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Life-stage and geographic location determine the microbial assemblage in Eurasian spruce bark beetle, Ips typographus L. (Coleoptera: Curculionidae)
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Ips typographus L. (Coleoptera: Curculionidae) is one of the serious pests causing mass destruction of European spruce forests, with a substantial economic impact. Symbiotic microbes associated with bark beetles often play a definitive role in accomplishing their physiological and ecological functions by detoxifying chemicals, inhibiting pathogens, and offering nutrients. Although a few research works explored the microbes associated with I. typographus, much is yet to be studied to understand their adaptive ecology as holobionts comprehensively. The present study examined bacterial and fungal communities of larvae, adults, and feeding galleries from Austria and Czech Republic using high-throughput sequencing that elucidated the influence of geographic location, host, and life stage on the microbial assemblage in Eurasian spruce bark beetle, I. typographus. The most abundant bacterial genera in I. typographus included Pseudoxanthomonas, Spiroplasma, Pseudomonas, Cellulomonas, Tyzzerella, Bacillus, and Mycobacterium. Alternatively, Wickerhamomyces, Nakazawaea, Aspergillus, Ophiostoma, Cryptococcus, Rhexographium, Yamadazyma, Talaromyces, and Kuraishia were highly dominant fungal genera. Significant differences in bacterial and fungal community richness and diversity were detected among the tested samples. LEfSe analysis revealed species-specific bacterial and fungal biomarkers from different locations in the larvae, adults, and feeding gallery samples. PICRUSt2 and FUNGuild analysis documented putative roles of the bacterial and fungal communities in beetle holobiont and provided a foundation for downstream functional analyses. The current findings further enhanced our understanding of bark beetles as holobionts.
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1. Introduction

Eurasian spruce bark beetle (ESBB) Ips typographus (L.) (Coleoptera: Curculionidae: Scolytinae), an essential species in the forest ecosystem, plays a crucial role in forest restoration by decomposition of dead or dying wood and nutrient recycling (Raffa et al., 2015; Hlásny et al., 2019; Powell et al., 2021). ESBB adults attack weakened, dead, or fallen spruce trees as secondary pests during suitable environmental conditions. Bark beetle-induced tree mortality begins with a loss of capacity to move water and nutrients (Mikkelson et al., 2013). Global climatic changes are reshaping forest ecosystems, where aggressive bark beetles like ESBB are causing massive destruction of healthy trees through pheromone co-ordinated mass attacks resulting in landscape-level mortality and enormous economic losses (Hlásny et al., 2021). In Europe, the average annual death of 2–14 million m3 of spruce by ESBB escalated massively to 118 million m3 in 2019 due to dry and hot summers (Seidl et al., 2014; Ebner, 2020).

Conifers are equipped with allelochemicals like terpenes and phenolic compounds to combat bark beetle attacks (Keeling and Bohlmann, 2006; Wang et al., 2023). Bark beetles successfully evade plant defense by metabolic degradation, modification or enhanced excretion of the toxic chemicals, and modified feeding behavior (Sauvard, 2007; Berasategui et al., 2017; Tanin et al., 2021). Bark beetles encounter another problem as they develop on the inner bark, which is nutritionally poor and recalcitrant. Bark and sapwood are rich in lignin, cellulose, and hemicellulose, but these biopolymers are not accessible to bark beetles as nutrients. Feeding on conifer tissues becomes more difficult due to low concentrations of nitrogen, phosphorus, vitamins, and other nutrients (Franceschi et al., 2005; Wang et al., 2023).

Symbiotic microbes associated with bark beetles play a definitive role in fulfilling their physiological and ecological functions to thrive in a hostile environment (Liu et al., 2022). For instance, several studies demonstrated the role of mountain pine beetle-associated bacteria Rahnella, Serratia, and Pseudomonas and ophiostomatoid fungi Grosmannia clavigera in monoterpene degradation (Wang et al., 2014; Zaman et al., 2023). Erwinia typographi sp. isolated from ESBB was resistant to acyclic monoterpene myrcene (Skrodenytė-Arbačiauskienė et al., 2012). Similarly, ESBB-associated fungi (Grosmannia penicillate, Grosmannia europhioides, and Endoconidiophora polonica syn. Ceratocystis polonica) are involved in the degradation of phenolic compounds stilbenes and flavonoids (Hammerbacher et al., 2013; Zhao et al., 2019b). Symbiotic microbes play a critical role in the nutrition of bark beetles by hydrolyzing complex biopolymers to simple sugars and providing assimilable nitrogen, phosphorus, amino acids, vitamins, and sterols (García-Fraile, 2018; Peral-Aranega et al., 2020). Bacteria and fungi associated with bark beetles synthesize necessary enzymes like cellulases, hemicellulases, xylanases, endoglucanases, peroxidases, and oxidases for hydrolysis complex starch- and non-starch plant polysaccharides to simple sugars (Valiev et al., 2009; Fabryová et al., 2018; Ceja-Navarro et al., 2019; Peral-Aranega et al., 2020). Aggregation and anti-aggregation pheromones produced by fungi and bacteria promote bark beetle colonization and reduce intraspecific competition (Xu et al., 2015; Zhao et al., 2015, 2019a; Netherer et al., 2021). Bark beetle symbionts also play a vital role in protecting bark beetle holobiont from antagonism. The role of different Pseudomonas isolates in entomopathogenic inhibition was demonstrated in various studies (Saati-Santamaría et al., 2018; Peral-Aranega et al., 2020). Leptographium abietinum, symbiotic fungi associated with spruce beetle, showed inhibition of entomopathogen Beauveria bassiana (Davis et al., 2019). Alternatively, symbiotic bacteria also benefit symbiotic fungi by promoting their growth, inhibiting antagonistic fungi, and reducing bark beetle-symbiotic fungi competition for nutrition (Adams et al., 2009; Zhou et al., 2016; Liu et al., 2020). The bacterial and fungal communities associated with the ESBB gut were recently identified using a metagenomic approach, and their potential role in bark beetle adaptation was predicted (Chakraborty et al., 2020a,b). Despite all those efforts, our current knowledge about the geographic location (including microhabitat, i.e., plant holobiont) and life stage influence on ESBB microbial assemblage is still limited and are yet to be conducted on broader geographic conditions (Moussa et al., 2023; Veselská et al., 2023).

It is already documented that diet, developmental stage, host phylogeny, and habitat environment influence insect gut microbial diversity (Yun et al., 2014). ESBB larval stage is the gregarious feeding stage, where the associated microbial communities primarily function in nutrient acquisition and detoxification of plant terpenes (Peral-Aranega et al., 2020). The adults have additional duties, including host finding, establishing new galleries, and reproduction. Such differing ecological roles can be associated with ESBB symbiont choice and maintenance throughout the developmental stages, including metamorphosis (Kaltenpoth, 2020). Notably, phloem consumption also differs between different life stages of beetles, and the nutritional quality of the host tissues varies after initial colonization, which could also influence microbial community structure. Moreover, different geographic locations can influence the bark beetle-microbial interactions due to the difference in host tree holobiont and environment (Adams et al., 2010; Liu et al., 2019; Moussa et al., 2023). We hypothesize that drivers such as bark beetle life stage and geo-location concurrently influence the ESBB microbial associations, and life stage, which undergoes metamorphosis, have a more predominant role. To test our hypothesis, we analyzed bacterial and fungal communities of ESBB larvae, adults, and galleries from Austria and Czech Republic to elucidate the impacts of geo-location and the beetle life stage on microbial assemblage. We successfully provided the first meticulous report on ESBB microbial associations under the influence of two crucial drivers (i.e., life stage and geo-location) together. Distinct microbial associations were observed in different life stages of ESBB, suggesting beetle life stage and physiology is the key determining factor for fine-tuning the microbial associations and their metabolic role in bark beetle holobiont. This study further expands our knowledge of ESBB holobiont, feeding-gallery microbiome and sheds light on the microbial acquisition and core microbiome during the complex life cycle of bark beetles under geographically isolated forest ecosystems.



2. Materials and methods


2.1. Sample collection

ESBB adults, larvae, their galleries, and control wood samples were obtained from two sites in Austria and Czech Republic, respectively. The samples were collected in June 2020. The samples from Czech Republic (CZ) include uninfested phloem wood as control (CZ.CW), gallery wood (CZ.GW), ESBB larvae (CZ.L), and whole-body ESBB adults (CZ.WB) collected from Rouchovany (49°04′08.0″ N 16°06′15.4″ E, 366 m a.s.l) a State Forest Enterprise, public forest, regular forest management, warm and drought zone. From Austria (AT), the samples were gallery wood (AT.GW), ESBB larvae (AT.L), and whole body of ESBB adults (AT.WB) collected from Stockerau (48° 22′ 59.99′′ N 16° 13′ 0.01′′ E, 176 m a.s.l). In both places, multiple bark beetle-infested logs (dbh ∼20 cm) from different spruce trees (6–8 trees) were collected and kept separately and brought back to the laboratory. The logs were kept overnight at 4°C until the beetles were harvested. Beetles and phloem wood samples were collected from the logs on the same or the next day of collection on sterile benches using sterile tools (i.e., sterilized tweezers) and placed into sterile 1.5 mL microcentrifuge tubes to minimize the chances of cross-contamination between different brood galleries. Unfortunately, we failed to obtain pure control wood from Austria. Live adults (sclerotized adults), larvae (3rd instar), and brood gallery wood (infested pigmented phloem) were carefully and separately sampled from 6 independent brood galleries from infested logs under sterile laboratory conditions, following the standard protocol comparable to the published one (Hulcr et al., 2022). The control wood (intact phloem) samples from Czech Republic were collected from the same spruce tree away from the beetle galleries, where there was no apparent bark beetle infestation. Parasitized galleries or beetles, including suspicious ones, were excluded from the current study. All the samples (beetles and wood) were shock frozen in liquid nitrogen for future nucleic acid extraction. Twelve individual beetle samples (larvae or adult) were randomly collected from infested logs obtained from a single infested tree to represent one biological replicate, and a total of six replications were used in the metagenomic analysis from 6 independent galleries belonging to different spruce trees per location. Similarly, each wood sample replicate comprised six phloem pieces (0.5 by 1 cm sections) collected and pooled from the same infested or control logs belonging to a single spruce tree. A total of six wood sample replicates were also taken from different spruce trees for metagenomics sequencing. The beetle adults and larvae were taxonomically identified based on published literature by Pfeffer (1955) and Nunberg (1981).



