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As important decomposers of soil organic matter, millipedes contribute to lignocellulose decomposition and nutrient cycling. The degradation of lignocellulose requires the action of several carbohydrate-active enzymes (CAZymes) and, in most invertebrates, depends on the activity of mutualistic gut microorganisms. To address the question of the importance of the microbiota and endogenous (host) enzymes in digestive processes in millipedes, we analyzed metatranscriptomic data from the tropical millipede Telodeinopus aoutii at the holobiont level. Functional annotation included identification of expressed CAZymes (CAZy families and EC terms) in the host and its intestinal microbiota, foregut, midgut, and hindgut, compared to non-intestinal tissues. Most of the 175 CAZy families were expressed exclusively in the gut microbiota and more than 50% of these microbial families were expressed exclusively in the hindgut. The greatest diversity of expressed endogenous CAZymes from all gut sections was found in the midgut (77 families). Bacteria were the major microbial producers of CAZymes, Proteobacteria dominating in the midgut and Bacteriodetes with Firmicutes in the hindgut. The contribution of the eukaryotic microbiota to CAZymes production was negligible. Functional classification of expressed CAZy families confirmed a broad functional spectrum of CAZymes potentially expressed in the holobiont. Degradation of lignocellulose in the digestive tract of the millipede T. aoutii depends largely on bacterial enzymes expressed in the hindgut. Endogenous cellulases were not detected, except for the potentially cellulolytic family AA15, but an expression of cellulolytic enzymes of this family was not confirmed at the EC-number level. The midgut had the greatest diversity of expressed endogenous CAZymes, mainly amylases, indicating the importance of digesting α-glucosidases for the millipede. In contrast, bacterial lignocellulolytic enzymes are sparsely expressed here. The hindgut was the hotspot of microbial degradation of cellulose and hemicellulases. The gain of the millipede from the microbial lignocellulose degradation in the gut, and consequently the mutualistic status of the relationship between the millipede and its cellulolytic gut bacteria, depends on the ability of the millipede to take up microbial metabolites as nutrients through the hindgut wall. Enzymes expressed in the intestine can degrade all components of lignocellulose except lignin. Assuming that soil microbiota is partially degraded lignin in the millipede diet, T. aoutii can be considered a decomposer of soil organic matter relying primarily on its gut bacteria. The deposition of millipede fecal pellets containing an organic matter modified by the hindgut bacterial community could be of ecological significance.
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Introduction

Saprophagous soil macrofauna plays an important role in the transformation of leaf litter. Soil invertebrates feed on decaying plant material colonized by microbial decomposers (bacteria and fungi) (David, 2015), mechanically and chemically alter the consumed soil organic matter, and produce a variety of excrements that support soil formation. The dead plant organic matter consists of a complex of cellulose, hemicellulose, and lignin. To digest and utilize it, the synergistic action of different enzymes is required (Ezeilo et al., 2017). The degradation of the lignocellulosic complex is mainly the domain of cellulolytic protists, bacteria, and fungi. Xylophagous arthropods have supplemented the nutritional potential of their diet by forming relationships with protozoa, fungi, and bacteria (Kane, 1997). Despite the growing list of newly discovered endogenous cellulases in animals (Watanabe and Tokuda, 2001), a complex synergistic action of endogenous digestive enzymes from arthropods and gut microbial activity plays a role in the degradation of lignocellulose in the intestine of some invertebrates (termites, beetles, woodlice). In specialized xylophagous insects (such as some termite groups) with high assimilation efficiency of cellulose, the gut anatomy is adapted to harbor cellulolytic microbial symbionts. The role of these symbionts is critical and well described (Kane, 1997). For macrofauna feeding on litter, such as millipedes, the importance of cellulose, hemicellulose, and lignin utilization and the precise role of gut microorganisms are not clearly understood. There is some evidence, that invertebrates chemically degrade dead plant material and may play a larger role in terrestrial degradation pathways than previously thought (Griffiths et al., 2021). Scharf, 2015 promoted the idea of the digestome, which describes the combined enzymes produced by microbes and invertebrates that interact in plant decomposition. The assumption that invertebrates were not directly involved in the decomposition of dead plant material was based on the notion that animal decomposers did not produce endogenous cellulases and have low assimilation efficiencies (Van der Drift, 1951). Millipedes consumed food with a high content (up to 50%) of lignocellulose, which was usually partially processed by free-living soil microorganisms. Their assimilation efficiency of about 30% (Hopkin and Read, 1992) suggests that the energy contained in the cellulose may not be utilized. According to a more recent review (David, 2014), laboratory estimates of assimilation efficiencies of macroarthropods vary considerably (from less than 5% to more than 50%) in different studies.

Energy budget experiments showed that the metabolic rate of millipedes fed pure cellulose was as low as starved individuals, suggesting that millipedes fed pure cellulose cannot maintain a positive energy balance without the addition of a nitrogen source (Šustr et al., 2020b). However, older experiments on some millipede species with isotopically labeled cellulose appear to confirm the utilization of carbon in cellulose (Taylor, 1982; Bignell, 1989). In vitro, a wide range of enzyme activities, including cellulases, has been detected in crude millipede intestinal homogenates using enzymatic assays (Šustr, 1999; Šustr et al., 2020a). However, this type of measurement did not provide information on the origin of the enzymes and the actual rate of substrate degradation in vivo. The intestinal tract of millipedes is a straight tube without distinct regions specialized for the harboring of intestinal symbionts (Hopkin and Read, 1992). However, anoxia and reducing conditions in the gut contents (Horváthová et al., 2021) and the structured inner surface of the hindgut wall (Fontanetti et al., 2015) promote the proliferation of the fermenting microbial community. Their activity in the gut has been demonstrated by the presence of fermentation end-products (short-chain fatty acids and hydrogen) and methane production in the millipedes Archispirostreptus gigas (Spirostreptida) and Epibolus pulchripes (Spirobolida) (Horváthová et al., 2021).

The microbial community in the millipede intestine is rich and diverse (Byzov, 2006), including potentially cellulolytic groups (Taylor, 1982). However, the stable symbiotic microbiota has not been confirmed, and the proportion of transient free-living microorganisms ingested with food has not yet been clearly described. Recent studies, using genome or transcriptome sequencing and proteome or metabolome analysis, have ushered in a new era to elucidate the role of plant cell wall-degrading enzymes in the digestive physiology of insects (Tokuda, 2019) and other invertebrates (Bredon et al., 2018). Recently expanded database information, including functional aspects such as information on glycoside hydrolases (GH), supports omics studies. GH, according to the International Union of Biochemistry and Molecular Biology enzyme nomenclature (EC 3.2.1.-), represent a widespread group of enzymes that hydrolyze the glycosidic bond between carbohydrates or between a carbohydrate and a non-carbohydrate moiety. The EC nomenclature of GHs is based on their substrate specificity and occasionally on their molecular mechanism. To reflect structural features and evolutionary relationships among these enzymes, a classification of GHs into families based on amino acid sequence similarities has been proposed. The Carbohydrate-Active Enzymes database (CAZy) (Drula et al., 2022) provides a continuously updated list of carbohydrate-active enzymes (CAZymes) in general. CAZymes are classified into protein families associated with characterized module classes of modules. In addition to GH, these include glycosyltransferases (GT), polysaccharide lyases (PL), carbohydrate esterases (CE), auxiliary activities (AA), and carbohydrate-binding modules (CBM). These enzymes are involved in the synthesis and breakdown of glycoconjugates, oligo- and polysaccharides (Lombard et al., 2014). Of the ecologically important lignocellulolytic enzymes, most cellulases belong to the GHs, many hemicellulases to the CEs, and GHs. Lignin modifying enzymes (LME) are often classified as AAs, breaking down, unlike GHs, lignocellulolytic matter with oxidative processes (Bredon et al., 2020). As the CAZy database administrators pointed out, the modularity of these enzymes and the grouping of enzymes with different substrate specificity in the same sequence-based families can complicate the functional annotation of CAZymes. Nevertheless, the CAZy database represents a very useful tool widely used by the scientific community, mostly in combination with the recognition of enzyme activities described by EC numbers in omics data (Bredon et al., 2018, 2020; Ceja-Navarro et al., 2019; for example).

The aim of this study was to evaluate the role of the host and microbiota in enzymatic polysaccharide degradation in the millipede holobiont using functional annotation of the metatranscriptome. The large tropical millipede species Telodeinopus aoutii was used as a model species for analysis of gene expression (host and microbial) in the gut (foregut, midgut, and hindgut) and non-intestinal tissues. The expression of proteins belonging to CAZy families and Enzyme Commission terms (EC) corresponding to the activities of carbohydrase enzymes was analyzed. The distribution of the expression among the holobiont parts (intestinal foregut, midgut and hindgut, and non-intestinal millipede tissues) and among the major groups of organisms in the holobiont (i.e., the millipede, ciliates, nematodes, fungi), bacteria and archaea were compared.



Materials and methods


Experimental animals

Specimens of T. aoutii (Demange, 1971) (Diplopoda, Spirostreptida, Spirostreptidae) were obtained from pet shops in the Czech Republic and kept under laboratory conditions. The millipedes were kept at the Institute of Soil Biology in plastic boxes (60 × 30 × 20 cm) at 25°C on the forest floor substrate containing peat, rotten wood, and a mixture of leaf litter (maple, oak, and beech). The lids of the boxes were ventilated; the substrate was regularly moistened. The leaf litter formed the main millipede diet. Vegetable pieces served as an additional food source. Calcium was added to the substrate in the form of sepia powder and aquarium fish food served as a nitrogen source. Coprophagy of millipede fecal pellets was not prevented. Only animals with full digestive tracts were used for gut dissection and subsequent analyses.



