important driver of global GHG emissions presently and in the future.

The Japanese beetle (JB), Popillia japonica Newman (Coleoptera: Scarabaeidae), is a highly destructive scarab pest with economic impacts estimated in excess of $460 million per year in the United States alone (United States Department of Agriculture, and Animal and Plant Health Inspection Service, 2015). Most of these costs are directly attributable to control and damage from both larval and adult stages. Despite concerted federal and state efforts at eradication and control, and over a century of research, this invasive species is still considered a major pest that has successfully invaded most U.S. states East of the Mississippi River. It has also recently become established on the European mainland (European and Mediterranean Plant Protection Organization, 2016), and climate models place millions of additional hectares globally at risk for JB invasion (Kistner-Thomas, 2019). Although the adults live for only 4- to 6-weeks, feeding above-ground on the foliage, flowers, or fruits of >300 host plant species in >79 plant families, females burrow into the soil to lay their eggs (Potter and Held, 2002; Shanovich et al., 2019). Development of the resulting larvae proceeds through three instars, with the entire larval stage feeding below-ground on soil organic matter and plant roots for 9–10 months of the insect’s 1 year life cycle (Britton and Johnson, 1938).

Resultingly, JB larvae accelerate root inputs to soil and stimulate the decomposition of existing soil organic matter (Gan et al., 2018). The presence of robust, soil-derived prokaryotic communities in the JB gut include heterotrophic, ammonia-oxidizing, and methanogenic prokaryotic microbes (Chouaia et al., 2019; Avila-Arias et al., 2022), potentially capable of promoting GHG emissions. To date, little research has explored the community of eukaryotic microbes associated with the JB larval gut. In particular, robust fungal communities are frequently associated with insects (Gibson and Hunter, 2010) where they produce digestive enzymes and aid in nutrient acquisition by providing sugars, fats, and vitamins (Gibson and Hunter, 2010; Oliver and Martinez, 2014; Malassigné et al., 2021). Aside from reports that some fungi have the ability to directly produce and release CH4 (Lenhart et al., 2012; Liu et al., 2015), fungal decomposition of organic matter provides essential substrates for methanogenic bacteria and archaea associated with GHG production (Lenhart et al., 2012; Liu et al., 2022). Soil fungi also influence the spatial distribution of archaea, methane oxidizing bacteria, and denitrifying bacteria (Burke et al., 2012), thereby indirectly influencing the ability of soils to produce and store GHGs.

Understanding how JB influences GHG production could help inform regulators by clarifying linkages between the distribution and movement of invasive species and their potential impacts on climate change. Furthermore, understanding interactions between soil fungi and the JB larval gut further help explain the distribution and abundance of this insect and provide insights into the ecological or physiological importance of fungal microbes in the biology of JB. This study aimed to assess the impact of JB larvae on soil GHG emissions (CO2, CH4, and N2O), both in manipulative laboratory experiments, and at infested locations in the field. Further, we characterized gut fungal communities associated with soil-dwelling JB larvae and examined how local soil environments influence variation in the composition of these communities within different compartments of the JB gut. Due to the highly invasive nature of JB and the intense larval activity below-ground, we hypothesize that JB infestation increases GHG emission from soil, and that mycobiota associated with the JB alimentary canal is a function of adaptation to local soil environments, as seen for prokaryotic communities (Avila-Arias et al., 2022).



2. Materials and methods


2.1. Field locations

A select set of greenhouse gases, JB larvae, and soil samples were collected from several locations across Indiana and Wisconsin, United States (Table 1). Eight locations with a known history of natural JB infestation were identified with the assistance of property managers. The locations were selected by surveying the reported areas and identifying contiguous paired patches of infested and relatively uninfested soil for comparison. All these paired locations consisted of natural JB infestations occurring under monocultures of Poa pratensis (Kentucky bluegrass) maintained as turfgrass at a height of 5.1 cm by regular mowing.



TABLE 1 Soil properties at field locations infested with Japanese beetle (Popillia japonica Newman) larvae where gas (2018 and 2019) samples, and larvae and soil samples for ITS survey were collected (2018).
[image: Table1]

At another location (Throckmorton-Purdue Agricultural Center, TPAC), infestations were created artificially on agricultural soil subjected to 30+ years of rotational corn and soybean. These infestations were created by caging JB adults on the soil and allowing them to oviposit as described elsewhere (Avila-Arias et al., 2022). A set of uninfested plots were included in the design.

Soil texture (sand:silt:clay), % organic matter (OM), pH, and cation exchange capacity (CEC) were determined at all locations by A&L Great Lakes (Fort Wayne, IN, United States) following standard procedures.1 These variables were used later to help describe variation in GHG emissions and fungal community composition.



2.2. Variation in GHG emissions from JB larvae and soils

To determine the influence of JB larval infestation on GHG emissions, we employed a series of manipulative, laboratory and field experiments. Manipulative experiments examined how JB larval density influenced GHG emissions in microcosms that contained JB larvae alone, soil infested with JB larvae, and previously infested soil after the larvae were removed. In contrast, two different methodologies were followed to assess these relationships in the field. In 2018, soils from paired, high (>160 larvae·m−2) and low (<130 larvae·m−2) infestation plots (Supplementary Figure S2) were collected and GHG emissions from these soils were evaluated in microcosms under controlled, laboratory conditions. A second and complementary approach performed in 2019 employed field collection of GHG emissions from infested locations, immediately followed by collection and quantification of larval densities within each experimental unit to serve as a predictor variable.


2.2.1. Manipulative laboratory experiments

Third instar larvae of the JB were collected on 1st October 2019, from a naturally infested location in Lafayette, IN, United States (Purdy, Table 1). Larvae were collected by removing visually affected sod and, if necessary, excavating the soil by hand. Larvae were maintained in a plastic bin containing soil from the collection site, transported to the laboratory, and kept overnight at 16°C prior to being used in microcosm experiments. Each microcosm consisted of a 473 mL clear, glass, wide-mouth canning jar containing one of four densities of field-collected larvae: 0, 5, 8, or 10, and each treatment was replicated 5 times in each experiment. All laboratory experiments utilized third instar JB larvae, all of which were identified to species based on the conformation of the raster pattern using Richmond (2022) as a guide. The developmental instar was determined by body length and head capsule diameter (Fleming, 1972).


2.2.1.1. Isolated larvae

To determine GHG emissions from larvae alone, i.e., isolated larvae without the influence of the soil, we arranged varying densities of field-collected larvae into otherwise empty microcosms. Larvae were placed individually within vials to avoid fights and damage between the larvae and to restrict movement and placed on “hammocks” to avoid excessive larval contact with frass generated during the incubation period. Regardless of the larvae density, each microcosm consisted of 10 glass shell vials (1.8 × 7.0 cm) each holding a “hammock.” “Hammocks” consisted of a 3 × 3 cm square fabricated portion of nylon screen placed horizontally within the vial and located 1 cm from the bottom of the vial. After soil particles were carefully removed from the larvae using a clean paint brush, larvae were transferred to a microcosm and placed individually on a hammock within a vial.



2.2.1.2. Infested soil

A second set of larvae were identified and cleaned of soil using a clean brush and transferred to sieved (2 mm) soil collected from an uninfested location at the Purdue Nursery, West Lafayette, IN, United States. Larvae were placed in plastic bins containing the Purdue Nursery soil and maintained at room temperature (21°C) for 48 h, as a conditioning period. The objective of the conditioning period was to allow larvae to adapt to the new soil and void their guts of previously ingested materials that could be introduced from their previous environment. Conditioned larvae were then transferred to microcosms containing 100 g dry weight of fresh, uninfested, sieved Nursery soil maintained at water holding capacity (WHC). Larvae were allowed to tunnel and feed within this soil for 96 h. Soil moisture, and larval health were checked daily, and unhealthy larvae were immediately replaced with healthy larvae maintained in a conditioning bin.



2.2.1.3. Previously infested soil

After gas samples were collected from the infested soil microcosms containing different larval densities, larvae were carefully removed from the microcosms, soil was mixed with a spatula, soil moisture was adjusted to WHC, and the microcosms containing only the previously infested soil were incubated for an additional 24 h and held at room temperature (21°C). After this 24 h period, soil was again mixed, soil moisture was adjusted, and GHG sampling was immediately performed.

In each microcosm setting described above, GHGs were collected from the head-space above the soil as described in section 2.2.3.1.




2.2.2. Manipulative and natural experiments in the field

Gas samples were collected from the soil at several locations across Indiana and Wisconsin, United States (Table 1). In 2018, paired plots (5 × 5 m) were identified at six locations based on their relative JB infestation level (i.e., high, or low). One plot was located in a patch that was heavily infested (ranging from 161.5 to 635.1 larvae·m−2) with a natural population of JB, and another plot was located close-by on the same soil type and in a relatively uninfested patch (ranging from 0 to 64.6 larvae·m−2). Larval infestation levels in each plot were estimated by randomly extracting 20 soil cores (10.8 cm diameter × 7.6 cm depth) and quantifying the number of larvae in each core by carefully breaking apart the soil. Although 90.8% of the larvae found were identified as JB, four of the 12 plots also contained one other species (masked chafers Cyclocephala spp.). Additionally, three independent soil samples were collected for GHG analysis from each plot during the 17th September–3rd October sampling period. These soil cores (20.3 cm diameter × 2.5 cm depth) were collected, and plant roots, stones, arthropods and debris were removed. Soil was placed in a labeled Ziploc bag, enclosed in a cooler with ice blocks, transported to the laboratory, and stored at 15°C for further GHG analysis using microcosms. Microcosms consisted of 100 g of soil placed inside a 473 mL clear, glass, wide-mouth canning jars.

In 2019, gas samples were collected under field conditions immediately followed by JB larval density determination. Only JB larvae were present, with second instar larvae comprising over 70% of the population. GHGs were collected between 3rd September and 1st October.



2.2.3. Gas sampling


2.2.3.1. Gas sampling from microcosms

Once samples in microcosms were set, a gas sampling lid was immediately placed on each microcosm and hermetically closed using aluminum canning rings. Microcosm gas sampling lids (Supplementary Figure S1A) were fabricated from standard, wide-mouth canning lids with a re-sealable rubber septum fitted through the lid to accommodate two small ports. The sampling port consisted of a 18G needle inserted through the rubber septum, connected to 17.8 cm extension male and female Luer locks, and a one-way polycarbonate male Luer lock to female Luer stopcock. The pressure regulator port, that allowed pressure regulation within the microcosm while gas samples were drawn, consisted of a 23G needle inserted through the rubber septum.

For gas sampling from experiments using larvae and soil under controlled conditions, microcosms were incubated for 6 h at room temperature (21°C). One 25 mL volume of headspace gas sample was collected from each microcosm at 1, 2, 4, and 6 h during the incubation period, using a 30 mL hypodermic Luer-lock syringe. For gas sampling from soils collected from the field in 2018, microcosms were incubated for 4 h at room temperature (21°C). A single 25 mL headspace gas sample was collected at 4 h (end of the incubation period), using a 30 mL hypodermic Luer-lock syringe.

After collection, gas samples were transferred into 20 mL GC vials (Agilent, Santa Clara, CA, United States, catalog # 5188-2753) previously evacuated to <10−5 MPa and sealed with magnetic caps (Agilent, Santa Clara, CA, United States, catalog # 5188-2759) for gas quantification.



2.2.3.2. Gas sampling in the field

At each location, 10 PVC cylinders (15.2-cm length × 20.3-cm diameter) with a single beveled edge were driven into the soil using a pressure treated, 9.5 cm × 9.5 cm × 30.5 cm wood block and a mallet. Cylinders were firmly placed into the soil to a depth of approximately 2.5 cm, covered with gas sampling lids (Supplementary Figure S1B) and two clay bricks to provide stability. These lids were fabricated in four layers; the first layer consisted of a food grade, plastic snap-cap lid (Berry Global, Evansville, IN, United States part # L808) with a 5 cm × 2 cm perforation in the middle to allow for the ports to pass through. The second layer consisted of corrugated cardboard to provide rigidity. The third layer was a 25.4-cm silicone lid with three built-in ports, and the fourth layer consisted of double bubble reflective foil insulation to reduce heat build-up inside the chamber. Lids contained an integrated thermometer, sampling, and pressure regulator ports. Headspace gas samples (25 mL) were withdrawn using a 30 mL hypodermic Luer-lock syringe and immediately transferred into 20 mL GC vials (Agilent, Santa Clara, CA, United States catalog # 5188-2753) previously evacuated to <10−5 MPa and sealed with magnetic caps (Agilent, Santa Clara, CA, United States catalog # 5188-2759). Samples were collected at 15, 30, 45, and 60 min after the lids were placed on the cylinders. After gas samples were collected, JB larval density in each cylinder was determined by excavating and breaking apart the top 10 cm of sod and soil lying directly within each cylinder and counting and identifying all scarab larvae present.




2.2.4. Gas quantification

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) concentrations were determined by gas chromatography using the method described in Avila-Arias et al. (2019). Briefly, the chromatograph (Agilent 7890 GC) was equipped with a flame ionization detector (FID), a thermal conductivity detector (TCD), a micro electron capturing detector (μECD; Santa Clara, CA, United States) and an autosampler (model 120) upgraded for headspace analysis (Quantum Analytics, Foster City, CA, United States). Helium was used as a carrier and make-up gas for the FID and TCD. Nitrogen was used as a make-up gas for the μECD. Injector temperature was 100°C with a flow rate of 40 mL·min−1. Initial oven temperature was 40°C for 3.5 min then ramped 50°C·min−1 to 100°C, holding for 2.3 min. Gas concentrations (μmol·mol−1) were determined using external standards (Matheson Tri-gas®, Montgomery, PA, United States).

Gas emissions were expressed on a mass basis per unit of soil and accumulation time. Mass basis was calculated by using the universal gas law accounting for headspace volume, temperature, and atmospheric pressure. The resulting mass basis was then normalized by dry soil weight (Kgdw) for the microcosms or soil area (m2) for the field cylinders. Gas emission was then calculated by finding the difference (Δ) in accumulated gas between sample collection intervals and the average of these per experimental unit (i.e., microcosm or cylinder), and expressed as mg, μg, or ng gas·Kg−1·h−1 (microcosms), or mg or μg gas·m−2·h−1 (field). These values were used for statistical analysis.



2.2.5. Statistical analysis for GHG emission analysis

Statistical analysis was performed using R (R Core Team, 2021). For the manipulative experiments, the lm function was used to fit linear regression models using the gas emission value as the response variable and larval density (i.e., 0, 5, 8, or 10) as the predictor. For the field data, the lme4 (Bates et al., 2015) package was used to perform linear mixed-effects analysis with gas emission value as the response variable, larval density and soil physical/chemical characteristics as the fixed-effect terms, and location as the random effect term. Larval density was used as a discrete (high or low) variable for 2018 data, and as a continuous variable for 2019 experiments. The relationship was considered statistically significant at α ≤ 0.05. Residuals for regression models were checked for normality using the Shapiro–Wilk test and by exploring Q-Q plots. In cases where model assumptions were not met, transformation of data was attempted, and all results are reported as back-transformed means. Figures were generated using the ggplot2 R package (Wickham et al., 2016).




