Genomic evidence for the wide-spread presence of lignocellulases
among soil invertebrates

Hannah Muelbaier!, Freya Arthen', Gemma Collins!, Thomas Hickler!, Karin Hohberg!,
Ricarda Lehmitz!', Yannick Pauchet?, Markus Pfenninger?, Anton Potapov', Juliane
Romahn', Ina Schaefer!, Stefan Scheu*, Clement Schneider®, Ingo Ebersberger®, and
Miklés Balint”

! Affiliation not available

?Max-Planck-Institute for Chemical Ecology
3Senckenberg Biodiversitit & Klima Forschungszentrum
4University of Goettingen

Senckenberg Gesellschaft fur Naturforschung

5Goethe University

"Senckenberg Biodiversity and Climate Research Centre

September 6, 2023

Abstract

Lignocellulose is a major component of plant biomass. Its decomposition is crucial for the terrestrial carbon cycle. Microorgan-
isms are considered as primary decomposers and evidence increases that some invertebrates may also decompose lignocellulose.
We investigated the taxonomic distribution and evolutionary origins of GH45 cellulases in a collection of soil invertebrate
genomes and found that these genes are common in springtails and oribatid mites. Phylogenetic analysis revealed that cellulase
genes were acquired early in the evolutionary history of these groups. Domain architectures and predicted 3D enzyme structures
indicate that these cellulases are functional. Patterns of presence and absence of these genes across different lineages prompt
further investigation into their evolutionary and ecological benefits. The ubiquity of cellulase genes suggests that soil inverte-
brates may play a role in lignocellulose decomposition, independently from microorganisms. Understanding the ecological and

evolutionary implications might be crucial for understanding soil food webs and the carbon cycle.
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Abstract

Lignocellulose is a major component of plant biomass. Its decomposition is crucial for the
terrestrial carbon cycle. Microorganisms are considered as primary decomposers and
evidence increases that some invertebrates may also decompose lignocellulose. We
investigated the taxonomic distribution and evolutionary origins of GH45 cellulases in a
collection of soil invertebrate genomes and found that these genes are common in
springtails and oribatid mites. Phylogenetic analysis revealed that cellulase genes were
acquired early in the evolutionary history of these groups. Domain architectures and
predicted 3D enzyme structures indicate that these cellulases are functional. Patterns of
presence and absence of these genes across different lineages prompt further investigation
into their evolutionary and ecological benefits. The ubiquity of cellulase genes suggests that
soil invertebrates may play a role in lignocellulose decomposition, independently from
microorganisms. Understanding the ecological and evolutionary implications might be crucial
for understanding soil food webs and the carbon cycle.

Introduction

Most photosynthetically bound carbon on land ends up in woody plants as lignocellulose, a
composite of several polysaccharides. The decomposition of lignocellulose occurs
predominantly in soils, which returns most of this carbon into the atmosphere (Post et al.,
1990). Nevertheless, terrestrial ecosystems currently sequester about 29% of the
anthropogenic carbon emissions, which implies an important but not fully understood role of
terrestrial carbon cycling for climate regulation (Cragg et al., 2015). Microorganisms,
especially bacteria and fungi, encode glycoside hydrolase cocktails for lignocellulose
degradation in their genomes (Cragg et al., 2015), and are considered the main actors of
decomposition (Bradford et al., 2017; Crowther et al., 2019; Pausas and Bond, 2020). The
contribution of animals to decomposition of lignocellulose - beyond purely mechanical
shredding - remains less understood. Experiments have shown that the presence of soil
invertebrates can increase litter mass loss by up to 50 percent (Garcia-Palacios et al., 2013).
It is estimated that they decompose more deadwood in tropical forests than free-living
microorganisms (Griffiths et al., 2019). Nevertheless, the mechanisms behind decomposition
performed by soil invertebrates remains obscure and the ability of soil animals to degrade
composite polysaccharides without relying on gut symbionts remains a long-standing debate
in soil ecology (Berg et al., 2004; Cragg et al., 2015).