2.2. DNA extraction, amplification, and sequencing

Bark beetle samples were randomly selected and disinfected by first rinsing the beetles (adults and larvae) with 70% ethanol for 1 min and then washed in sterile water for 1 min. This step was repeated thrice to remove any surface contaminants. Each replicate of the adult whole body (2 beetles per extraction, 6 independent extractions per brood gallery), larvae (2 larvae per extraction, 6 independent extractions per brood gallery), gallery and control wood (∼ 120 mg per replicate) were homogenized and subjected to microbial DNA extraction using the Nucleospin soil DNA purification kit (Macherey Nagel, Germany) as outlined by the manufacturer. A total of six replicates for each sample were considered. It is worth mentioning that each beetle replicate contained an equimolar amount of pooled extracted DNA from six independent beetle DNA extractions from a single brood collection. The pooling of multiple extractions was adopted to provide a good representation of beetles in each replicate and minimize the higher sample sequencing requirements. Following DNA isolation, the samples were purified using a DNeasy Powerclean Pro cleanup kit (Qiagen, Germany) to remove PCR inhibitors, if any. The purified DNA quantity and quality were analyzed on Qubit Fluorometer (ThermoFisher Scientific, Germany) using Qubit High sensitivity dsDNA assay kit (ThermoFisher Scientific, Germany) and electrophoresed on 1% agarose gel, respectively. DNA was diluted (1 ng/μl) for amplicon sequencing in sterile water. The V3-V4 region of the bacterial 16S rRNA gene and fungal ITS2 region were amplified using specific primers [341F (5′-CCTAYGGGRBGCASCAG-3′)/806R (5′-GGACTACNNGGGTATCTAAT-3′) and ITS3 (5′-GCATCGATG AAGAACGCAGC-3′)/ITS4 (5′-TCCTCCGCTTATTGATATGC -3′), respectively] tagged with specific barcodes using Phusion High-Fidelity PCR Master Mix (New England Biolabs) for the PCR reactions (White et al., 1990; Klindworth et al., 2013). No template control was used to nullify the probability of contamination, similar to our previous studies (Chakraborty et al., 2020a,b). Equal amounts of amplicons were run on 2% agarose gel, and the bands were gel purified (Qiagen Gel Extraction Kit, Germany) before the library preparation. NEBNext Ultra II DNA Library Pre-Kit (Illumina) was used to construct the sequencing library. The constructed library was quantified on Qubit Fluorometer and qPCR. Agilent Bioanalyzer 2100 system was used to check the quality of the library. The Illumina NovaSeq 6000 sequencing platform generated 250bp paired-end reads from the library.



2.3. Sequencing data analysis


2.3.1. Data processing and species annotation

Bioinformatic analysis of the amplicon sequencing data was conducted using QIIME2 -2022.2 (Bolyen et al., 2019). Based on sample-specific barcodes, pair-end reads were assigned to the respective samples. Barcodes and primer sequences were removed, and pair-end reads were assembled using FLASH (V1.2.11)1 (Magoč and Salzberg, 2011). The “fastp” software was used to obtain high-quality clean tags after a quality check of the assembled raw tags. Chimera was detected and removed by VSEARCH software (Rognes et al., 2016), and effective tags were obtained for downstream bioinformatic analysis. Sequences with less than five read abundance were filtered to get the final amplicon sequence variants (ASVs) and the feature table using the DADA2 module in QIIME2 (Callahan et al., 2016). Taxa annotation of the ASVs was done with SILVA (Release v138.1)2 (Quast et al., 2012) and UNITE (Nilsson et al., 2019) databases for bacterial and fungal sequences, respectively, using Classify-sklearn module (Bokulich et al., 2018) in QIIME2 (Bolyen et al., 2019).



2.3.2. α-diversity

The microbial community richness and diversity within a sample were assessed using α-diversity indices. Sequence depth (Good’s coverage) (Good, 1953), observed species, microbial richness (Chao1), and Shannon and Simpson diversity indices (Good, 1953; Magurran, 1988) were estimated in QIIME2 and represented using R software ver 2.15.3 (R Core Team, 2013). The Kruskal-Wallis pairwise test evaluated the statistical differences between group comparisons for each α-diversity indices.



2.3.3. β-diversity

The unweighted UniFrac distance calculated by QIIME2 was used to estimate the variation in microbial diversity between the samples (Lozupone et al., 2011). Non-metric multidimensional scaling (NMDS) analysis was done based on unweighted UniFrac distances using vegan package in R software (Oksanen, 2011). Significant differences between communities of different samples were assessed using ADONIS and ANOSIM analyses (Clarke, 1993; Anderson, 2001) in the QIIME2 after 200 permutations. The ADONIS function is a non-parametric multivariate variance test based on the unweighted UniFrac distance matrix that uses permutation tests to determine the differences between sample groups and estimate their significance (Stat et al., 2013). Based on the unweighted UniFrac distance matrix, ANOSIM analysis determines whether the variance between groups is significantly greater than the variation within groups (Chapman and Underwood, 1999). Multiple hypothesis tests for sparsely sampled features and false discovery rate (FDR) were used in MetaStat analysis (Paulson et al., 2011) to assess the significant variations in observed species abundance among groups. Furthermore, T-test was used to evaluate whether there were significant differences in microbial species abundance groups (p-value < 0.05) (D’Argenio et al., 2014). Linear discriminant analysis Effect Size (LEfSe) analysis,3 where the linear discriminant analysis scores (LDA score [log10] > 4) were set as a threshold, was performed to determine the high-dimensional biomarkers to distinguish between tested samples (Segata et al., 2011). The putative functional spectrum of identified bacteriome was deduced using PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved Stats 2) software (Douglas et al., 2020). The metabolic function of the bacteria group was predicted by mapping the composition of the bacteria group obtained through sequencing to the database. The functional profiling based on different databases such as KEGG, METAcyc, COG, EC, PFAM, and TIGRFAM domain databases predicted different putative functions attributed to the bacterial communities in the samples. The abundance of functional annotation from different databases was used to generate heatmaps. Similarly, the putative ecological function of identified fungal communities was determined using the FUNGuild annotation tool4 that could taxonomically parse fungal ASVs by ecological or functional guild (Nguyen et al., 2016).





3. Results


3.1. Microbiome structure


3.1.1. Sequencing statistics

Illumina paired-end sequencing of larval and adult stages of ESBB collected from the Czech Republic and Austria (CZ.L, CZ.WB, AT.L, AT.WB) along with the control (CZ.CW) and gallery wood (CZ.GW, AT.GW) samples generated a total of 4686434 bacterial 16S rRNA reads, and 3363983 fungal ITS2 reads, respectively (Supplementary Material 1). From these, 3725513 bacterial and 3247655 fungal read counts were obtained after quality control with a Phred Quality score > 30 for further downstream bioinformatic analyses. Good’s coverage [>99%] and rarefaction analysis for all samples suggested sufficient sequencing depth (Table 1 and Supplementary Figure 1).


TABLE 1    Alpha diversity indices representing the bacterial and fungal community richness and diversity in ESBB life stages and their control and gallery wood.
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3.1.2. Microbial community structure


3.1.2.1. Bacterial abundance

The bacterial 16S rRNA sequences were clustered into 12256 amplicon sequence varients (ASVs) belonging to 59 classes based on 97% sequence homology (Supplementary Material 2). Among these, Gammaproteobacteria was prevalent in all the samples [AT.WB (11.9%), AT.L (31%), CZ.L (24%), CZ.WB (20.2%), AT.GW (21.6%), CZ.GW (34.1%), CZ.CW (7.2%)] followed by Actinobacteria, Bacilli, Alphaproteobacteria, Clostridia, and Bacteroidia (Figure 1A and Supplementary Material 3). The heatmap depicting the 35 most abundant bacterial genera in ESBB and wood samples in both sites revealed the dominance of Roseomonas, Patulibacter, Novosphingomonas, Brevundimonas, and Microbacterium in CZ.L, while Acinetobacter, Chryseobacterium, Taibaiella, Desulfitobacterium, Tyzzerella, Bacillus, and Spiroplasma were prevalent in CZ.WB. On the contrary, AT.WB showed a high abundance of Streptomycetes, Ochrobactrum, Amycolatopsis, Saccharopolyspora, Candidatus_Lariskella, Mycobacterium, Cellulomonas (Figure 1B and Supplementary Material 4).
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FIGURE 1
Microbial diversity in ESBB larvae, adults, gallery wood, and control wood samples. Representative bar graphs depict the relative abundance of the bacterial (A) and fungal (C) communities at the class level (top 10). “Others” represents the total relative abundance of the rest of the classes. Heatmaps illustrate the abundance of 35 abundant bacterial (B) and fungal (D) genera among the samples. The color gradient shows relative ASVs abundance for each sample, where darker and lighter colors denote higher and lower abundance, respectively [Austria Gallery Wood (AT.GW), Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB), Czech Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].