Holobiont metatranscriptomics

Four millipedes were cleaned with RNase AWAY™ (Sigma-Aldrich®) and sacrificed by freezing at –80°C for 10 min. Total RNA was extracted from the intestinal compartments [foregut (FG), midgut (MG), and hindgut (HG)], and from the remainder of the body (NG) using the RNeasy Power Soil Total RNA Kit, QIAGEN®. Salivary glands were analyzed together with FG. Crude RNA was precipitated with a glycogen-ethanol-acetate solution and resuspended in DEPC water (Top-Bio, Prague, Czechia). DNA was digested using the TURBO DNA-freeTM Kit (ThermoFisher Scientific®), and RNA was purified using the AllPrep DNA/RNA Micro Kit (QIAGEN®). The efficiency of DNA digestion was verified by the amplification of 16S rRNA genes. RNA integrity was checked by RNA gel electrophoresis and quantified on an RNA Nano Chip (Agilent® 2100 Bioanalyzer). All RNA samples were stored at –80°C until shipment to the sequencing laboratory at the UIC’s Sequencing Core, Chicago, IL, United States. Briefly, RNA-Seq libraries were prepared from approximately 120 ng of total RNA. The rRNA removal method followed a previously described methodology (Bogdanova et al., 2011) with a modification that enabled simultaneous depletion of host and microbial rRNA. Libraries were prepared using the Zymo-Seq RiboFree Total RNA Library Kit from ZYMO RESEARCH® according to the manufacturer’s instructions. RNA-Seq libraries were sequenced on an Illumina platform (2 × 100 bp paired-end Illumina MiSeq). Sequence files were deposited in the NCBI Sequence Read Archive (BioProject ID PRJNA749320).

All sequences were processed locally on computers running Linux Ubuntu. SortMeRNA (v2.1) (Kopylova et al., 2012) was used to remove rRNA reads from the datasets using the following databases: SILVA 16S and 23S for archaeal and bacterial rRNA, SILVA 18S and 28S for eukaryotic rRNA, and Rfam for 5S and 5.8S. Because the reference genomes and transcriptomes of T. aoutii are not available in public databases, transcripts were assembled de novo using the Trinity (v2.10.0) (Grabherr et al., 2011).

We reconstructed the transcripts for each millipede body segment (FG, MG, HG, and NG) using four biological replicates. Quality trimming and in silico normalization of reads were performed with default parameters in Trinity using Trimmomatic (Bolger et al., 2014) and the Trinity script insilico_read_normalization.pl, respectively. Initial assembly statistics were computed using the TrinityStats.pl script within the Trinity package. Transcripts were clustered using the CD-Hit package (Li and Godzik, 2006) with an identity threshold of 95%. A mapping-based method using Salmon (Patro et al., 2017) was used to quantify transcript abundance. Reads from each biological replicate were mapped against the assembly of the corresponding holobiont part (i.e., either from FG, MG, HG, or NG). The transcript quantification procedure yielded normalized expression values of transcripts in the sample, measured as transcripts per million (TPM) (Wagner et al., 2012).



Carbohydrate-active enzyme annotation from host and gut-biota

All open reading frames (ORFs) were predicted from metatranscriptomes using Transdecoder (v5.5.0) (Haas et al., 2013) with default parameters. ORFs were compared with the Non-Redundant protein database (July 1, 2020) using BLASTp (Altschul et al., 1990) with DIAMOND (Buchfink et al., 2015) in “–more-sensitive” mode with an E-value cut-off of 1e-5. The BLAST outputs were then imported into MEGAN6 (v6.19.5) (Huson et al., 2016) for segregating ORFs derived from host and microbiota. Each ORF was thus assigned to the most accurate taxonomic rank (i.e., kingdom, phylum, class, order, family, genus, and species) based on the LCA (lowest common ancestor) algorithm. The command-line version of eggNOG mapper v2 (Huerta-Cepas et al., 2017) was used to assign general functional annotation using precomputed orthologous groups from the eggNOG database (Huerta-Cepas et al., 2019).

For more specific functionality, CAZymes were identified using the Carbohydrate Active Enzyme (CAZy) database (Lombard et al., 2014). dbCAN2 (Zhang et al., 2018) was used to identify CAZy families, i.e., GHs, glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), auxiliary activities (AAs), and carbohydrate-binding modules (CBMs) from the previously filtered ORFs from the metatranscriptomes. dbCAN2 integrates three tools for annotating CAZymes: (1) HMMER (version 3.2.1) (Mistry et al., 2013) which uses the dbCAN CAZyme domain HMM database (Yin et al., 2012) for domain predictions, (2) DIAMOND for sequence comparisons against a custom pre-annotated CAZyme sequence database, and (3) HOTPEP (Busk et al., 2017), which performs searches against a conserved CAZyme short peptide database. dbCAN2 was run in a conservative manner, only CAZyme predicted by all three of the above tools was retained for subsequent analyses. As recommended by the dbCAN2 authors, CAZyme counts resulting from dbCAN assignment using the HMMER tool were considered for subsequent analyses.

Carbohydrate active enzyme families known to potentially contribute to lignocellulose degradation were selected for further analysis. Each individual CAZy family may represent enzymes involved in a variety of carbohydrate-modifying activities, including the degradation of lignocellulose. Therefore, the enzymatic activities of CAZymes were predicted using Hotpep to confirm their involvement in carbohydrate degradation and assign a corresponding Enzyme Commission number (EC). When Hotpep failed to predict the CAZyme function, the most common activity was retrieved manually from the CAZy database. Note that “CAZyme” refers to functional modules or domains, not the transcript itself. A single transcript may contain one, several, or no CAZy module. Therefore, the expression of CAZymes in terms of TPM values is only meaningful up to the CAZy family level, but not for the individual CAZy modules and their corresponding EC numbers. Therefore, as mentioned above, the module numbers predicted by HMMER- for CAZyme were used for most analyses in our study instead of TPM.



Substrate classification of expressed enzyme commission numbers and carbohydrate-active enzyme families from literature review

The EC numbers for the enzymes that degrade trehalose, starch, sucrose, hemicellulose, cellulose, laminarin, lichenin, chitin, pectin, and lignin were selected from a literature review (Supplementary Table S1). The expression of the enzymes from this list was checked to show the range of saccharolytic activities in the holobiont. The substrate specificities of the expressed CAZy families were classified by comparing the list in Supplementary Table S1 with activities documented in the database1 (November 2021).



Visualization and graphical representation

Venn diagrams (Venn, 1880) with different CAZyme counts were generated using the library (“VennDiagram”) in R (R Core Team., 2016). Counts of individual CAZy modules in each CAZyme-producing taxa were imported into Cytoscape 3.8.2 to build the interconnection and association map. Heat maps for the individual CAZyme families were generated using TPM expression matrices with Hclust22. Hierarchical clustering of sample types (i.e., taxonomic origin and tissue origin) and CAZy modules were performed using the Bray-Curtis dissimilarity. Circos plots (Krzywinski et al., 2009) were generated using Circos Table Viewer v0.63-93). To display the metabolic maps shown in the supplements, the KEGG pathway map 00500 (Starch and sucrose metabolism in the KEGG database, Kanehisa and Goto, 2000) was overlaid with omics data.




Results and discussion


Identification and classification of carbohydrate-active enzyme in the holobiont

The holobiont metatranscriptome assemblies of T. aoutii were analyzed for CAZymes encoding genes. The dbCAN pipeline identified a total of 1,337 CAZy modules in the host (Figure 1A) and 806 CAZy modules in the microbiome (Figure 1B). The CAZyme-associated genes containing the CAZy modules were further classified into enzyme families according to the CAZy nomenclature (Lombard et al., 2014). A total of 172 CAZy families were identified in the T. aoutii holobiont, including all known CAZy classes (i.e., AAs, CBMs, CEs, GHs, GTs, and PLs). GTs were the most abundant class in the T. aoutii holobiont with 49 different families, corresponding to 498 and 131 modules in the host and microbiota, respectively. Among the major CAZy classes, GHs and CBMs were frequently expressed in both, the microbiota, and the host. The higher proportion of expressed GTs is typical for the host, the expression of polysaccharide lyases, and a higher proportion of auxiliary activities for the microbial community. Glycosyltransferases were found in both eukaryotes and prokaryotes and catalyze the formation of the glycosidic bond to form glycoside, but they are not involved in the digestion process. Glycosylation is the common cellular modification of proteins and lipids; that is important for multicellular life (Kellokumpu et al., 2016). This explains the relatively high expression diversity of GTs in the host in the holobiont of T. aoutii. The second most important class of CAZymes in the T. aoutii holobiont was GH, with 343 and 289 modules in the host and microbiota, respectively, distributed among 63 different families. Of the 172 CAZy families identified in the T. aoutii holobiont, 46 and 94 families were specific to the host and its microbiota, respectively, and 35 were present in both (Figure 1C). This suggests that the gut microbiota plays an important role in millipedes, as previously shown in higher termites (Brune and Ohkuma, 2011).
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FIGURE 1
Major CAZy classes are present in the microbiota (A) and in the host (B). Total number of CAZy families found in the holobiont and their shares in the host and microbiota (C).