2.3. Variation in the fungal microbiota of third instar larval guts and soil


2.3.1. Sample collection, DNA extraction, and ITS sequencing

To characterize the variation in the gut fungal community of third instar JB larval and infested soil, samples (three biological replicates for each sample category) were collected from seven locations across Indiana and Wisconsin, United States (Table 1). Third instar larvae and soil samples were collected as described elsewhere (Avila-Arias et al., 2022). Briefly, third instar larvae were collected from the soil at naturally infested locations using a soil coring device. Additionally, a shovel was used to pry previously infested cylinders from the ground to collect the larvae at the artificially infested location (TPAC). Composite soil samples for our microbial survey were collected using a soil coring device (20 soil cores, to 2.5 cm depth). Samples were placed in plastic Ziploc bags, placed into a cooler with ice packs and transported to the laboratory. Larvae were then stored in a low temperature incubator (15°C) until dissection. Soil samples were stored at 4°C. Aside from the five locations with natural infestations (i.e., Blackhawk, Culver, Janesville1, Janesville2, and Purdy), the TPAC (artificial infestation) field site was used to compare gut fungal communities in JB larvae between sites with different management histories (e.g., agricultural vs. turfgrass). An additional, manipulated larval treatment was designed to examine how gut microbiota of third instar larvae collected from a given location (Purdy) would be altered by incubating those larvae in soil from an alternate location (Purdue Nursery).

Third instar larval gut dissection was performed as described elsewhere (Avila-Arias et al., 2022). Briefly, third instar larvae were identified to species based on the conformation of the raster pattern using Richmond (2022) as a guide, cleaned and surface disinfected using 70% ethanol. Gut contents were aseptically dissected, divided into the midgut and the hindgut sections, placed separately in DNA extraction buffer, and stored at −20°C until processed. Total genomic DNA was extracted from JB gut and soil samples using the DNeasy Power Soil Kit (Qiagen, Valencia, CA, United States) following the manufacturer’s instructions. DNA quality and purity were assessed by NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, United States), using absorbance ratios of 260/280 nm (1.8–2.0) and of 260/230 nm (>1.7). DNA integrity was confirmed by electrophoresis in a 1% agarose gel with 1 × TAE buffer. Genomic DNA extracted from the samples was stored at −20°C prior to amplification and sequencing.

Fungal internal transcribed spacer (ITS) region-spanning libraries were generated at the Environmental Sample Preparation and Sequencing Facility (ESPSF) at Argonne National Laboratory (Lemont, IL, United States) following the Earth Microbiome Project benchmarked protocol.2 The fungal microbial ITS1 region was amplified using primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′; Walters et al., 2016). Pooled amplicons were sequenced on a multiplexed Illumina MiSeq 1 × 300-bp platform at ESPSF.



2.3.2. Bioinformatics and statistical analysis

Bioinformatic analysis was performed using the AMPtk v1.2.4 pipeline (Palmer et al., 2018).3 Raw FASTQ reads were demultiplexed and quality trimmed using VSEARCH. Reads were then clustered into operational taxonomic units (OTUs) using the UPARSE algorithm with default parameters (singletons removed, 97% identity to OTU threshold). An OTU table was generated by mapping the original reads to the OTUs using VSEARCH v2.7.1 (Rognes et al., 2016). Taxonomy was assigned using the default hybrid method, which is a combination of UTAX and global alignment [USEARCH v9.2.64 (Edgar, 2010)] to the UNITE v8.0 database (Nilsson et al., 2018), and non-fungal OTUs were removed prior to downstream data processing.

BIOM data from the AMPtk pipeline was analyzed using QIIME2 2020.2 (Bolyen et al., 2019). After importing the data, further filtering of OTUs (i.e., assigned at least to the taxonomic rank of kingdom and observed in at least 2 samples) was applied to reduce sequencing errors. Diversity metrics were estimated using the q2-diversity plugin with a resampling depth of 3,537 sequences per sample, in accordance with the lowest library size. To evaluate α-diversity, observed OTUs (richness), evenness (Pielou, 1966), and Shannon diversity (richness and evenness; Shannon and Weaver, 1949) were calculated per sample. We generated boxplots using the ggplot2 R package (Wickham et al., 2016). Several different approaches were used to evaluate β-diversity, including the Jaccard distance index (Jaccard, 1901) which is an unweighted metric reflecting the absence/presence of OTUs, and the Bray–Curtis dissimilarity statistic (Bray and Curtis, 1957), which is a weighted statistic that accounts for the abundance of OTUs. Additionally, β-diversity was compared between compartments using DEICODE (matrix completion based and robust Aitchison principal component analysis; Martino et al., 2019) via the q2-deicode rpca plugin, which does not use sample rarefaction. In fact, DEICODE was chosen because of its capacity to process datasets that include zeros, its stability without rarefaction, and its ability to preserve feature loadings that are linked to sample ordinations that can be used for further analysis.

Statistical analyses were planned to elucidate the influence of location and compartment (i.e., soil and gut region) on variation in microbial diversity, and identify soil physical/chemical parameters that could potentially explain interactions between location and compartment, as described in detail elsewhere (Avila-Arias et al., 2022). Statistical analysis of α-diversity of the JB larval gut and soil microbiota was performed using R (v3.6.1). Models were chosen based on residual analysis and the assumptions of the models. In each case parametric analyses were preferred but were only used when appropriate. Normality and homogeneity of variance of the residuals were examined using Shapiro–Wilk (stats-package) and Levene’s (car-package) tests, respectively. The influence of location, compartment (soil, midgut, and hindgut), and their interaction (location × compartment) on α-diversity were examined using the Aligned Rank Transform (ART) procedure; a nonparametric approach similar to factorial ANOVA (ARTool package; Wobbrock et al., 2011; Kay et al., 2019). Location × compartment interactions were decomposed using three different procedures. Differences between compartments were compared across locations (across locations) using contrasts (emmeans-package) to produce differences of differences. Pairwise comparisons resulting from this approach were statistically grouped using the cldList function in rcompanion (v2.3.25). This analysis allowed us to examine how changes in fungal α-diversity from one compartment to another varied between locations by comparing the trajectory of change between compartments. Next, within a given location (within location), differences between compartments were accentuated using a Kruskal-Wallis H test (non-parametric one-way ANOVA on ranks) with compartment serving as the independent variable and α-diversity serving as the dependent variable. This procedure provided insights into how α-diversity varied between compartments at each location. Our last approach compared variation in α-diversity within compartments (within compartment), but across locations. To accomplish this, we used one-way ANOVA and Tukey’s HSD. Location was the independent variable and α-diversity was the dependent variable.

Two-way permutational analysis of variance (PERMANOVA, Adonis; Anderson, 2001; Oksanen et al., 2018) was used to examine the influence of location, compartment, and their interaction on variation in β-diversity (999 permutations, q2-diversity plugin). The q2-permdisp plugin was used to conduct permutational analysis of multivariate dispersion (PERMDISP; Anderson, 2001), with either location or compartment as the main effect. These two tests (PERMANOVA and PERMDISP) were also used to examine each compartment independently in order to assess the influence of location on β-diversity variation and dispersion. We used QIIME 2 plugin wrap Emperor (Vázquez-Baeza et al., 2013) to visualize β-diversity Principal Coordinate Analyses (PCoA). Biplots were generated using DEICODE.

The bioinformatics tools implemented in MicrobiomeAnalyst (Dhariwal et al., 2017; Chong et al., 2020) were used to perform core microbiota analyses. We defined the core microbiota using flexible criteria with taxa displaying prevalence >0.19 at a minimum detection threshold of 1% relative abundance being considered part of the core. ComplexHeatmap (v2.2.0; Gu et al., 2016) and circlize (v0.4.8; Gu et al., 2014) were used to generate heatmaps characterizing the fungal communities. Heatmaps incorporated hierarchical clustering of features using Euclidean distance and the average method for orders and taxa with abundance ≥0.016% (35 sequences, ~1% of rarefaction at 3,537) among all samples.

Spearman’s (non-parametric) rank-order correlation test in the PAST v4.10 software (Hammer et al., 2001) was used to examine correlations between JB gut α-diversity and host soil physical/chemical characteristics. The relationships between OTU composition in each JB gut compartment and the physical/chemical characteristics of host soil were examined with canonical correspondence analysis (CCA) using the cca() function in R 4.1.1, package vegan v2.5–7. The significance of constraints in the CCAs were assessed using an ANOVA-like permutation test (999 permutations) using the anova.cca() function in R 4.1.1, package vegan v2.5-7.





3. Results


3.1. GHG emissions from JB larvae


3.1.1. Gas emissions from manipulative experiments

The purpose of these experiments was to analyze the gasses emitted by isolated JB larvae without the influence of soil, as well as the influence of larvae on soil during and after infestation under controlled laboratory conditions. Our findings indicate that JB larval density influences soil emissions of CO2, CH4 and NO2 both directly and indirectly (Figure 1; Supplementary Table S1).
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FIGURE 1
 (A–C) Carbon dioxide (CO2), (D–F) methane (CH4), and (G–I) nitrous oxide (N2O) gas emissions from isolated third instar Japanese beetle (Popillia japonica Newman) larvae (no soil) (A,D,G), infested soil (B,E,H), and previously infested soil (C,F,I) in laboratory microcosms (n = 5). Microcosms consisted of 473 mL clear glass wide-mouth canning jars, and 0.1 Kg of soil when applicable. Linear regression estimates and performance parameters derived from these data can be found in Supplementary Table S1.


Larval density explained 91% of the variation in CO2 emissions from microcosms containing only isolated larvae with each third instar larva producing 82.1 ± 6.1 μg CO2·h−1. In microcosms containing both larvae and soil, larval density accounted for 94% of the variation in CO2 emissions with larvae and soil combining to produce 517.1 ± 31.1 μg CO2·h−1·Kg−1 per larva. After larvae were removed from the soil microcosms, their density footprint accounted for 60% of the variation in CO2 emissions from previously infested soil, with soil impacted by the larvae producing 107.9 ± 19.7 μg CO2·h−1·Kg−1 per larva. On a per larva basis, CO2 emissions from infested soil was over 6 times higher than that from isolated larvae alone. CO2 emissions from previously infested soil was 1.3 times higher than that from isolated larvae alone.

Larval density explained 92% of the variation in CH4 emissions from microcosms containing only isolated larvae, with each larva producing on average 1.0 ± 0.1 μg CH4·h−1. In microcosms containing both larvae and soil, larval density accounted for 95% of the variation in CH4 emissions with the combination of larvae and soil producing 6.8 ± 0.4 μg CH4·h−1·Kg−1 per larva. Unlike CO2 emissions, larval density was not a significant predictor of CH4 emissions from previously infested soil. The rate of CH4 production per larva from infested soil was almost 7 times higher than that from isolated larvae alone.

Similarly, larval density explained 49% of the variation in N2O emissions from microcosms containing isolated larvae with each larva producing an average of 1.61 ± 0.37 ng N2O·h−1. In microcosms containing both larvae and soil, larval density accounted for 60% of the variation in N2O emissions with the combination of larvae and soil producing 29.8 ± 5.5 ng N2O·h−1·Kg−1 per larva. Again, larval density was not a significant predictor of variation in N2O emissions from previously infested soil. The rate of N2O production per larva from infested soil was over 18 times higher than that from isolated larvae alone.



3.1.2. Gas emissions from infested locations


3.1.2.1. GHG emissions measured in microcosms

In 2018, soil samples were collected at six field locations from plots experiencing low and high levels of JB infestation. For all three GHGs, the effect of larval density varied with location (larval density × location interaction, two-way ANOVA, F1,5 ≥ 4.1, p < 0.01). Compared to soil collected from plots containing low larval densities, soils collected from plots containing high larval densities emitted significantly more CO2 in 3 of 6 cases, more CH4 in 4 of 6 cases, but more N2O in only 1 of 6 cases (Supplementary Figure S2). Larval density, OM, and CEC were all significant predictors of variation in CO2 emissions, whereas larval density, OM, sand, and WHC were significant predictors of variation in CH4 emissions (Table 2). Although results of the analysis for N2O are also presented in Table 2, assumptions of the model (Shapiro–Wilk, p < 0.001) were not met even after transforming the data.



TABLE 2 Japanese beetle (Popillia japonica Newman) larvae footprint in greenhouse gas emissions (GHG: CO2, CH4, N2O) from soils with history of natural infestations with JB larvae, analyzed in laboratory condition (6 locations, n = 3). Linear mixed models were used to estimate the variation in GHGs as a function of larval density (low or high) and soil physicochemical characteristics: cation exchange capacity (CEC), % organic matter (OM), pH, % sand (Sand), and water holding capacity (WHC). Sampling location was used as a random effect.
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3.1.2.2. GHG emissions measured in the field

In order to determine if variation in GHG emissions was explained by JB larval density under undisturbed field conditions, GHG emissions in 2019 were collected in the field (Figure 2; Supplementary Table S2). Gas sampling was immediately followed by destructive sampling to quantify larval densities in the soil directly under each chamber (cylinder; Supplementary Table S3). JB larval density was a significant predictor of CO2 emissions with infested soils producing 1.003 ± 0.425 mg CO2·h−1·larva−1. Larval density was also a significant predictor of CH4 emissions with infested soils producing 0.060 ± 0.016 mg CH4·h−1·larva−1. Larval density did not explain a significant portion of the variation in N2O emissions under field conditions, but once again, due to high variability, the assumptions of the model (Shapiro–Wilk, p < 0.001) could not be met even after data transformation. Soil physical/chemical characteristics were not significant predictors of GHG production under field conditions.
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FIGURE 2
 (A) Carbon dioxide (CO2), (B) methane (CH4), and (C) nitrous oxide (N2O) emissions from field soils infested with Japanese beetle (Popillia japonica Newman) larvae. Sampling was performed under field conditions at 8 locations across Indiana and Wisconsin, United States, in 2019. Larval density and soil physicochemical characteristics were used as predictors for the linear mixed models presented in Supplementary Table S2.






3.2. Fungal communities in third instar JB larval guts and associated soil

In total, 3,841,125 high-quality fungal ITS reads were obtained after processing 63 samples (7 locations × 3 compartments × 3 biological replicates; Supplementary Table S4). Samples were rarefied at the lowest library size (3,537) and rarefaction plots indicated good sequence coverage (Supplementary Figure S3). Sequences were assigned to 5,604, 2,274, and 3,105 OTUs in soil, midgut, and hindgut compartments, respectively.

Most fungal OTUs present in the soil (60.1% ± 6.7%) were unique to that compartment, whereas about a third of fungal OTUs were unique to the midgut (30.6% ± 7.0%) or hindgut (33.7% ± 5.8%; Supplementary Figure S4). Those unique OTUs in the compartments represented a relative abundance of 17.1% ± 7.7% in the soil, 4.1% ± 2.4% in the midgut, and 6.3% ± 3.3% in the hindgut. A considerable fraction of fungal OTUs in the midgut (40.7% ± 8.2%) and the hindgut (30.0% ± 9.1%) were present in all three compartments, representing a relative abundance of 63.5% ± 22.0 and 70.3% ± 11.2%, respectively. In the midgut, most OTUs were shared with the soil (58.8% ± 9.1%) and the hindgut (51.3% ± 7.8%), representing a relative abundance of 68.8% ± 25.3% and 90.7% ± 5.5%, respectively. In the hindgut, most OTUs were shared with the soil (58.2% ± 7.6%) while 38.2% ± 10.9% of OTUs were shared with the midgut, representing a relative abundance of 82.9% ± 3.5% and 81.0% ± 10.2%, respectively.