3.1.2.2. Fungal abundance

Similarly, the fungal ITS2 sequences were grouped into 1120 ASVs at a 97% similarity cut-off, belonging to 21 classes (Supplementary Material 2). Saccharomycetes and Sordariomycetes were the abundant fungal classes in all the ESBB samples and gallery wood, except for the larval samples from Austria (AT.L), where only Saccharomycetes (93.55%) was the most abundant class (Figure 1C and Supplementary Material 3). The relative abundance of Eurotiomycetes (19.9%) was higher in AT.WB compared to the rest of the beetle samples. The AT.GW showed a high relative abundance of Agaricomycetes (21.94%), Leotiomycetes (14.8%), Tremellomycetes (13.1%), and Dothideomycetes (7.3%) to rest of the samples (Figure 1C and Supplementary Material 3). The heatmap representing 35 most abundant fungal genera showed a prevalence of Neonectria, Cladosporium, Peterozyma, and Graphium in CZ.L, while AT.L showed an abundance of Hyalorhinocladiella, Cosmospora, Kuraishia, Ogataea, Nakazawaea (Figure 1D and Supplementary Material 4). Similarly, Rhexographium, Trichoderma, Aspergillus, Talaromyces, and Clonostachys were highly abundant in AT.WB (Figure 1D). Comparing the gallery woods, CZ.GW showed a high abundance of Ophiostoma, Cyberlindnera, Saccharomycopsis, and Myxozyma, while Danielozyma, Cryptococcus, Lophium, Graphilbum, and Kalmusia were abundant in AT.GW (Figure 1D and Supplementary Material 4).





3.2. α and β-diversity


3.2.1. Bacterial diversity

A significantly higher bacterial richness was observed in ESBB adults (AT.WB 430.24 ± 35.25) compared to the larval samples (AT.L 276.83 ± 24.99) from Austria (P < 0.01). However, no significant difference in the bacterial richness (P < 0.05) was detected between the two life stages of ESBB from Czechia (Chao1, CZ.L 358.36 ± 41, CZ.WB 380.8 ± 55.09) (Supplementary Figure 2A and Supplementary Material 5). Similarly, the same life stages of ESBB from two different locations did not show substantial variation in bacterial richness. Nevertheless, the gallery wood from two sites (Chao1, AT.GW 487.33 ± 61.09, CZ.GW 272.08 ± 17.37) revealed a significant variation in bacterial richness between them (Supplementary Figure 2A). The bacterial diversity differed significantly between the two life stages of ESBB, where the diversity in larvae was higher than in the adults (Supplementary Figures 2B, C). Furthermore, the bacterial diversity on the wood increased upon ESBB feeding (CZ.GW Shannon Index 7.43 ± 0.07, Simpson’s Index 0.9925 ± 0.0003; CZ.CW Shannon Index- 7 ± 0.08, Simpson’s Index- 0.9885 ± 0.0007). AT.GW (Shannon Index- 7.72 ± 0.23, Simpson’s Index- 0.9928 ± 0.0013) displayed a more diverse bacterial community than CZ.GW (Shannon Index- 7.43 ± 0.07, Simpson’s Index- 0.9925 ± 0.0003) (Supplementary Material 5). Furthermore, β- diversity represented by the NMDS plot (unweighted) clustered the respective samples from two locations in pairs. For instance, AT.L and CZ.L were grouped and separated from AT.WB and CZ.WB cluster. The gallery wood (CZ.GW) and the control wood (CZ.CW) from the Czech Republic were clustered separately (Figure 2A).
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FIGURE 2
Non-metric multidimensional scaling analysis (NMDS) showing the variation in the bacterial (A) and fungal (B) communities in the ESBB larvae, adults, gallery wood, and control wood samples. The data points in the same color denote the same samples. Different symbols represent different samples. Larvae, adults, and gallery wood samples from two locations are clustered in pairs. In contrast, the control wood sample is clustered separately [Austria Gallery Wood (AT.GW), Austria Larvae (AT.L), Austria Adult Whole Body (AT.WB), Czech Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic Larvae (CZ.L), and Czech Republic Adult Whole Body (CZ.WB)].




3.2.2. Fungal diversity

The fungal richness in the gallery wood decreased (CZ.GW Chao1 75.52 ± 2.1) compared to the control wood (CZ.CW Chao1 160.04 ± 17.78) (Supplementary Figures 2D–F). Comparing the gallery wood from two different locations, AT.GW (Chao1- 103.97 ± 9.35, Shannon Index- 3.58 ± 0.18, Simpson’s Index-0.8452 ± 0.0215) showed higher fungal richness and diversity than CZ.GW (Chao1- 75.52 ± 2.1, Shannon Index- 2.39 ± 0.06, Simpson’s Index- 0.6663 ± 0.0197) (Supplementary Figure 2D and Supplementary Material 5). No significant difference in the fungal community richness and diversity was observed between the two life stages of ESBB collected from the two locations. Similar to the bacterial diversity, the adult beetle samples from the two locations were grouped together in the fungal NMDS plot (Figure 2B). However, the fungal communities in the larval samples varied between the two locations. Moreover, the gallery wood from the two locations (AT.GW and CZ.GW) was clustered together and distinctly separated from the control wood (CZ.CW) (Figure 2B).

Furthermore, significant differences in the bacterial and fungal communities due to different life stages (AT.L vs AT.WB, CZ.L vs CZ.WB), different geographic locations (AT.L vs CZ.L, AT.WB vs CZ.WB and AT.GW vs CZ.GW), and bark beetle feeding (CZ.CW vs CZ.GW) were demonstrated by ANOSIM analysis (Table 2). Similarly, ADONIS analysis showed significant variations in the overall microbiome (Supplementary Table 1).


TABLE 2    ANOSIM analysis [Unweighted] representing the extent of variation in the bacterial and fungal communities present in different samples.
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3.3. Beetle-specific associations and influence of geographic location


3.3.1. Life stage-specific microbial association


3.3.1.1. Bacterial assemblage in larvae and adult ESBB

ESBB larvae and adults collected from Austria shared 21 ASVs, while 1383 and 2440 unique ASVs were observed in AT.L and AT.WB respectively (Figure 3A). ASVs shared between AT.L and AT.WB includes Pseudoxanthomonas, Mycobacterium, and Nocardioides (Supplementary Material 6). MetaStat and t-test analyses revealed a significantly higher abundance (P < 0.05) of Mycobacterium, Gordonia, Streptomyces, Williamsia, and Amycolatopsis in AT.WB, while Serratia, Patulibacter, Sphingobacterium, and Novosphingobium were more abundant in AT.L (Table 3 and Supplementary Table 2). Furthermore, LEfSe analysis showed the presence of Mycobacteriace, Nocardiaceae, Streptomycetales, Cornybacteriales, Actinobacteria as biomarkers of AT.WB, while Erwiniaceae, Yersiniaceae, Enterobacterales, and Gammaproteobacteria were included as biomarkers of AT.L (Figure 3B and Supplementary Figure 3A).
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FIGURE 3
Life stage-specific bacterial association in ESBB. Venn diagrams illustrating bacterial ASVs distribution between adult and larval samples from Austria (A) and Czech Republic (C). The number of shared or unique OTUs is denoted. LEfSe analysis displaying the significantly different bacterial biomarkers between larvae and adults from Austria (B) and Czech Republic (D). Each circle represents a distinct taxon at the respective taxonomic level. The color of the bacterial biomarkers corresponds with the color of the life stages. Yellowish-green circles denote non-significant bacterial species. Red and green nodes resemble bacterial taxon, highly contributing to the group. Letters above the circles represent bacterial biomarkers [Austria Larva (AT.L), Austria Adult Whole Body (AT.WB), Czech Republic Larvae (CZ.L), and Czech Republic Adult Whole Body (CZ.WB)].



TABLE 3    Metastat analysis documenting the significant abundance of bacterial and fungal species within the two life stages of Ips typographus (larvae and adults) collected from Austria and Czech Republic, along with their control wood and gallery wood samples.
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Similarly, 75 bacterial ASVs were common between CZ.WB and CZ.L, while 2101 and 1809 were unique ASVs, respectively (Figure 3C and Supplementary Material 6). MetaStat and t-test analyses demonstrated a significantly high abundance of Williamsia, Curtobacterium, Mycobacterium, Gordonia, and Taibaiella in CZ.WB, whereas Rhizobium, Microbacterium, Novosphingobium, Brevundimonas, Serratia, and Patulibacter were prevalent in CZ.L (Table 3 and Supplementary Table 2). Additionally, LEfSe analysis revealed the bacterial species belonging to Norcardiacea, Enterobacteriaceae, Entomoplasmatales, Corynebacteriales, Bacilli, Lachnospirales, and Clostridia as biomarkers for CZ.WB. While members of the class Alphaproteobacteria and order Rhizobiales were present as biomarkers in CZ.L (Figure 3D and Supplementary Figure 3B).