The GH13 family, which is known to include enzyme activities such as amylases, α-glucosidase, and starch debranching enzymes, was the most highly expressed GHs in the T. aoutii holobiont with 95 CAZy modules (Supplementary Figure S1). It was expressed in the host (73 modules) and in the microbiome (22 modules). Carbohydrate-binding modules (CBMs) in the T. aoutii holobiont represented 43 different families, corresponding to 497 and 202 modules in the host and microbiome, respectively. Among this class of modules, the CBM14 family, a chitin-binding module, was the most prominent in the holobiont of T. aoutii. It was expressed in the host (Figure 2), with 242 modules, accounting for 12.3% of the total host CAZy modules. Another abundant CBM family was CBM32, including galactose- and lactose binding-modules present in both the host and microbiome. In contrast, the CBM37 family, a family with broad binding specificity for xylan, chitin, microcrystalline, and phosphoric-acid swollen cellulose, was produced only by the microbiome (17 modules) in MG and HG, representing 2.1% of the total CAZy modules in the microbiome. Twelve families of CEs were represented by 215 and 101 modules in the host and the microbiome, respectively. Among the CEs, the CE1 and CE10 families were the most abundant in the T. aoutii holobiont (Figure 2). Together, they accounted for 80.9% of CEs in the host (174 modules) and 46.5% in the microbiome (47 modules). AAs - redox enzymes that often act synergistically with GHs, were represented by seven families (Figure 2), accounting for 33 modules in the host and 54 modules in the microbiome. PLs in the T. aoutii holobiont belonged to eight different families and were the least abundant class, with 29 modules present only in the microbiome.
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FIGURE 2
Heat maps of CAZy families, expressed in the host and prevailing microbiota group (Bacteria), and their distribution among the gut segments in the holobiont. The four most abundant CAZyme classes including digestive enzymes (i.e., GHs, CBMs, CEs, and AAs) were selected. TPM values were used to analyze the expression level of individual CAZyme families. Dark red and dark blue denote the lowest and highest expression, respectively. Expressed TPM value was log-transformed. Hierarchical clustering was done using Bray-Curtis dissimilarity matrices.


The most abundant digestive CAZymes (i.e., the AA, CBM, CE, and GH families) had a tissue-specific conserved taxonomic origin (Figure 2). In hierarchical clustering, CAZymes originating from the host and bacteria were clustered separately. In general, the expression of these CAZymes by bacteria was higher in HG, while FG and MG were the primary sites for the endogenous CAZymes. However, some of the CAZymes such as CBM6, GH16, GH43, GH46, GH5, and GH93 were expressed in higher numbers by bacteria in FG and MG than in HG. Compartmentalization of digestive processes plays an important role in arthropod digestion (Terra and Ferreira, 1994). Different intestinal sections play different roles in digestive processes. In T. aoutii holobiont, the differences in the distribution of identified CAZy families among holobiont parts reflected the overall diversity of expressed genes. The highest number of unique CAZy families (57 in total) was observed in the hindgut reflecting the wide diversity of genes expressed by the hindgut bacterial community (Figure 3A). More than 50% of CAZy families were found only in the microbiota, and of these, 55% of families were found only in the hindgut (Figure 3B). The fact that only 6% of the families were found together in all gut sections indicates that sections appear to differ in the transcription of CAZy microbial families. In contrast, the host data reflected one arthropod species, and a comparison of the composition of CAZy families in the different body parts showed a high degree of uniformity. More than 70% of the detected CAZy families were found in all body parts of the host (Figure 3C). The expression of many CAZymes in the non-intestinal tissues is probably related to the non-digestive functions of some enzymes. Even amylolytic enzymes may be active in the hemolymph or other body parts and play a non-digestive role in insects (Da Lage, 2018). In terrestrial isopods, the role of some CAZymes in cuticle sclerotization has been discussed (Bredon et al., 2018). The expression of potentially ligninolytic CAZy families in the non-digestive tissues of T. aoutii can be explained by the presence of activities such as ecdysone oxidase (EC 1.1.3.16), known to belong to the AA3_2 subfamily, and (R)-mandelonitrile oxidase (EC 1.1.3.49), which is annotated as a member of the same subfamily in the holobiont of T. aoutii. The latter, characterized in the polydesmid millipede Chamberlinius hualienensis, is involved in the production of the defense chemical benzoyl cyanide (Ishida et al., 2016). The superoxide dismutase (SOD) and tyrosinase (hemocyanin), both expressed in the T. aoutii holobiont, play a non-digestive role in tissues (Melov et al., 2000; Olianas et al., 2005).
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FIGURE 3
Venn diagram of the distribution of all CAZy families in all body parts of the T. aoutii holobiont (A), the distribution of CAZy families found in microbiota between different intestinal sections (B), and the distribution of CAZy families detected in the host between different body parts (C).


The foregut is a short segment of the intestine in millipedes (Hopkin and Read, 1992). Transport of food through the foregut is rapid, resulting in low diversity of microbial CAZymes here. It is known that the salivary glands, analyzed as part of the foregut, are the site of possible production of endogenous digestive enzymes (Fontanetti et al., 2015). However, this was not reflected in our results, as the diversity of expressed endogenous CAZymes in the foregut was relatively low. The midgut of T. aoutii had the greatest diversity of endogenous CAZymes, consistent with previous findings on the digestive physiology of millipedes (Hopkin and Read, 1992; Šustr et al., 2020a). The hindgut is the hotspot for microbial CAZyme production in the holobiont of T. aoutii.

In addition to the host, gut bacteria were the major producers of CAZymes in the holobiont (Supplementary Figure S2). Proteobacteria and Bacteroidetes were the major CAZyme producers in the millipede gut, followed by Firmicutes. Considering the extent of involvement of GHs in carbohydrate degradation, we specifically examined the bacterial phyla involved in the expression of different GH families in the hindgut and midgut (Figure 4). The association map illustrated the increased diversity of the active bacterial community and the increase in the number of CAZymes produced in the hindgut. Proteobacteria dominated and produced the majority of the GH families in the midgut (most produced families GH99, GH73, GH24, and GH4) and Bacteroidetes in the hindgut (most produced GH43 and GH109). Firmicutes showed higher CAZyme expression in the hindgut and produced exclusively the potentially cellulolytic families GH9 and GH48. GH13 was produced by Bacteroidetes, Firmicutes, and Proteobacteria in the hindgut and only by Proteobacteria in the midgut. In the hindgut, Lentisphaerae, Tenericutes, and Synergistetes produced GH families in addition to the taxa mentioned above. Bacteria play a very important role in the production of CAZymes in the millipede gut, especially in the hindgut. This agrees with a rich bacterial community previously reported in the intestinal tract of millipedes (Byzov, 2006). Within prokaryotes, Bacteria are potentially more important producers of GHs than the Archaea (Geng et al., 2021). In the millipede intestine, Archaea are mainly involved in methanogenesis as a final step of the fermentation processes (Horváthová et al., 2021).
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FIGURE 4
An association map to describe the qualitative and quantitative differences in expressed GH families between different bacterial phyla. Bacterial phyla and GH families were shown in colored squares and yellow spheres, respectively. The thickness of the connecting lines is proportional to the number of representative contigs of GH families in the phyla.


The CAZy families containing lignocellulolytic and digestive enzymes and their distribution among all parts of the holobiont and major taxa are listed in detail in Supplementary Table S2. In addition to dbCAN, a total of 39,360 transcripts with recognized EC numbers in the holobiont were classified using eggNOG. EC numbers involved in lignocellulolytic degradation and digestion are summarized in Table 1 and Supplementary Table S3. The assignment of the EC numbers discovered in the metatranscriptome to the CAZy families expressed in the holobiont is shown in Supplementary Table S4.


TABLE 1    List of CAZymes involved in the degradation of dietary important saccharides in the T. aoutii holobiont.

[image: Table 1]

The presence of enzymes with different substrate specificities in the same CAZy family partially complicates the use of CAZy families as functional indicators of enzymatic activity, but an applicable functional classification of CAZy families is possible, as shown by Geng et al. (2021), who classified GHs based on primary enzyme functions. In this study, CAZy families containing EC activities corresponding to lignocellulolytic and digestive enzymes, expressed in the T. aoutii holobiont, were classified according to the presence of enzyme activities involved in the degradation of different groups of saccharide substrates. This specific functional classification resulted in 20 groups of CAZy families including enzymes that cleave starch, glycogen and saccharose (A), trehalose (T), hemicelluloses (H), cellulose (C), laminarin or lichenin (L), lignin (G), and pectin (P) (Supplementary Figure S3). The substrate-based classification of each of the CAZy families has been listed in Supplementary Table S2. The classification indicates a wide range of substrates that can potentially be targeted by the enzymes expressed in the holobiont. The broad spectrum of saccharolytic enzymes in the millipede intestine can be surmised based on previous measurements of enzyme activity in different millipede species (Šustr et al., 2020a). The classification allowed the following comparisons and analyses, which focused directly on nutritionally and ecologically important substrate groups.



Degradation of the lignocellulolytic complex in the millipede intestine

Intestinal CAZymes, of endogenous or microbial origin, were involved in the degradation of various components of the millipede diet. In this diet, relatively recalcitrant lignocellulose components predominated over easily digestible saccharides of plant and microbial origin. In the lignocellulolytic complex, components such as lignin, hemicellulose, and pectin protect a principal component, cellulose, from enzyme attack. Complete digestion and utilization of lignocellulose require at least partial disruption of these components. The ligninolytic, hemicellulolytic, and pectinolytic potential of intestinal enzymes is discussed for the first time.



