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Metagenomic analysis reveals methanogenic and other archaeal genes in the digestive tract of invasive Japanese beetle larvae and associated soil
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The linkage between methane emissions and the metabolic activity of archaeal species is broadly established. However, the structural and functional dynamics of this phenomenon within the scarab larval gut and associated host soil environment have not been investigated. In this study, we used shotgun metagenome sequencing to explore the archaeal communities associated with the digestive tract of third instar Japanese beetle (Popillia japonica Newman; Coleoptera: Scarabaeidae) (JB) larvae and its host soil. Our findings showed that both the JB gut compartment (midgut vs. hindgut) and experimental conditions (field vs. manipulative laboratory studies) significantly affect the composition of archaeal taxa. Moreover, gut compartment affected the functional profile. Results revealed an increase of methane metabolism-related taxa and gene sequences in the larval hindgut, supporting the hypothesis that methanogenesis is primarily maintained in that gut compartment. Methane production associated with the JB larval gut takes place primarily via CO2 reduction (~30%) and methanol methanation (4%) pathways. The presence of the same archaeal features in both soil and JB midgut suggests that the JB midgut archaeome may be environmentally sourced, with more tailored selection of the archaeome occurring in the JB hindgut. In turn, we found that JB larval infestation also increases the abundance of at least one methanogenic archaeon, Methanobrevibacter, in infested soil. Results underscore the potential impact of invasive root-feeding scarab larvae on the soil archaeome and highlight their potential contributions to climate change, especially in light of predicted global range expansion for this species.
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1 Introduction

Global change can facilitate species invasions and, in turn, invasive species can amplify the deleterious impacts of global change (Sage, 2020). Since the Industrial Revolution, increasing atmospheric concentrations of methane (CH4) may be partly facilitated by anthropogenic ecological changes that favor the range expansion of CH4-producing arthropods (Hackstein and Stumm, 1994; Brune, 2019). Among insects, cockroaches, termites, and scarab beetle larvae are known to produce CH4, with the highest emission rates generally associated with termites (0–1,579 nmol CH4 × g body weight−1 × h−1) (Brune, 2019; Zhou et al., 2023) and scarab larvae (0–741 nmol CH4 × g body weight−1 × h−1) (Cazemier et al., 2003; Brune, 2019; Görres and Kammann, 2020; Avila-Arias et al., 2023). Numerous scarab beetles are important agricultural pests and the growing global distribution of some species may result from climate change (Kistner-Thomas, 2019). Beyond their negative impacts on plant growth and development (Johnson and Rasmann, 2015), the “feedback loop” between root-feeding scarab larvae and global climate change (Sage, 2020) lies in the capacity of larvae to alter soil structure and nutrient cycling through root herbivory, feces and cadaver inputs, and movement through the soil profile (Treonis et al., 2005; Frew et al., 2016; Gan and Wickings, 2020; MacLeod et al., 2024). In fact, activities commonly associated with soil-dwelling scarab larvae can increase soil microbial biomass, enhance the decomposition of organic matter, and increase soil greenhouse gas (GHG) emissions (Majeed et al., 2014; Kammann et al., 2017; Gan et al., 2018; Görres and Kammann, 2020; Avila-Arias et al., 2023). Although the ability of scarab larvae to increase GHG emissions from the soil has been documented, the mechanisms associated with CH4 production in scarab larvae are largely undetermined.

Archaea contribute to methane emissions via methanogenesis, the final step of organic matter decomposition in strictly anoxic habitats. Archaea are a phylogenetically and ecologically diverse group of microorganisms that inhabit various environmental and host-associated microbiomes (Borrel et al., 2020; Starke et al., 2021). In host-associated microbiomes, the abundance of methanogens in the gut often correlates positively to bacterial abundance, likely reflecting a symbiotic dependence on bacterial metabolism (Thomas et al., 2022). In CH4-emitting arthropods, methanogenesis has been linked to activities associated with the enlarged hindgut. It is fueled by hydrogen and reduced carbon compounds that are byproducts of the symbiotic digestion of organic matter, mainly in the form of lignocellulose and humus (Hackstein and van Alen, 2018; Brune, 2019). Archaeal diversity in the intestinal tract of arthropods known to emit methane has been identified via 16S rRNA-based surveys as members of the methanogenic orders Methanobacteriales, Methanomicrobiales, Methanosarcinales, and Methanomassiliicoccales (Hackstein and van Alen, 2018; Brune, 2019; Protasov et al., 2023). Despite these efforts, major prokaryotic groups have been severely undersampled, and the archaeome of arthropods remains poorly resolved (Protasov et al., 2023).

The Japanese beetle (Popillia japonica Newman; Coleoptera: Scarabaeidae) (JB) is an invasive insect that threatens both agricultural and urban landscapes and the biodiversity of invaded regions (Della Rocca and Milanesi, 2022a,b). Adult JB feeds on over 300 host species in 79 plant families (Potter and Held, 2002; Shanovich et al., 2019; Della Rocca and Milanesi, 2022a). The JB larval stage, which comprises ~80% of the JB life cycle, is concealed within the soil, thriving in areas where development is supported by large expanses of turf and pasture grasses (Potter and Held, 2002; Shanovich et al., 2019; Della Rocca and Milanesi, 2022a) and other agricultural landscapes. Due to its strong adaptability, this species has expanded rapidly in North America and more recently in mainland Europe (Poggi et al., 2022) with continuing expansion predicted in light of globalization, climate change and land-use conversion (Kistner-Thomas, 2019; Althoff and Rice, 2022; Della Rocca and Milanesi, 2022a). Further, the expansion of JB, and possibly other scarab species (Deans and Krischik, 2023), has the potential to amplify soil GHG emissions associated with climate change. Our previous study (Avila-Arias et al., 2023) demonstrated that JB larvae promote soil GHG release during infestation, both directly, through larval respiration and metabolism, and indirectly, through a syndrome of larval activities and behaviors that likely favor soil microbial activity (MacLeod et al., 2024). Laboratory experiments demonstrated that CH4 emissions were almost 7 times higher when larvae were imbedded in soil than when they were isolated from the soil. Furthermore, larval density was a significant predictor of CH4 emissions from soils under field conditions and from infested field soils under laboratory conditions, even after larvae were removed. While it is clear that soil GHG emissions are influenced by JB larval infestation, a linkage to changes to the soil microbiome has not been established.