3.2.1. Core mycobiota

The influence of geographic location on the composition of the fungal gut community at the Order rank was evident when either the entire community (Supplementary Figure S5) or the core fungal microbiota (Figure 3) were considered. The core microbiota (i.e., taxa displaying prevalence > 0.19 at a minimum detection threshold of 1% relative abundance) in soil, midgut, and hindgut was composed by 16, 12, and 18 fungal orders, respectively. The most prevalent orders in the soil were Pleosporales (100%), Mortierellales (100%), and Hypocreales (100%), whereas unclassified Basidiomycota (phylum, 90.5%) was most prevalent in the midgut. Pleosporales (100%), Hypocreales (100%), unclassified Basidiomycota (phylum, 95.2%), and Mortierellales (90.5%) were most prevalent in the hindgut. Out of the 12 orders present in the midgut core, 11 were also present in the soil core whereas all 12 were present in the hindgut core. Out of the 18 orders present in the hindgut core, 13 and 12 were present in the soil and the midgut cores, respectively. Four fungal orders (Microascales, Chaetothyriales, Tremellales, and Sporidiobolales) were detected only in the hindgut core.
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FIGURE 3
 Core fungal microbiota at different detection thresholds of relative abundance across compartments: midgut and hindgut from third instar larvae of the Japanese beetle (Popillia japonica Newman), and associated soil. Taxa with sample prevalence > 19% (>4 out of 21 samples) are presented. Colors show the presence of each taxon in different compartments at ≥0.01 relative abundance. Taxa are presented at Order level when available, otherwise Class or Phylum level are presented as indicated by Class/Phylum name followed by one or two underscore symbols, respectively. For complete taxonomic affiliation at Phylum, Class, or Order level refer to Supplementary Table S5.


The most prevalent orders in the soil were also present in the gut with up to 100% prevalence (Supplementary Table S6). In all three compartments, the OTU from Pleosporales showing the greatest relative abundance belonged to an unclassified family, with 100% prevalence, and with up to 28, 67, and 68 percent of relative abundance in soil, midgut, and hindgut, respectively. OTUs from Mortierellales showing the greatest relative abundance in soil belonged to the family Mortierellaceae, representing up to 58 (17/18 OTUs), 46 (10/11 OTUs), and 25 (16/16 OTUs) percent of relative abundance in the soil, midgut, and hindgut, respectively. OTUs from Hypocreales showing the greatest relative abundance in the three compartments belonged to the family Nectriaceae, representing up to 10.5 (7/17 OTUs), 13.3 (7/17 OTUs), and 22.9 (11/23) percent of relative abundance in soil, midgut, and hindgut, respectively.

Of the unclassified Basidiomycota (Supplementary Table S6), the number of OTUs, their prevalence, and relative abundance increased from soil to gut, with up to 28.6% prevalence among locations and up to 1.1% relative abundance in soil, to upwards of 100% of prevalence among locations in the gut. This taxon represented up to 92.2% relative abundance in the midgut and up to 25.2% relative abundance in hindgut.

In soil, midgut, and hindgut, 3, 1, and 6 OTUs belonged to the Order Agaricales, respectively (Supplementary Table S6). In soil, the most abundant OTUs from Agaricales belonged to the family Entolomataceae (2/3 OTUs), with up to 42.9% prevalence among location and a relative abundance of 5.8%. In midgut, the OTU from Agaricales belonged to the family Entolomataceae, with up to 43% prevalence among locations and a relative abundance of 3.7%. In the hindgut, the most abundant (up to 13.8%) OTU belonged to the family Bolbitiaceae, while the most prevalent (up to 10%) OTU belonged to the family Hygrophoraceae (up to 1.4% relative abundance).



3.2.2. Fungal ITS α- and β-diversity

Fungal α-diversity within the three compartments varied with geographic location (Figure 4, Aligned Rank Transform (ART), location × compartment interaction, p < 0.001, Supplementary Table S7). This interaction was marked by distinct changes to α-diversity in transit through the gut resulting in (1) variation between compartments within a single location (Supplementary Table S8), and (2) variation within a single compartment across locations (Supplementary Table S9).
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FIGURE 4
 Alpha diversity for fungal communities in guts from third instar Japanese beetle (Popillia japonica) larvae and associated soil. Boxplots show median, interquartile range, and 1.5× the interquartile range per location. Regardless of the α-diversity metric, the influence of compartment on α-diversity varied consistently with location (ART, compartment × location, p < 0.001). n = 3 for each compartment at each location. Refer to Supplementary Table S7 for statistical significance.


Fungal α-diversity was generally higher in the soil compared to the midgut, but the magnitude of these differences varied across locations. Fungal richness (observed OTUs) was always greater in the soil compared to the midgut, whereas evenness in the soil was greater than (4/7 comparisons) or similar to (3/7 comparisons) that of the midgut. Shannon diversity of the soil fungal community was greater than that of the midgut in all but one comparison. The greatest differential change in evenness and Shannon diversity between soil and midgut was observed in the agricultural soil at TPAC.

Changes in α-diversity between the soil and hindgut yielded more variable results. Soil contained greater fungal richness compared to the hindgut, but differences in evenness between these two communities were much less consistent. Soil fungal communities displayed greater evenness than those of the hindgut at only one location (Purdy) whereas the opposite trend was detected at two locations (Blackhawk and Nursery). Soil fungal communities were more diverse or similar to those of the hindgut (Nursery), with the exception of one comparison (Blackhawk) where the opposite trend was observed. Fungal α-diversity in the hindgut was greater than (3/7 locations) or similar to (4/7 locations) the midgut but varied depending on the α-diversity metric being examined. Although no significant difference in α-diversity was apparent between midgut and hindgut communities at Purdy, larval exposure to the Purdue Nursery soil resulted in a decrease in α-diversity in the midgut, and an increase in α-diversity of the hindgut that was detectable after 7 days.

In parallel to our findings with α-diversity, the influence of location on β-diversity of the fungal community (Figure 5; Supplementary Figure S6) varied with compartment, regardless of the β-diversity metric being examined (location × compartment interaction, F ≥ 1.5; df = 12, 42; p ≤ 0.001, R2 ≥ 0.093; Supplementary Table S10). Compositional profiles of the fungal communities also disclosed significant variation in dispersion among compartments (Jaccard or Bray-Curtis, F ≥ 3.0; df = 2, 62; p < 0.040, Supplementary Table S11) and locations (F ≥ 1.9; df = 6, 62; p ≤ 0.019, Supplementary Table S11). Hindgut communities were significantly less dispersed than communities circumscribed by the other two compartments (Bray-Curtis, F ≥ 3.1; df = 1, 40; p ≤ 0.044), whereas soil communities were significantly less dispersed than midgut communities (Jaccard or Bray-Curtis, F ≥ 5.6; df = 1, 40; p ≤ 0.024). Greater than 84% of the total variation in fungal communities across compartments and locations was accounted for by the first two axes of the principal coordinate analysis (PCoA) and compositional biplot generated by DEICODE (Figure 5).
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FIGURE 5
 Compositional biplot portraying beta diversity of fungal communities in midgut and hindgut of third instar Japanese beetle (Popillia japonica Newman) larvae and associated soil. The biplot was generated using DEICODE (Robust Aitchison PCA; Martino et al., 2019) and visualized in EMPeror (Vázquez-Baeza et al., 2013). Data points represent individual samples where symbol shape denotes location while symbol color denotes compartment (i.e., midgut, hindgut, or soil). Top 20 taxa driving differences in ordination space at the order rank, when available, are illustrated by the arrows. The phyla within fungi are represented by specific hues, where Ascomycota (10) = green, Basidiomycota (2) = gray, and Mortierellomycota (5) = purple. AMPtk’s ‘hybrid’ taxonomy assignment (Palmer et al., 2018) was used for taxonomic classification. Refer to Supplementary Table S10 for statistical significance.


To further investigate location × compartment interactions, we explored variation in β-diversity of the fungal communities in each compartment independently using all locations (Supplementary Table S12). Specific comparisons focused on soil management history (TPAC vs. naturally infested locations) and the exposure of larvae collected from one location to soil collected at another location (Purdy vs. Purdue Nursery). When all locations were included in the analysis, location was a significant predictor of β-diversity in each compartment (F ≥ 5.9; df = 6; p = 0.001). However, location was a significant predictor of dispersion only in the soil compartment when Jaccard or Bray-Curtis methods were employed (F ≥ 3.7; df = 6; p ≤ 0.006). Soil management history was a significant predictor of soil (F ≥ 2.5, p ≤ 0.005), midgut (Bray-Curtis and DEICODE, F ≥ 2.1, p ≤ 0.032), and hindgut (F ≥ 1.5, p ≤ 0.010) β-diversity, and soil (Jaccard and Bray-Curtis, F ≥ 22.4, p ≤ 0.014), midgut (Jaccard, F = 79.0, p = 0.035), and hindgut (Jaccard, F = 73.8, p = 0.007) dispersion. Exposure of larvae taken from Purdy to soil collected from the Purdue Nursery had only a weak effect on β-diversity composition in any compartment (F ≥ 1.9, p ≥ 0.086), but a significant effect on dispersion within the hindgut community was observed (F = 4.8, p = 0.050).



3.2.3. Correlation between host soil and JB gut fungal community

Typical of managed soils, the physical and chemical characteristics of the soils included in this study (Table 1) were relatively heterogeneous (Jasinska et al., 2006). Their heterogeneity also accounted for a significant portion of the variation in fungal α- and β-diversity within the JB larval gut. Although α-diversity of the midgut community was not correlated with soil physical or chemical characteristics (Supplementary Table S13), richness of the hindgut community was negatively correlated with sand content and positively correlated with water holding capacity (WHC). Evenness of the hindgut community was positively correlated with sand content (Supplementary Table S13). Canonical correspondence analysis (CCA) was leveraged to determine the extent to which host soil physical and chemical characteristics corresponded with the fungal OTU composition of the JB larval midgut (Figure 6A, CCA-ANOVA: p = 0.001, n = 999), and hindgut (Figure 6B P = 0.001, n = 999). These soil constraints accounted for 38.5% of the total variation in fungal OTU composition of the midgut community with the first two CCA axes explaining 57.5% of that variation. CEC, OM, pH, sand, and WHC were all significant predictors of the midgut fungal community. Soil physical and chemical characteristics explained 38.3% of the total variation in JB hindgut OTU composition with the first two CCA axes again explaining a relatively high proportion (54%) of that variation. CEC, OM, sand, and WHC were all significant predictors of the hindgut fungal community.
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FIGURE 6
 Canonical correspondence analysis (CCA) calculated based on a Chi-square dissimilarity matrix of fungal communities at the OTU rank in the midgut (A) and hindgut (B) of third instar Japanese beetle (Popillia japonica) larvae and host soil physicochemical parameters. Vectors show soil variables: cation exchange capacity (CEC), % organic matter (OM), pH, % sand (Sand), and water holding capacity (WHC). Significant soil variables are presented with two (p ≤ 0.01) or one (p ≤ 0.05) asterisks.






4. Discussion

Invasive scarab beetles are among the many soil organisms that contribute to processes resulting in the production of soil greenhouse gases (GHGs; Hackstein and Stumm, 1994; Majeed et al., 2014; Hackstein and van Alen, 2018; Görres and Kammann, 2020). However, its invasiveness and status as a serious agricultural pest make the Japanese beetle Popillia japonica Newman (JB) unique with respect to its potential global impacts. Results of our study clearly indicate the capacity for JB to significantly increase CO2, CH4, and N2O emissions from the soil and point to both direct and indirect mechanisms through which JB influences these processes. However, the range of JB is currently expanding and current climate models place millions of additional hectares globally at risk for JB invasion (Kistner-Thomas, 2019). As a result, our findings may also provide support for an insect-driven positive climate change feedback loops similar to that articulated by others (Sage, 2020). Range expansion of JB could further amplify deleterious impacts of climate change by accelerating soil GHG emissions from an ever-increasing portion of the globe.

The soil-dwelling larval stage of JB represents >75% of the insect’s annual life cycle. In the soil matrix, these larvae ingest a mixture of plant roots, soil organic matter and inorganic soil components (Smith, 1922). With such intense below-ground activity, larvae play an important role in stimulating the decomposition of existing soil organic matter (Rojas-Jiménez and Hernández, 2015; Gan et al., 2018) and accelerate root inputs to soil resulting in an increase in soil microbial biomass and a decrease in total soil carbon and nitrogen (Gan et al., 2018). But JB larvae do not act alone. Their guts host a diverse community of microbes (Chouaia et al., 2019; Avila-Arias et al., 2022) that likely aid digestion and nutrient acquisition, similar to other insects (Engel and Moran, 2013; Schmidt and Engel, 2021). Prokaryotic microbiota in the JB larval gut has the capacity to degrade organic matter and generate fermentation products (Chouaia et al., 2019; Avila-Arias et al., 2022). The current study builds on our prior work to characterize JB gut and soil prokaryotic communities (Avila-Arias et al., 2022), and is the first to focus on the contribution of these activities to soil GHG emissions. We also focus on the hitherto unexplored fungal microbiota associated with the JB larval gut noting that some fungal taxa have been associated with the production and utilization of important greenhouse gasses.


4.1. JB larvae directly and indirectly increase GHG emissions from soil

As previously observed in other soil-dwelling scarab larvae (Majeed et al., 2014; Görres and Kammann, 2020) and various soil fauna (Kuiper et al., 2013; Lubbers et al., 2013; Filser et al., 2016; Soper et al., 2019), our results demonstrate that JB larvae both directly and indirectly affect soil GHG emission. Direct gas emissions results from physiological processes such as larval respiration and metabolism. We determined this by quantifying CO2, CH4, and N2O emission rates per JB larvae in a basal metabolic state, with no soil or other food substrate being provided, and by minimizing larval movement and contact with feces. Potential biases of our estimations included perturbation in gas emission rates due to larvae manipulation, including excavation from the field, transportation to the laboratory, cleaning to remove soil, transferring to experimental units, and constrained feeding and movement. These manipulations could cause stress since in natural conditions, constant feeding on soil and soil organic matter and free movement in the soil matrix are typical for third instar JB larvae in early Fall (Smith, 1922; Britton and Johnson, 1938; Crowson, 1981). To compare JB GHG rates to other scarab larvae reported in the literature, we used the estimated mean weight of a third instar larvae of 190.31 mg (Abercrombie, 1936) and assumed 20% of larval fresh body weight as an estimate for dry mass (Majeed et al., 2014). CO2 emission rate from isolated JB larvae (82.1 ± 6.1 μg CO2 h−1 larva−1) accounts for JB respiration and the metabolic activity of their associated microbiota, and was similar to those observed for isolated scarab larvae of the genus Melolontha (Görres and Kammann, 2020). The gut compartments in JB harbor prokaryotic microbiota (Chouaia et al., 2019; Avila-Arias et al., 2022) that likely aid in nutrient acquisition through digestion of plant fiber and soil organic matter, leading to the subsequent production of CO2. But, JB gut physiological conditions (Chouaia et al., 2019) are also favorable for the main microbial processes involved in CH4 and N2O emissions, i.e., methanogenesis and nitrogen cycling.