3.3.1.2. Fungal assemblage in larvae and adult ESBB

Like the ESBB bacteriome, the adult beetles and larvae from Austria comprised 65 common fungal ASVs, while 217 and 115 unique ASVs were observed, respectively (Figure 4A and Supplementary Material 6). The life stage-specific variation in the fungal communities demonstrated by MetaStat and t-test analyses (P < 0.05) revealed a significantly higher abundance of Rhexographium, Ophiostoma, Talaromyces, Cladosporium, Zygosaccharomyces, and Trichoderma in AT.WB, whereas Nakazawaea, Kuraishia, Ogataea, Graphium, and Hyalorhinocladiella were dominant in AT.L (Table 3 and Supplementary Table 2). Furthermore, LEfSe analysis demonstrated that the members of the classes, Eurotiomycetes and Sordariomycetes, including Aspergillus, Yamadazyma, Rhexographium, Ophiostoma, and Talaromyces, as fungal biomarkers in AT.WB (Figure 4B and Supplementary Figure 3C), while members of the class Saccharomycetes including yeasts like Ogataea, Yamadazyma, Kuraishia, and Nakazawaea, were biomarkers in AT.L.
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FIGURE 4
Life stage-specific fungal association in ESBB. Venn diagrams show fungal ASVs distribution between adult and larval samples from Austria (A) and Czech Republic (C). The number of shared or unique ASVs is denoted. LEfSe analysis displaying the significantly different fungal biomarkers between larvae and adults from Austria (B) and Czech Republic (D). Each circle represents a distinct taxon at the respective taxonomic level. The color of the fungal biomarkers corresponds with the color of the life stages. Yellowish-green circles denote non-significant fungal species. Red and green nodes resemble fungal taxon, highly contributing to the group. Letters above the circles represent fungal biomarkers [Austria Larva (AT.L), Austria Adult Whole Body (AT.WB), Czech Republic Larva (CZ.L), and Czech Republic Adult Whole Body (CZ.WB)].


Likewise, CZ.WB and CZ.L shared 88 common fungal ASVs, and 124 and 183 were unique ASVs, respectively (Figure 4C). The common fungal genera include Wickerhamomyces, Ophiostoma, Yamadazyma, Rhexographium, and Endoconidiophora (Supplementary Material 6). A high abundance of Ophiostoma, Graphium, Cryptococcus, Kuraishia, and Nakazawaea was observed in CZ.L, while Talaromyces was observed in CZ.WB (Table 3 and Supplementary Table 2). LEfSe analysis detected the members of the classes such as Saccharomycetes, Sordariomycetes, and Tremellomycetes, including fungal genera Kuraishia, Cryptococcus, Graphium, and Ophiostoma to be the biomarkers in CZ.L whereas class Sordariomycetes (order- Hypocreales) was abundant in CZ.WB (Figure 4D and Supplementary Figure 3D).




3.3.2. Geographic location impact on the microbial assemblage


3.3.2.1. Geographic location influencing bacterial assemblage

ESBB larvae from Austria and the Czech Republic (AT.L, CZ.L) comprised a consortium of 121 common bacterial ASVs (Figure 5A). The core bacterial community implies the bacterial population prevalent in time and space in or outside beetles, although their abundance may vary due to various factors. These shared ASVs belonged to 6 bacterial orders dominated by Enterobacterales and Xanthomonadales. The core bacteriome includes bacterial genera Pseudoxanthomonas, Pseudomonas, Serratia, Rhizobium, Brevundimonas, and Novosphingobium (Supplementary Material 7). Moreover, a total of 1283 and 1763 unique bacterial ASVs were observed in AT.L and CZ.L, respectively. MetaStat and t-test analyses revealed abundant (P < 0.05) bacterial genera, including Curtobacterium, Acinetobacter, and Streptomyces in AT.L, while Rhizobium, Microbacterium, Novosphingobium, and Sphingobacterium were prevalent in CZ.L (Table 3 and Supplementary Table 2). Furthermore, LEfSe analysis detected the class Alphaproteobacteria as a biomarker in CZ.L (Figure 5B and Supplementary Figure 4A).
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FIGURE 5
Influence of geo-location on the bacterial association in ESBB. Venn diagrams showing the distribution of bacterial ASVs between larvae (A) and adult (C) ESBB from Austria and Czech Republic. The number of shared or unique ASVs is denoted. LEfSe analysis displaying the significantly different bacterial biomarkers between larvae (B) and adults (D) from Austria and Czech Republic. Each circle represents a distinct taxon at the respective taxonomic level. The color of the bacterial biomarkers corresponds with the color of the geographic locations. Yellowish-green circles denote non-significant bacterial species. Red and green nodes resemble bacterial taxon, highly contributing to the group. Letters above the circles represent bacterial biomarkers [Austria Larvae (AT.L), Austria Adult Whole Body (AT.WB), Czech Republic Larvae (CZ.L), and Czech Republic Adult Whole Body (CZ.WB)].


Comparably, adult beetles (AT.WB and CZ.WB) comprised 66 core bacterial ASVs with a high abundance of bacterial genera Cellulomonas, Mycobacterium, Pseudoxanthomonas, Gordonia, and Tyzerella (Figure 5C and Supplementary Material 7). Additionally, AT.WB and CZ.WB showed 2395 and 2110 unique ASVs, respectively. The significantly abundant bacterial genera Streptomyces, Amycolatopsis, Candidatus, and Saccharopolyspora were observed in AT.WB (Table 3 and Supplementary Table 2). While, Alphaproteobacteria, Actinobacteria, including members of Streptomycetaceae and Mycobacteriaceae were documented as the predominant biomarkers in AT.WB (Figure 5D and Supplementary Figure 4B). Similarly, Sphingobacterium, Serratia, and Muribaculaceae were prevalent in CZ.WB (Table 3 and Supplementary Table 2), with bacterial species belonging to Bacteroidia, Clostridia, Gammaproteobacteria, Lachnospiraceae, and Enterobacteriaceae as predominant biomarkers (Figure 5D and Supplementary Figure 4B).

The influence of geo-location on the gallery wood microbiome (AT.GW and CZ.GW) revealed the presence of 119 core bacterial ASVs, while 2536 and 1009 ASVs were unique to AT.GW and CZ.GW respectively (Supplementary Figure 5A and Supplementary Material 7). The order Xanthomonadales and the bacterial genus Pseudoxanthomonas dominated the core bacterial community. The bacterial biomarkers detected by LEfSe analysis include members from Acidobacteriae, Actinobacteria, Sphingobacteriaceae, Bacteroidia, Pseudomonadales in AT.GW, while Gammaproteobacteria, Enterobacterales, and Pseudoxanthomonas served as biomarkers of CZ.GW (Supplementary Figures 5B, C).



3.3.2.2. Geographic location influencing fungal assemblage

Comparing the mycobiome of ESBB larvae from both locations revealed 89 core ASVs, 91, and 182 unique ASVs to AT.L and CZ.L, respectively (Figure 6A). The core mycobiome explaining the conserved fungal communities consisted of 30 genera, including Wickerhamomyces, Ophiostoma, Yamadazyma, Kuraishia, and Nakazawaea (Supplementary Material 7). MetaStat analysis revealed a high abundance (p < 0.05) of Nakazawaea and Ogataea in AT.L, while Ophiostoma, Graphium, Cryptococcus, and Rhexographium were dominant in CZ.L (Table 3). Furthermore, the LDA score estimated in the LEfSe analysis reflected the presence of fungal biomarkers in CZ.WB belongs to Saccharomycetes, Nakazawaea, and Pichiaceae (Figure 6B and Supplementary Figure 4C). Several fungi belonging to the classes Sordariomycetes, and Tremellomycetes, including Ophiostoma, Graphium, Cryptococcus, Rhexographium, and Nectria served as biomarkers in CZ.L (Figure 6B and Supplementary Figure 4C).
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FIGURE 6
Influence of geo-location on the fungal association in ESBB. Venn diagrams showing the distribution of fungal ASVs between larvae (A) and adult (C) ESBB from Austria and Czech Republic. The number of shared or unique ASVs is denoted. LEfSe analysis displaying the significantly different fungal biomarkers between larvae (B) and adults (D) from Austria and Czech Republic. Each circle represents a distinct taxon at the respective taxonomic level. The color of the fungal biomarkers corresponds with the color of the geographic locations. Yellowish-green circles denote non-significant fungal species. Red and green nodes resemble fungal taxon, highly contributing to the group. Letters above the circles represent fungal biomarkers [Austria Larvae (AT.L), Austria Adult Whole Body (AT.WB), Czech Republic Larvae (CZ.L), and Czech Republic Adult Whole Body (CZ.WB)].