Evidence for GHG-emitting archaea in the JB larval gut microbiome has not been well documented. Previous work describing JB gut microbiota using 16S rRNA gene amplicon sequencing (Avila-Arias et al., 2022) reported the presence of an amplicon sequencing variant (ASV) belonging to an order of archaeal methanogens, Methanobrevibacter, in the core microbiota of the JB larval hindgut. A non-methanogenic archaeon belonging to Nitrososphaerales in the core microbiota of the JB larval midgut and associated soils was also reported. However, other studies of the JB larval gut or associated soil did not report archaeal taxa or genes via omic surveys (Chouaia et al., 2019; Frias et al., 2023). Analysis of 16S rRNA gene sequencing data can generate inaccurate measure of archaeal diversity due to suboptimal selection of primers, PCR chimeras, and GC bias in rRNA operons (Shakya et al., 2013; Thijs et al., 2017; Abellan-Schneyder et al., 2021; Palkova et al., 2021; Thomas et al., 2022). These issues can overestimate the abundance of archaeal taxa and genes within the microbiomes of the insect digestive tract (Brauman et al., 2001; Brune, 2019), and soil (Starke et al., 2021). To overcome this, shotgun metagenome sequencing is an alternative option to analyze the taxonomic and functional profiles of the archaeome. This study explored the archaeome within the digestive system of third instar JB larvae and associated soil, using a whole-metagenome sequencing approach. Both taxonomic and functional aspects of the archaeome associated with the JB larval gut and host soil were considered. Because Archaea have been linked to methanogenesis, we hypothesized that archaeal communities and associated genes, specifically those related to methane emissions, may be abundant in the JB larval gut. We further discerned how JB larval infestation alters the soil archaeome. Based on the physicochemical changes in the soil due to JB larval activity (Gan et al., 2018; Avila-Arias et al., 2023; MacLeod et al., 2024), we predicted an archaeal footprint, where the relative abundance of archaeal taxa and functions associated with carbon and nitrogen cycling are more abundant in JB infested soils compared to uninfested soils.



2 Materials and methods


2.1 Field study

The third instar larva of the JB and their associated soil, as well as uninfested soil, were collected in October 2019, from a naturally infested location (Purdy Sod Farm, Lafayette, IN, United States) (Supplementary Figure S1). Soil at Purdy had a silty loam texture (22% sand, 58% silt, and 20% clay). Locations and other soil characteristics are presented elsewhere (Avila-Arias et al., 2022). Larvae and soil samples were recovered with aseptic techniques to minimize human/environmental DNA contamination.

To collect the larvae, turfgrass sod (Kentucky bluegrass, Poa pratensis, L.) displaying visual symptoms of infestation was pulled away from the soil and larvae were gently extracted from the soil by hand. Larvae were identified to species based on the conformation of the raster pattern using Richmond (2022) as a reference. After species confirmation, six individual larvae were transferred to individual wells within a 24-well, flat bottom, sterile plate (Corning® Costar®, Corning, NY, United States). Soil that was closely associated with each JB larva (i.e., soil lying within 1.0 cm of each larva) and uninfested soil (i.e., soil from an adjacent patch with visually healthy sod and no JB larvae) were also collected and transferred to individual wells of the sample plate. After sample collection, a sterile lid was placed back on the plate, and samples were transported to the laboratory in an insulated cooler. At the laboratory, soil was weighed, placed in DNA extraction buffer, and stored at −20°C until processed. Larvae were cleaned of soil particles and dissected as previously described (Avila-Arias et al., 2022). Briefly, soil particles were removed with a paintbrush, and larvae were flash-frozen at −20°C for 20 min. Larvae were then submerged in 70% ethanol for 10 min, before rinsing them again with 70% ethanol and sterile distilled water. To capture variability and ensure proper amount and quality of the DNA recovered, each JB gut sample consisted of gut contents from 2 contiguous JB larvae that were separately dissected, divided, placed in the same DNA extraction buffer and stored at −20°C until processed.



2.2 Manipulative laboratory experiment

A manipulative experiment was designed to test (i) how the soil archaeome is impacted by short-term JB infestation, and (ii) how the gut archaeome of third instar larvae collected from a naturally JB-infested location is altered by incubating those larvae in JB uninfested soil taken from a different location (i.e., experiment as main effect and experiment × compartment as interaction effect) (Supplementary Figure S1). For this purpose, a second set of larvae from the naturally infested location (Purdy) were collected, identified, and transported to the laboratory. At the laboratory, larvae were cleaned of host soil using a clean brush. Then, they were transferred to sieved (2 mm) soil collected from a JB-free location (Purdue University Nursery, West Lafayette, IN, United States). The Purdue nursery is approximately 6.54 km from Purdy, with soil at the nursery site having a sandier texture (sandy loam texture, 63% sand, 31% silt, and 6% clay). The nursery soil did not have a history of JB infestation, and no larvae were encountered during collection, so the soil was considered as “uninfested” for our purposes. Larvae collected at Purdy were placed into plastic bins containing nursery soil and maintained at room temperature for 48 h as a conditioning period (Avila-Arias et al., 2022). The conditioning period was imposed as a way to allow larvae to void their guts of previously consumed materials and become accustomed to the new soil. Conditioned larvae were transferred to microcosms containing fresh, sieved nursery soil (100 g dry weight) maintained at water holding capacity (WHC). Larvae were allowed to tunnel and feed within this soil for 96 h. The health of the larvae along with soil moisture, were checked daily. Unhealthy larvae were immediately replaced with new, healthy, conditioned larvae. After this period, soil samples and larvae were collected, prepared, and dissected as described above for the field study.



2.3 DNA extraction, metagenomic library generation, and HiSeq sequencing

Total genomic DNA was extracted from the prepared 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.