It was originally assumed that lignocellulose degradation by animals was entirely
‘outsourced’ to the gut microbiome (Briones, 2018; Garcia-Palacios et al., 2013). However,
evidence is emerging that at least some invertebrates, such as molluscs, crustaceans and
phytophagous insects can synthesize cellulase enzymes themselves (Busch et al., 2019;
Chang and Lai, 2018; Cragg et al., 2015; Griffiths et al., 2021; Han et al., 2022; Kern et al.,
2013; King et al., 2010; Shelomi et al., 2014; Watanabe et al., 1998). Scattered evidence
also exists for the expression of active endogenous cellulases by distantly-related soil
invertebrates, e.g. the earthworm Pheretima hilgendorfi (Nozaki et al., 2009), the Antarctic
springtail Cryptopygus antarcticus (Hong et al., 2014), as well as few oribatid mites and
other springtails (Busch et al., 2019). Based on these individual findings, we hypothesize
that a larger fraction of soil invertebrates than previously thought may be directly contributing
to lignocellulose decomposition of dead plant matter in soils, without necessarily relying on a
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specialized microbiome. Given their global abundance and diversity in many soil ecosystems
(FAO et al., 2020; Phillips et al., 2019; Potapov et al., 2023; van den Hoogen et al., 2019),
soil invertebrates could therefore have an important but so far overlooked role in the
terrestrial carbon cycle which is distinct from the lignocellulose decomposition ability of
microorganisms. To evaluate whether endogenous decomposition ability is a common
feature shared by the main groups of soil invertebrates, we screened a diverse set of newly
sequenced genomes of Collembola, Enchytraeidae, Gamasina, Myriapoda, Nematoda,
Oribatida, Tardigrada as representatives of dominating and ubiquitous soil invertebrates, for
the presence and origin of cellulase genes.

Results

We used a fungal sequence as a starting point to obtain a comprehensive overview of the
taxonomic distribution of GH45-type cellulases across all species represented by a genome
in NCBI RefSeq. We identified orthologs to fungal GH45 cellulases in 16,401 bacteria, 910
archaea and 1,101 eukaryotes (Table S1). The resulting phylogenetic profile revealed that
GH45 cellulases are abundant only in fungi, where they are, however, limited to individual
systematic groups (Fig. 1A). In bacteria, only 31 species were found to harbour a GH45-type
cellulase. Next to fungi, orthologs to fungal cellulases were largely confined to animals (Fig.
1A). We found no evidence that these comprise fungal contaminations (see Taxonomic
assignment and contaminant detection in Materials and Methods). In metazoans, most
orthologs were found in arthropods, and they were completely absent in vertebrates.

The analysis of publicly available genomes shed light on the general distribution of GH45-
type cellulases across the Tree of Life. However, it lacked the resolution to investigate the
occurrence of this cellulase in soil invertebrates. We extended the analysis by including
novel genome assemblies for an additional 176 species representing a diverse selection of
soil invertebrates (NCBI BioProject PRINA758215) into the analysis. This revealed a high
occurrence of GH45-type cellulases in springtails (70%; 56 out of 78 analyzed species) and
in oribatid mites (60%; 33 out of 54 species, Table S2). Additionally, we detected cellulases
in Coleoptera and Thysanoptera (2 out of 2 species, Table S1). In three out of nine
nematode species we also found GH45 cellulases, whereas none were found in 30
representatives of Chilopoda and Diplopoda (Table S2).

We found GH45-type cellulases in three of four known main springtail lineages
(Poduromorha, Entomobryomorpha, Symphypleona), missing only from the earliest
branching Neelipleona. Within Symphypleona and Entomobryomorpha, cellulases are
consistently absent in one clade each (Supp. Fig S1).