Similarly, adult beetles (AT.WB and CZ.WB) shared a consortium of 112 fungal ASVs, consisting of 24 families and 37 genera (Figure 6C and Supplementary Material 7), where Wickerhamomyces, Rhexographium, Aspergillus, Ophiostoma, Endoconidiophora, and Yamadazyma were dominant. Apart from the common ASVs, AT.WB and CZ.WB consisted of 170 and 100 unique fungal ASVs, respectively. The differentially abundant (p < 0.05) fungal genera included Yamadazyma, Trichoderma, Graphium, Cladosporium, Alternaria, Saccharomycopsis, Danielozyma, Cordyceps and Cryptococcus (Table 3). The LEfSe analysis detected the presence of Trichoderma, Alternaria, Aspergillus, and other members from Eurotiomycetes, Sordariomycetes, and Hypocreaceae, as biomarkers in AT.WB, while members of Sordariomycetes, Hypoocreales, and Cordycipitaceae served as biomarkers in CZ.WB (Figure 6D and Supplementary Figure 4D).

In addition, considering the gallery wood mycobiome, AT.GW and CZ.GW shared 87 fungal ASVs, whereas 183 and 87 unique ASVs, respectively (Supplementary Figure 5D and Supplementary Material 7). The conserved fungal communities consisted of 27 fungal families and 36 genera, including Ophiostoma, Nakazawaea, Cryptococcus, and Wickerhamomyces, as the most abundant fungal genera. LDA score determined Yamadazyma, Danielozyma, Nakazawaea, Kalmusia, and Cryptococcus as the biomarkers in AT.GW, whereas Ophiostoma, Nakazawaea, Ogataea, Saccharomycopsis, Kuraishia, and Cyberlindnera were the biomarkers in CZ.GW (Supplementary Figures 5E, F).




3.3.3. Host contribution to the microbial assemblage


3.3.3.1. Host contribution to bacterial assemblage

The gallery wood and the larval samples from Austria showed the presence of 83 core bacterial ASVs mainly predominated by Pseudoxanthomonas, Pseudomonas, Rhizobium, and Dyella genera (Figure 7A and Supplementary Material 8). MetaStat analysis revealed a higher abundance (p < 0.05) of Pseudomonas, Curtobacterium, Rhizobium, Terriglobus, and Dyella in AT.GW, whereas Novosphingobium, Streptomyces, Microbacterium, Jatrophihabitans, and Taibaiella were in higher abundance in AT.L samples (Table 3 and Supplementary Table 2). In comparison, adult beetles (AT.WB) shared 19 ASVs, with the gallery wood mostly belonging to Pseudoxanthomonas and Pseudomonas (Figure 7B and Supplementary Material 8). Mycobacterium, Streptomyces, Williamsia, Amycolatopsis, and Gordonia were more abundant in AT.WB samples in comparison to gallery wood (Table 3 and Supplementary Table 2). Similarly, CZ.L and CZ.GW shared a consortium of 171 ASVs dominated by bacterial genera belonging to Enterobacterales and Xanthomonadales (Figure 7A and Supplementary Material 8). MetaStat analysis (p < 0.05) showed a relatively higher abundance of Pseudoxanthomonas, Curtobacterium, and Acinetobacter in CZ.GW samples, whereas Rhizobium, Microbacterium, Novosphingobium, Sphingobacterium, and Brevundimonas were substantially higher in CZ.L samples (Table 3 and Supplementary Table 2). Similarly, CZ.WB and CZ.GW shared 70 bacterial ASVs (Figure 7A), whereas Pseudoxanthomonas, Curtobacterium, Serratia, Bordetella, and Sphingomonas were significantly higher in CZ.GW samples. In contrast, Williamsia, Mycobacterium, Sphingobacterium, Nocardioides, and Gordonia were more abundant in CZ.WB samples than CZ.GW (Table 3 and Supplementary Table 2).
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FIGURE 7
Impact of host contribution on ESBB microbial association. Venn diagrams showing the distribution of bacterial (A,B) and fungal (C,D) ASVs between gallery wood and larvae (A,C) and gallery wood and adult (B,D) samples from both Austria and Czech Republic locations. The number of shared or unique ASVs is denoted [Austria Larvae (AT.L), Austria Adult Whole Body (AT.WB), Austria Gallery Wood (AT.GW), Czech Republic Larvae (CZ.L), Czech Republic Adult Whole Body (CZ.WB), and Czech Republic Gallery Wood (CZ.GW)].




3.3.3.2. Host contribution to fungal assemblage

Similar to bacterial communities, AT.L and AT.WB shared 91 and 66 ASVs with AT.GW, respectively (Figures 7C, D and Supplementary Material 8). Furthermore, comparing AT.GW and AT.L in Metastat analysis revealed a significantly high abundance (p < 0.05) of Cryptococcus, Ophiostoma, Rhexographium, Eucasphaeria, and Ceratocystiopsis in AT.GW, whereas AT.L showed the prevalence of Nakazawaea, Wickerhamomyces, Kuraishia, Ogataea, and Hyalorhinocladiella (Table 3 and Supplementary Table 2). Similarly, AT.GW documented a higher abundance of Cryptococcus, Nakazawaea, Danielozyma, Eucasphaeria, Ceratocystiopsis compared to AT.WB, where Wickerhamomyces, Rhexographium, Talaromyces, Yamadazyma, and Trichoderma were significantly abundant (Table 3). Furthermore, CZ.L and CZ.WB showed the presence of 73 and 54 common ASVs with CZ.GW (Figures 7C, D). Additionally, Metastat analysis demonstrated a significantly higher abundance (p < 0.05) of Nakazawaea, Myxozyma, Ogataea, Saccharomycopsis, and Clonostachys in CZ.GW, compared to CZ.L, where Wickerhamomyces, Graphium, Cryptococcus, Yamadazyma, Rhexographium were abundant (Table 3). In comparison, CZ.GW revealed a high abundance of Ophiostoma, Nakazawaea, Myxozyma, Ogataea, and Saccharomycopsis, while Wickerhamomyces, Rhexographium, Yamadazyma, Talaromyces, and Penicillium were more abundant in CZ.WB (Table 3).




3.3.4. Impact of beetle feeding on the wood microbiome


3.3.4.1. Bacteria in control and gallery wood

Control wood (CZ.CW) shared 68 bacterial ASVs with the gallery wood (CZ.GW) from the Czech Republic. Apart from the common ASVs, there were 1256 and 1060 unique bacterial ASVs in control and gallery wood, respectively (Figure 8A and Supplementary Material 9). Furthermore, MetaStat analysis (p < 0.05) revealed a significantly higher abundance of Pseudoxanthomonas, Curtobacterium, and Acinetobacter in gallery wood. Additionally, LEfSe analysis identified several members of the classes Gammaproteobacteria and Actinobacteria, including genera like Pseudoxanthomonas, Curtobacterium, and Mycobacterium, as biomarkers of CZ.GW (Figure 8B and Supplementary Figure 6A).
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FIGURE 8
Impact of ESBB feeding on the microbial association in the wood samples from Czech Republic. Venn diagrams show the distribution of bacterial (A) and fungal (C) ASVs between control and gallery wood. The number of shared or unique ASVs is denoted. The unique ASVs in gallery wood represent the impact of feeding on microbial association. LEfSe analysis displays the significantly different bacterial (B) and fungal (D) biomarkers between the control and gallery wood. Each circle represents a distinct taxon at the respective taxonomic level. The color of the bacterial (B) and fungal (D) biomarkers correspond with the color of the wood samples. Yellowish-green circles denote non-significant bacterial (B) and fungal (D) species. Red and green nodes resemble bacterial (B) and fungal (D) taxon, highly contributing to the group. Letters above the circles represent fungal biomarkers [Czech Republic Control Wood (CZ.CW) and Czech Republic Gallery Wood (CZ.GW)].




3.3.4.2. Fungi in control and gallery wood

Nevertheless, the control and gallery wood from the Czech Republic (CZ.CW and CZ.GW) comprised 71 common fungal ASVs (Figure 8C and Supplementary Material 9). While 396 unique fungal ASVs were observed in control wood, and 103 unique ASVs were found in gallery wood. Among the core fungal genera, Ophiostoma, Nakazawaea, Myxozyma, and Ogataea showed significantly (p < 0.05) higher abundance in gallery wood (Table 2). Furthermore, LEfSe analysis suggested Ophiostoma, Nakazawaea, Myxozyma, Ogataea, Saccharomycopsis, Kuraishia, Cyberlindnera, Zygoascus, and Endoconidiophora genera as biomarkers in CZ.GW while Aspergillacaea, members of Eurotiomycetes as biomarkers in CZ.CW (Figure 8D and Supplementary Figure 6B).





3.4. Putative functional diversity profiling of bacteriome and mycobiome

Heatmaps demonstrated the putative functional diversity of the bacterial community in each sample depending on the contribution of each ASV to specific functions using PICRUSt2 (Figure 9 and Supplementary Figure 7). The top KEGG orthologs associated with transcription, replication and repair, chemotaxis, fatty acid biosynthesis, metabolism, and transport of amino acid, phosphate, sugar, iron complex, nickel/peptide, and phospholipid were the most abundant metabolic pathways in larvae, adult, and gallery wood samples (Figure 9A). Furthermore, Enzyme database (EC) documented a high abundance of alcohol dehydrogenase, fumarate reductase, enoyl-CoA hydratase, acetyl-CoA C-acetyltransferase, asparaginyl-tRNA synthase, glutaminyl-tRNA synthase, DNA-topoisomerase, serine/threonine protein kinase, and DNA-lyase in AT.WB samples (Figure 9B). Larvae and gallery wood samples from both locations had a high abundance of glutathione transferase.
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FIGURE 9
Functional prediction of the bacterial community using PICRUSt2. Heatmaps illustrate the functional profile inferred from significantly different (A) KEGG orthologs, (B) Enzymes, (C) MetaCyc Pathways, and (D) Cluster of orthologous genes (COGs), using PICRUSt2 analysis, representing the functional contribution of the bacterial community in control wood and Ips typographus larvae, adults, and gallery wood samples [Austria Larvae (AT.L), Austria Adult Whole Body (AT.WB), Austria Gallery Wood (AT.GW), Czech Republic Larvae (CZ.L), Czech Republic Adult Whole Body (CZ.WB), Czech Republic Gallery Wood (CZ.GW), and Czech Republic Control Wood (CZ.CW)].