The expression of the enzymatic machinery for lignin degradation was not confirmed

The lignin modifying enzymes (LMEs) are rare in animals (Bredon et al., 2018). However, the presence of LMEs has been previously demonstrated in termites (Ni and Tokuda, 2013) and terrestrial isopods (Bredon et al., 2018), whereas they are absent in the millipede T. aoutii. Only two CAZy subfamilies with potentially ligninolytic EC activities were found in the metatranscriptome data of T. aoutii holobiont. AA3_2 was expressed in the host, mainly in non-intestinal tissues. The same family was detected in midgut bacteria. AA2 was expressed in the midgut and mainly in the hindgut bacterial community (Figure 5A). Bacterial ligninases were expressed in the hindgut of T. aoutii as members of the AA2 family. However, the actual activity of LMEs in the hindgut of millipede is questioned by the fact that low oxygen levels prevail here (Horváthová et al., 2021), as in the caeca of isopods (Bredon et al., 2018) or in the P3 lumen fluid of termites (He et al., 2013). The minor role of aerobic fungi, usually capable of lignin degradation, in the holobiont, corresponds with oxygen limitation. The low expression frequency of ligninolytic CAZy families was shown in Supplementary Figure S4. Expression of the ligninolytic enzymes known to be associated with AA2 (lignin peroxidase, manganese peroxidase, versatile peroxidase) and AA3_2 (glucose oxidase, aryl alcohol oxidase) was not confirmed in T. aoutii holobiont by detection of EC numbers. Both families can be associated with non-ligninolytic activities, such as general peroxidases EC 1.11.1.-. Most AA2 entries, were linked to EC 1.11.1.21 and EC 1.11.1.5. All AA3_2 modules were linked to EC 1.1.3.49 (in the host) or EC 1.1.91.1 (in bacteria). Two potentially ligninolytic enzymes were expressed in the holobiont of T. aoutii. SOD (EC 1.15.1.1) was expressed in all host tissues, in bacteria, particularly in the hindgut, and, to a lesser extent, in ciliates. Tyrosinase (EC 1.14.18.1) was mainly expressed in the host (Table 1). SOD was discussed by Rashid et al. (2015) as ligninolytic. However, this enzyme usually plays other physiological roles. Tyrosinase showed similarities to hemocyanin (Olianas et al., 2005), the respiratory protein of millipedes (Damsgaard et al., 2013). Annotation identified tyrosinase activity in T. aoutii with hemocyanin. The role of hemocyanin in lignin degradation has been discussed in crustaceans (Besser et al., 2018). Both enzymes were also expressed in non-intestinal tissues of T. aoutii suggesting a role beyond lignin degradation, such as a laccase gene in A. vulgare isopod (Bredon et al., 2018).
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FIGURE 5
The distribution of expressed CAZy families containing ligninases (A), pectinases (B), xylanases (C), and mannanases (D) (as verified in the CAZy database) in the microbiota and host in different body parts. Nemat, nematoda; Bact, bacteria; Archa, archea; and Cilio, ciliophora.




Pectinases were mainly expressed in the hindgut bacteria

Pectin is regularly deposited in the secondary growth of plants. It represents a store of galactose sugars and essential minerals (e.g., calcium) (Kohn and Luknár, 1977). Pectinolytic enzymes are rarely found in animals. Pectin degradation in millipede homogenates has been confirmed in only three of eight millipede species studied (Nielsen, 1962; Marcuzzi and Turchetto Lafisca, 1976; Nunez and Crawford, 1976; Beck and Friebe, 1981). Fungal transcripts, predicted to encode GH28 (polygalacturonases), were expressed in the beetle A. glabripennis (Scully et al., 2014). The fungal and bacterial pectinase genes were found in the genome of some insects, suggesting horizontal gene transfer (Shelomi et al., 2016).

Twelve different potentially “pectinolytic” CAZy families were expressed in intestinal bacteria, most of them in the hindgut. In the midgut, only the GH4 and PL7_2 families were expressed (Figure 5B). The host does not express autochthonous CAZy families or EC terms. The microbial pectinases were mainly expressed in the hindgut (Supplementary Figure S5). The hindgut bacteria expressed proteins with the following activities of: (i) pectinesterase (EC 3.1.1.11), identified as members of CE8 and CE12 families and PL9_1 and PL1_2 subfamilies; (ii) pectate lyases (EC 4.2.2.2) belonging to PL1 and PL9 and associated with CBM37 and CBM77; (iii) pectate disaccharide-lyases (EC 4.2.2.9, PL9); (iv) pectin lyases (EC 4.2.2.10, PL1 and CBM77); (v) galacturonan 1,4-α-digalacturonosidase (EC 3.2.1.67, GH28); and (vi) oligogalacturonide lyases (EC 4.2.2.6, PL22) (Table 1 and Supplementary Tables S3, S4).



Expression of a broad spectrum of hemicellulolytic enzymes in the holobiont

The composition of hemicellulose is variable and differs between different taxonomic groups of plants, and between specific plant tissues (such as primary and secondary cell walls) (Albersheim et al., 2011). The complicated chemical structure of hemicellulose is reflected in the wide diversity of hemicellulolytic enzymes that cleave it. Consistent with this diversity, the variability of CAZy families containing hemicellulases expressed in T. aoutii was enormous. These families largely overlap with families containing other activity types. They are generally expressed in hindgut bacteria but have also been detected in the host midgut and in the eukaryotic microbiota in the midgut and hindgut (Figures 5C,D). The highest expression diversity of hemicellulolytic activity was found in the bacterial hindgut community of the T. aoutii holobiont (Supplementary Figure S6). The backbone of hemicellulose (xyloglucans and galacto-glucomannans) can be cleaved by endo-1, 4-β-xylanases (EC 3.2.1.8), and mannan endo-1,4-β-mannosidases (EC 3.2.1.78), which were expressed almost exclusively by the bacterial hindgut community (Figure 6). Some of the xylanases were directly identified as members of GH10 (Table 1 and Supplementary Table S4) and were associated with CBMs 4, 6, 13, and 16. The mannan endo-1,4-β-mannosidases are partially identified as GH5. α-D-xyloside hydrolases (EC 3.2.1.177), expressed in hindgut bacteria of T. aoutii, were identified as members of the GH31 family. The xylanolytic activity was previously tested in homogenates of the digestive tract of nine millipede species (Nielsen, 1962; Nunez and Crawford, 1976; Beck and Friebe, 1981; Urbášek and Tajovský, 1991; Cazemier et al., 1997; Šustr et al., 2020a). The presence of xylanase was confirmed in six of nine species tested, including two members of the Spirostreptidae, Orthoporus ornatus, and one undetermined species (Nunez and Crawford, 1976; Cazemier et al., 1997). However, xylan degradation was not measurable in the spirostreptid A. gigas (Šustr et al., 2020a). Hydrolysis of xylan was carried out in the isopod A. vulgare by xylanases (belonging to family GH10) and xylosidases (belonging to families GH3 or GH43) of bacterial origin (Bredon et al., 2018). Xylanases showed weak activity against xyloglucans, but xyloglucan-specific endo-β-1,4-glucanases (EC 3.2.1.151) mainly hydrolyze the xyloglucan backbone (Tokuda, 2019). However, this activity was not directly confirmed in the terrestrial isopod (Bredon et al., 2018), or in T. aoutii (this study). On the other hand, endo-mannanases (EC 3.2.1.78) are expressed in the microbiome of T. aoutii, but not in A. vulgare (Bredon et al., 2018).
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FIGURE 6
The scheme of action of main hemicellulases expressed in the midgut and hindgut of the millipede T. aoutii. Frequencies of enzymes in midgut/hindgut are presented in parenthesis following the EC number. Gray arrows – types of bonds attacked by different types of enzymes. The basic scheme was modified from Ulaganathan et al. (2015).


The disaccharides xylobiose and mannobiose formed by cleavage of the hemicellulose backbone can be further cleaved in T. aoutii by xylan 1,4-β-xylosidases (EC 3.2.1.37) expressed by bacteria and by endogenous or bacterial β-mannosidases (EC 3.2.1.25). Some of the endogenous mannosidases are classified as GH2. The isopod A. vulgare has endogenous β-mannosidase (Bredon et al., 2018) of the GH2 family, as does T. aoutii.

The hemicellulose backbone has side chains, containing mainly arabinose and glucuronic acid residues (Ordaz-Ortiz and Saulnier, 2005). Enzymes that attack the side chains of hemicellulose, β-galactosidases (EC 3.2.1.23) of GH35 and GH2, α-L-fucosidases (EC 3.2.1.51) of GH29, α-galactosidases (EC 3.2.1.22, GH4), α-glucuronidases (EC 3.2.1.139) and α-L-arabinofuranosidase (EC 3.2.1.55) were expressed in bacteria in the holobiont of T. aoutii. Arabinans can be targeted by bacterial arabinan endo-1,5-α-L-arabinosidase (EC 3.2.1.99, GH43). The host expresses β-galactosidases (GH35) and α-L-fucosidases. The expression of α-galactosidases and α-glucuronidases was found in the eukaryotic microbiota of T. aoutii. β-Galactosidases were frequently expressed in holobionts of soil detritivores (in A. vulgare endogenous GH33 and in the microbiome GH2 and GH42, Bredon et al., 2018). In A. vulgare, α-L-arabinofuranosidases (EC 3.2.1.55, of microbial origin from GH51 or GH43) were expressed (Bredon et al., 2018). In this isopod, endogenous α-galactosidases from GH27 were complemented by microbial enzymes from GH4 and GH36. In addition, the microbiota of terrestrial isopods produced acetyl-xylan and feruoyl esterases, which extend the ability to cleave hemicellulose side bonds (Bredon et al., 2018).