CH4 emission rates from isolated JB larvae in our study (1.0 ± 0.1 μg CH4 h−1 larva−1) was similar to that observed in other isolated scarab larvae (Bayon, 1980; Hackstein and Stumm, 1994; Cazemier et al., 2003; Lemke et al., 2003; Hackstein and van Alen, 2018; Brune, 2019; Görres and Kammann, 2020). In these insects, CH4 production occurs in the enlarged hindgut compartment (Bayon, 1980; Lemke et al., 2003) as a product of anaerobic respiration by methanogen prokaryotes that are part of the JB gut microbiota (Chouaia et al., 2019; Avila-Arias et al., 2022). Methanogens use as substrates the hydrogen and reduced one-carbon compounds formed during digestion of organic matter (Lyu et al., 2018; Brune, 2019). Likewise, N2O emission rates from isolated JB in our study (1.61 ± 0.4 ng N2O h−1 larva−1) were comparable to those observed in scarab larvae in the genus Melolontha (Görres and Kammann, 2020). However, although Görres and Kammann (2020) reported only sporadic N2O emissions in their investigations (13/64 individuals examined), N2O emission from isolated JB larvae were observed consistently, increasing linearly with larval density. Majeed et al. (2014) also quantified N2O emissions from isolated scarab larvae belonging to several genera but based their calculations on gas accumulation during a 24 h period. For comparison, the hourly N2O emission rates observed in the current study were almost 5 times higher. Majeed et al. (2014) were able to associate N2O emissions from scarab larvae with the abundance of gut denitrifying and ammonia-oxidizing genes and both metabolic pathways are represented by microbial groups present in the JB larval gut microbiota (Chouaia et al., 2019; Avila-Arias et al., 2022). Our findings confirm that, as previously reported for other scarab larvae, isolated JB larvae in a basal state have the capacity to emit CO2, CH4, and N2O. Likely sources for these emissions include larval respiration and metabolism, and metabolic activity of microbial symbionts.

We further investigated indirect effects of JB larvae in soil by comparing GHG emissions from isolated larvae, clean uninfested soils, infested soils, and previously infested soils. Gas emissions from isolated larvae in a basal metabolic state represent direct emissions, whereas gas emissions from clean, uninfested soil reflect basal soil respiration. In this sense, gas emissions from infested soil would then reflect a combination of gas released from JB basal metabolic state (i.e., direct effect) and soil basal respiration, plus unknown emissions resulting from routine larval activity in the soil, and soil processes stimulated by JB larval activity, such accelerated root inputs to soil and decomposition of organic matter (Rojas-Jiménez and Hernández, 2015; Gan et al., 2018). Gas emissions from previously infested soils would reflect gas released from soil basal respiration, and residual effects resulting from previous JB larval activity.

The major increase in GHG emissions appeared to be a result of indirect JB larval activity on soil processes, as supported by the following two comparisons: (i) direct effects of isolated larvae in soil, and (ii) gas emission profiles from clean uninfested soil. The first comparison considering gas emission rates by isolated larvae in soil (i.e., infested soil) identified CO2, CH4, and N2O emission rates that were over 6, almost 7, and over-18 times higher, respectively, than emission rates from JB larvae without soil. These increased gas emissions from infested soils could result from larval activity in the soil (e.g., free feeding and movement), soil basal respiration, and/or soil processes related to GHG production that could have been stimulated due to JB larval activity. The second comparison considering gas emission rates from clean uninfested soils were over 17-, 600-, 120 times lower for CO2, CH4, and N2O, respectively, than the emission rates from infested soil. The increased GHG emissions from clean, uninfested soil likely results from JB larvae basal metabolic state, unknown emissions from larval activity in the soil, and/or soil GHG production that could have been stimulated due to JB larval activity.

The effects of JB larvae on soil GHG emissions were also observable under field conditions. Similar to laboratory experiments, JB larval density was a significant predictor of soil CO2 and CH4 emission rates in the field, whereas results for N2O emissions apparently were not. GHG emissions in the field were more variable than under laboratory conditions, and previous work points to several potential sources of variation. First, JB larvae used in laboratory experiments were exclusively third instars, whereas JB larvae at field locations were predominantly second instars (70%), and gas emissions from scarab larvae have been correlated with larval mass (Görres and Kammann, 2020). Since the mass of second instar JB is less than half that of the third instar (Abercrombie, 1936), larval density alone may be a less useful predictor of GHG emissions. This is especially likely for N2O which was produced in much lower quantities than the other two gases. Second, the grass species present at our field locations naturally emit greenhouse gases (Zhang et al., 2013; Braun and Bremer, 2018; Law et al., 2021) in the absence of insects. These emissions likely increase background emission rates, and potentially obscure the ability to detect N2O emissions due to JB larvae. Findings nonetheless confirm that JB larvae and their activity in soil induce an increase in CO2 and CH4 emissions in soils under field conditions, and potentially highlight the need for more sensitive techniques to measure N2O emissions related to soil dwelling arthropods.

Close examination of GHG production from previously-infested soil provided an opportunity to identify larval modulation of soil GHG emissions. Our findings indicate that emission profiles likely depend on the duration of infestation. In this context, comparisons between clean, uninfested soil and previously infested soil in the laboratory, indicated a significant increase in CO2 emissions from previously infested soils. Although CH4 and N2O emission rates did not differ between uninfested and previously infested soil following a ~100 h infestation interval used in the lab, previously infested soils from the field revealed significant increases in CO2 and CH4 emission rates in response to larval density. This may not be so surprising given that samples collected from field soils hosted larvae for ~2 months by the time analyses were conducted (oviposition occurs in ~July, while soil sampling was performed in September). Further, field locations were selected based on their history of natural infestation, with high density JB infestations occurring at those locations for at least 2 consecutive years prior to our investigation. Such an extended period of time under the influence of adult and larval JB infestation appears to carry with it an increase in the magnitude of disturbance which may be reflected in our findings.

Soil physicochemical properties may also influence GHG production, and our results indicate a significant influence in this regard. After JB larval density, soil texture (sand) and water holding capacity (WHC) explained a significant proportion of variation in CH4 emissions from previously infested soils with a history of JB infestation. Although methanogenesis is performed by anaerobic methanogens, a combination of biotic and abiotic parameters in otherwise well aerated soils are responsible for protecting methanogenic archaea against oxygen and for the development of microniches enabling methanogenic activity (Wagner et al., 1999; Wagner, 2017). Fine-textured soils potentially provide more anaerobic microsites suitable for CH4 production in oxic soil environments (Wagner et al., 1999; Keiluweit et al., 2017; Wagner, 2017). Similarly, WHC influences gas-filled pore volume and oxygen concentration with potential effects on the activity of anaerobic methanogenic archaea, as seen in other studies focusing on the effects of soil water potential and pore size distribution (Wagner, 2017). However, our observations of no effect (in soils with a short-term infestation) or significant increase in CH4 emissions (in soils with an extended period of infestation) from previously infested soils contrast with previous studies, where significant increases in CH4 sink capacity was observed in unsaturated oxic soils having previous Scarabaeidae larval activity (Kammann et al., 2009, 2017; Görres and Kammann, 2020). Our results show that even after JB invasion, CO2 and CH4 dynamics in soil, remain disturbed, demonstrating both direct and indirect effects of JB on soil GHG emissions.

The indirect effects of JB larvae include biological, physical and chemical alterations of soils that affect soil GHG emissions. In particular, root herbivory and frass deposition can change soil nutrient dynamics (Frost and Hunter, 2004; Gan et al., 2018) in ways that likely stimulate GHG production. Root herbivores can have substantial effects on belowground plant inputs to soil (Gan and Wickings, 2020) with JB larvae causing measurable increases in plant photosynthetic inputs. These inputs lead to an ~8% decrease in total soil carbon, a 13% increase in microbial biomass carbon, and a 16% increase in microbial biomass nitrogen (Gan et al., 2018). Moreover, deposition of insect frass, which is generally described as high in organic matter and nutrient content (Frost and Hunter, 2004; Watson et al., 2021), can create hot spots of high soil microbial activity with an increase in decomposition of soil organic matter (Kuzyakov et al., 2000; Filser et al., 2016; Gan et al., 2018; Watson et al., 2021), leading to subsequent increases in release of CO2, CH4, and N2O (Kammann et al., 2009; Fielding et al., 2013; Kammann et al., 2017; Grüning et al., 2018; Rummel et al., 2021; Watson et al., 2021).

Larval movement in soil apparently represents another indirect effect. Several studies have found that tillage disturbance led to increases in CO2 respired from the soil (Reicosky, 1997; Álvaro-Fuentes et al., 2007), likely due to changes in microbial activity and community composition (Calderón et al., 2001). By both burrowing in the soil and potentially increasing soil aggregation, larvae can also improve soil aeration porosity (Romero-López et al., 2015) as seen in other soil-dwelling animals (Briones, 2014; Meier et al., 2018). Such effects may result in increased gas exchange between the soil and the atmosphere (Born et al., 1990). Our study clearly demonstrated that aside from intrinsic GHG release, JB larval activity in the soil leads to a further increased GHG emissions during and after infestation.



4.2. Soil environment greatly influences JB gut fungal communities

This study also analyzed fungal microbiota in the gut of third instar JB larvae, as well as associated soil from seven locations across Indiana and Wisconsin, United States. This ITS survey was a follow-up to a prior 16S prokaryotic survey (Avila-Arias et al., 2022) and was an approach to understanding how variation in soil environments influences larval mycobiota. Fungi play a part in mediating global carbon and nitrogen cycles in terrestrial ecosystems through uptake and organic matter decomposition (Hunt et al., 2004; Tedersoo et al., 2014; Vaz et al., 2017; Romero-Olivares et al., 2021). Although the mycobiome of scarab larvae has not been previously reported, fungi are known to be associated with a variety of insects and other arthropods (Benjamin et al., 2004; Nicoletti and Becchimanzi, 2022). In fact, the acquisition of native microorganisms may help exotic invasives, such as JB, overcome ecological barriers associated with establishment in new environments (Rassati et al., 2019). In turn, symbionts dwelling in specific gut micro-habitats benefit from increased dispersion opportunities (Nicoletti and Becchimanzi, 2022). In this study, fungal communities in the gut of third instar JB larvae appeared to be, in part, a function of adaptation to the local soil environment and, to a smaller extent, shaped by conditions in the alimentary canal.

The importance of geographic location on JB gut fungal communities was evidenced by the proportion of fungal variation explained by location and local soil physical and chemical characteristics. The importance of the surrounding environment in shaping fungal communities in the digestive tract have also been reported for other insects, such as basidioma- (Suh et al., 2005, 2006) and wood-feeding coleoptera (Rojas-Jiménez and Hernández, 2015), and spotted wing Drosophila (Gurung et al., 2022). In contrast, gut-associated fungi in western corn rootworm were not influenced by soil type (Dematheis et al., 2012). In this study, physical and chemical characteristics of local soils explained over a third of the total variation in fungal community composition of both the JB larval midgut (38.5%) and hindgut (38.3%). This finding contrasts a previous report indicating that the impact of soil characteristics on prokaryotic communities were more pronounced in the midgut (Avila-Arias et al., 2022). Soil pH in particular was a significant predictor of midgut fungal communities, whereas gut prokaryotic communities were relatively unaffected by soil pH (Avila-Arias et al., 2022). Regardless of soil pH, the highly alkaline conditions in JB larval digestive tract remain relatively stable (Swingle, 1931). Fungi are generally less responsive to pH than bacteria (Lauber et al., 2009; Rousk et al., 2010; Anderson et al., 2018) and can tolerate a wider pH range (5–9) without significant inhibition of growth (Rousk et al., 2010). In this regard, the alkaline conditions in the JB larval midgut (Chouaia et al., 2019) may play a larger role in shaping prokaryotic microbiota recruited from the soil; whereas soil fungi may better resist these conditions keeping the fungal community more aligned with the soil fungal community. The close alignment of JB gut fungal communities with specific soil physical and chemical characteristics further supports this assertion.

Aside from the effects of location, the presence of distinct fungal communities and the enrichment of fungal taxa observed in the JB larval gut likely reflect the ability of the alimentary canal to selectively shape fungal communities. Fungi are among the most adaptable of organisms due to their high level of ecological versatility and morphological plasticity (Naranjo-Ortiz and Gabaldón, 2019; Coleine et al., 2022). Within each JB gut compartment, we observed a core mycobiota sharing similar patterns of community dispersion and prevalence. These findings contrast prior studies focusing on JB gut prokaryotes, which formed distinct communities associated with each gut compartment (Avila-Arias et al., 2022). In the midgut, we observed less defined fungal communities with an array of moderately prevalent taxa, which is consistent with the midgut being positioned between soil and hindgut. In the hindgut, the uniform prevalence of certain taxa that formed less dispersed fungal communities could reflect a more specialized niche for these fungal taxa with potential symbiotic associations. In fact, transferring JB larvae to a different soil only weakly altered fungal diversity in the larval gut over the short term. However, more pronounced changes in hindgut community dispersion following exposure to novel soil could potentially reflect a community in transition similar to patterns previously observed for JB prokaryotic communities (Avila-Arias et al., 2022). At present it is still unclear whether the common fungal taxa are true symbionts of the intestinal tract of JB larvae, or if they are transitory inhabitants that enter opportunistically while larvae forage within the soil matrix.

Taxa that became more dominant or are exclusively present in the intestinal tract of JB larvae might indicate potential symbiotic relationships with the host. Symbiotic fungi that are nutritionally important may be hosted in the insect digestive tract (Suh et al., 2006; Urbina et al., 2013; Ceja-Navarro et al., 2014), or in selective gland-lined sacs (mycetangia) as observed in the curculionid subfamilies Scolytinae and Platypodinae (Benjamin et al., 2004; Rassati et al., 2019; Nicoletti and Becchimanzi, 2022). Because there is no evidence that JB bear mycetangia, the alimentary canal appears to be the most likely host site for metabolically important fungi. For example, Hypocreales, which was among the most prevalent fungal orders in the JB midgut and hindgut, was the dominant fungal order isolated from the guts of larvae from five families of wood-feeding Coleoptera (Vargas-Asensio et al., 2014; Rojas-Jiménez and Hernández, 2015), regardless of host or the geographic location. In fact, Trichoderma fungi (the most abundant genus within the order Hypocreales) observed in the guts of wood-feeding Coleoptera, are capable of degrading lignocellulosic materials (Rojas-Jiménez and Hernández, 2015). The importance of such fungi in the degradation of plant material ingested by JB larvae remains to be confirmed.