Similarly, the MetaCyc database revealed the putative metabolic pathways related to fatty acid, phospholipids, sugar, amino acid, nucleotide biosynthesis, cell wall biosynthesis, fermentation of alcohols, aerobic respirations, fatty acid degradation, sugar derivative degradation, glycolysis, pentose phosphate pathway, TCA cycle, and Calvin cycle to be abundant. For instance, a higher abundance of pyruvate fermentation to isobutanol, inosine 5’-phosphate degradation, fatty acid salvage, and L-lysine biosynthesis pathways was documented in AT.WB samples (Figure 9C). Additionally, a comparison of ASVs in the COG database predicted several ABC-type amino acid and sugar transport system components to be highly abundant in AT.L samples (Figure 9D). Other databases used to predict functional diversity in the samples, including Pfam and TIGRFAM domain databases, documented different protein families to be involved, which might be associated with the bacterial communities present (Supplementary Figure 7). The putative functional diversity profile in the control wood differed from the gallery wood and the beetles (adults/larvae) (Figure 9 and Supplementary Figure 7).

Similarly, the putative potential roles of the fungal community in the samples from two different locations were predicted using FUNGuild (Figure 10 and Supplementary Figure 8). The main ecological guilds observed in all the samples include saprotrophs, symbiotrophs, and pathotrophs. In our study, the saprotrophs mainly consist of undefined saprotrophs, soil saprotrophs, and wood saprotrophs. The symbiotrophs include ectomycorrhizal, ericoid mycorrhizal, endophyte, and lichenized, while animal pathogens, fungal parasites, lichen parasites, and plant pathogens belong to the pathotrophs. The relative abundance of saprotrophs was significantly higher in AT.L (95%) compared to CZ.L (61%) (Supplementary Figure 8). The beetles (larvae/adults) have a high abundance of saprotrophic fungi that might facilitate the acquisition of nutrients from the dead and decaying wood (Figure 10 and Supplementary Figure 8). The influence of feeding might be explained by the abundance of saprotrophs in gallery wood compared to control uninfested wood. The pathotrophs were higher in CZ.L (30%) and CZ.GW (37%) compared to the rest of the samples. No remarkable difference in the relative abundance of symbiotrophs was observed in the beetle samples as well as the gallery wood samples (Figure 10). Among the beetle samples, pathotroph-symbiotrophs were highly abundant in larval samples (CZ.L, AT.L), while saprotroph-symbiotrophs were abundant in the beetle whole body samples (CZ.WB, AT.WB) and absent in larval samples. Comparing the beetle-infested gallery wood and the control uninfested wood, the saprotrophs and plant pathogens were highly abundant in gallery wood (Supplementary Figure 8).
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FIGURE 10
Functional prediction of the fungal community using FUNGuild. Heatmaps representing the predicted fungal functional groups in ESBB larvae, adults, and gallery wood from two different locations [Austria Larvae (AT.L), Austria Adult Whole Body (AT.WB), Austria Gallery Wood (AT.GW), Czech Republic Larvae (CZ.L), Czech Republic Adult Whole Body (CZ.WB), Czech Republic Gallery Wood (CZ.GW)] and Control Wood from Czech Republic (CZ.CW).





4. Discussion

The symbiosis with microbes paves the way for the ecological dominance of different pests, including tree-killing bark beetles (Frago et al., 2012; Fisher et al., 2017; Singh et al., 2021). The life stage, host tree, and environment also play a crucial role in fine-tuning such associations of ecological relevance (Hartmann et al., 2017; Hernández-García et al., 2018; Liu et al., 2019; Kaltenpoth, 2020). For instance, D. valens was documented to have a dynamic gut bacteriome, which differed among different beetle populations (Adams et al., 2010). Alternatively, D. ponderosae was reported to uphold relatively stable gut microbial communities resistant to perturbation (Adams et al., 2013). There are other independent observations with beetles or weevils supporting variable or stable microbial associations across wide geographic locations, making it difficult to generalize (Berasategui et al., 2016; Hernández-García et al., 2018; Moussa et al., 2023). Nevertheless, such variations in symbiont selection and maintenance throughout the life cycle among closely related bark beetles are fascinating in an ecological context and enhance our interest in bark beetles as holobionts. Unfortunately, there is still limited information on microbial associations in ESBB, the most aggressive tree-killing bark beetle in Europe. The present study documented the life stage and geo-location contribution in microbial assemblages in ESBB (Coleoptera: Curculionidae).

ESBB larvae spend their entire time under the bark, developing and acquiring a large part of their microbial associates during feeding and metamorphosis. Some of these microbes, primarily related to nutrition, detoxification, and other vital functions essential for development, might persist in other stages, suggesting their pivotal role in beetles (Peral-Aranega et al., 2023). Our study reported a high abundance of distinct microbial genera between the two developmental stages (larvae and adults) of ESBB. The larval stage is the gregarious feeding stage, where the associated microbial communities primarily function in nutrient acquisition and detoxification of plant terpenes (Peral-Aranega et al., 2020). The high abundance of Serratia, Novosphingobium, Rhizobium, Patulibacter, Microbacterium, and Brevundimonas in the larval population may be correlated with larval survival by performing important roles in detoxifying monoterpenes, inhibition of antagonistic fungi, degradation of cellulose and nitrogen fixation (Cardoza et al., 2006; Fröhlich et al., 2007; Boone et al., 2013; Xu et al., 2015, 2016; Zhou et al., 2016). Like bacterial communities, ESBB larvae are associated with fungi that may perform essential functions in beetle holobiont (Six, 2013). For instance, Ogataea, Cryptococcus, and Graphium were abundant in larvae that were mainly involved in producing volatile semiochemicals that inhibit antagonistic fungi growth (Leufvén and Nehls, 1986; Davis et al., 2011). Additionally, ESBB larval microbial communities might facilitate cold tolerance if larvae experience some dormancy during their life cycle. However, such possibilities need to be explored in future.

ESBB adults are involved in maturation feeding, host finding, new galleries, and reproduction. Such responsibilities in ESBB adults can also be associated with symbiont selection and maintenance (Kaltenpoth, 2020). Moreover, ESBB adults thrive in a saprophytic environment where the requirement of microbial assistance is obligatory. The presence of distinct bacterial genera in the adult beetles implies such possibilities. For instance, Cellulomonas and Curtobacterium are involved in cellulose and xylan degradation and thus aiding ESBB adult nutrition (Morales-Jiménez et al., 2009; Fabryová et al., 2018). Streptomyces and Amycolatopsis demonstrated antifungal activities, and their presence can be correlated with the inhibition of beetle-antagonistic fungi during and after new host colonization (Scott et al., 2008; Sen et al., 2009). Similarly, fungal genera Wickerhamomyces, Rhexographium, Aspergillus, Ophiostoma, Endoconidiophora, and Yamadazyma were dominant in the adult beetles that might be involved in anti-microbial activity to defend bark beetles against pathogens, degrade plant defense compounds, and contribute to beetle nutrition (Coda et al., 2011; Wadke et al., 2016; Parafati et al., 2017; Zhao et al., 2019b; Zaman et al., 2023). The core mycobiome, including Ophiostoma and Endoconidiophora can degrade plant phenolics and other defense compounds and utilize them as carbon sources (Wadke et al., 2016; Zhao et al., 2019b; Zaman et al., 2023). Yamadazyma and Kuraishia (=Hansenula) play an essential role in anti-aggregation pheromone production by converting cis and trans-verbenol to verbenone (Leufvén et al., 1984; Hunt and Borden, 1990). Moreover, ESBB shows overwintering behavior and undergoes diapause to endure low temperatures during winter, which also impacts their development, reproduction, and voltism (Schebeck et al., 2023). Diapause behavior may also influence the microbial community structure within the beetles and help in overwintering the chilling period (Moussa et al., 2023). Studies revealed a shift in the bacterial communities during overwintering and seasonal variation in Dendroctonus beetles suggesting the potential role of the microbiome in contributing to the success of host overwintering (Wang et al., 2017; Hou et al., 2021). In addition, change in temperature and photoperiod influences diapause plasticity and voltism in ESBB (Schroeder and Dalin, 2017). In the present study, the ESBB collected from the Czech Republic and Austria is typically bivoltine or multivoltine (Schebeck et al., 2017). The bivoltine or multivoltine nature of the species might impact the beetle microbiome, hence demands dedicated investigation.