GHA45-type cellulases are present in almost all representatives of the basal clades in
Oribatida (Enarthronota, Mixonomata, Holosomata; Table S2). In contrast, they were missing
in half of the investigated species from the later-branching Brachypylina (Supp. Fig S2). All
of the species investigated here that did not have GH45 cellulase genes were sexually
reproducing, while the GH45 cellulase genes were present in other sexually-reproducing
species and parthenogens. Besides Oribatida, we investigated a second mite taxon, the
Gamasina. Gamasina is represented by two species in the present data set (Table S2) and
GH45 cellulase genes were absent in both.
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We reconstructed the phylogenetic relationships of the sequences identified both in RefSeq
assemblies and in soil invertebrate genomes (Fig. 1B) to better understand the evolutionary
trajectory resulting in the present-day distribution of soil invertebrate GH45 cellulases.
Animals are paraphyletic in this tree, but most of the invertebrate GH45 orthologs (94 out of
107) were placed in only four phylogenetically largely homogeneous clades, one each for the
Collembola, Oribatida, Thysanoptera, and Coleoptera. On a larger scale, we found that the
invertebrate cellulase clades are embedded into an evolutionary background formed by
fungal and bacterial sequences. We noted that oribatids are placed in a single clade together
with a few interspersed bacterial sequences. We compared the phylogeny from oribatid
mites and springtails with our reconstructed gene tree (Fig. 1C). A reconstruction of GH45
phylogeny with all found cellulase co-orthologs shows a highly dynamic and complex
evolutionary history with lineage-specific gene duplications and losses (Supp. Fig.S3).

We investigated the GH45 domain architecture and 3D protein structure and found that
domain architecture in fungi, antarctic springtail and mustard leaf beetle were similar. The
enzymes in these species also had similar predicted 3D structures with the cellulases found
by us (Fig. 1D).

Discussion

Most cellulases discovered to date in metazoan genomes belong to the GH45 family (Busch
et al., 2019), endo-B-1,4,-glucanases (EC 3.2.1.4) which catalyze the decomposition of
complex cellulose into more accessible oligosaccharides (Davies et al., 1993). It was
hypothesized that invertebrate GH45 cellulases were repeatedly obtained via horizontal
gene transfer (HGT) from fungal donors (Busch et al., 2019). Our search of 18,412 RefSeq
genomes revealed that only 31 bacterial species harbour a GH45-type cellulase. This
confirms the earlier hypothesis about the evolutionary roots of this enzyme within fungi
(Busch et al., 2019). The taxonomic distribution of GH45 presence was non-uniform in
metazoans, with most orthologs being found in arthropods. Our results confirm previous
research which did not find evidence for GH45 presence in vertebrates (Chang and Lai,
2018).

The screening of new soil invertebrate genomes uncovered novel GH45 cellulase presence
patterns. GH45 genes were found in well over half of investigated springtail and oribatid mite
species. Springtails form a basal hexapod group abundant across the globe, especially in
cold regions (Potapov et al., 2023). They are known as fungal feeders, but also consume
detritus and fresh plant materials (Potapov et al., 2020). While the ortholog search showed
the presence of GH45-type cellulase in springtail lineages Poduromorha,
Entomobryomorpha and Symphypleona it is missing from the earliest branching Neelipleona.
Neelipleona feed on detritus colonized by fungi and bacteria rather than on plant remains
(Potapov et al., 2022), and thus may not directly require lignocellulase activity. A single
acquisition event post-dating the divergence of the Neelipleona may explain this observation.
However, since Neelipleona are represented only by a few taxa, the conclusion on cellulase
absence should be taken cautiously. Within Symphypleona and Entomobryomorpha,
cellulases are consistently absent in one clade each. The absence of cellulase genes is
unexpected in the lucerne flea Sminthurus viridis that feeds on live leaf tissue (Greenslade
and Ireson, 1986), and in the families of Dicyrtomidae, Bourletiellidae and Sminthuridae
which consume mainly fresh plant materials (Potapov et al., 2020, 2022). The lack of
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cellulase genes suggests that these taxa either outsource lignocellulose decomposition to
their midgut microbiome, rely on other GH families, or do not digest cellulose. However, the
presence of GH45-type cellulase genes seems to be a common trait among most springtails.