To capture variability and ensure proper amount and quality of the DNA recovered, genomic DNA from soils that were closely associated with the two JB larva used to prepare JB gut samples, were mixed to obtain single genomic DNA samples. Similarly, genomic DNA from uninfested soil consisted of a mix of two DNA extracted independently from contiguous locations. Genomic DNA extracted from the samples was stored at −20°C before amplification and sequencing.

A total of 4 sets of samples from each study (i.e., field study, manipulative laboratory experiment) were rendered, as follows: JB midgut, JB hindgut, JB infested soil, and uninfested soil, with three biological replicates of each (n = 24).

Library preparation and sequencing were performed by GENEWIZ LLC (South Plainfield, NJ, United States). The sequencing library was prepared using mechanical fragmentation and the NEBNext Ultra DNA (Illumina) library preparation method. Total community DNA was paired-end sequenced (2 × 100 bp) in a single lane of an Illumina HiSeq sequencing instrument (Genewiz, United States).



2.4 Bioinformatics and statistical analysis

Following their standard protocol, the shotgun raw sequences were annotated with Metagenomic Rapid Annotations using Subsystems Technology (MG-RAST) server v4.0.3 (Meyer et al., 2008). Briefly, assessment of the sample sequencing error based on artificial duplicate read measuring was achieved using duplicate read inferred sequencing error estimation (DRISEE) (Keegan et al., 2012). The MG-RAST pipeline uses a Bowtie2 aligner to remove sequences from unwanted genomes related to eukaryotic model organisms (Langmead and Salzberg, 2012). The sequences were annotated through blasting using BLAT (BLAST-like alignment tool algorithm) (Kent, 2002) against the M5NR databases, which provides nonredundant incorporation of different databases (Wilke et al., 2012). The taxonomic profile was constructed by Best Hit at E-value cutoff of 1 × 10−15, minimum alignment length of 50 base pairs, minimum percentage identity cutoff of 50 based on the NCBI’s reference sequence (RefSeq) database (Pruitt et al., 2007; Jiménez et al., 2015). Taxonomic features and their functional category for the archaeal community were retrieved using the RefSeq and KEGG Orthology (KO) database (Kanehisa et al., 2016), respectively. This data was used for the archaeal community’s diversity and relative abundance analyses. Archaeal diversity was analyzed using Qiime2 v 2020.2 (Bolyen et al., 2019) as detailed elsewhere (Avila-Arias et al., 2022). Analyses were carried out at the genus level for taxonomy and the function level for potential function. Sampling depth per sample was enough to provide robust comparisons, as revealed by rarefaction plots, with 2,178 and 1,271 reads for taxonomy and function, respectively, for JB-associated samples, and 37,233 and 20,781 reads for taxonomy and function, respectively, for soil associated samples.

Statistical analyses of α-diversity metrics were performed using R (version 3.6.1). The residuals’ normality and homogeneity of variance were tested using the Shapiro–Wilk test (stats-package) and Levene’s (car-package), respectively. To examine the influence of compartment (uninfested vs. infested soil OR midgut vs. hindgut), experiment (field vs. manipulative) and their interaction (compartment × experiment) on each α-diversity metric, either a two-way Analysis of Variance (ANOVA) using Tukey multiple comparisons of means as a post hoc, or the non-parametric approach of Aligned Rank Transform (ART) ANOVA (ARTool package) (Wobbrock et al., 2011; Kay and Wobbrock, 2019) were employed, depending on how well the residuals met the assumptions of the model.

DEICODE, a form of Aitchison Distance that is robust to high sparsity levels, was used to compare archaeal communities taxonomically and functionally across samples. For this analysis, factorial permutational analysis of variance (PERMANOVA, Adonis) with 999 permutations was performed using pooled data from field and manipulative experiments. Comparisons of archaeal communities between compartments were made using the model Y = experiment + compartment + (experiment × compartment). In contrast, comparisons between JB-infested and uninfested soils used the model Y = experiment + infestation + (experiment × infestation). When a significant interaction between the experiment and infestation or compartment was detected (α = 0.1), each experiment was subjected to separate analyses using compartment or infestation status as the independent variable at the same α-level (α = 0.1). Permutational analysis of multivariate dispersion (PERMDISP, 999 permutations) was also used to describe the homogeneity of dispersion among treatments. This analysis was performed first by pooling data from the two experiments using JB compartment or infestation status as independent factors. Separate analyses for each experiment were then performed using the same factors. Two additional methods were applied to investigate significant interactions between independent factors further. First, the EMPeror (Vázquez-Baeza et al., 2013) tool was also used to visualize 3D Principal Coordinate Analysis (PCoA) for DECOIDE. Next, between treatment differences in the relative abundance of archaeal taxa and functions per experiment were quantified through differential abundance analysis using DESeq2 (Weiss et al., 2017) in the MicrobiomeAnalyst (Dhariwal et al., 2017; Chong et al., 2020) platform.

Features that belonged to known methanogenic orders were selected to analyze methanogenic taxa. To analyze genes related to methanogenesis, all KOs associated with methanogenic pathways were selected and compared with the Kyoto Encyclopedia of Genes and Genomes (KEGG) reference pathway (Kanehisa et al., 2016). KOs were assigned to one of the four modules related to methanogenic pathways, which vary according to the substrate used: M00567 (H2 or CO2), M00357 (acetic acid decarboxylation), M00356 (methanol), and M00563 (methylamine, dimethylamine, and trimethylamine). The relative abundance of features was estimated by comparing the number of taxa or KOs assigned to a specific methanogenic taxa or module versus the number of features obtained per sample.



2.5 Data availability

Shotgun metagenome sequencing data from JB gut compartments and associated soil samples was deposited at the National Center for Biotechnology Information under the BioProject PRJNA868936. Quality-filtered and annotated metagenomes are available in MG-RAST with IDs mgm4872201.3 to mgm4872224.3.