Several other potentially physiologically-important fungi were exclusively associated with the hindgut core (Microascales, Chaetothyriales, Tremellales, and Sporidiobolales). Fungi from the order Microascales are commonly associated with bark and ambrosia beetles (Barcoto and Rodrigues, 2022), participating in detoxification and nutritional (cellulolytic) functions. The order Chaetothyriales includes a diverse group of mostly melanized ascomycetes occurring in soil, resin, and in nutrient-poor substrates (Réblová et al., 2016). The best-known Chaetothyriales species appear to be extremophile as they are found in environments that are rich in toxic hydrocarbons or in habitats with high temperatures, or poor nutrient availability (Quan et al., 2022). Yeast-like Chaetothyriales have also been associated with plant-ant-fungus networks, with ecological significance including improving the stability of carton nests and being a food source for the ants (Moreau, 2020). The saprophytic basidiomycetous Tremellomycetous yeasts are ubiquitous, occupying rather diverse niches such as terrestrial and aquatic ecosystems, clinical specimens, and animals or their excrements (Weiss et al., 2014). Particularly, species of Tremellales have been reported to coexist with methanogens and methanotrophs in sediments of methane seeps (Takishita et al., 2006; Luis et al., 2019), and we are now reporting their presence in the digestive tract of methane producing JB larvae. Moreover, species of Tremellales have several biotechnological applications as sources of enzymes such as cellulases and hemicellulases, biomass conversion, biodegradation of phenolic compounds, and biocontrol of plant-pathogenic fungi to reduce post-harvest decay of fruits (Weiss et al., 2014). Lastly, red-pigmented basidiomycete yeasts Sporidiobolales are ubiquitously present in plant and food biospheres. Although not reported in insects, some species of Sporidiobolales are capable of producing carotenoids, vitamin A, and hormone precursors (Urbina and Aime, 2018). A consistent association with certain fungal taxa and the presence of unique taxa in the core mycobiota may suggest these fungi play symbiotic roles in JB nutrient acquisition and health, with potential contributions to GHG emissions.

Beyond beneficial symbiosis, some fungi are antagonistic to insects (Benjamin et al., 2004; Nicoletti and Becchimanzi, 2022). In fact, entomopathogenic fungi in the genus Metarhizium, Entoderma, and Nomuraea occur in JB larvae (Julian et al., 1982; Hanula and Andreadis, 1988; Hanula et al., 1991; Cappaert and Smitley, 2002; Potter and Held, 2002), with Metarhizium infections reportedly occurring in up to 1.2% of JB larvae (Hanula and Andreadis, 1988). In this study, we observed the presence of 2, 5, and 3 OTUs in the genus Metarhizium in the soil (>85% prevalence), midgut (>14% prevalence) and hindgut (>85% prevalence), respectively. Although we sampled visibly healthy field-collected larvae, potentially antagonistic relationships cannot be discounted. Our findings indicate that these fungi are far more prevalent within JB larval populations than previously understood. Further studies are needed to fully understand the potential influence of naturally occurring Metarhizium on JB larvae and the underlying forces regulating disease outbreaks within populations.

Environmentally transient fungi also comprised a significant portion of shared taxa among soil and gut compartments. A significant proportion of OTUs with a high relative abundance were present either in the three compartments (i.e., soil, midgut, and hindgut); or in the soil and one of the downstream gut compartments. Further, with the notable exception of unclassified Basidiomycota, many taxa with the highest prevalence in the JB gut core displayed similar prevalence in the soil core mycobiota. Non-mutualistic fungi are routinely dispersed by arthropods (Benjamin et al., 2004; Seibold et al., 2019); either through transport on the insect cuticle, or within the gut as spores (Seibold et al., 2019). Insect-aided dispersion of fungi is well documented in several species of wood-inhabiting insects, such as bark beetles, ambrosia beetles, termites, and wood wasps (Jacobsen et al., 2017; Seibold et al., 2019; Nicoletti and Becchimanzi, 2022). Insects can also vector plant pathogenic fungi and the present study documented several OTUs belonging to genera of known fungal plant pathogens (Dean et al., 2012). In particular, several OTUs belonging to Fusarium spp., Rhizoctonia spp., Botrytis spp., Colletotrichum spp., and Ustilago spp. were found in the JB larval gut. Because our survey did not provide the resolution necessary to identify these fungi to species level, further studies may be necessary to understand the potential for JB larvae to serve as a source/disperser of these plant pathogens. However, our findings do provide preliminary support for this possibility. At the very least, additional studies would help delineate true fungal symbiotic JB gut residents from transient occupants.

Results presented here indicate that a large proportion of JB core gut mycobiota are likely outsourced from the soil. Also, the gut compartments may provide opportunities for niche specialization that could be associated with functionality, especially in the hindgut. Several potential symbiotic associations between JB larvae and their gut mycobiota remain to be elucidated, and this represents a potential research opportunity going forward. Since metabolic function can be performed by multiple coexisting, taxonomically distinct organisms, an understanding of potential metabolic function is important and deserves attention beyond simple surveys of the microbiota/mycobiota. Studies elucidating which microbes are active within the alimentary tract would serve as an important first step to distinguish transient or commensal fungi from true symbionts. The determination of specific microbial/fungal groups, genes or functions that contribute to processes of interest, such as GHG emissions, deserve further attention.




5. Conclusion

Our study reveals that JB larvae promote GHG emissions from the soil during and even after invasion. Direct GHG emissions were attributed to larval respiration and metabolism, including the metabolic activity of insect microbial symbionts. Major increases in soil GHG emissions also appeared to be an indirect result of JB larval activity, potentially altering soil biological, physical, and chemical conditions that favor associated soil microbial activity. Findings suggest that fungal communities associated with the JB gut are mainly shaped by the surrounding environment, as evidenced by the proportion of fungal variation explained by location and local soil physical and chemical characteristics. The presence of distinct fungal communities and the enrichment of fungal taxa observed in the JB larval gut likely reflect the ability of the alimentary canal to selectively shape these fungal communities. Dominant taxa in the gut mycobiota could indicate potential symbiotic relationships with the host and we were able to consistently identify associations with fungal taxa with putative roles in nutrient acquisition as contributors to the degradation of plant material ingested by JB larvae. These fungal taxa, along with previously described prokaryotic taxa, could help drive GHG emissions from infested soil.
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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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 Ambrosiella grosmanniae, fungal volatiles, mutualism, MVOCs, Symbiosis, aggregation pheromone, Xyleborini


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.
[image: Table1]




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).

[image: Figure 1]

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).

[image: Figure 2]

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).

[image: Figure 3]

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).

[image: Figure 5]

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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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 of these fungi could benefit beetle hosts by optimal consumption of the substrate and extended longevity of the nest. However, abundances of fungal cultivars and other symbionts are poorly known and their culture-independent quantification over development has been studied in only a single species. Here, for the first time, we compared the diversity and succession of both fungal and bacterial communities of fungus gardens in the fruit-tree pinhole borer, Xyleborinus saxesenii, from field and laboratory nests over time. By amplicon sequencing of probed fungus gardens of both nest types at three development phases we showed an extreme reduction of diversity in both bacterial and fungal symbionts in laboratory nests. Furthermore, we observed a general transition from nutritional to non-beneficial fungal symbionts during beetle development. While one known nutritional mutualist, Raffaelea canadensis, was occurring more or less stable over time, the second mutualist R. sulphurea was dominating young nests and decreased in abundance at the expense of other secondary fungi. The quicker the succession proceeded, the slower offspring beetles developed, suggesting a negative role of these secondary symbionts. Finally, we found signs of transgenerational costs of late dispersal for daughters, possibly as early dispersers transmitted and started their own nests with less of the non-beneficial taxa. Future studies should focus on the functional roles of the few bacterial taxa that were present in both field and laboratory nests.

KEYWORDS
insect-fungus mutualism, microbial succession, symbiosis, metabarcoding, insect agriculture, field vs. laboratory studies, Xyleborinus saxesenii, ambrosia beetles


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, also termed ambrosia beetles (Curculionidae: Scolytinae and Platypodinae) (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. Despite major differences between farming practices, these farming insects have several features in common. All insect farmers inoculate plant substrate with mutualistic fungi, which are grown in so-called “fungus gardens.” These gardens are 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 behavioral 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 depleted by the feeding insects, but the more individuals there are, the easier it is to maintain them (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 regarding the substrate supply for the fungi and the homogeneity of the nest environment. In contrast to ants and termites that actively forage on a diversity of substrates (e.g., leaves, elytra) for consecutive provisioning of their fungi (e.g., Wisselink et al., 2020; Römer et al., 2022), fungus farming weevils 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 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., 2022).

As outlined above termites and ants grow a single dominant fungal species over multiple generations using a diversity of substrates and maintenance strategies (Shinzato et al., 2005; Mehdiabadi et al., 2006; Mueller et al., 2010). By contrast, some ambrosia beetle species in the genera Xyleborus seem to be able to develop on a variety of nutritional cultivars (Menocal et al., 2023). Moreover, in Xyleborus and Xyleborinus (Scolytinae) stable relationships with one or more co-occurring nutritional Raffaelea species (Ascomycota: Ophiostomatales) and/or yeasts (Ascomycota) exist (Cruz et al., 2019; Ibarra-Juarez et al., 2020; Nuotclà et al., 2021; Diehl et al., 2022). Signs for succession of these putative mutualists may indicate optimal consumption of the substrate, through variation in enzymatic capabilities of the fungi (De Fine Licht and Biedermann, 2012; Ibarra-Juarez et al., 2020). However, abundances of fungal symbionts are poorly studied and despite a diversity of >3,000 species of ambrosia beetles, culture-independent quantification of symbiont communities over beetle development has been applied in only a single species (Xyleborus affinis; Ibarra-Juarez et al., 2020).

Xyleborus and Xyleborinus ambrosia beetles construct their nests as tunnel systems (termed “galleries”) in the xylem of trees (typically weakened or recently dead) (Beaver, 1989). Raffaelea fungi, and in some cases possibly 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 typically 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 establish 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 antagonists or 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 antagonists increase in abundance the older a nest gets (e.g., Biedermann, 2020; Ibarra-Juarez et al., 2020) may, however, affect the type and quantity of fungal antagonists transmitted by dispersing daughter females when they leave their natal nest. The timing of daughter dispersal may thus potentially have transgenerational effects on beetle fitness, but this has not yet been determined.

Recent experimental evidence suggests that the presence of the fruit-tree pinhole borer, Xyleborinus saxesenii (Ratzeburg) on its fungus garden promotes the dominance of Raffaelea nutritional mutualists over antagonists (Diehl et al., 2022). Similarly, removal of fungal pathogens has been repeatedly observed in other Xyleborus and Xyleborinus ambrosia beetles (Kingsolver and Norris, 1977; Biedermann et al., 2013; Nuotclà et al., 2019; Biedermann, 2020). However, the mechanisms underlying this selective exclusion and promotion of nutritional fungi are unknown. 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 effect on the traits of some invertebrates (Kölliker-Ott et al., 2003; Jong et al., 2017), the traits of other species no longer reflect those 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 these 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 more nutrient rich and lower in plant secondary metabolites (phenolics and terpenoids, 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. Using these methods, we tested the following predictions. Since rearing medium is autoclaved, we expect laboratory fungus gardens to host mostly the vertically transmitted bacterial and fungal symbionts required for nutrition and defense. Under natural conditions, a much more diverse and unstable community may be present, including the beneficial symbionts, but also other environmentally acquired microbial associates. This could result in lower abundances of the nutritional fungi in the field, due to competition. Finally, development speed may increase with the presence of more nutritional fungi, and the later dispersal of daughters from nests that harbor higher abundances of non-mutualists, may led to less beneficial symbiont communities when they found their own gardens later on.



2. Materials and methods


2.1. 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 tunneling 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 with 70% EtOH (see above), 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.



2.2. Fungus garden sampling


2.2.1. 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 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.
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FIGURE 1
Two types of nests sampled for the study. (A) Two opened X. saxesenii nests from F. sylvatica logs (field nests). One showing the long entrance tunnel, the other shows the brood chamber in focus. (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.



TABLE 1    Classification of field and laboratory nests by their phase and speed of development.
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2.2.2. 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 center 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.




2.3. DNA extraction and library preparation

DNA of all samples was extracted using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research Europa GmbH, Freiburg, Germany) in accordance with the manufacturer’s instructions and additional pre-processing steps with a ceramic bead and a mixer mill (Retsch GmbH, Haan, Germany), 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., 2021; 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 amplify the large subunit (LSU) region. Conditions for the PCR were as follows: initial denaturation at 98°C for 30 s, 35 cycles of denaturation at 98°C for 30 s, annealing at 55°C for 30 s and elongation at 72°C for 15 s, followed by a final extension step at 72°C for 10 min. Sample-specific labeling 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). Afterward, pools were combined to a single library pool containing 384 samples in total. This library was diluted to 8 p.m., denatured and spiked with 5% PhiX Control Kit v3 (Illumina Inc., San Diego, CA, USA) according to the Sample Preparation Guide (Illumina 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. We used our custom scripts to process the reads and assign the taxonomy. See Supplements in Diehl et al. (2022) and GitHub Repository for further methods on sequencing controls and details on bioinformatics processing.



2.4. Statistical analysis of molecular data

All statistical analyses and visualization 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.


2.4.1. 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).



2.4.2. Laboratory samples data preparation

A total of 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., 2021; 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.



2.4.3. 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 (Supplementary Figure 1). 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.



2.4.4. Analysis of alpha diversity

We applied the chi-square tests to both the total number of ASVs in field and laboratory community data to test whether the number of ASVs was significantly different. To investigate the microbial diversity and richness of fungus gardens, we calculated the observed richness (OR) and Shannon’s diversity index (SDI) (“microbiome” package: Lahti and Shetty, 2017). 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., 2022) 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, 2022) 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-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, 2022).

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 analyzed using a pairwise post-hoc test (Tukey method; “emmeans” package: Lenth, 2022) to identify differences between groups. The package “ggplot2” (Wickham, 2016) was used to build the figures for alpha diversity.



2.4.5. 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 qualitative data 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” to compare the communities in relation to the groups. With heatmaps of the microbial composition [“microbiome” package: (Lahti and Shetty, 2017)], we concluded the overview of the beta diversity.



2.4.6. Closer look on major fungal 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, Raffaelea sulphurea (aka Dryadomyces sulphureus) and R. canadensis, and the commensal fungus Chaetomium 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. Most common 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.



2.4.7. 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.



2.4.8. Additional packages used

The packages “fitdistrplus” (Delignette-Muller and Dutang, 2015), “performance” (Lüdecke et al., 2021), and “Dharma” (Hartig, 2020) were applied in testing for the best distribution, as well as model fit. “ggplot2” (Wickham, 2016), “scales” (Wickham and Seidel, 2022), and “ggpubr” (Kassambara, 2020), “ggrepel” (Slowikowski, 2021), “lattice” (Sarkar, 2008), and “cowplot” (Wilke, 2020) were used to build the figures. “dplyr” (Wickham et al., 2022) was used for data manipulation.





3. Results


3.1. 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).




3.2. Fungal diversity of fungus gardens in field and laboratory nests

Similar to the observation for bacteria, 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 (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).



3.3. The major 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) and Flavobacterium (0.98% ± 2.55). Lastly, an ASV of the phylum Bacteroidetes (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.
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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.