Interestingly, the microbial richness between the larvae and adult ESBB did not differ significantly. Larvae and adults might acquire similar microbial associates during host feeding. This possibility corroborates with the recent findings where high bacterial diversity was observed in the ESBB larvae, which decreased in the pupal stage and further lowered in the teneral adults but recovered in the adults (Peral-Aranega et al., 2023). During metamorphosis, the microbial composition shrinks due to the structural changes in the host. The organogenesis and compartmentalization of the internal structures determine different habitat and physiological conditions, such as oxygen concentration, pH, and redox potential, influencing the distribution and survival of the microbial communities (Callegari et al., 2021). After metamorphosis, callow beetles (pre-emerged) acquire terminal and highly selected microbial communities, which are enriched again when the beetle starts feeding on a new host for colonization.

Predicting putative functional profiles of the microbial communities aids in understanding the role of microbes in ESBB holobiont. Our data indicated the putative functional potential of the bacterial and fungal communities from ESBB larvae, adults, and galleries (Figures 9, 10). Symbiotic bacteria and yeasts might contribute to the degradation of complex plant polymers, nitrogen fixation, and supplement essential amino acids and vitamins to the beetles (García-Fraile, 2018; Peral-Aranega et al., 2020). The presence of sugar derivative degradation, fatty acid degradation, and amino acid biosynthesis pathways in the samples might endorse the putative role of the bacterial community in nutritional supplementation. For instance, the core bacterial communities, including Pseudoxanthomonas, Pseudomonas, Cellulomonas, and Curtobacterium, might be involved in the cellulolytic activity and degradation of complex sugars (Hu et al., 2014; Fabryová et al., 2018). Furthermore, studies revealed that Acinetobacter is involved in the degradation of fatty acids and lipids (Briones-Roblero et al., 2017), while Pseudomonas function in essential amino acid supplementation to the bark beetles (Saati-Santamaría et al., 2021). The pathways related to the fermentation of alcohols observed in the study might endorse the bacterial role in pheromone production (Chiu and Bohlmann, 2022; Cao et al., 2023). For example, Pseudomonas and Serratia isolated from D. valens can convert cis-verbenol into verbenone, a common pheromone of bark beetles (Xu et al., 2015). Similarly, Glutathione S-transferase (GST) activity by the bacterial communities associated with the beetles plays a crucial role in detoxifying plant defense allelochemicals (Allocati et al., 2009; Gao et al., 2020). Pseudomonas and Sphingomonas have been documented to possess GST genes (Vuilleumier and Pagni, 2002) that might be beneficial in protecting against oxidative stress and detoxifying toxic metabolites (Gao et al., 2020).

FUNGuild helps to predict the putative functional groups of the fungal communities in the samples (Figure 10). The high abundance of saprotrophs in ESBB indicates their involvement in the acquisition of beetle nutrition in the saprophytic environment. Saprotrophic fungi can breakdown the dead and decaying organic matter into simpler forms that can be utilized for beetle nutrition (Crowther et al., 2012). For instance, Endoconidiophora, Graphium, and Rhexographium associated with bark beetles have been reported to endure tree defense, utilize the toxic defensive compounds as carbon sources, and boost beetle fitness (Hammerbacher et al., 2013; Cale et al., 2016; Wadke et al., 2016; Zhou et al., 2016). The high abundance of pathotrophs in ESBB larvae such as Ophiostoma depicts the role of fungi in enduring tree defensive compounds and damaging host tree cells for survival under the bark (Wingfield, 1995; Kirisits, 2007). However, it is important to note that PICRUSt 2 and FUNGuild are the software for predicting functional abundances based on marker genes; hence the putative functional diversity profiling of microbiome needs further validation using metatranscriptomic, metaproteomic or other culture-based approaches.

Geographic locations often influence microbial assemblage in bark beetles (Adams et al., 2010; Moussa et al., 2023). The ANOSIM analysis indicated a significant impact of geo-location on the ESBB microbial assemblage. The environmental factors, including temperature (Wang et al., 2020), landscape (Park et al., 2019), tree diversity (Cohen et al., 2020), and maturity of the trees, might influence the beetle microbiome in different geo-locations. Hence, the difference in the host microclimate of Austria and Czechia can also influence the ESBB microbial assemblages or the dominance of selective ones. For instance, a high abundance of Curtobacterium, Streptomyces, Acinetobacter were documented in larval samples from Austria that might be involved in cellulose degradation, antagonistic fungi inhibition and lipid degradation (Briones-Roblero et al., 2017; Engl et al., 2018; Fabryová et al., 2018). Consequently, larvae from the Czech Republic showed a dominance of Rhizobium, Microbacterium, Novosphingobium, and Sphingobacterium. These bacterial genera were reportedly involved in functions like nitrogen supplementation, antagonist inhibition, and plant defense compound degradation (Cardoza et al., 2006; Fröhlich et al., 2007; Cheng et al., 2018). Furthermore, the α-diversity indices did not differ when comparing the same stages of bark beetles across the two locations. Such observations explain a life-stage-specific conserved microbial community in ESBB (Hernández-García et al., 2018). However, other studies documented the impact of the environment on ESBB microbial assemblages while comparing beetles collected from more diverse geo-locations (Moussa et al., 2023), endorsing the requirements of ESBB sampling from vast geographic locations to capture more noticeable environmental impact. Such a sampling effort is challenging and must be a harmonized collaborative effort from different beetle collectors worldwide to minimize the other variabilities that can potentially disguise the actual environmental effect.

Microbial influence on plant-insect interaction is well documented (Chakraborty and Roy, 2021). Although plants and insects host microorganisms, how much their microbiomes overlap and how much they alter each other’s microbiomes is ambiguous (Pirttilä et al., 2023). How far the ESBB colonization influences the spruce holobiont merits investigation. The present study provides evidence for the enrichment of the spruce microbiome upon beetle feeding and vice versa. We presume that while feeding on wood, bark beetles transmit microbes through oral secretions, exoskeletons, and fecal deposition that structure the gallery wood microbiome (Popa et al., 2012; Cheng et al., 2018; Pessotti et al., 2021). Pseudoxanthomonas, Curtobacterium, and Acinetobacter were present in significantly higher abundance in galleries than in control wood samples. Curtobacterium and Acinetobacter were often observed in the bark beetle’s oral secretions and crushed bodies (Cardoza et al., 2009; Muratoğlu et al., 2011) and might be inoculated to the phloem during feeding aids in the initial cellulose and lipid degradations (Briones-Roblero et al., 2017; Fabryová et al., 2018). Nevertheless, many insects acquire symbionts via horizontal transmission from the environment (Kikuchi et al., 2007; Hartmann et al., 2017). The bacterial genera Pseudoxanthomonas, Pseudomonas, Rhizobium, and Dyella were abundant and shared between gallery wood and ESBB (Figure 7 and Supplementary Material 8). These bacteria are commonly found in the soil, water, or plants (Preston, 2004; Weller, 2007; Fierer, 2017; Mohapatra et al., 2018). There is a possibility that these bacteria are present in the microhabitat of bark beetles; hence were found in higher abundance in bark beetles and gallery wood (Du et al., 2015; Li et al., 2019). Notably, all these bacteria can degrade cellulose and other complex sugars and provide nitrogen, thereby essential for the bark beetles to survive in the saprophytic environment (Morales-Jiménez et al., 2013; Hu et al., 2014; Menendez et al., 2015). Similar to bacteria, the fungal genera Ophiostoma, Nakazawaea, Myxozyma, and Ogataea that were highly abundant in gallery wood were shown to be associated with bark beetle adult and larval samples (Rivera et al., 2009; Cheng et al., 2018; Chakraborty et al., 2020b). These fungi are primarily present in the soil, plant materials, and trees, including conifers (Durand et al., 2017; Jankowiak et al., 2019) that beetles might acquire during feeding or overwintering under the soil. These fungi often aid in nutrition, degradation of plant chemicals, and pheromone production in beetles (Davis et al., 2011). Such microbial exchange enriches the bark beetle microhabitat and can influence the fitness of hosts (i.e., spruce and beetles). However, dedicated investigations can unveil the true ecological relevance.



5. Conclusion

The present study reports the ESBB microbial community encompassing two life stages (adults and larvae) from two geographic locations (Czech Republic and Austria). The study documented the influence of beetle life stage and geo-location on the core and unique bacterial and fungal communities in ESBB. It also documented that beetle feeding modulates the gallery microbiome and thus enriches the microhabitat. The microbial communities at the feeding gallery need further attention to understand their ecological relevance to the complex life of the bark beetles. Furthermore, the present study provides insights into the influence of drivers, such as life stage and geo-location, in shaping ESBB microbial associations and their maintenance after metamorphosis. Comparing the impact of these two drivers revealed a more decisive influence of the developmental stages on the ESBB microbiome than their geo-location. Studying ESBB microbiomes from more diverse geo-locations can be more revealing. Nevertheless, current understanding enables the formulation of ecologically relevant testable hypotheses on bark beetle symbiosis for downstream functional studies and may facilitate the formulation of symbiont-mediated bark beetle management strategies (Joga et al., 2021).
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SUPPLEMENTARY FIGURE 1
Rarefaction Curves. Different colors and symbols denote different samples.