Cellulases were mainly expressed in the hindgut bacteria

Previous measurements confirmed the degradation of some β-glucosides, carboxymethyl, or crystalline cellulase by intestinal homogenates of some millipede species. Low β-glucosidase and cellulase activities were detected in spirobolid E. pulchripes and spirostreptid A. gigas, with acidic pH optima corresponding to the midgut (Šustr et al., 2020a). In these two species, cellulases were detected not only in the hindgut but also in the midgut (including the intestinal wall).

However, our metatranscriptomic data showed higher expression of cellulolytic genes in the hindgut of T. aoutii. CAZy families associated with potentially cellulolytic activities were diverse in the holobiont and reassociated with many other types of activities. The distribution of all families containing exo- or endo-glucanases is shown in Figure 7A. These families were mainly expressed in intestinal prokaryotes (GH3 dominated). GH45 was expressed by the eukaryotic microbiota of the foregut and midgut, and GH74 was expressed not only by bacteria but also by the host. The GH74 family may include endoglucanases and xyloglucanases. The expression of this family was previously described in the isopod A. vulgare Bredon et al. (2018). However, in T. aoutii, expression of this family is associated with cellulolytic function only in bacteria in the hindgut. The next potentially cellulolytic family, AA15, was endogenous. Of the families known to be associated with cellobiases (Figure 7B), only GH30_1 was endogenous. Intestinal bacteria expressed GH2 in addition to their host. Other prokaryotic genes represented six families dominated by GH3 and GH16. The fungal community expressed subfamily GH5_9 in the hindgut. Cellulolytic bacterial CAZy families and EC numbers were expressed mainly in the hindgut and to a lesser extent in the midgut. Analysis of the data at the EC-number level did not confirm the expression of endogenous cellulases (Supplementary Figure S7).
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FIGURE 7
The distribution of expressed CAZy families including endo- or exo-glucanases (A), cellobiases (B), (as verified in the CAZy database) in the microbiota and in the host in different body parts. Nemat, nematoda; Bact, bacteria; Archa, archea; Cilio, ciliophora.


Endogenous lytic cellulose monooxygenase (EC 1.14.99.54), known to belong to the AA15 family and expressed in the host of T. aoutii, could not be confirmed at the level of EC numbers in the holobiont. In the midgut of the firebrat Thermobia domestica, a lytic cellulose monooxygenase from the AA15 family oxidizes C1 sites to cleave β-1,4-glycosidic bonds, which increases the activity of cellulolytic and chitinolytic enzymes (Sabbadin et al., 2018). LMPOs belonging to AA15 are widely distributed among insects (Sabbadin et al., 2018; Ceja-Navarro et al., 2019), but their role in lignocellulose degradation remains unclear and further studies are needed (Tokuda, 2019). Other endogenous cellulases, notably GH5, GH9, and GH45, have been detected in several Mandibulata species, and the ancestors of Protostomia are thought to have possessed these genes (Watanabe and Tokuda, 2010). The above GH families, known to be associated with endogenous animal cellulases (Watanabe and Tokuda, 2001, 2010; Cragg et al., 2015), were expressed by the gut microbiota only in the holobiont of T. aoutii. The lack of expression of endogenous cellulases or β-glucosidases in T. aoutii is in contrast to results from terrestrial isopods (Bredon et al., 2018).

The first step of cellulose degradation in the hindgut of T. aoutii may be covered by expressed endoglucanases (cellulases, EC 3.2.1.4) and exoglucanases (cellulose 1,4-β-cellobiosidases, EC 3.2.1.91), both of prokaryotic origin (Figure 8 and Supplementary Figures S8–S10). Transcripts corresponding to these activities were more abundant in the hindgut than in the midgut. Bacterial endoglucanases were associated with GH5_4 and GH9. Enzymes with functionality EC 3.2.1.4 expressed by eukaryotic microbiota, can probably be associated with GH26, GH74, or GH45. The GH45 family expressed in nematodes and fungi in the holobiont of T. aoutii has been horizontally transferred from fungi to plant-parasitic nematodes (Palomares-Rius et al., 2014). Proteins of this family can be expressed by fungi or nematodes that originally live in soil and are ingested with food. Bacterial genes encoding EC 3.2.1.4 associated with several carbohydrate-binding modules (CBM 4, 6, 16, 30, 35, 37, 51, and 61) were mainly active in the hindgut. Exocellulases (cellulose 1,4-β-cellobiosidase, EC 3.2.1.91) were expressed in hindgut bacteria with CAZy affiliation to CBM44. Cellulolytic genes, belonging to the GH5, GH9, and GH48 families associated with many CBMs were expressed in the holobiont of T. aoutii, mainly by the hindgut bacterial community. Similarly, the hindgut of lower termites, which has a community of cellulolytic protists, shows significantly higher hydrolytic activities toward microcrystalline cellulose than other gut regions and the salivary glands (Tokuda et al., 2005; Lo et al., 2011).
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FIGURE 8
The scheme of action of enzymes for cellulose degradation is expressed in the midgut and hindgut of the millipede T. aoutii. A number of transcript annotations of enzymes in midgut/hindgut is presented in parenthesis following the EC number. Gray arrows – types of bonds attacked by different types of enzymes, black arrows – expected range of reaction products. The scheme of enzymatic cellulose degradation was modified by Ezeilo et al. (2017), using information from Singh et al. (2016) and KEGG db (Kanehisa and Goto, 2000).


Expression of bacterial β-glucosidases (EC 3.2.1.21) was detected in all three intestinal sections, with the highest variability in the hindgut. β-Glucosidases were associated with the GH3 and CBM6 families (Table 1 and Supplementary Tables S3, S4). In addition, enzymes with this type of activity can be assigned to families GH16, GH2, GH116, and subfamily GH5_45 expressed in bacteria. The fungal community expressed some cellobiases with unknown CAZy affiliation in the hindgut. The expression of endogenous β-glucosidases was not confirmed in this study in T. aoutii and in the isopod A. vulgare (Bredon et al., 2018). In both holobionts, the enzyme was expressed by the microbiome (as GH3 and GH1 proteins for T. aoutii and A. vulgare, respectively). In addition, a β-glucosidase of unknown family affiliation is expressed by hindgut fungi in the holobiont T. aoutii. However, in general, β-glucosidases are widely expressed in animals (Byeon et al., 2005). In termites, β-glucosidases play other functions besides digestion, including egg recognition and social communication (Matsuura et al., 2009; Shimada and Maekawa, 2014). These β-glucosidases have been associated with GH1 (Terra and Ferreira, 2005), with the exception of a GH3 from the midgut of Hodotermopsis sjostedti (Yuki et al., 2008). The holobiont T. aoutii expressed GH30_1 and GH2, which are known to contain β-glucosidases. However, all counts of these families in the host were identified as β-glucosylceramidases, β-galactosidases, or β-mannosidases. The effectiveness of cellulose degradation is often associated with the synergistic action of the three major cellulase types: endoglucanases, cellobiohydrolases, and β-glucosidases. While endoglucanases and β-glucosidases are found in many organisms, cellobiohydrolases are restricted to some bacteria, fungi, and protists (Watanabe and Tokuda, 2010; Lo et al., 2011). Cellobiohydrolase genes were not detected in the metatranscriptomes of some lower termites and terrestrial isopods (Dedeine et al., 2015; Bredon et al., 2018) and were present at low levels in the holobiont of T. aoutii. The absence of cellobiohydrolases could be compensated by the high number of endoglucanases and mechanical fragmentation of the food (Bredon et al., 2018). Several domains indicative of cellulosome activity were expressed in intestinal bacteria, mainly in the hindgut. Dockerin domains linking catalytic, cohesin, and SLH domains in the cellulosome were found only in the hindgut bacterial community. One dockerin was associated with Ruminococcaceae, families GH5, GH9, and GH48, the celB gene, and the endocellulase EC 3.2.1.4; the second with Peptoniphilaceae and the acm gene encoding lysozyme. Cohesin domains, some of which may be components of cellulosomes linking dockerins and scaffoldin, were found in midgut bacteria associated with Oxalobacteraceae (the pulQ gene), and in hindgut bacteria (associated with Ruminococcaceae). SLH domains, linking the cellulosome to the cell wall, were more abundant in intestinal bacteria. Expression of this module type was observed in the midgut (once) and hindgut (81 times) in a wide range of bacterial taxa including Ruminococcaceae. Some of these domains were associated with CAZymes such as xylanase, amylase, pullulanase, and pectate lyase.



Importance of non-lignocellulolytic nutrient sources for a millipede

In addition to lignocellulolytic substances, millipedes also consume other nutrient sources such as starch, sucrose, laminarin, and microbial cells. Studies examining the lignocellulolytic potential of invertebrates generally do not consider the amylolytic activity of the gut, although the assimilation of energy from starch and similar storage substances is a nutritional alternative to the utilization of lignocellulose for the host. A comparison of amylolytic and lignocellulolytic digestive potentials allows consideration of the importance of lignocellulose digestion to host energy acquisition. Amylase activity has been detected in eight of eleven millipede species studied (Nielsen, 1962; Marcuzzi and Turchetto Lafisca, 1976; Nunez and Crawford, 1976; Shukla and Shukla, 1986; Urbášek and Tajovský, 1991; Šustr et al., 2020a).