3 Results


3.1 Metagenome sequencing, quality control and annotation

A total of 458,795,165 sequenced reads were recovered for the 24 samples (Supplementary Table S1), with the average number of sequenced reads (each n = 6) equaling 20,374,525 ± 2,066,607 for JB midgut, 18,845,650 ± 2,032,170 for JB hindgut, 16,684,254 ± 1,646,822 for uninfested soil and 20,561,431 ± 1,399,097 for JB infested soil. After passing quality control in MG-RAST, 86% of sequences with mean G + C content of 37 ± 10, 46 ± 11, and 64 ± 8, for midgut, hindgut, and soil, respectively, were used for downstream analyses (Supplementary Table S1). Three metagenomic samples (one hindgut sample from the manipulative laboratory experiment, one uninfested soil sample from the manipulative laboratory experiment and one uninfested soil sample from the field study) were excluded from further analysis because they rendered 2–3 orders of magnitude fewer taxonomic and functional annotations than the rest. Overall, 6.5 and 2.1% in the midgut, 34.6 and 11.3% in the hindgut, and 47.5 and 17.3% in the soil rendered hits for taxonomic and functional annotations, respectively (Supplementary Table S1). In general, a significant percentage of midgut sequences (69.6–76.3%) and most hindgut (98.9–99.1%) and soil (99.1–99.4%) sequences belonged to Prokaryotes. Of those, a relatively small number of sequences were annotated to Archaea in the midgut (0.3–0.6%), the hindgut (1.7–3.1%), and soil (0.5–0.8%).



3.2 JB gut associated archaeome

Although there was some variability in the archaeal community among the midgut samples, overall patterns were discernable (Figure 1A). Euryarchaeota was the most abundant archaeal phylum (84.3%), with Halobacteriales, Methanosarcinales, Methanobacteriales, and Methanomicrobiales representing abundances >12%. Phyla Crenarchaeota and Thaumarchaeota were also present in the midgut, with Sulfolobales and Nitrosopumilales representing the most abundant orders, respectively. Archaeal functional composition in the midgut mainly consisted of amino acid metabolism, membrane transport, and carbohydrate metabolism. Other abundant (>3%) functions in the midgut were related to genetic information processing (translation, and folding, sorting and degradation), metabolism (energy, cofactors and vitamins, nucleotide), and environmental information processing (signal transduction).
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FIGURE 1
 Heatmap (A), alpha diversity (B) and compositional principal coordinate analysis (PCoA) biplots portraying beta diversity (C) of the archaeome in midgut and hindgut of third instar larvae of the Japanese beetle Popillia japonica Newman (JB). For the heatmap, microbiota composition is presented at the order level and potential functional composition is presented at level. The color ramp white to red indicates normalized (logarithm based 10 + 1) relative abundance of features. For alpha diversity, different letters represent significant differences (p < 0.05) by Tukey multiple comparisons of means or, in the case of taxonomical richness, by the Aligned Rank Transformed ANOVA. For beta diversity, the PCoA biplots were 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 experiment type while symbol color denotes gut compartment (i.e., midgut, hindgut). The top 10 features driving differences in ordination space in the PCoA are illustrated by the arrows. For taxonomy, the phyla are represented by specific hues, where Crenarchaeota (2) = red/pink, Euryarchaeota (6) = orange/brown, Nanoarchaeota (1) = green, and Thaumarchaeota (1) = blue. For potential function, function at level 1; level 2 are represented by specific hues, where Environmental information processing; Membrane transport (1) = red, Genetic information Processing; Translation (1) = orange, Metabolism; Amino acid metabolism (4) = green, Metabolism; Biosynthesis of other secondary metabolites (1) = blue, Metabolism; Carbohydrate metabolism (2) = purple, and Metabolism; Lipid metabolism (1) = black. Analyses were carried out at the genus level for taxonomy and the function level for potential function. Sequences were obtained using shotgun metagenome sequencing (HiSeq Illumina), analyzed using MG-RAST (Keegan et al., 2016), and annotated using the RefSeq (O’Leary et al., 2015) or KO (Kanehisa et al., 2016) databases. For taxonomic affiliation at order level refer to Supplementary Table S2. For function annotation at level 1 refer to Supplementary Table S3.


In the hindgut, the phylum Euryarchaeota was also the most abundant Archaeal constituent (97.8%), with Methanobacteriales (58%), Methanomicrobiales (12.4%), and Methanosarcinales (11.6%) representing the most abundant orders (Figure 1A). Archaeal functional composition in the hindgut was mainly (>10%) represented by metabolism (amino acid, carbohydrate, and energy), and translation. Other abundant (>3%) archaeal functions associated with the hindgut included metabolism (nucleotide, cofactors and vitamins), genetic information processing (folding, sorting and degradation, and replication and repair), and environmental information processing (replication and repair).

Alpha diversity of archaeal microbiota associated with the midgut was higher than that of the hindgut under both experimental conditions (i.e., field and manipulative) (Figure 1B). Both gut compartment (F = 16.85, p = 0.001, R2 = 49.2%) and experimental condition (F = 10.5, p = 0.001, R2 = 30.7%) were significant predictors of beta diversity of archaeal taxa (Figure 1C). Regarding potential function, the archaeal community in the hindgut exhibited greater richness and diversity (Shannon index) compared to the midgut (Figure 1B). The gut compartment significantly influenced the beta diversity of archaeal potential functions (F = 6.7, p = 0.004, R2 = 47.9%) but the experimental conditions did not (Figure 1C).

Passage through the alimentary canal from midgut to hindgut resulted in changes in the relative abundance of at least 27 archaeal taxa within the Orders Euryarchaeota, Crenarchaeota, and Thaumarchaeota (Figure 2; Supplementary Table S4A). Among the archaeal taxa with greater relative abundance in the JB midgut regardless of experimental conditions, those belonging to the phyla Euryarchaeota (11 taxa within the family Halobacteriaceae), Crenarchaeota (6 taxa including Metallosphaera sp., Vulcanisaeta sp., and Aeropyrum sp.), and Thaumarchaeota (2 taxa including Cenarchaeum sp. and Nitrosopumilus sp.) comprised the majority. Of the archaeal taxa that were more abundant in the JB hindgut, most (≥63%) displayed a similar pattern regardless of experimental conditions. All taxa with greater relative abundance in the JB hindgut belonged to the phylum Euryarchaeota, with the greatest increases represented by Methanocorpusculum sp. (Methanomicrobiales) in both experiments.