Mites are the most numerous arthropods on land (Rosenberg et al., 2023), with most
representatives in soil ecosystems belonging to Oribatida. Oribatid mites can have diverse
feeding strategies, but they mostly feed on leaf litter at different decomposition stages and
on microorganisms (Maraun et al., 2023). Our results showed that GH45-type cellulases are
present all over the basal clades of Oribatida while they were missing in half of the
Branchypylina, which are later-branching. One interesting finding is that GH45 cellulase is
missing especially in sexually reproducing mites, while they are present in other sexually
reproducing taxa. This fits to the pattern that parthenogenetic oribatid mites tend to occupy
lower trophic positions and typically function as primary decomposers, opposed to
secondary decomposers feeding predominantly on microorganisms (Fischer et al., 2014).
However, ecological interpretation of these patterns is difficult since we do not know if
species without GH45 cellulase genes contain other classes of cellulases, digest cellulose
with the help of their microbiome or are indeed incapable of cellulose digestion. In general,
the complex pattern of GH45 presence is similar to the low phylogenetic conservatism of
ecological traits in oribatids, such as feeding mode (Potapov et al., 2022).

As expected, we detected cellulases in Coleoptera (Kirsch et al., 2014). GH45-type
cellulases were completely absent in Chilopoda and Diplopoda. The latter was surprising as
Diplopoda are a key litter-feeding soil invertebrate group (Joly et al., 2020; Potapov et al.,
2022). GH45 cellulases were also absent in Gamasina mites which are predators and
therefore might not benefit from cellulose degradation. The first report of endogenous
cellulases in Thysanoptera suggests that our analysis uncovers only the tip of the iceberg.
We expect that taxonomically broad genome sequencing of eukaryotes promoted e.g. by the
Earth BioGenome Project (Formenti et al., 2022; Lewin et al., 2022) will recover further
animal groups in possession of enzymes targeting lignocellulose decomposition.

Taken together, our data suggests an early acquisition of a GH45-type cellulase during the
diversifications of both springtails and oribatids, instead of repeated horizontal transfer
events. This implies that the possession of a GH45-type cellulase is an ancestral trait in
these groups. Similar to our results, cellulase acquisition was shown to be important for the
diversification of herbivorous beetles (Kirsch et al., 2014). Differences in the GH45 cellulase
gene tree from the oribatid and springtail species trees likely result from a highly dynamic
evolution of the GH45 cellulase repertoire. Lineage-specific gene duplications and losses
have partially disconnected the evolutionary history of the contemporary cellulase genes
from the phylogeny of the species they are found in (Supp. Fig. S3). Lineage-specific
duplications have been described for other cellulases (Shelomi et al., 2016; Shin et al.,
2022), and differential duplicate loss has been shown to result in gene tree - species tree
incongruencies (Parey et al., 2020). The presence of cellulases detected in thrips suggests
that similar processes might have been important also during the evolution of other
arthropod groups.

Although cellulase presence in genomes is not a proof of function, several lines of evidence
point toward functionality. First, domain architecture of GH45 cellulases in fungi, antarctic
springtail and mustard leaf beetle are similar, and the enzymes themselves also have similar
predicted 3D structures with the cellulases found by us (Fig. 1D). Second, fungal (Cragg et
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al., 2015), beetle (Busch et al., 2019) and Antarctic springtail (Hong et al., 2014) GH45
cellulases were all shown to be functional. Finally, orthologs with conserved domain
architectures were retained over hundreds of millions of years of evolution in springtails and
oribatids. This suggests little change has occurred in the trophic niche and position of
springtails and oribatid mites in soil food webs since their origin, further supported by the
presence of both taxonomic groups in the first fossil soils (Schaefer and Caruso, 2019;
Shear et al., 1984). Taken together, these are strong indications that GH45-type cellulases
in springtails and oribatids perform cellulose decomposition. Future work to experimentally
evaluate the functional properties of soil invertebrate cellulases (Song et al., 2017) should
consider all glycoside hydrolase genes, as gene duplication events may have led to
substrate diversification (Busch et al., 2019; Shin et al., 2022), with duplicates being able to
break down other polysaccharides like xyloglucan, mannans or xylan. While orthologs can
be identified bioinformatically, functional properties need to be confirmed experimentally by
expressing these enzymes heterologously, and test their substrate specificity on cellulose
and hemicellulose polysaccharides.