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 Ochrobactrum (1.64% ± 11.57). We also found Actinobacteria in an abundance of over 0.5% mean RA. Acidobacteria, Bacilli, Bacteroidia, Betaproteobacteria, Chitinophagia, Clostridia, 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. canadensis (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 Table 2). Other ASVs with a relative abundance greater than 0.5% total mean RA were Phaeoacremonium sp. (Togniniales; 1.75% ± 5.20), a Diatrypaceae (unknown) (Xylariales; 1.24% ± 4.47) and a Herpotrichiellaceae (unknown) (Chaetothyriales, 0.72% ± 2.84) (Supplementary Table 2). Moreover, additional fungi in the orders Eurotiales, Sordariales, Capnodiales, Helotiales, Coniochaetales, Saccharomycetales, Pyxidiophorales, Pleosporales, and Orbiliales were successfully amplified, but 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, C. 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 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. and Candida sp. in the mock and Zymo control (Supplementary Figures 2C, E, 3C, E).



3.4. The abundance of most common taxa within fungus gardens of field and laboratory nests

Only one bacterial ASV each in the genera Pseudoxanthomonas and Erwinia, and the two ambrosia fungi, Raffaelea sulphurea and R. canadensis, occurred in considerable abundance both in field and laboratory nests (Figure 4). Fungus gardens from the field additionally harbored several other bacterial taxa and two more fungi, a Graphium sp. and an unknown Sordariomycetes, while laboratory gardens only harbored C. globosum, which did not occur in the field.
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FIGURE 4
Comparison of the relative abundances of most important 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 (*; F = field nests, L = laboratory nests).


Changes in relative abundances of these most common taxa over the development of nests were hardly to detect, but some effects were observed. First, within field fungus gardens, the unknown species of 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; Figures 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 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-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).
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FIGURE 5
Comparison of the relative abundances of the three major 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 antagonist 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).




3.5. 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 community of bacteria and fungi that is vertically transmitted may be most essential for the beetles’ nutrition and development (Figure 3). Besides these taxa present in lab nests, 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. For example, especially in the laboratory nests, we observed a striking turnover from a nutritional fungal mutualist (R. sulphurea) to a putative lab contaminant (C. globosum). However, based on our mock community data (Supplementary Figure 3), we suspect a sequencing bias toward C. globosum here, representing a higher abundance of this species, when in fact it is slightly lower. This has already been addressed by Nuotclà et al. (2021). We observed functional beetle-symbiont interactions, specifically 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).

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 Sphingobacteriia and Flavobacteriia (Bacteroidetes) over development phases; Sphingobacteriia 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 heterogeneous 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.

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 (Figures 3, 4). Both taxa are known as symbionts of some ambrosia beetles (Harrington, 2005; Kolaøík 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 were relatively equal between lab and field, showing both a relatively stable abundance of R. canadensis and a decrease of R. sulphurea over development phases (Figures 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 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 associates in the field are possibly 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 laboratory findings indicate that the majority of them are not necessarily needed by the beetles. The combination of culture-dependent studies and independent methods allow for a comprehensive approach and can highlight the intensity of the associations (e.g., Kostovcik et al., 2015). Also in the context of the community detected by our method, we agree with this opinion and confirmed already isolated associates from previous studies (Batra, 1966; Francke-Grosmann, 1975; 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 lacking of both plant secondary compounds and less recalcitrant plant polymers in the artificial substrate (Biedermann et al., 2009), it is possible that some microbial symbionts (mutualistic, commensalistic, or pathogenic) got lost under laboratory conditions, while actually playing important roles in nature. Finally, more homogenous temperature and humidity conditions in the laboratory may 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 Figures 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. Fast developing nests were characterized by higher fungal richness (Supplementary Figures 4, 5), lower relative abundance of the antagonistic 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 (i.e., with only adults present that finished development).

This study is the first to provide evidence for 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 in their newly established fungus gardens. 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 benefits their fitness due to a higher abundance of the second food fungus, R. canadensis (which is most abundant during the second phase with first adult offspring present) relative to other non-beneficial fungi. 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 the above-mentioned succession from nutritional to non-beneficial fungi inside nests and the fact that relatively more non-beneficial fungi are unintentionally transmitted by the later dispersing beetles on their cuticle (Francke-Grosmann, 1975; Mayers et al., 2022).

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 a sterile, semi-natural medium that limits the diversity of the microbial community, resulting in the dominance of a few core taxa and few changes 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. (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.

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 and stabilize growth conditions for their fungal mutualists 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 cooperatively breeding ambrosia beetles with long overlaps between immature and adult offspring (many species in the Xyleborini genera Xyleborus and Xyleborinus, possibly also Platypodinae) show that there is often a 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; Menocal et al., 2023). Alternatively, other less social ambrosia beetles have relatively short-lived nests (only one generation per nest, typically little overlap between immature and adult offspring) 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 ants or termite 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 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 microbial communities in ambrosia beetle fungus gardens of field and laboratory nests revealed a strong reduction of both bacterial and fungal associations in laboratory nests. We argue that these few taxa are essential mutualists, needed for X. saxesenii reproduction and development; more complex substrate in real wood may require additional taxa, however. Furthermore, we observed in both, field and laboratory, a succession of fungal symbionts during the course of beetle development, in which nutritional fungal mutualists are slowly replenished by non-beneficial fungi. The quicker the succession proceeds, the slower nests are developing, which certainly relates to the diminishing food supply. Finally, this fungal succession might also have transgenerational costs for delayed dispersing daughters, as early dispersing daughters transmit the more beneficial fungal communities for founding new fungus gardens for their future offspring. Future studies should focus now on revealing the functional roles of the putatively beneficial bacterial taxa that were present in both field and laboratory nests. Furthermore, we strongly recommend to include environmental controls (i.e., non-colonized wood and media next to nests), which we missed and therefore we could not safely discern vertically transmitted from environmentally acquired symbionts.
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Tree host

Erobotrya japonica
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Cupressus funebris

C. funebrs

Cupressus funebris
Liquidambar styraciflia
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Fagus syvatica
F. sybatica
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Quercus sp.
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Castanea sativa
Pseudotsuga menziesii

Xylocs torticomis
Xylocis tortiicomis
Acacia pennata

Aca. pennata

Aca. pennata

Aca. pennata

Laboratory contamination
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Quercus robur

Sequoia serpervirens
Picea abies
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Unmus sp.

L styracifa

L. styracifiia

L. formosana
Cassia grandis
Juglans nigra
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Q. robur
Carpinus betulus
Frainus sp.
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Unmus glabra
Frainus sp.
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Q. robur

Q. robur

Q. robur

Acer negundo
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Gretum luofuense
L. formosana

L. styraciflia

Choerospondias ailaris
Unmus pumita

Unmus pumia
Beilschmiedia tawa

B tawa

L formosana
L. formosana

C. draco

C. draco

€. draco

Emoporus japonicus
Emoporus japonicus
Unmus sp.

Uimus sp.

U. minor

U. minor

P menziesii

F carica
Cupressus funebris

Prunus sp.
Fraxinus omus
Quercus dalechampi
C. betuus

Umus laevis
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F. excelsior
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Ulmus pumila

s
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OK584392
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LR812785
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MW222412
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AMOATE69

OK584385
OK584386
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NR_169923
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AM181436.
AM181467
AM181466
AJST848T

HEB04117

AM181421
AM181428
AM746018

AM181419
AM181418
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AM181431
HEB04146

AM421085
AM421075
HF546226
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GenBank accession no.

TEFt-

MZ514871
MZ514870
OK632357
OK632356
OK632355
KY872746
KY872747
KY872748

LR535705
LR813193

LR813141
MH580557
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MH580541
MH580542
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Geosmithia sp. = CUF 3640 Fhioelinous scarmbeoides  Ulea europaea AMGIO01  MIFiSooe IKRGoo9dt Kolar et al., <007

‘CCF 3652 P scarabeoides 0. europaea AMA21062  MHS80553 Kolaitk et al., 2007
Geosmithia sp. 23 CGF 3318 Scoiytic beetles Persea gratissima AJ578489 HG799808  HG799899  Kolaik et al, 2004, 2017
COF 3639 Scoltus ruguiosus Prunus armeniaca AM421068  HG799838  HG799802  HG799892  Kolaik et al, 2004, 2017
uteo Socolytus multistriatus U. pumia HF546284 HG799911  Kolaiik etal, 2017
Geosmithia sp. 24 MB136 Orthotomicus erosus Pinus halepensis KP691926 KP691936 Dori-Bachash et al, 2015
MB242 Pityogenes calcaratus Pinus brutia KP691927 KP691937 Dor-Bachash et al, 2015
MB322 0. erosus Pbrutia KP691928 KP691938 Dori-Bachash et al., 2015
CCF 4294 Pityogenes quadtidens P syhestis MH580555 Kolaiik and Jankowiak, 201
MK1772 P pityographus P sybestrs MHS80556 Kolafik and Jankowiak, 201
Geosmithia sp. 25 MK1832 Cryphalus abetis Abes alba HEG04128  HEGO4218  HEGO4186  HEG04250  Kolaiik and Jankowiak (201)
CCF 4205 Cryphalus piceae A alba HEB04127  HEG04219  HEGO4187  HEG04253  Kolaik and Jankowiak, 201
Geosmithia sp. 26 CCF 4222 Pinus syvestris HEGO4158  LN9O7595 Kolafk ot al, 2017
Geosmithia sp. 27 CCF 4206 Pityogenes bidentatus P sybestis HE94978  HG799839 HG799893  Kolaik et al, 2017
‘CCF 4605 Pityophthorus sp. Pinus ponderosae HF546309 HG799827  HG799919  Kolaik and Jankowiak, 201
Geosmithia sp. 20 GCF 4221 C. piceae Aaba HEG04125  HEG04233  HEGO4184  HEG04248  Kolaiik and Jankowiak, 201
Geosmithia sp. 30 CCF 4288, 1 cembrae. L. decicua HEG04132  HEG04216  HEG04193  HEG04242  Kolaiik and Jankowiak, 201:
Geosmithia sp. 31 CCF 4196 P pityographus P sybestis HE604230  HEGO4176  HEG04256  Kolark and Jankowiak, 201
Geosmithia sp. 32 CGF 3554 Phiocosinus thijae Chamaecyparis pisitera AM181426  HG799874  HG799885  HG799926  Kolark et al., 2008, 2017
CoF 5202 Phioeosinus sequiae . sempervirens HFS46265  HG799873  HG799886  HG799925  Kolaik et al, 2008, 2017
Geosmithia sp. 33 CCF 4598 Socolytus praeceps Aies concolor HFS546331  HGT99869  HG799831  HG799928  Kolaik etal, 2017
Geosmithia sp. 34 CCF 4604 Ips plastographus C. decurrens HF546205  HG799866  HG799826  HG799918  Kolaik etal, 2017
uat7 S. pracceps A. concolor HFS46330  HG799868  HG799830  HG799922  Kolaiiketal, 2017
Geosmithia sp. 35. U196 Pityophthorus sp P mendiesii HF546231 HG799823 Kolaitk et al, 2017
Geosmithia sp. 36 CGF 4328 Pityophthorus sp. Pinus muricata HF546236 Kolaiik et al., 2017
MK1814 Cedrus atlantica MHS580538 Present study
Geosmithia sp. 37 U197 Pityophthorus sp. P menziesii HF546288  HG799862  HG799824  HG799915  Kolaik tal, 2017
Geosmithia sp. 38 U79 Pseudopityophthorus pubioennis - Notholthocarpus densifrus HF546346  MHS80537 Kolaiik et al,, 2017
CCF 5241 P, pubipennis Quercus acriolia HF546251  MHS80536 Kolafk ot al, 2017
Geosmithia sp. 39 U323 P juglandis Juglans hindsii HF546314 KC222335 Kolafk et al., 2017
Geosmithia sp. 40 CCF 5250 Pityophthorus sp. Pinus ponderosa HF546273  MH580550 Kolaitk et al, 2017
CCF 5245 1. plastographus Pinus radiata HF546304  MHS80549 Kolafk ot al., 2017
Geosmithia sp. 41 U215 Cossoninae sp. Artemisia arborea HF546202  HG799865  HG799825  HG799917  Kolaiketal, 2017
CCF 4342 Bostrichidae sp. Toxicodendron diversiobum HFS546249  HGT99871  HG799833  HG799924  Kolaik etal, 2017
Us4 Scobicia deciivis Umbelaria calfomica  HF546342  HG799870  HG799832  HG799930  Kolaiik etal., 2017
Geosmithia sp. 42 U166 P, canadensis Chamascypars sp. HFS46279  HG799860  HG799821  HG799912  Kolaiketal, 2017
CCF 5251 . ruguiosus Prunus sp. HF546285  HGTO0861  HG799822  HG799913  Kolaik etal, 2017
Geosmithia sp. 43 CCF 4203 Pityogenss knechteli P ponderosae HF546223  HG799864 HGT99916  Kolark ot al, 2017
Geosmithia sp. 44 GCF 4333 Piyophthorus sp. Pinus sabiniana LN907598 Kolailk et al,, 2017
CCF 4332 Pityophthorus sp. P sabiniana LN907599 Kolaitk et al, 2017
Geosmithia sp. 45 Hulor 17004 Pityophthorus annectens  Pinus taeda MH580482 Huang et al. 2019
Huler 17006 P annectens P taeda MHS580487 Huang et al., 2019
Hulcr 18823 Pityophthorus puicarius P taeda MH580505 Huang etal., 2019
Geosmithia sp. 46 Hulor 11575 Pseudopityophthorus minutissimus Quercus lauritolia MH426748  MHS80479 Huang et al., 2019
Hulcr 18077 Hypothenemus eruditus J. nigra MH426766  MHS80490 Huang et al., 2019
Hulcr 18201 H. eruditus J. nigra MH426776  MH580501 Huang et al., 2019
Geosmithia sp. 47 Hulor 11904 H. dissimils Q. lauritola MH426749  MHS80480 Huang etal., 2019
Huler 19182 H. dissimills Carya linoinensis MH426780  MHS80510 Huang etal., 2019
Geosmithia sp. 48 Hulor 19190 Phiogosinus dentatus Juniperus virginiana MHA26796  MHS80514 Huang etal., 2019
Hulor 19192 P dentatus J. virginiana MH426797  MHS80515 Huang etal., 2019
Emericolopsis palida CBS 490.71 Pityophthorus sp. NR_145052  KCO98998  KC987138  KC999034  Grum-Grzhimaylo et al, 2013

The isolates recovered in the present study are in bokd, Emericelopsis palida was selected s the outgroup of phylogenies. Strains in itlics were screened for morphological studies. *The sequences are avalable on
NCBI but have not been published.
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Phylum Class Order Family Genus Predicted species GenBank accession Number of isolates

Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae Aeromicrobium Ae. fastidiosum NR_044983.2* 9
Corynebacteriales Nocardiaceae Rhodococcus Ro. sovatensis NR_156055.1* 1