[image: Scatter plots showing potential functional profiles and taxonomy of microbial communities in midgut (blue) and hindgut (red). The x-axes display relative abundance and log2 fold change. Symbols represent different experiments, with circles indicating analysis including both. Taxonomic groups are listed on the left of the top plots, while functional profiles are listed along the left side of the lower plots.]

FIGURE 2
 Differentially abundant taxa (top panel) and potential function (bottom panel) of the Japanese beetle Popillia japonica Newman (JB) midgut (blue) vs. hindgut (red). Relative abundance (left panel) and logarithmic scale base 2 (log2) fold change (right panel) for differentially abundant (adjusted p-value FDR < 0.005, 95% confidence intervals) features based on DESeq2 (Love et al., 2014) are presented. A negative log2 Fold Change indicates higher abundance of a given feature in the midgut while a positive log2 Fold Change indicates higher abundance in the hindgut. Thus, further from 0 the log2 Fold Change value, the greater the difference in the relative abundance of a given feature between midgut and hindgut. The symbol for taxa represents features at the genus level that were differentially abundant in either or both experimental conditions. The symbol for potential function represents features at level 3 that were differentially abundant independent of the experimental condition since only compartment was significant in beta diversity analysis (DEICODE, p-value for gut compartment = 0.004). For detailed information regarding taxa at the genus level and potential function at the KO level refer to Supplementary Table S4.


Concomitant potential functional differences in the JB gut microbiome were also observed with the relative abundance of 50 functions differing between gut compartments (Figure 2; Supplementary Table S4B). Differentially abundant functions for Archaea were distributed across several functional categories, suggesting that differences in potential metabolic capabilities between the gut compartments comprise a broad range of intracellular and extracellular processes. Of those, 24 functions were significantly higher in the JB midgut, with most (16) being involved in metabolism with the greatest differences related to glutathione metabolism (Metabolism of other amino acids), drug metabolism (Xenobiotics biodegradation and metabolism), geraniol degradation (Metabolism of terpenoids and polyketides), and steroid hormone biosynthesis (Lipid metabolism). The relative abundance of 26 archaeal functions were significatively higher in the JB hindgut compared to the midgut. Of these, the relative abundance of most (15) archaeal functions that were more abundant in the JB hindgut were related to metabolism, with the greatest differences related to methane and nitrogen metabolism (both within Energy metabolism). The relative abundance of 10 functions related to genetic information processing were also significantly higher in the hindgut, with mRNA surveillance pathway (Translation) showing the greatest difference.

Taxa and potential functions associated with methane metabolism showed some of the most significant changes between the JB midgut and hindgut compartments. The abundance of methanogenic taxa significantly increased from the midgut (52 ± 3%) to the hindgut (90 ± 2%) in both experiments (Figure 3A). Several genera within the Orders Methanobacteriales, Methanococcales, Methanomicrobiales, and Methanosarcinales appeared to be significantly more abundant in the hindgut compared to the midgut (Supplementary Table S5A). Similarly, the relative abundance of methane metabolism related genes increased from the midgut (1.7 ± 0.7%) to the hindgut (9.0 ± 1.3%). Of those, the abundance of potential functions related to methanogenic pathway modules increased from the midgut (0.6 ± 0.3%) to the hindgut (5.3 ± 0.7%) (Figure 3B), with potential functions within the methanogenic pathway modules M00567 (CO2 reduction), M00357 (acetic acid decarboxylation), and M00356 (methanol methanation) increasing significantly (Supplementary Table S5B).
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FIGURE 3
 Abundance of (A) methanogenic taxa (order level) and (B) methanogenic potential function (pathway modules) relative to the total Archaeal community in the gut compartments (i.e., midgut, hindgut) of third instar larvae of the Japanese beetle Popillia japonica Newman (JB). For detailed information regarding taxa at the genus level and potential function at the function level refer to Supplementary Table S5.




3.3 Soil archaeome and changes due to JB larval infestation

To understand how JB larval invasion influences the soil archaeome, we compared the microbiome of uninfested soil to JB-infested soil by pooling samples collected from both field and laboratory experiments. Independent of the infestation status, soils from the field (Figure 4A) were comprised primarily (>10%) by archaeal taxa belonging to Thaumarchaeota (order Nitrosopumilales) and Euryarchaeota (orders Methanosarcinales, Halobacteriales, and Methanomicrobiales). Archaeal composition in soils from the manipulative laboratory experiment followed similar patterns regardless of the infestation status, with the most abundant archaeal taxa (>10%) belonging to Euryarchaeota (orders Methanosarcinales, Halobacteriales, and Methanomicrobiales).

[image: Panel A shows heat maps comparing taxonomy and potential functional profiles of soil archaeome, with a log scale of relative abundance. Panel B displays graphs for soil richness, Pielou’s evenness, and Shannon’s index, indicating differences between uninfested and infested soil across field and manipulative experiments. Panel C features biplots of different experiments with arrows indicating feature vectors for taxa or functions and statistical significance values noted.]

FIGURE 4
 Heatmap (A), alpha diversity (B) and compositional principal coordinate analysis (PCoA) biplots portraying beta diversity (C) of the archaeome in soils collected from uninfested areas and areas impacted by third instar larvae of the Japanese beetle Popillia japonica Newman (JB). For the heatmap, microbiota composition is presented at the order level and potential functional composition is presented at level. The color ramp white to red indicates normalized (logarithm based 10 + 1) relative abundance of features. For alpha diversity, different letters represent significant differences (p < 0.05) by Tukey multiple comparisons of means or, in the case of taxonomical richness, by the Aligned Rank Transformed ANOVA. For beta diversity, the PCoA biplots were 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 experiment type while symbol color denotes infestation level (i.e., uninfested, infested). The top 10 features driving differences in ordination space in the PCoA are illustrated by the arrows. For taxonomy, the phyla are represented by specific hues, where Crenarchaeota (2) = red/pink, Euryarchaeota (6) = orange/brown, Nanoarchaeota (1) = green, and Thaumarchaeota (1) = blue. For potential function, function at level 1; level 2 are represented by specific hues, where Environmental information processing; Membrane transport (1) = red, Genetic information Processing; Translation (1) = orange, Metabolism; Amino acid metabolism (4) = green, Metabolism; Biosynthesis of other secondary metabolites (1) = blue, Metabolism; Carbohydrate metabolism (2) = purple, and Metabolism; Lipid metabolism (1) = black. Analyses were carried out at the genus level for taxonomy and the function level for potential function. Sequences were obtained using shotgun metagenome sequencing (HiSeq Illumina), analyzed using MG-RAST (Keegan et al., 2016), and annotated using the RefSeq (O’Leary et al., 2015) or KO (Kanehisa et al., 2016) databases. For taxonomic affiliation at order level refer to Supplementary Table S2. For function annotation at level 1 refer to Supplementary Table S3.