The host contributed most to the expression of amylolytic CAZy modules in the midgut, whereas amylolytic modules of bacterial origin predominated in the hindgut (Figure 9A). The expressed CAZy families known to contain amylases were clearly divided into endogenous (such as the GH13_24 subfamily) or bacterial (such as GH57 and several other GH13 subfamilies). The CAZy families known to contain α-glucosidases showed a similar expression pattern to the amylases, with the endogenous proteins expressed mainly in the midgut and the bacterial proteins in the hindgut. However, the expression of α-glucosidases containing families was not clearly separated taxonomically. GH31 was expressed in the host, in eukaryotic microorganisms, and in bacteria (Figure 9B). The expressed genes, characterized by the EC numbers corresponding to starch, glycogen, and sucrose-degrading enzymes, showed a similar distribution of CAZy families containing this type of activity (Supplementary Figure S11).
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FIGURE 9
The distribution of expressed CAZy families including α-amylase (A) and α-glucosidase (B) (as verified in the CAZy database) in the microbiota and in the host in different body parts. Nemat, nematoda; Bact, bacteria; Archa, archea; Cilio, ciliophora.


Starch can be cleaved into maltotriose, maltose, dextrin, or glucose by endogenous α-amylases (EC 3.2.1.1) and glucan 1,4-α-glucosidases (EC 3.2.1.3) expressed in all host tissues (Figure 10, Table 1, and Supplementary Table S3). Some of the host α-amylases matched GH13, namely GH13_24 (Supplementary Table S4). α-Amylases expressed in hindgut ciliates belonged to GH13_1. GH13_1 is a subfamily containing mainly fungal amylases (Janeček and Svensson, 2022). However, a transcript from the ciliate Nyctotherus ovalis annotated in GenBank as an α-glucosidase is likely a GH13_1 α-amylase (Da Lage et al., 2007). No family has been recognized for amylases expressed in intestinal nematodes. α-Amylases are nearly ubiquitous and of paramount importance in the nutrition of bacteria, plants, fungi, and animals. Many of them possess multiple gene copies due to gene duplications or horizontal transfer (Da Lage, 2018). The GH13_24 subfamily, which includes the endogenous α-amylases in T. aoutii, is thought to contain both vertebrate amylases (Da Lage, 2018; Janeček and Svensson, 2022) and invertebrate amylases (Mills et al., 1999).
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FIGURE 10
The scheme of action of expressed starch degradation enzymes in the midgut and hindgut of the millipede T. aoutii. Frequencies of enzymes in midgut/hindgut are presented in parenthesis after the EC numbers. Gray arrows – types of bonds attacked by different types of enzymes, black arrows – expected range of reaction products. The basic scheme was modified from Hii et al. (2012).


The bacterial α-amylases in the holobiont T. aoutii belonged to the GH57 family, and other putative bacterial amylases may belong to the GH13 family. In addition, the GH13_28 subfamily, which contains only α-amylase activity, was expressed in the hindgut bacteria of T. aoutii. Some of the bacterial α-amylases were associated with CBM51. Considering the bacterial enzymatic potential at the EC number level, the amylolytic activities expressed by the midgut bacterial community of T. aoutii are potentially sufficient for complete starch degradation, however, the diversity of CAZy amylolytic families in this section is low.

The observed family memberships of the microbial amylases are consistent with the known taxonomic ranges of the assigned families. All GH57 members are known from prokaryotes (with a ratio of ∼1:4 for Archaea:Bacteria) (Blesák and Janeček, 2012). T. aoutii expresses an endogenous γ-amylase (EC 3.2.1.3, GH31), that successively hydrolyzes terminal 1,4-α-D-glucose residues with the release of glucose from the non-reducing ends of the chains. The GH15 family, known to possess γ-amylase activity, was expressed by the host in the holobiont of T. aoutii, but all of these transcripts were annotated as GH15-like phosphorylase. The GH15 family is known in eukaryotes, particularly in fungi and some protozoa, but was also found in the transcriptome of the snout beetle (Luo et al., 2018). Most of these enzymes hydrolyze 1,6-alpha-D-glucoside bonds when the next bond in the sequence is 1,4 (Gasteiger et al., 2003). This activity confers some debranching capacity to the enzyme. Enzymes targeting side branches in amylopectin, such as isoamylase (EC 3.2.1.68) and pullulanase (EC 3.2.1.41), were expressed by microbial communities of the midgut and hindgut of T. aoutii. Bacterial dextrinase (EC 3.2.1.11) was expressed only in the hindgut. Bacterial isoamylases were identified as GH13_11, and bacterial pullulanases corresponded to GH13_39 and were associated with CBM48. Oligo-1,6-glucosidases (EC 3.2.1.10) were expressed in all host tissues, hindgut ciliates (both GH31), midgut fungi (GH13_40), and bacteria (GH13_30). The cleavage of side chains in α-polysaccharides might depend mainly on microbial enzymes.

The second step of starch digestion is represented by α-glucosidases (EC 3.2.1.20), which cleave maltose to glucose. Genes expressing α-glucosidases were detected in all body parts of the T. aoutii holobiont. High variability of endogenous α-glucosidase genes was detected in the intestine (mainly the midgut) and in non-intestinal tissues. The expressed α-glucosidases of the millipede belonged to GH31 and GH13_17. In the foregut and midgut, maltose degradation may be supported by the expression of bacterial α-glucosidases. In the hindgut, some bacterial, ciliate, and fungal α-glucosidases were expressed. The expressed bacterial α-glucosidases corresponded to GH13_21 or GH31, and the α-glucosidases expressed in ciliates and fungi were determined to be GH31 (Table 1, Supplementary Figures S8–S10, and Supplementary Tables S3, S4). GH13 α-glucosidases are mainly found in Arthropoda. There are good reasons to believe that they are ancestral to all metazoans (Gabriško, 2013). The α-glucosidases of GH13_17 and GH31 were previously reported from insects (Ohashi et al., 1996). The presence of GH31 α-glucosidases has been confirmed in bacteria, fungi, and the supergroup SAR (CAZy, see footnote 1). Some genes encoding digestive enzymes in this family are duplicated and exhibit dual specificity (Zhang and Williams, 2021). Most members of the GH31 family are multidomain proteins (da Costa-Latgé et al., 2021). In sequences from T. aoutii, GH31 activity (EC 3.2.1.20) was annotated several times along with multiple EC numbers (EC 3.2.1.20, EC 3.2.1.3, EC 3.2.1.3, EC 3.2.1.48, and EC 3.2.1.10).

It is known that α-glucosidases and oligo-1,6-glucosidases (EC 3.2.1.10) can be involved in saccharose degradation. The spectrum of saccharolytic CAZy families expressed in the T. aoutii holobiont corresponds to the distribution of families containing α-glucosidases. Regardless of the inclusion of EC 3.2.1.26 in the EC data, the expression abundances based on CAZy families and EC numbers showed similar pictures. Endogenous saccharases predominated in the midgut, whereas bacterial enzymes predominated in the hindgut (Supplementary Figure S12). The sucrase α-glucosidases (EC 3.2.1.48) of GH31 were expressed in all host tissues and hindgut ciliates. The β-fructofuranosidase type of saccharase (EC 3.2.1.26) was detected in the midgut and hindgut bacterial communities. However, their CAZy affiliation was not detected (Table 1, Supplementary Figures S8–S10, and Supplementary Tables S3, S4).

Laminarinases were detected in gut homogenates of spirostreptid and spirobolid millipedes using a chromolytic substrate (Šustr et al., 2020a). In A. gigas, laminarinolytic activity was higher in the midgut than in the hindgut. The activity in the intestinal wall of the midgut, which was crudely purified from the contents, allowed speculation about the possible endogenous origin of this enzyme (Šustr et al., 2020a). Relatively high laminarinolytic activity was detected in the midgut contents of the species studied, indicating a possible important role of β-1,3-glucan degrading enzymes in digestion. 1,3-β-D-glucans are widely distributed in plants, algae, fungi, euglenoid protozoa, and bacteria. They are involved in the cell wall structure and have a number of other biological functions (Bacic et al., 2009). Their presence in the millipede diet is likely. Laminarinases, which are thought to have a digestive function, have been found in many invertebrates (Piavaux, 1977). Families containing laminarin- and lichenin-degrading enzymes were rarely expressed by the host of the T. aoutii holobiont (family GH152 in the midgut, hindgut, and non-gut tissues, Figure 11A). Most families were of bacterial origin, especially GH3 and GH16. These families were mainly expressed in the bacterial community of the hindgut (Supplementary Figure S13). Fungal families were represented by GH5_9 expressed in the hindgut. No EC number corresponding to laminarinolytic activity was detected in the host. The putative expression of an endogenous glucan endo-1,3-beta-D-glucosidase in the millipede gut may be supported by the expression of the GH152 and GH81 families. GH152 is a long overdue family created after Sakamoto et al. (2006) showed that the enzyme from Lentinula edodes (Fungi) has β-1,3-glucanase activity. In our data, the GH152 family was detected in the host. GH81 is a family that includes only EC 3.2.1.39 activity and, according to information from the CAZy database, is common in bacteria, fungi, plants, and oomycota. At the EC-number level, expression of licheninases (EC 3.2.1.73) in the holobiont of T. aoutii was confirmed in gut bacteria (belonging to GH43). The exo-1,3-β-glucanases (EC 3.2.1.58) belonging to GH5_9 were expressed in hindgut fungi (Table 1, Supplementary Figures S8–S10, and Supplementary Tables S3, S4). The CAZy affiliation of the bacterial licheninases in T. aoutii was undetermined. The enzymes act on lichenin and cereal β-D-glucans, but not on β-D-glucans, containing only 1,3- or 1,4-bonds. Glucan-1,3-β-glucosidase acts on oligosaccharides, but very slowly on laminarinobiose (Gasteiger et al., 2003). The fungal enzyme was identified in the hindgut of T. aoutii as a member of the GH5_9 subfamily, which is known to be exclusive to fungi (CAZy, see footnote 1).
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FIGURE 11
The distribution of expressed CAZy families containing laminarinases or licheninases (A) and trehalases (B), chitinase (EC 3.2.1.14) or lysozyme (EC 3.2.1.17) (C) and glucosaminidase (EC 3.2.1.52) (D) (as verified in CAZy database) in the microbiota and host in different body parts of the holobiont of T. aoutii. Nemat, nematoda; Bact, bacteria; Archa, archea; and Cilio, ciliophora.