Ro. yunnanensis NR_043009.1* 3

Williamsia W. limnetica NR_117925.1* 3

W. muralis NR_037083.1** 1

Micrococcales Microbacteriaceae Agreia A. pratensis NR_025460.2* 5

Clavibacter Cl. michiganensis NR_134712.1* 1

Curtobacterium Cu. flaccumfaciens NR_025467.1* 25

Frigoribacterium Fr. endophyticum NR_134732.1**** 2

Frondihabitans Fh. sucicola NR_125644.1** 6

Herbiconiux H. flava NR_113225.1"* 4

Plantibacter P, flavus NR_025462.1* 1

Rothia R. dentocariosa NR_074568.1* 1

Subtercola S. lobariae NR_156868.1"* 1

Thermoleophilia Solirubrobacterales Patulibacteraceae Patulibacter Pa. americanus NR_042369.1* 3
Firmicutes Bacilli Bacillales Bacillaceae Bacillus B. amyloliquefaciens NR_117946.1** 1
B. atrophaeus NR_024689.1** 1

B. flexus NR_113800.1* 1

B. methylotrophicus NR_116240.1* 15

B. nakamurai NR_151897.1* 1

Staphylococcaceae Staphylococcus St. epidermidis NR_036904.1* 1

Bacteroidetes Flavobacteriia Flavobacteriale: Flavobacteriaceae Flavobacterium F. piscis NR_133746.1* 1
F. saccharophilum NR_112839.1* 4

Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter Pe. ginsenosidimutans NR_108685.1* 2
Pe. petrophilus NR_156885.1* 1

Pe. westerhofensis NR_042602.1* 2

Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Rhizobium Rh. huautlense NR_024863.1** 4
Rh. smilacinae NR_148270.1* 3

Rh. soli NR_115996.1* 4

Sphingomonadales Sphingomonadaceae Novosphingobium N. barchaimii NR_118314.1* 1

Sphingomonas Sp. faeni NR_042129.1** 2

Sp. ginsenosidivorax NR_117830.1** 1

Sp. gilianensis NR_146363.1* 1

Betaproteobacteria Burkholderiales Comamonadaceae Variovorax V. boronicumulans NR_114214.1* 1
Gammaproteobacteria Enterobacterale: Erwiniaceae Erwinia E. billingiae NR_104932.1* 30
Pantoea P, agglomerans NR_041978.1* 9

Pectobacteriaceae Biostraticola Bi. tofi NR_042650.1"** 1
Pseudomonadales Pseudomonadaceae Pseudomonas Ps. arsenicoxydans NR_117022.1* 19

Ps. azotoformans NR_113600.1* 3
Ps. caspiana NR_152639.1* 13

Ps. donghuensis NR_136501.2** 11
Ps. graminis NR_026395.1* 36

Ps. helmanticensis NR_126220.1* 5

Ps. koreensis NR_025228.1* 3
Ps. lurida NR_042199.1 23
Ps. lutea NR_029103.1* 10

Ps. orientalis NR_024909.1* 5

Ps. rhizosphaerae NR_029063.1** 2

Ps. silesiensis NR_156815.1* 5

Ps. synxantha NR_113583.1* 1

Ps. syringae NR_074597.1** 8

Ps. trivialis NR_028987.1* 8

Xanthomonadales Rhodanobacteraceae Luteibacter L. rhizovicinus NR_042197.1* 7

Xanthomonadaceae Pseudoxanthomonas ~ Px. spadix NR_042580.1** 8

Asterisks indicate *>99%, **>98%, ***>97, and ****>96% similarities.
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Code

Environmental Unit Pearson correlation

variables coefficients with heat

tolerance of the

yeast symbionts

MGT MST

Ele Elevation m —0.33 * —0.34 *

Bio1  Annual mean temperature °C 0.13 0.11

Bio2  Mean diurnal range [Mean of °C 0.29 0.41 *
monthly (max temp-min temp)]

Bio3  Isothermality (Bio2/Bio7) (* 100) - 0.25 0.36 *

Bio4  Temperature Seasonality - 0.1 0.08
(standard deviation *100)

Bio5  Max temperature of warmest °C 0.38 * 0.38 *
month

Bio6  Min temperature of coldest °C 0.07 0.02
month

Bio7  Temperature annual range °C 0.26 0.33 *
(Bio5-Bio6)

Bio8  Mean temperature of wettest °C 0.31 0.22
quarter

Bio9  Mean temperature of driest °C 0.15 0.09
quarter

Bio10 Mean temperature of warmest °C 0.22 018
quarter

Bio11 Mean temperature of coldest °C 0.1 0.1
quarter

Bio12 Annual precipitation mm  —0.49 i —0.52 i

Bio13 Precipitation of wettest month mm  —0.46 i —-0.42

Bio14 Precipitation of driest month mm 0.12 —0.07

Bio15 Precipitation seasonality mm  —0.41 = —0.22
(Coefficient of variation)

Bio16 Precipitation of wettest quarter mm  -0.52 = -0.48 **

Bio17 Precipitation of driest quarter mm 0.05 —0.14

Bio18 Precipitation of warmest quarter mm  -0.54 ** -049 **

Bio19 Precipitation of coldest quarter ~ mm 0.09 —0.08

*Pig 0.05: %P < 0.01; ®™P< 0.001.
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Host species No. Height where Diameter of Maximum
the sensor the host wood temperature

was installed where the during
above the sensor was surveyed
ground (cm) installed (cm) period (°C)
P, delicatulus 1 165 23 24.6
P, delicatulus 2 90 17 243
P, kawadai 70 7 257
P, albisomni 1 0 11 23.9

P albisomni 2 0 7 22.4
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Lucanid taxon Site Yeast IGS Strainno. MGT MST

no. strain Clade on the (°C) C)
plate
Pltycerus acuticollis 5 YWO07.8 Clade 1 28.75 28.75
K. Kurosawa, 1969 a
10 YWO06.1 Clade 2 28.75 31.25
a
R albisomni 3 YW19.1 Clade 3 28.75 28.75
Kubota, Kubota et a
Otobe, 2008 15 YW23.1  Clade 4 28.75 28.75
a
ssp. chichibuensis 6 YWO08.1 Clade 5 28.75 30
Kubota, Kubota et a
Otobe, 2008 7 YW09.1  Clade 6 28.75 30
a
P takakuwai Ihl YWS57.1 Clade 7 28.75 30
Fujita, 1987 a
13 YW86.3  Clade 8 28.75 30
a
14 YW13.1 Clade 9 28.75 30
a
ssp. akitai 17 YW73.3  Clade 10 27.5 2715
Fujita, 1987 a
19 YW38.1 Clade 11 28.75 30
a
21 YW88.1 Clade 12 28.75 28.75
b
ssp. hamedai 25 YW43.2 Clade 13 28.75 28.75
Fujita, 1987 C,
Shikoku
PR, viridicuprus 22 YW76.3 Clade Il 14 3125 31.25
Kubota, Kubota et 28 YW15.1  Clade Il 15 3125 31.25
Otobe, 2008 24 YW78.3 Cladell 16 3125 31.25
ssp. kanadai 30 YW58.1  Clade Il 17 3125 381.25
Kubota, Kubota et 32 YW87.1 Clade 18 26.25 26.25
Otobe, 2008 c,
Kyushu
P, akitaorum 20 YW14.9  Clade 19 26.25 26.25
Imura, 2007 b
P, sugitai 26 YW44.1 Clade 20 2625 26.25
Okuda et Fuiita, c;
1987 Shikoku
28 YW81.3  Clade 21 2625 275
C,
Shikoku
P, urushiyamai 31 YW48.1 Clade 22 25 25
Imura, 2007 c,
Kyushu

36 YW50.1  Clade 23 26.25 26.25
c,

Kyushu
P sue 29 YW45.1 Clade 24 26.25 26.25
Imura, 2007 [}
Shikoku
P, delicatulus 5 YW65.2  Clade 25 28.75 31.25
Lewis, 1883 Id
7 YW10.1 Clade 26 28.75 28.75
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Sample name

16S ITS
Phylum Class Order Family Genus Species OTUnumber Phylum Class Order Family Genus Species OTU number
27 58 147 235 403 572 724 3 18 39 78 111 148 208
23 43 91 183 322 417 478 5 21 44 84 115 156 219
20 39 100 146 234 295 339 3 15 31 62 74 92 128
27 64 152 250 446 631 750 5 18 33 57 80 99 159
23 38 101 157 265 351 388 5 17 32 51 62 78 114
37 85 213 374 745 1274 2029 4 19 37 78 106 136 191
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16 29 74 116 179 222 243 4 16 32 56 77 100 136





OPS/images/fmicb-13-964735/fmicb-13-964735-t001.jpg
Number

®@ ® ®@ © O

®

Province

Heilongjiang
Heilongjiang
Jilin
Shandong
Anhui
Anhui
Anhui
Hunan

Yunnan

Site

Dagqing

Harbin
Changchun
Tai’an

Wanggqiao Village
Luan

Zhangwan Village
Shijihu

Qujing

Latitude/longitude

46.67/125.23
45.59/126.44
43.72/125.09
35.97/116.97
31.67/116.357
31.806/116.519
31.70/116.358
28.8/112.36
25.85/103.75

Host cultivar

Qingma Nos. 1 and 2
Long Cannabis No. 3
Fenma No. 3

Zhong Cannabis No. 5
‘Wan Cannabis No. 1
‘Wan Cannabis No. 1
‘Wan Cannabis No. 1
Zhong Cannabis No. 1

Yunma No. 7

Date collected

September 2019
September 2019
September 2019
August 2019
July 2019

July 2019

July 2019
August 2019
September 2019

Population code

DQ
HRB
JL
SD
AH1
AH2
AH3
HN





OPS/images/fmicb-13-964735/fmicb-13-964735-g009.jpg
Variations in composition of fungal functional groups inferred by FUNGuild
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Species Response Factor df F R p

WCR Community Gity 23,158 2.38 0.288 0.001
State 10,158 3.35 0.184 0.001
City (Colorado) 1391 145 0.19 0.009
NCR Community City 331 172 0.156 0.002
State 231 2.1 0127 0.001

Results of models for bacterial community composition (community) in WOR and NCR species collected from differing localites. Distance matrices used in PERMANOVA models
were analyzed using Bray-Curtis distances on rarefied data. Western com rootworm (WCR, Diabrotica virgifera virgifera) and northern corn rootworm (NCR, Diabrotica barberi).
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831
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lllumina Sequence ID

Acinetobacter sp. S40
Acinetobacter sp. S54
Acinetobacter sp. S565
Bacillus aryabhattai
Bacillus aryabhattai
Delftia lacustris
Delftia lacustris
Delftia lacustris
Erwinia sp. S38
Erwinia sp. S43
Erwinia sp. S63
Klebsiella oxytoca
Ochrobactrum sp. S45
Ochrobactrum sp. S46
Pantoea sp. S61

Pseudomonas aeruginosa
Pseudomonas aeruginosa

Pseudomonas parafulva
Pseudomonas sp. S30
Pseudomonas sp. S31

Pseudomonas sp. S32
Pseudomonas sp. S37
Pseudomonas sp. S44
Pseudomonas sp. S60
Pseudomonas sp. S75

ndmA

ndmA 1E-50
ndmA 5E-51

ndmA 7E-4
ndmA 7E-4
ndmA 7E-4
ndmA 1E-4
ndmA 1E-4

ndmA 1E-4

ndmA EO
ndmA EO
ndmA EO
ndmA EO

ndmA EO

8

8
8
2
2

(e}

ndmB

ndmB EO
ndmB EO
ndmB EO
ndmB EO

ndmB EO

ndmC

ndmC 2E-61
ndmC 2E-61
ndmC 2E-61

ndmC EO
ndmC EO
ndmC EO
ndmC EO

ndmC EO

ndmD

ndm

D 1E-62
D 1E-62
D 1E-62

D 2E-45
D 2E-45
D 2E-45
D 6E-57
D 2E-59
D 1E-57

D 1E-53

ndmD 4E-69
ndmD 4E-69
ndmD EO

ndmD EO
ndmD EO
ndmD EO
ndmD 2E-65
ndmD EO

ndmE

ndmE 1E-40
ndmE 1E-40
ndmE 1E-40

ndmE 5E-43
ndmE 5E-43
ndmE 5E-40
ndmE 6E-52
ndmE 6E-52
ndmE 7E-155
ndmE 8E-45
ndmE 4E-154
ndmE 7E-155
ndmE 7E-155
ndmE 2E-42
ndmE 7E-155
ndmE 8E-45

Source

Eggs

Eggs

Eggs

Eggs

Frass
Heads
Heads
Heads
Eggs
Larvae
Heads
Heads
Eggs
Eggs
Heads
Heads
Eggs
Frass

Heads
Eggs
Eggs
Eggs
Eggs

Heads

Heads

All insects were field collected, except “Beltsville, MD”, which were reared in the laboratory (see column labeled “Sampling Site”).

Whole/Macerated

Whole
Whole
Whole

acera

N/A
acera
acera
acera

acera
acera
acera
acera
acera
acera
acera

N/A
acera

Whole
Whole

ed

ed
ed
ed

ed
ed
ed
ed
ed
ed
ed

ed

Whole
Whole
Whole
Whole
Macerated

Macerated

St/NSt

Si
NSt
NSt

S
N/A

Si

Si

Sampling Site

Mexico
Oahu, HI
Oahu, HI

Mexico

Beltsville, MD

Kau, HI
K'au, HI
K'au, HI

Ho

Bel
Bel

Hol

exico
exico

Kau, HI

exico
exico
exico
lualoa, HI
exico
exico
sville, MD
sville, MD
exico
exico
exico
exico
lualoa, HI

Bel

sville, MD

GenBank #

JACVTUO000000000
JACVUI000000000
JACVUJO0O0000000
JACVTQO00000000
JACVTR000000000
JACVUR000000000
JACVUS000000000
JACVUTO000000000
JACVTS000000000
JACVTX000000000
JACVUP0O00000000
JACVUU000000000
JACVTZ000000000
JACVUAO00000000
JACVUO000000000
JACVZF000000000
JACVTPO00000000
JACVVG000000000
JACVTO000000000
JACVVEOO0000000
JACVVF000000000
JACVZC000000000
JACVTY000000000
JACVVHO00000000
JACVVA000000000

ANI

84.19
84.20
84.16
99.53
95.93
95.08
95.10
94.97
79.12
79.07
75.50
99.10
83.82
83.99
86.23
99.42
99.44
98.05
82.20
86.15
84.66
89.53
83.88
84.78
82.14
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Colored boxes across bacterial species indicate which genes were detected. Refer to Table 1 for more details on sampling sites, etc.

LARVAE FRASS
solate (lllumina Sequence ID ndmA ndmB ndmC ndmbD ndmE ndmA ndmB ndmC ndmbD ndmk
B840 Acinetobacter sp. S40
B854 Acinetobacter sp. S54
555 Acinetobacter sp. S55
534 Bacillus aryabhattai
B35 Bacillus aryabhattai
$65 Delftia lacustris
$66 Delftia lacustris
67 Delftia lacustris
538 Erwinia sp. S38
543 Erwinia sp. S43
563 Erwinia sp. S63
569 Klebsiella oxytoca
B45 Ochrobactrum sp. S45
B46 Ochrobactrum sp. S46
861 Pantoea sp. S61
568 Pseudomonas aeruginosa
£33 Pseudomonas aeruginosa
560 Pseudomonas parafulva
830 Pseudomonas sp. S30
B31 Pseudomonas sp. S31
532 Pseudomonas sp. S32
537 Pseudomonas sp. S37
544 Pseudomonas sp. S44

60 Pseudomonas sp. S60
575 Pseudomonas sp. S75
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Insect species

Nosodendron coenosum
Nosodendron coenosum
Nosodendron asiaticum
Nosodendron asiaticum

aAll localities are in Japan.