Independent of infestation status or experimental conditions, the most abundant functions (>3%) in soils appeared to be mainly represented by metabolisms (amino acid, >31%; carbohydrate, >13%; energy, >4%; nucleotide, >3%; and cofactors and vitamins, >4%), environmental information processing (membrane transport, >8%; and signal transduction, >3%), and genetic information processing (translation, >4%; and folding, sorting and degradation, >4%) (Figure 4A).

JB larval infestation resulted in significant but differential effects on taxonomic and functional alpha-diversity of the soil archaeome depending on the circumstances of the infestation (field vs. manipulative) (Figure 4B), with lower taxonomic, but higher functional alpha diversity in uninfested soil compared to infested soil in the field. Similarly, the influence of JB larval infestation on the β-diversity of archaeal taxa (Figure 4C) varied with experimental conditions (experiment × infestation interaction, F ≥ 6.38; p = 0.017, R2 = 20.7%), with JB infestation having a more pronounced effect under field conditions. Only the experimental condition (F = 4.72, p = 0.012, R2 = 38.3%) was a significant predictor of functional beta diversity.

JB infestation altered (DeSeq2, Log2FC ≠ 0, FDR ≤ 0.005) the representation of 3 genera of Archaea in the field (Figure 5; Supplementary Table S6A), while no significant changes were observed in the short-term under manipulative conditions. Of the altered taxa, two genera (Thaumarchaeota: Cenarchaeum sp. and Nitrosopumilus sp.) were lower while one genus (Euryarchaeota: Methanobrevibacter sp.) was higher in soils infested with JB larvae. Similarly, taxonomic changes in the soil resulting from JB infestation also resulted in the differential abundance of 12 potential archaeal functions (Figure 5; Supplementary Table S6B). Differentially abundant archaeal functions resulting from JB infestation included increases in those related to the metabolism of other amino acids (phosphonate and phosphinate), and lipids (steroid hormone). In contrast, the relative abundance of 9 Archaeal functions decreased as a result of JB infestations, including several related to genetic information processing, metabolism, and environmental information processing.

[image: Scatterplots compare soil conditions by showing relative abundance and log2 fold change of taxonomic groups and potential functional profiles in uninfested (orange) versus infested (red) soils. Horizontal bars indicate variability.]

FIGURE 5
 Differentially abundant taxa (top panel) and potential function (bottom panel) of uninfested soil (orange) vs. soil infested with the Japanese beetle Popillia japonica Newman (JB) (brown) in samples from the field experiment. Soils from the laboratory experiment showed no differentially abundant features. Relative abundance (left panel) and logarithmic scale base 2 (log2) fold change (right panel) for differentially abundant (adjusted p-value FDR < 0.005, 95% confidence intervals) features based on DESeq2 (Love et al., 2014) are presented. A negative Log2 Fold Change indicates higher abundance of a given feature in uninfested soil while a positive Log2 Fold Change indicates higher abundance in the JB infested soil. Thus, further from 0 the log2 Fold Change value, the greater the difference in the relative abundance of a given feature between uninfested soil and JB infested soil. Microbiota composition is presented at the Order level and potential functional composition is presented at level 3. For detailed information regarding taxa at the genus level and potential function at the KO level refer to Supplementary Table S6.


Methanogenic archaeal taxa were more abundant in infested soil (44.86 ± 1.2%) compared to uninfested soil (36.3 ± 0.4%) under field conditions (Figure 6; Supplementary Table S7). In contrast, no discernable changes in the relative abundance of methanogenic taxa due to JB larval infestation were observed in soils from the shorter-term manipulative experiment. Methanobrevibacter was significantly more abundant in infested soils (DESeq2, p < 0.05) under field conditions. No significant changes in methanogenic related function were detected in soil under either experimental condition due to JB infestation.

[image: Bar charts comparing taxonomy and potential functional profiles of methanogenic features in uninfested and infested soils under field (F) and manipulative (M) experiments. Section A shows taxonomy with varied colors for different Methanogen orders, annotated with letters ‘a’ and ‘b’ indicating statistical significance. Section B presents functional profiles with low abundance, uniformly annotated ‘a’. Legends describe taxonomy and function labels.]

FIGURE 6
 Abundance of (A) methanogenic taxa (order level) and (B) methanogenic potential function (pathway modules) relative to the total Archaeal community in uninfested soil and soil infested with the Japanese beetle Popillia japonica Newman (JB). For detailed information regarding taxa at the genus level and potential function at the function level refer to Supplementary Table S7.





4 Discussion

This study examined the taxonomic and functional profiles associated with microbiological methane production in larvae of the invasive Japanese beetle Popillia japonica Newman (JB) and the soils they infest. Previous efforts (Avila-Arias et al., 2023) revealed that JB larvae promote methane emissions from the soil both directly through larval metabolic activities (i.e., respiration, intrinsic metabolism) and indirectly by creating conditions in the soil that favor GHG-associated microbial activity (Avila-Arias et al., 2023). In the present study, we used shotgun metagenome sequencing and a gene-centric approach, that is database dependent, to confirm the presence of Methanobacteriales (Euryarchaeota) previously identified using a 16S rRNA gene sequencing survey (Avila-Arias et al., 2022), along with several other methanogens in the JB larval digestive tract. Most of the archaeal taxa detected in the JB gut archaeome were methane producers belonging to the Euryarchaeota. In parallel with the above investigations, potential functions within three methanogenic pathway modules were identified within the JB digestive tract.