The presence of trehalolytic and chitinolytic enzymes or lysozyme has been used as an indicator of trehalose and chitin digestion in fungivorous and microbivorous arthropods (Siepel and de Ruiter-Dijkman, 1993; Berg et al., 2004; Erban and Hubert, 2008). Trehalose accumulates in fungal cells (Jorge et al., 1997), fungi have high chitin content in the cell wall (Siepel and de Ruiter-Dijkman, 1993), and lysozyme hydrolyzes bacterial cell walls (Erban and Hubert, 2008). In addition, some chitinases showed some lysozyme side activity (Ghasemi et al., 2011), indicating digestion of bacteria or antimicrobial protection. The non-reducing disaccharide trehalose forms the primary hemolymph sugar in insects (Shukla et al., 2015) and is cleaved by trehalase to meet energy requirements (Candy and Kilby, 1961; Becker et al., 1996; Reyes-DelaTorre et al., 2012). In millipedes, trehalase activity has been detected in eight of nine millipede species studied (Nielsen, 1962; Marcuzzi and Turchetto Lafisca, 1976, 1978; Nunez and Crawford, 1976; Shukla and Shukla, 1980, 1986; Beck and Friebe, 1981; Shukla, 1984; Šustr et al., 2020a). In A. gigas, trehalase was detected in the contents and in the walls of the midgut and hindgut. The highest activity was detected in the contents of the midgut (Šustr et al., 2020a). Of the CAZy families known to comprise trehalases, only GH15 and GH65 were expressed in the T. aoutii holobiont, both from host tissue (Figure 11B). GH15 is known to contain amylolytic enzymes in addition to trehalases, and its expression in arthropods is not confirmed in CAZy (CAZy, see footnote 1).

Expression of GH65 in the host could indicate an endogenous trehalase, but all transcripts were annotated as glucosylgalactosyl hydroxylysine glucosidase. Moreover, both the GH15 and GH65 families, which belong to the same GH clan-L, include only bacterial and fungal trehalases (Shukla et al., 2015). The GH37 family, known to be universally distributed, including in animals (Shukla et al., 2015), was not expressed in the T. aoutii holobiont. Expression of GH15 and GH65 was distributed in all parts of the millipede, with the highest abundance in the midgut. When considering trehalase in the metatranscriptomic data from the holobiont of T. aoutii, the most striking feature is the different message resulting from the distribution of CAZy and EC numbers. The potentially trehalolytic CAZy families showed the greatest variability in the midgut and were expressed exclusively in the host, whereas a trehalase activity (EC 3.2.1.28) was expressed only by bacteria and fungi in the hindgut (Supplementary Figure S14). The membership of these microbial enzymes in the CAZy family was not established (Table 1, Supplementary Figures S8–S10, and Supplementary Tables S3, S4).

In arthropods, chitin is a structural component of the cuticle, and chitinolytic activity is known to play a non-digestive role during molting. The host in the holobiont of T. aoutii expresses chitinolytic families (GH16, GH18, or GH22) in all body parts. The GH18 family is known for archaea, prokaryotes, and eukaryotes (Funkhouser and Aronson, 2007). The AA15 family includes lytic chitin monooxygenase (EC 1.14.99.53) as one of two EC numbers known in the family. The family is also expressed in tissues other than the intestine of the holobiont T. aoutii. It supports its chitinolytic role in the millipede. Lytic chitin monooxygenase is the only known AA11 family activity. The family is expressed in midgut fungi in the holobiont of T. aoutii. Ciliates in the hindgut express mainly GH25 and to a lesser extent GH22 and GH19. Bacteria exhibited a greater diversity of expressed chitinolytic families, including GH23, GH24, GH25, GH48, and GH73 in addition to GH18 and GH19. Bacteria expressed five potentially chitinolytic families in the midgut and six in the hindgut (Figures 11C,D). In summary, chitinases including CAZy families, and chitinolytic enzymes were expressed by both the host and the gut microbiota, with endogenous expression predominating in the midgut and microbial expression predominating in the hindgut (Supplementary Figure S15).

Most endogenous chitinases (EC 3.2.1.14) present in all host tissues have been identified as GH18 or associated with CBM14. A chitinase belonging to GH19 was expressed in ciliates. Bacterial chitinases were expressed mainly in the hindgut, to a lesser extent in the midgut, and rarely in the foregut. Most of them belonged to GH18 or GH19 and CBMs (5, 6, and 37). The GH18 and GH19 families are known to be widely distributed in the Gammaproteobacteria; GH18 is more commonly reported from the Firmicutes (CAZy, see footnote 1).

Enzymes with lysozyme activity (EC 3.2.1.17), recognized as GH22, were expressed in all host tissues, with similar abundance in millipede midgut and non-gut tissues. Only lysozyme is known from GH22, which has been described in eukaryotes, including arthropods (Lee and Brey, 1995). Ciliates express proteins belonging to the GH25 and GH22 families in the T. aoutii. Only lysozyme activity is known from these two families. Bacterial lysozymes belonging to GH24, GH18, and GH19 families were expressed in the midgut and hindgut. The GH24 family includes only lysozyme activity (CAZy, see footnote 1). Some bacterial activities were further associated with CBM5 and CBM50 in the holobiont of T. aoutii.

The production of β-N-acetylhexosaminidases (EC 3.2.1.52) responsible for the second step of chitin degradation was confirmed both in the host, hindgut ciliates and in the bacterial community (predominantly in the hindgut). The β-N-acetylhexosaminidases expressed in host and hindgut ciliates were identified as GH20 members. The presence of β-N-acetylhexosaminidase in the host confirmed the ability of the millipede to completely degrade chitin by its own enzymatic machinery. The GH20 family is known from bacteria and many eukaryotes, and β-N-acetylhexosaminidase is known from nematodes (Gutternigg et al., 2007) and insects (Kokuho et al., 2010). The β-N-acetylhexosaminidase, belonging to GH20, was expressed in ciliates from the hindgut of T. aoutii, together with chitinases belonging to the GH19 family. The GH19 family contains putative chitinases as well as lysozyme and is found in plants, bacteria, viruses, nematodes, fungi, and other eukaryotic microbes including the supergroup SAR. On the other hand, GH18 has been found in anaerobic ciliates (Park et al., 2021). A complete set of chitinolytic enzymes was found in sheep rumen ciliates (Bełzecki et al., 2008), and chitinases and lysozymes are thought to be essential for protozoan digestion of engulfed fungi and bacteria (Komatani et al., 1997). The bacterial β-N-acetylhexosaminidases in T. aoutii belonged to GH20 and GH3 or were associated with CBM32. Chitosanase activities (EC 3.2.1.132), associated with GH46 were expressed in bacteria in all intestinal sections (Supplementary Tables S3, S4).



Effects of the distribution of carbohydrate-active enzyme in the gut on the energy budget and ecological role of the millipede

The taxonomic composition of saccharolytic enzymes and their distribution among the main intestinal sections is summarized in Figure 12. The midgut of T. aoutii had the greatest diversity of endogenous CAZymes, especially those involved in starch degradation (Figure 13). The large diversity of endogenous amylolytic genes in the midgut may help millipedes to utilize the low levels of storage polysaccharides that enter the system with partially decomposed leaf litter. Millipedes also occasionally feed on a variety of higher-value foods, such as fruits, seeds, fungi, feces, and dead invertebrates (David, 2015); alternatively, the millipede may utilize some of the ingested or intestinal microorganisms (Byzov, 2006) and digest their α-glucans.
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FIGURE 12
Prediction of enzymatic functions (EC numbers) of hemicellulases, cellulases, pectinases, amylases, lytic polysaccharide monooxygenases, and lignin modifying enzymes (LMOs) expressed in the intestinal prokaryotes, eukaryotic microbiota and the host (T. aoutii). Relative abundance (in%) for a given predicted enzymatic function was calculated by dividing the identified counts for a given enzyme by the total counts identified in the holobiont. 4.2.2.-* – lyases in general, AA15* –EC 1.14.99.54 or EC 1.14.99.53.
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FIGURE 13
Distribution of expressed CAZymes involved in the digestive processes and degradation of lignocellulose in the gut of the millipede T. aoutii. The length of the bars corresponds to the percentage of the corresponding EC numbers (100% = number of ECs corresponding to all functional groups of CAZymes in the gut). FG, foregut with salivary glands; MG, midgut; HG, hindgut; Cel, cellulases and β-glucosidases; Hem, hemicellulases; Pec, pectinases; Amy, amylases and α-glucosidases; Lam, laminarinases and licheninases; Tre, trehalase; Chi, chitinases and lysozyme. *Residual plant starch or storage polysaccharides of the soil microbiota are expected in the diet, ‡Enzymatic degradation of lignin by the free-living soil microbiota is assumed, Nutrients absorption (?) – Nutrients uptake through the hindgut wall has not been experimentally demonstrated in millipedes. The scheme of lignocellulose was modified after Salimi et al. (2016) and the gut silhouette after Blower (1985).