The ability for repeated HGT of GH45-type cellulases, and long term conservation in new
recipient taxa, may be related to several properties. First, cellulases, as secreted, gut-acting
enzymes (Fischer et al., 2013) do not depend on existing physiological pathways and their
regulation for proper functioning in the recipient organism. Second, such enzymes likely
reach their correct extracellular destination directly after the successful transfer of the
cellulase gene, its incorporation into the genome and its translation, because the signals of
protein export generally work independent of origin in most other taxa, even over vast
evolutionary distances (Clérico et al., 2008). Third, the reaction catalyzed by cellulases
yields products that can serve as a beneficial fitness-relevant resource in any organism,
because the necessary downstream pathways are ubiquitously present. Supporting these
arguments, genes transferred horizontally are often secreted proteins (Savory et al., 2015;
Undheim and Jenner, 2021).

Horizontal gene transfer of cellulases, among other plant cell wall-degrading enzymes, is a
key process in the evolution of herbivory in arthropods (Wybouw et al., 2016). It resulted, for
example, in the massive radiation of Phytophaga, the most species-rich clade of beetles
(Busch et al., 2019), and in adaptation to lignocellulose-rich diets in crustaceans (King et al.,
2010). The long-term evolutionary preservation of GH45 genes suggests that cellulases
likely confer fithess benefits to soil invertebrates. These benefits may come from a direct use
of plant carbohydrate resources, although some theories imply that soil invertebrates are
limited rather by access to proteins, but not by access to carbohydrates. The ability to
degrade complex polysaccharides may also provide access to more nutritious, protein-rich
cytosols or microorganisms colonizing the inside of plant cells, such as saprotrophic fungi,
which are considered as major dietary components of both collembolans and oribatids
(Pollierer and Scheu, 2021). We expect that a taxonomically broad comparison of the
presence of cellulase genes with traits and trophic niches (Maraun et al., 2023; Potapov et
al., 2022) will provide insights into the functional ecology and evolution of soil invertebrates.

The wide-spread presence of cellulases in springtails and oribatid mites suggests that
invertebrates are independently capable of enzymatic lignocellulose decomposition, forming
a third evolutionarily and ecologically distinct group with such capability, in addition to
bacteria and fungi. This has important consequences for our understanding of soil food webs
and the soil carbon cycle. Fungi compared to bacteria are known to react differently to
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environmental change such as experimental warming (Melillo et al., 2017) or habitat
degradation (Zhou et al., 2018). This results from key differences in life history strategies,
e.g. growth rates or nutrient use (Jansson and Hofmockel, 2020). Their differential reaction
to environmental change influences decomposition as distinct taxa determine the rate and
biochemical pathways of organic matter processing (Crowther et al., 2019). For example,
fungal-based, slow energy channels are more resistant to drought, limiting C and N losses
from agricultural soils (de Vries et al., 2012). Fungi accordingly contribute more to litter
decomposition than bacteria under drought conditions (Ullah et al., 2023). Soil invertebrates
react differently to environmental change compared to microorganisms (Stinnemann et al.,
2021). We hypothesize that global change has a more detrimental impact on decomposition
performed by soil invertebrates, given their lower effective population sizes and adaptive
elasticity (Lanfear et al., 2014; Pauls et al., 2013). It might be essential to consider these
differences for a better integration of below-ground processes into ecosystems models
(Chertov et al., 2017; Deckmyn et al., 2020; Filser et al., 2016) including global carbon
models (Friedlingstein et al., 2022), and for better predictions of soil carbon and nutrient
cycling.
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Fig. 1. A) Abundance of GH45 cellulases in the three domains of life in NCBI RefSeq
genomes; B) Maximum likelihood phylogeny of the GH45-cellulase family. Branch lengths
are not drawn to scale, line weights indicate percent bootstrap support. Species represented
by a genome assembly in the NCBI RefSeq or GenBank databases are indicated by an
asterisk. Pictograms identify the four main soil invertebrate clades: oribatid mites, springtails,
thrips and beetles (clockwise). Bars mark GH45 protein length. Internal node labels provide
age estimates of the respective clades (Kumar et al., 2022); C) correspondence of oribatid
and springtail GH45 gene trees (left) and of a phylogenomic reconstruction of the species
phylogenies (right). D) Comparison of protein domain architecture of F. candida and R.
solani (left) and a 3D structure alignment of both proteins (right). The color indicates the
similarity of structures in the aligned proteins, with blue marking a high, and red marking low
correspondence. Lcr: low complexity region; Gh45: Pfam glyco-hydro 45 domain (PF02015).