4.1 Methanogenesis: an important archaeal function in the hindgut

The enriched methanogenic taxa and methane metabolism related sequences in the JB hindgut provide strong evidence that methanogenesis is an important archaeal function and aligns with previous reports of other scarab beetle larvae, termites, and cockroaches (Brune, 2019). Methanogenic archaea are strict anaerobes, thriving where terminal electron acceptors such as oxygen, nitrate, iron(III), and sulfate are absent or rapidly depleted (Brune, 2019). Thus, the growth and proliferation of methanogens is largely limited to anaerobic environments, such as water, sediments, soils, and the digestive tracts of ruminants, humans, and insects (Gaci et al., 2014; Brune, 2019; Gurung et al., 2019; Kim et al., 2020; Klammsteiner et al., 2020; Scharf and Peterson, 2021). Methanogens have a terminal position in microbial trophic interactions as they use a limited number of one-carbon compounds (e.g., carbon dioxide, carbon monoxide, methanol, methylamines, and methyl sulfides) and acetate as electron acceptors resulting from anaerobic degradation of organic matter by hydrolytic and fermentative bacteria. In scarab beetle larvae, methanogens are apparently attached to the gut epithelium or to tree-like epithelial invaginations formed within the fermentation sac in the hindgut (Brune, 2019). Based on some potential functions revealed by our metagenomic analysis, methanogenesis appears to be performed in the hindgut of third instar JB larvae, mainly via CO2 reduction and methanol methanation (Figure 7; Supplementary Table S5C).

[image: Methanogenic pathway module diagram depicting chemical compounds and enzymes involved in methanol, methylamine, and acetate conversions to methane. Compounds are shown as circles and enzymes as rectangles, with arrows indicating reaction pathways. Different compartments such as soil and gut regions are color-coded. Enzyme identifiers like MtaA and MtbA are labeled.]

FIGURE 7
 Presence of genes related to methanogenesis in the archaeome of the gut compartments (i.e., midgut, hindgut) of third instar larvae of the Japanese beetle Popillia japonica Newman (JB), uninfested soil, and soil infested with JB. The four known methanogenic pathway modules are shown: M00357 (acetic acid decarboxylation), M00567 (CO2 reduction), M00563 (methylamine/dimethylamine/trimethylamine methanation), and M00356 (methanol methanation). Presence of genes associated with the enzyme represented within the rectangles are indicated by the symbol, where a circle represents presence in ≥2 replicates while a triangle represents presence in only 1 of the replicates. The color of the symbol represents the compartment in which the gene was observed.


While genes involved in all methanogenic pathway modules accounted for ~40% of all related methanogenesis genes in the JB hindgut, genes exclusively related to CO2 reduction (or hydrogenotrophic methanogenesis) represented at least ~30% of possible methanogenesis pathways in the hindgut. Hydrogenotrophic methanogens use H2 or formate as electron donors, reductants that are produced in the midgut during the fermentative breakdown of organic matter, and transported to the hindgut via the hemolymph (Lemke et al., 2003; Brune, 2019). The high relative abundance of taxa that includes hydrogenotrophic methanogens, such as the orders Methanobacteriales, Methanococcales, Methanomicrobiales, and Methanosarcinales, in the hindgut, support the hypothesis of methane being produced via the CO2 reduction pathway in this compartment.

Methylotrophic methanogenesis is methane formation from methylated compounds such as methanol, methylamines or methylated thiols. This study identified the three genes involved in the methanol methanation pathway in the JB hindgut. While there was no evidence of functions related to the use of methylamine compounds within the JB gut, the methanol methanation pathway represented at least ~4% of all potential methanogenic pathways. In vitro assays using the larval hindgut of the scarab beetle Pachnoda ephippiata (Lemke et al., 2003) showed that the stimulation of methanogenesis by methanol was much higher than that caused by H2. However, under in vivo anaerobic conditions, methanol availability for methanogenesis could be limited because methanol also serves as a carbon source and electron donor for other metabolic processes such as denitrification, acetogenesis, and sulfate reduction (Fischer et al., 2021; Bueno de Mesquita et al., 2023). This partially explains the relatively low abundance of genes related to the methanol methanation pathway compared to hydrogenotrophic methanogenesis within the JB hindgut. Taxonomically, methylotrophic methanogenesis is generally performed by members of the family Methanosarcinaceae (within Methanosarcinales) (Oren, 2014; Lyu and Liu, 2019). Although the relative abundance of Methanosarcinaceae in the hindgut (9.9 ± 1.1%) appeared to be lower compared to that in the midgut (17.8 ± 0.2%), one genus in particular, Methanohalobium, was more abundant in the hindgut. Commonly found in hypersaline environments, this methylotrophic methanogen is extremely halophilic and can accumulate intracellular potassium at high concentrations in the cytoplasm (Oren, 2014; McGenity and Sorokin, 2018; Protasov et al., 2024). To our knowledge, this is the first report highlighting its presence in the digestive tract of an organism.

In examining the acetic acid decarboxylation pathway, the only detected function was the acetyl-CoA decarbonylase/synthase (ACDS) multienzyme complex, which was found exclusively in the hindgut. This complex accounted for approximately 13% of the potential methanogenic pathways in the JB hindgut. In methanogens, the primary role of the ACDS complex is to cleave acetate into methane and CO₂ for energy production. However, it can also operate in reverse, synthesizing acetyl units for carbon assimilation during autotrophic growth on C1 substrates (Grahame et al., 2005). The presence of this complex has been reported in Methanosarcina and Methanosaeta, both within the order Methanosarcinales, as well as in some non-methanogenic archaea (Dai et al., 1998). Given that this was the only enzyme associated with acetic acid decarboxylation for methanogenesis that we detected, and considering the lower abundance of Methanosarcinales in the hindgut compared to the midgut, these findings suggest that acetic acid decarboxylation is likely not a major methanogenic pathway in the JB hindgut. This conclusion aligns with previous studies that found little evidence for aceticlastic methanogenesis in insect guts (Brune, 2019).