Although the bacterial community in the midgut expresses some cellulases, the hindgut represents the hotspot of bacterial cellulose degradation (Figure 13). Partial degradation of hemicelluloses, which protect cellulose fibrils in the lignocellulolytic complex, is required as the first step in the digestion of native lignocellulosic material and appears to occur only in the hindgut of the millipede. Degradation of lignin, which has been discussed as a requirement for effective digestion of the lignocellulosic complex (Bredon et al., 2018), has not been documented in T. aoutii. The contribution of the eukaryotic microbiota (nematodes, ciliates, and fungi) to the CAZyme production was less significant. The expression of fungal CAZymes was very rare in the intestine of T. aoutii, which may be due to the anaerobic conditions in most intestinal sections (Horváthová et al., 2021). The expression of amylolytic or chitinolytic activities in nematodes and ciliates, living in the hindgut, supported their commensal feeding on the rich bacterial community.

This spatial distribution of lignocellulose degradation processes in the digestive tract did not indicate effective utilization of energy from lignocellulose degradation by the millipede, as most of the assimilable nutrients are probably already absorbed in the midgut. Thus, the overall importance of lignocellulose digestion to the millipede’s diet depends on the animal’s ability to assimilate microbial metabolites via the hindgut epithelium, which needs to be confirmed by further studies. Nevertheless, previous isotope tracking experiments with 14C-labeled cellulose in several millipede species (Taylor, 1982; Bignell, 1989) confirmed the assimilation of cellulose by millipedes and the role of microorganisms in the digestive process.

The low contribution of energy derived from the digestion of lignocellulose to the energy budget of millipedes can be inferred from the high potential of endogenous amylolytic activity as evidenced by metatranscriptomic and enzymological data, the low assimilation efficiency of millipedes (Hopkin and Read, 1992), and the low metabolic rate of millipedes fed pure cellulose (Šustr et al., 2020b). This suggests a preferential intake of more easily digestible dietary energy sources. The millipede Glomeris marginata assimilated simple sugars with an efficiency of 100% and amino acids with an efficiency of up to 95%, whereas the fibers of beech leaves were assimilated at only 18% (Bignell, 1989). In addition, millipedes feed on decaying plant material colonized by microbial decomposers (bacteria and fungi) (David, 2015), and incomplete digestion of lignocellulose in the midgut can be partially compensated by consumption of food partially degraded by the soil microbiota and by mechanical fragmentation of food by the mouthparts. It is possible that the soil microbiota may partly degrade lignin before it is ingested by the millipede.

If the millipede did not utilize the products of hindgut microbial activity, the hindgut microbiota would rather be commensals, and its enzyme activity would be of no nutritional significance to the host. On the other hand, the activity of the hindgut microbiota may be important for the ecological role of the millipede as a holobiont. Due to the low assimilation efficiency of millipedes, a large amount of fecal material, modified by the activity of the hindgut microbiota is deposited in the soil by the millipede. The deposition of fecal pellets modified by the activity of hindgut microbiota represents an important ecological service of the holobiont.




Conclusion

Here we have provided some insight into the digestion and microbial breakdown of carbohydrates in the millipede species T. aoutii. In general, easily digestible substrates are likely broken down endogenously in the midgut, as indicated by the large diversity of endogenous amylases and α-glucosidases in the midgut (Figure 13). These enzymes effectively break down α-glucans found in the millipede diet as residual plant storage polysaccharides in partially decomposed leaf litter, ingested microorganisms, and other occasional food sources. These α-polysaccharides can provide an important source of energy and carbon for millipedes and the products of their cleavage can be readily absorbed by the midgut epithelium. In contrast, no transcripts of endogenous cellulases were detected, and the cellulolytic and hemicellulolytic potential of the midgut microbial community is limited. Genes encoding cellulases and hemicellulases are transcribed primarily by the prokaryotic microbiota of the hindgut (bacteria) (Figure 13). Most microbial transcripts containing CAZymes belonged to bacteria: CAZyme families expressed by Proteobacteria generally predominate in the gut, whereas families produced by Bacteroidetes and Firmicutes are abundant in the hindgut. The contribution of intestinal fungi and other eukaryotic microbiota to CAZymes production was negligible. Overall, the enzymatic apparatus of the holobiont is probably capable of degrading cellulose, hemicelluloses, starch, laminarin or lichenin, sucrose, trehalose, and chitin, but not lignin. The breakdown of the lignin-impregnated parts of millipede food most likely depends on their partial degradation by ligninolytic microorganisms in the soil litter horizon prior to their consumption. The extent to which the relationship between the cellulolytic gut bacteria provides important benefits to the millipede’s ability of the millipede to absorb and utilize microbial metabolites as nutrients through the hindgut wall which needs to be demonstrated by further studies. In summary, T. aoutii can be considered a decomposer of leaf litter and soil organic matter depending primarily on its bacterial community in the hindgut. The efficiency of the food assimilation in millipedes is usually not high and a large amount of food must be ingested to meet metabolic needs. The resulting large production of fecal pellets, influenced by the hindgut microbiota of millipedes, could be of great ecological importance for the transformation of soil organic matter.
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EC 4.2.2.23 Rhamnogalacturonan endolyase 0 0 6 0
EC 3.2.1.67 Galacturonan 1,4-a-galacturonidase GH28 0 0 9 0
EC 3.2.1.82 Exo-poly-a-digalacturonosidase CE8,PL9_1 0 0 8 0
EC4.2.2.3 Mannuronate-specific alginate lyase CBM6, CBM44 0 5 12 0
EC 3.1.1.11 Pectinesterase PL9 _1,PL1_2,CES8, CE12 0 1 26 0

Cellulases, Cellobiases

EC3.2.1.4 Cellulase GH5_4, GH9, GH18, GH48, CBM4, CBM6, CBM16, CBM30, 0 24 68 0
CBM35, CBM37, CBM51, CBM61, PL9_1, CE8

EC 3.2.1.91 Cellulose 1,4-B-cellobiosidase CBM44 0 2 7 0

EC 3.2.1.21 B-glucosidase GH3, CBM6 1 12 56 0

Amylases, Maltase, Saccharases

EC3.2.1.1 a-Amylase GH13_24, GH13_1, GH57, CBM51 3 8 41 3

EC3.2.1.3 Glucan 1,4- a -glucosidase GH31 2 11 10 10
EC 2.4.1.25 4- o -glucanotransferase GH13_3, GH13_25, GH13_39, GH57, GH77, CBM20 3 36 18 4

EC 3.2.1.33 Amylo- o -1,6-glucosidase GH13_25, GH13_3 3 36 6 4

EC 3.2.1.68 Isoamylase GH13_11, CBM48 0 3 4 0

EC 3.2.1.41 Pullulanase GH13_39, CBM48 0 2 4 0

EC3.2.1.11 Dextranase 0 0 2 0

EC 3.2.1.94 Glucan 1,6- a-isomaltosidase CBM35 0 0 2 0

EC 3.2.1.20 a-Glucosidase GH13_17, GH31, GH13_21, GH13_39, CBM34, CBM438 15 30 28 25
EC 3.2.1.48 Sucrose o -glucosidase GH31 1 3 3 4

EC 3.2.1.10 Oligo-1,6-glucosidase GH31, GH13_40, GH13_31 1 5 4 4

EC 3.2.1.26 B-fructofuranosidase 0 2 5 0

Laminarinases, Lichenase

EC 3.2.1.58 Glucan 1,3-B-glucosidase GH5_9 0 0 1 0

EC 3.2.1.73 Licheninase GH43_26, CBM6 1 2 3 0

Trehalases

EC 3.2.1.28 o, o -trehalase 0 0 2 0

Chitinases, Lysozyme

EC3.2.1.14 Chitinase GH152, GH18, GH19, CBM14, CBM5, CBM6, CBM37 18 46 53 20
EC 3.2.1.202 Endo-chitodextinase GH18 0 0 3 0
EC 3.5.1.41 Chitin deacetylase 0 8 0 0
EC 3.2.1.132 Chitosanase GH46, CBM5, GH19 1 2 1 0
EC 3.2.1.52 B-N-acetylhexosaminidase GH20, GH3, CBM32 9 17 50 14
EC3.2.1.17 Lysozyme GH31, GH22, GH18, GH19, GH24, CBM5, CBM50 1 10 7 4

CAZy families were found to be associated with different activities (EC terms) expressed in the holobiont and total numbers of EC terms detected in different parts of the

holobiont are presented.
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