SUPPLEMENTARY FIGURE 2
Boxplot showing microbial α-diversity indices among ESBB larvae, adults, gallery wood, and control wood samples. Bacterial (A–C) and Fungal (D–F) community richness are indicated by Chao1 analysis (A,D), and diversity is represented by the Shannon index (B,E) and Simpson index (C,F). The statistical analysis for the significant differences between groups is done by The Kruskal-Wallis test, where “*” denotes p < 0.05, “**” and denotes p < 0.01 [Austria Gallery Wood (AT.GW), Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB), Czech Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].

SUPPLEMENTARY FIGURE 3
Life stage-specific microbial association in ESBB. Histograms of the LDA scores illustrate the presence of bacterial (A,B) and fungal (C,D) species (biomarkers) whose abundance is significantly different between larval and adult samples from Austria (A,C) and Czech Republic (B,D). The LDA score at log 10 > 4 is set as the threshold, and the length of each bin, i.e., the LDA score, represents the extent to which the microbial biomarker differs among the groups. The color of each bin corresponds with the bark beetle’s life stages [Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].

SUPPLEMENTARY FIGURE 4
Influence of geo-location on the microbial association in ESBB. Histograms of the LDA scores illustrate the presence of bacterial (A,B) and fungal (C,D) species (biomarkers) whose abundance is significantly different between larvae (A,C) and adults (B,D) from Austria and Czech Republic sites. The LDA score at log 10 > 4 is set as the threshold, and the length of each bin, i.e., the LDA score, represents the extent to which the microbial biomarker differs among the groups. The color of each bin corresponds with the geographical location [Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].

SUPPLEMENTARY FIGURE 5
Influence of geo-location on the microbial association in ESBB gallery wood samples. Venn diagrams showing the distribution of bacterial (A) and fungal (D) ASVs between gallery wood of both locations (Austria and Czech Republic). The number of shared or unique ASVs are denoted. LEfSe analysis displays the significantly different bacterial (B) and fungal (E) biomarkers between Austria and Czech Republic gallery wood samples. Each circle represents a distinct taxon at the respective taxonomic level. The color of the microbial biomarkers corresponds with the color of the geographic locations. Yellowish-green circles denote non-significant bacterial (B) and fungal (E) species. Red and green nodes resemble microbial taxon, highly contributing to the group. The letters above the circles represent microbial biomarkers. Histograms of the LDA scores illustrate the presence of bacterial (C) and fungal (F) species (biomarkers) whose abundance is significantly different between gallery wood samples from Austria and Czech Republic sites. The LDA score at log 10 > 4 is set as the threshold, and the length of each bin, i.e., the LDA score, represents the extent to which the microbial biomarker differs among the groups. The color of each bin corresponds with the geographical locations [Austria Gallery Wood (AT.GW) and Czech Republic Gallery Wood (CZ.GW)].

SUPPLEMENTARY FIGURE 6
Impact of ESBB feeding on the microbial association in the wood samples from Czech Republic. Histograms of the LDA scores illustrate the presence of bacterial (A) and fungal (B) species (biomarkers) whose abundance is significantly different between control wood and gallery wood samples from Czech Republic site. The LDA score at log 10 > 4 is set as the threshold, and the length of each bin, i.e., the LDA score, represents the extent to which the microbial biomarker differs among the groups. The color of each bin corresponds with control wood and gallery wood [Czech Republic Gallery Wood (CZ.GW) and Czech Republic Control Wood (CZ.CW)].

SUPPLEMENTARY FIGURE 7
Functional prediction of the bacterial community using PICRUSt2. Heatmaps illustrate the functional profile inferred from significantly different (A) Pfam domains and (B) TIGRFAM entries, using PICRUSt2 analysis, representing the functional contribution of the bacterial community in control wood and Ips typographus larvae, adults, and gallery wood samples 01 [Austria Gallery Wood (AT.GW), Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB), Czech Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].

SUPPLEMENTARY FIGURE 8
t-test analysis illustrating the significant fungal guilds between the samples collected from two different geo-locations [Austria ESBB Larvae (AT.L), Austria ESBB Adult Whole Body (AT.WB), Austria ESBB Gallery Wood (AT.GW), Czech Republic ESBB Larvae (CZ.L), Czech Republic ESBB Adult Whole Body (CZ.WB), Czech Republic ESBB Gallery Wood (CZ.GW) and Czech Republic Control Wood (CZ.CW)]. The comparisons were made between ESBB life stages, geo-locations, ESBB vs infested phloem (gallery wood) and infested and uninfested phloem.

SUPPLEMENTARY TABLE 1
ADONIS analysis based on Unweighted Unifrac representing the significant differences between the samples. Df denotes the degree of freedom; SS represents sums of squares of deviations, MS stands for SS/Df. F. Model represents F-test value. The R2 value illustrates the ratio of grouping variance and total variance. The p-value (<0.05) determines the significant variation between the bark beetles.

SUPPLEMENTARY TABLE 2
t-test analysis illustrating significant bacterial and fungal species variation in ESBB larvae and adults from Austria [Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB)] and Czech Republic [Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)] with control wood and gallery wood [Czech Republic Gallery Wood (CZ.GW), Czech Republic Control Wood (CZ.CW) and Austria Gallery Wood (AT.GW)].

SUPPLEMENTARY MATERIAL 1
QC statistics and qualified clean read counts.

SUPPLEMENTARY MATERIAL 2
The ASV table representing the ASV abundance in ESBB (adults and larvae), gallery wood, and control wood samples (with biological replicates).

SUPPLEMENTARY MATERIAL 3
Relative abundance of bacteriome and mycobiome (class level) present in ESBB (adults and larvae), gallery wood, and control wood samples (with biological replicates).

SUPPLEMENTARY MATERIAL 4
Relative abundance of bacteriome and mycobiome (genus level) present in ESBB (adults and larvae), gallery wood, and control wood samples (with biological replicates).

SUPPLEMENTARY MATERIAL 5
Significant differences between samples in bacterial and fungal richness (Chao1) and diversity (Shannon index and Simpson index) by Kruskal-Wallis-pairwise-group test.

SUPPLEMENTARY MATERIAL 6
Life-stage specific microbial association; the shared and unique microbial communities when compared between ESBB life-stages (adult and larvae) from both the locations (Austria and Czech Republic).

SUPPLEMENTARY MATERIAL 7
Impact of geo-location on the microbial association; the shared and unique microbial communities comparing similar life-stages (adult or larvae) in ESBB or gallery wood between different locations (Austria and Czech Republic).

SUPPLEMENTARY MATERIAL 8
Host contribution to the microbial association; the shared microbial communities while compared between ESBB (adult or larvae) and the gallery wood from different locations (Austria and Czech Republic).

SUPPLEMENTARY MATERIAL 9
Impact of ESBB feeding on the wood microbiome; the unique microbial communities in gallery wood due to beetle feeding compared to control wood from Czech Republic.


Footnotes

1     http://ccb.jhu.edu/software/FLASH/

2     http://www.arb-silva.de/

3     http://huttenhower.sph.harvard.edu/lefse/

4     http://funguild.org
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Influence of geo-location on ESBB bacteriome association (AT.L vs CZ.L; AT.WB vs CZ.WB; AT.GW vs CZ.GW)
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Impact of beetle feeding on the wood bacteriome (CZ.CW vs CZ.GW)
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Positive R-values in Anosim analysis indicate significant differences in the bacterial and fungal communities from the two life stages (larvae and adults) of Ips typographus collected from
Austria and Czech Republic, along with their control and gallery woods [Austria Gallery Wood (AT.GW), Austria ESBB larvae (AT.L), Austria ESBB adult whole body (AT.WB), Czech
Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)]. p-value <0.05
represents statistical significance.
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AT.L 100 80 +4.17 81.09 £ 3.81 3.17+£0.24 0.7813 4 0.0454
AT.WB 100 102.67 £ 5.79 104.76 +5.98 335£0.23 0.7887 £ 0.0402
CZ.CW 100 157.83 £ 17.79 160.04 £+ 17.78 226 £0.28 0.5185 4 0.0543
CZ.GW 100 73.83 £2.44 7552421 2.39 £0.06 0.6663 £+ 0.0197
CZL 100 105.17 &+ 7.47 109.05 +£9.18 3.55£0.25 0.8075 £ 0.0421
CZ.WB 100 85.33 £ 8.88 87.37 £ 8.58 247 £0.5 0.6027 £+ 0.1228

Data representing the mean value & SE between six biological replicates. SE denotes standard error [Austria Gallery Wood (AT.GW), Austria ESBB larvae (AT.L), Austria ESBB adult whole
body (AT.WB), Czech Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].
Good's coverage and the number of observed species illustrating the completeness of the sample sequencing.
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Influence of geo-location on ESBB microbial association (AT.L vs CZ.L; AT.WB vs CZ.WB)
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Impact of ESBB feeding on the wood microbiome (CZ.GW vs CZ.CW)

CZ.GW vs CZ.CW

CZ.GW

Pseudoxanthomonas, Curtobacterium, Bordetella,
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Ophiostoma, Nakazawaea, Myxozyma, Ogataea,
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The FDR test evaluates the significance of observed abundance differences among the samples [Austria Gallery Wood (AT.GW), Austria ESBB larvae (AT.L), Austria ESBB adult whole body

(AT.WB), Czech Republic Control Wood (CZ.CW), Czech Republic Gallery Wood (CZ.GW), Czech Republic ESBB larvae (CZ.L), and Czech Republic ESBB adult whole body (CZ.WB)].
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