4.2 Natural JB larval infestations alter soil archaeal diversity

JB infestation increased the relative abundance of a methanogenic archaeon, Methanobrevibacter (Methanobacteria, Euryarchaeota) in field soils. However, our manipulative experiment, which included the artificial infestation of homogenized soil with JB larvae for ~100 h, did not mirror this result. This finding is on par with previous work (Avila-Arias et al., 2023), indicating a significant, JB-density-dependent CH4 footprint from field soils with a history of natural JB infestation, but not from short-term artificial infestation of soils in the lab. Infested soils collected from the field hosted JB larvae for ~3 months prior to the time when our samples were collected. These soils also had a history of natural, high-density JB infestations for at least two consecutive years. Naturally occurring, longer-term and recurrent infestation by JB larvae thus appears to carry with it an increase in (i) the magnitude of disturbance, resulting in significant increases in CH4 emissions (Avila-Arias et al., 2023) and (ii) the relative abundance of at least one methanogenic archaeon in infested soils.

Although the relative abundance of Methanobrevibacter in JB infested field soils reached ~1.2%, no methanogenic related potential function was more abundant in infested soils than in uninfested soils. Previous studies have highlighted the limitations of shotgun metagenome sequencing in investigating specific archaeal metabolic pathways or potential functions in highly microbial diverse environments such as the soil food web (D'Alò et al., 2023). Metagenomic sequencing reveals microbial taxa and functional gene information, including DNA from microbes with widely varying physiological states (Jansson and Hofmockel, 2018). In fact, using a proteomics approach on soil across global biomes, Starke et al. (2021) reported a relatively large proportion (2.3%) of a protein that is central to methanogenic pathways, the methyl-coenzyme M reductase, which was not elucidated via metagenomics (D'Alò et al., 2023). As such, future efforts to elucidate differences in soil community function and activity due to JB larval infestation may require other multi-omics approaches, such as metatranscriptomics, to identify active functions, metaproteomics to determine functional capacity and identify the proteins present, and metabolomics to quantify the end products of microbial activity.



4.3 JB midgut archaeome appears to be environmentally sourced for digestion and nutrient uptake

Similar patterns of high abundance for methanogens were observed in the JB midgut and host soil. The only methanogenic order that was consistently more abundant in the midgut compared to those in the soil was Methanobacteriales, but taxa within Methanobacteriales were most abundant in the hindgut. Members of the Methanobacteriales are the most common archaeal lineage in the intestinal tract of terrestrial arthropods (Borrel et al., 2020; Protasov et al., 2023), which likely acquire these microbes through contact with and ingestion of soil.

Aside from methanogens, the midgut of JB larvae hosts diverse archaeal taxa, including Halobacteriales (Euryarchaeota), Desulfurococcales, Sulfolobales and Thermoproteales (Crenarchaeota), and Nitrosopumilales and Cenarchaeales (Thaumarchaeota). These archaeal clades are likely environmentally acquired, since they were also found in the soil. They have been associated with genes for lignocellulose and hydrocarbon degradation, processes crucial for breaking down complex plant materials—a key adaptation for root herbivory (Cragg et al., 2015; Prasad et al., 2018; Somee et al., 2022). Halobacteriales, typically halophilic microorganisms, have adapted to the JB midgut environment likely due to the high pH (Swingle, 1931; Chouaia et al., 2019) and possibly large concentrations of potassium ions in this gut compartment as seen in other insects (Purdy, 2007; Wada et al., 2020). Crenarchaeota contribute through sulfur cycling and aromatic compound degradation (Baker et al., 2020; Somee et al., 2022), while Thaumarchaeota, possibly positioned near oxygenated areas of the gut, may play roles in nitrogenous waste removal and vitamin synthesis (Martino et al., 2019; Haber et al., 2021). Potential functional analysis of the midgut microbiome reveals enrichment in membrane transport, amino acid metabolism, and carbohydrate metabolism, with high activity of ATP-binding cassette (ABC) transporters that facilitate nutrient uptake under alkaline conditions. These functions not only enhance digestion, detoxification, and oxidative stress responses, but also enable JB to efficiently exploit plant roots as a food source, bolstering their adaptability and invasiveness in new environments. Such traits underline the importance of the gut microbiome in supporting JB’s success as a destructive root herbivore and a globally invasive species.

Previous efforts using multiple locations across Indiana and Wisconsin (United States), support the correlation between soil microbial communities and the JB gut micro- and mycobiota (Avila-Arias et al., 2022; Avila-Arias et al., 2023). Particularly in the midgut, core microbial communities were less defined and more similar to the host soil, consistent with a region in transition between the soil and hindgut. However, core microbiota in the hindgut were more tightly defined, reflecting a smaller subset of the soil microbial community. Similar to other soil-dwelling scarabs, it is likely that the unique conditions of the JB larval gut (Chouaia et al., 2019) provides microenvironments suitable for microbial recruitment from the host soil (Lemke et al., 2003; Huang et al., 2010), including those of the archaeal kingdom.



4.4 Future directions

Understanding the gut microbiome of insects facilitates the study of host adaptation to complex environments and, in the present study, provides mechanistic insights into a potential climate change feedback loop associated with methane production in a globally expanding invasive species. Soil-dwelling scarab larvae are naturally in close contact with the rich and diverse reservoir of microbes in the soil. As such, these scarabs harbor an ecologically rich and taxonomically diverse assemblage of gut microbes. However, the contributions of most of these microbes to digestive physiology and nutritional ecology continue to be relatively uncharacterized. To achieve this, an understanding of gut microbiome acquisition (maternal vs. environmental), identification of potential novel microbial species and genes, the differentiation of viable and active taxa and metabolic pathways, the exploration of their specific locations within the digestive tract, and their interactions with other microbes remain to be explored. Such information can contribute to understanding the roles and ecological services provided by symbiotic microbes in the physiology of invasive insects. This information will be crucial for understanding how symbiotic contributions enhance the ability of invasive insects to adapt to new environments and could pave the way for identifying novel microbial targets to effectively manage highly invasive species such as JB.
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