Collection locality? Collection dateP
Tsukuba, Ibaraki Jun 2019-May 2020
Matsuyama, Ehime 3 Nov, 2019
Kozagawa, Wakayama 22 Jun, 2019
Sapporo, Hokkaido 9 Aug, 2019

bAll samples were collected by Bin Hirota.
CInsects were collected from tree sap seeping out of the bark crevices.
9DDBJ sequence accession number for symbiont 16S rRNA gene sequence.

Host plant®

Idesia polycarpa
Aphananthe aspera
Abies firma

Ulmus davidiana

Accession numberd

LC567144
LC567145
LC567142
LC567143
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Baits

Agar + pheromone! (Intercept)
Pheromone

Ep H + pheromone

Ep L + pheromone

Le H + pheromone

Le L + pheromone

Gp H + pheromone

Gp L + pheromone

Estimate

2212
—0.123
0.206
0.452
0459
0.145
0.281
0.108

Std. error

0.138
0.170
0.170
0.170
0.170
0.170
0.170
0.170

t-value

16.024
—0.725
1.207
2.650
2.689
0.854
1.650
0.635

Pr(>|t])

0.000
0.469
0.229
0.009
0.008
0.394
0.101
0.526

Ep, Endoconidiophora polonica; Le, Leptographium europhioides; Gp, Grosmannia penicillatas H, high load; L, low loads Pr(> | 1), p-value for t statistic; Boldface numbers show significant

effects at the level 0.05 when compared against control treatment (Agar + pheromone) ™.
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Compounds Release rate (mg/day) & SD No. of dispensers Dispenser design

Laboratory Field

Synthetic fungal VOCs mix"
Mix (low) 0.34 % 0.04 03£0.1 1 Glass vial with a syringe hole on septalf.
Mix (Medium) 1.7£02 11£03 ¢ PE/Aluminum sachet with 0.5 mm holeTtT
Mix (High) 424078 29+1.1 2 PE/Aluminum sachet with 2 mm hole T

Ips typographus pheromone
2-methyl-3-buten-2-ol 422420 6225 1 731 vial; 2 mm hole on cap!ttt
cis-verbenol 1.5+038 12+ 1.0 1 731 vial; 9 mm hole on captttt
13-methyl-1-butanol, 2-methyl-1-butanol, 3-methyl-1-butylacetate, 2-phenylethanol, 2-methyl-1-butyl acetate, 2-phenylethyl acetate in ratio I:1:1:1:1:1 (v/v). T2 ml glass vial with a
P -one septum, syringe 22 gauge (Agilent, CA, United States). 11 Cellulose sponge (6 em x 4 cm x 0.25 cm) filled with 2 ml of volatile organic compounds (VOCs) mix, se:

0.1 mm thickness PE film. The adsorbent with VOCs was sealed in an aluminum sachet (7 cm x 5 cm) with the hole at the center of one side. 111t Closed PE vial (731, Kartell,
Ttaly) with a hole on the cap.





OPS/images/fmicb-13-980251/fmicb-13-980251-g005.jpg
Emmission rate (ng/h/Petri dish £ 2RSD)

Grosmannia penicillata

8000 2000
4000 1000
2000 500
0l—=== : L
4 days 5days 6 days 7 days
B
8000, Leptographium europhioides
6000
6000
4000
4000
4 days 5days 6 days 7 days
C
8000, Endoconidiophora polonica
‘ 6000
6000
4000
4000
0
4 days 5 days 6 days 7 days

B 3-Methyl-1-butanol
B 2-Methyl-1-butanol
0 3-Methyl-1-butyl acetate

[0 2-Methyl-1-butyl acetate
B Phenylethyl acetate
—— Surface area of mycelium

Surface area of fungal mycelium (mmz2)





OPS/images/fmicb-13-980251/fmicb-13-980251-g004.jpg
Component 2 (15%)

3, .Day 6 .
~ ‘Da 5 |
2- G. penicillata ® , ay4
14 B :
. ay 7
o____________' _______ Day 5 EaXG_
. .y ' Day 4 @
ay | Day 7
= . y
‘ Day 5 , E. polonica
|
-2- [ Day 6 |
34 L. europhioides |
. |
-4_ |
] ® Day 7 |
-5 . . : . :
-6 -4 -2 0 2 4 6

Component 1 (53%)





OPS/images/fmicb-13-980251/fmicb-13-980251-g003.jpg
Percentage trap catches + 95% CI

351

30

297

P

0.085

|
Pheromone

MixL+ &= MixM+ = MixH +
Pheromone Pheromone Pheromone





OPS/images/fmicb-13-980251/fmicb-13-980251-g002.jpg
Percentage trap catches + 95%ClI

O -
o
N
Né'& ) <°

304

20-

<®

X X X
\ \,GY\ \,G\’ o0 R0

« 2019 - 2020

T
o o 0((\0“e ¥ o 5 o S o o«\o(\e
?\(\G‘ ?\(\G‘ ?\(\3( ?\(\G( x?\(\e‘ ?\(\G‘





OPS/images/fmicb-13-980251/fmicb-13-980251-g001.jpg
BTN

Qe

w iy

SN T W\
AR R .lw¢ p
AJ






OPS/images/fmicb-13-980251/cross.jpg
@ Check for updates.





OPS/images/fmicb-13-964735/fmicb-13-964735-t003.jpg
Types

16S

ITS

Diversity indices

Sobs
Shannon
Simpson
ACE
Chao
Coverage
Sobs
Shannon
Simpson
ACE
Chao
Coverage

AH1

243.25 + 48.87
0.99 & 0.15
0.99 & 0.15

287.05 £ 69.30

289.91 £ 72.72

0.9985 £ 0.0006
87.50 £ 2.96
1.68 £ 0.18
0.43 4 0.07
99.46 £+ 6.77
99.74 £+ 6.38

0.9997 £ 0.00005

AH2

190.75 £ 2.50
1.30 £0.23
130 £0.23

205.26 £ 4.11

204.10 £ 4.21

0.9993 =+ 0.0001
75.50:415.57
2.61 +£0.22
0.16 4 0.04
84.35 +12.55
80.18 +16.01
0.9999 +0.00003

AH3

127 + 16.97
0.73 £0.19
0.7340.19
140.71 £ 17.64
139.98 +17.87
0.9994 =+ 0.0000
46.00 & 3.42
2.01 £0.46
0.33 £0.15
52.95:5.75
52.56 + 8.07
0.9999 + 0.00004
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1.93+0.14
1.93+0.14

307.77 £ 106.37

306.85 £ 104.12

0.9986 £ 0.0009

54.00 £ 8.77
2.68 + 0.35
0.16 & 0.04
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56.33 + 8.74

0.9999 + 0.00002

HRB

149.75 £ 20.82
1.47 £0.08
1.47 £0.08

170.15 £ 21.76

177.72 £125.75

0.9992 £ 0.0001
44.75 £3.25
247 +£0.23
0.16 4 0.04
46.11 +3.72
46.25 +3.94

1.0000 = 0.0003
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787 £118.83
4.95+0.29
4.95+0.29

813.65 4+ 119.90
815.82 +118.43
0.9983 £ 0.0001
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0.17 £0.03
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0.9999 + 0.00003
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117.25 &+ 24.52
1.38 £ 0.24
1.38 £ 0.24

166.29 + 18.47

146.86 & 22.05

0.9991 £ 0.0001
72.00 £ 3.49
2.31 4 0.06
0.23 4+ 0.01
75.16 £+ 3.95
75.50 £ 4.54

0.9999 +0.00002

SD

189.75 +96.12
1:22:410.32,
122 £0.32

277.79 £120.51
263.32 £ 110.57
0.9981 =+ 0.0008

42.75 +13.11
1.55 £ 0.58
0.44 4 0.20

4541 +13.81

45.02 +14.39

0.9999 £ 0.00002

YN

88.00 £+ 9.35
0.98 4 0.12
0.98 4 0.12
126.59 & 7.57
118.83 £ 8.39
0.9991 =+ 0.0000
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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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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"
«@-Copaene 763 5254 01205 01501 00£0.1
Widdrol 750 5183 02+0.1

Caryophyllene oxide 763 49.05 04201

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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~89.458728
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‘Determined by the hydrometer method (Bouyoucos, 1962)

“According to the United States Department of Agriculture—Natural Resources Conservation Service (USDA-NRCS).
‘CEC, Cation Exchange Capacity (meq/100g).

"WHC, Water Holding Capacity at 1/3 Bar.

“TPAC, Throckmorton-Purdue Agricultural Center.
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Symbiont GenBank  Primers References

accession
no.
Harringtonia 285 MT556279 LROR/LRS  Vilgalys and
lauricola DNA Hester (1990)
LSU
185 HM446155 NSUNS4 | Whiteetal.
IDNA (1990)
S5U
Raffaclea 288 OK324060 LROR/LRS  Vilgalys and
subfusca DNA Hester (1990)
LU
185 OK324047 NSINS4 | White etal
DNA (1990)
SSU
Raffaclea arxii | 285 OK324059 LROR/LRS  Vilgalys and
DNA Hester (1990)
LsU
185 OK324046 NSUNS4 | Whiteetal.
DNA (1990)
S5U
Fusariumsp. | EFl-a | MZ265349 EFI O'Donnell etal.
nov. (1998)
RPBI MZ265352 F5/R8;F8/ | O'Donnell etal.
R9 (2010)
RPB2 MZ265355 sf27cr; | Livand Hall

7cf/llar | (2004)and Reeb
etal. (2004)
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F. tuaranense
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Host tree

Numerous woody hosts

Avocado (Persea
americana Mill.)
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negundo L.)
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(Platanus racemose
Nutt.); Avocado (Persea
americana Mill.)
Chinese tea (Camellia
sinensis L.)
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A.Cunn. ex Benth.

Tree of heaven
(Ailanthus altissima Mill.)
Rubber tree (Hevea
brasiliensis Muell. Arg.)

Country (region)

Israel, United States
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Angeles), South Africa

Australia (Queensland),
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United States (Florida)
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United States
(California), Taiwan

Sri Lanka, India

Indonesia (Riau)
Eastern North America

Malaysia (North
Borneo)
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Freeman et al., 2013;
O’Donnell et al., 2015;
Paap et al., 2018;
Smith et al., 2019
Garcia-Avila et al.,
2016; Aoki et al., 2019

Aoki et al., 2019

This study

Gomez et al., 2018; Na
etal., 2018; Carrilo
etal., 2019

Gadd and Loos, 1947;
Brayford, 1987; Aoki
etal., 2018
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Aoki et al., 2018

Aoki et al., 2019

AFC, ambrosia Fusarium clade.
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Number of fungal isolates
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Number of beetles tested
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Head Thorax Abdomen

Fusarium kuroshium 30 (88) 12 (39) 14 (45)
Arthrinium arundinis 13 1) 3(10)
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Number of fungal isolates of each species
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Coffee berry borer
(present paper)

Coffee berry borer
(Ceja-Navarro et al., 2015)

Coffee plantation soils

Coffee plants

Pseudomonas aeruginosa (S68)
Pseudomonas parafulva

Pseudomonas sp. S30, S31, $32, S37,
S44, S60, S75

Acinetobacter sp. S40*, S54*, S55*
Bacillus aryabhattai*
Delftia lacustris*

Erwinia sp. S38*, S43*, S63*
Klebsiella oxytoca*

Ochrobactrum sp. S45*, S46*
Pantoea sp. S61*, $62
Bacillus sp. S72,
Stenotrophomonas sp. S39

Brachybacterium rhamnosum

Enterobacter sp.

Jonesiae

Kosakonia cowanii
Microbacterium binotii
Novosphigobium sp.

Ochrobactrum sp.

Pantoea eucalypti

Pantoea septica

Pantoea vagans
Pseudomonas sp.
Pseudomonas fluorescens
Pseudomonas fulva
Stenotrophomonas maltophilia

Acinetobacter sp. (Yamaoka-Yano and Mazzafera,
1998)

Coryneform bacterium (Yamaoka-Yano and
Mazzafera, 1998)

Havobacterium sp. (Yamaoka-Yano and Mazzafera,
1998)

Pseudomonas sp.** (Dash and Gummadi, 2006)
Pseudomonas sp. (Gokulakrishnan et al., 2007)

Pseudomonas alcaligenes (Sarath Babu et al.,
2005)

Pseudomonas putida (Yamaoka-Yano and
Mazzafera, 1998)

Pseudomonas putida™ (Yamaoka-Yano and
Mazzafera, 1999)

Serratia marcescens™ (Mazzafera et al., 1996)

Pseudomonas sp. (Baker et al.,
2012)

P monteilii (Arimurti et al., 2018)

P, putida (Nunes and de Melo,
2006)

In column one, Pseudomonas sp. S32, S37, S60 and P, parafulva, had the full complement of N-demethylation genes (ndmABCDE) and caffeine breakdown metabolites
were detected by HPLC; Pseudomonas sp. S31 had the full complement of N-demethylation genes but metabolites were not detected; an asterisk denotes that one, two,
or three N-demethylation genes were identified, but no N-demethylation metabolites were detected, i.e., N-demethylation is not being expressed; no N-demethylation
genes were detected in Bacillus sp. S72, Pantoea sp. S62, and Stenotrophomonas sp. S39, but metabolites were detected; ndmD and ndmE, as well as N-demethylation
metabolites, were detected in Pseudomonas aeruginosa. Of the 50 strains isolated from the coffee berry borer, eight listed in bold in the first column were the only ones
capable of growing in M9 minimal media containing 0.25% caffeine as the sole carbon source. Among all the bacteria listed in the second column, N-demethylation
was only positively determined for P. fulva (Ceja-Navarro et al., 2015). Two asterisks in the third column indicates N-demethylation, otherwise, the caffeine breakdown
mechanism was not determined. The caffeine breakdown mechanism was not determined for bacteria isolated from coffee plants (fourth column).
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Development NField Development Niap
speed*
Phase 1 13 Fast (7-9 days) 6
larvae
”" Medium 28
(10-12 days)
Slow (13-31 days) 16
Phase 2 13 Fast (25-26 days) 11
larvae—pupae-adults
Q’ Medium 25
(27-31 days)
Slow (32-43 days) 14
Phase 3 4 Fast (35-41 days) 16
adults
* Medium 20
(42-47 days)
Slow (48-76 days) 14

Numbers of nests (N) per classification are given.

*Categorization of the developmental speed was only applied to laboratory nests.
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Fungus Isolate number Beetle vector Geographical range

Endoconidiophora polonica 1993-208/115°%" Ips typographus Europe
1997-770/952

Grosmannia penicillata 2006-200/44/2°!
1980-91/545°

Endoconidiophora rufipennnis 1992-633/262/9 "Denafoctonus rufipennis North America
1993-403/463

Leptographium abietinum 1992-635/310/4'
1992-633/9/2

Isolate numbers refer to the culture collection of the Norwegian Institute of Bioeconomy Research. *Isolate that was also used in beetle choice studies. Superscript number
corresponds to the isolate numbers used in Figure 1.
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