Materials and Methods

Domain architectures of invertebrate GH45-type cellulases
Reviewed evidence exists for the presence of GH45-type cellulases in the antarctic springtail
(Cryptopygus antarcticus; Collembola, UniprotID D3GDK4) and the mustard beetle (Phaedon

cochleariae; Insecta, UniprotlD 097401). Since these experimentally confirmed cellulases
harbor a Glyco-hydro 45 Pfam domain (PF02015) (Bankevich et al., 2012), we restricted our
analysis to cellulase orthologs that carry this Pfam domain. Pfam domains were annotated

with hmmscan from the HMMER package using Pfam v.32 using the default e-value cutoff of
0.01.

Genome Assembly pipeline

The genome assemblies provided by the Metalnvert Project (Bioproject ID: PRINA758215)
cover a phylogenetically diverse set of soil-living invertebrates collected from the field or
obtained from cultures. Short read lllumina sequencing (300bp paired-end) with the
NovaSeq 6000 platform was done at Novogene Europe (Cambridge, UK), reads were
trimmed with Trimmomatic, human contaminating reads were filtered with Kraken2 (Wood
et al., 2019) and contig assembly was done with SPAdes (Bankevich et al., 2012). The
resulting contigs were taxonomically assigned with Blobtools2 (Challis et al., 2020) using the
NCBI non-redundant protein database as a reference, and only contigs with an assignment
to the phylum of the target species together with unassigned contigs were kept.
Redundancy reduction and scaffolding was done with Redundans (Pryszcz and Gabaldén,
2016), and genome assembly completeness was assessed with BUSCO (v 4.1.4) using the
precomputed metazoan (obd10) reference set. For our ortholog search, we selected
genomes with at least 50% BUSCO completeness (176 assemblies, Table S2).

RefSeq Gene Set collection

We downloaded gene sets for all 18,412 taxa represented in the NCBI RefSeq Genome
release 207 (O’Leary et al., 2016). The resulting taxon collections comprised 16,401 bacteria,
910 archaea., 409 fungi, 262 invertebrates and 430 vertebrates. The taxon list together with
the accession numbers are provided in Table S1.
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Taxonomic assignment and contaminant detection

To rule out that fungal or bacterial contaminations of the underlying genome assemblies are
responsible for the animal cellulase orthologs (Steinegger and Salzberg, 2020), we
taxonomically classified each of the detected invertebrate orthologs. In brief, we used the
sequence as a query for a Diamond v.2.0.13 (Buchfink et al., 2015) search against the NCBI
non-redundant protein database (downloaded January 2022). From the resulting hit list, we
excluded the trivial hit against itself and then assigned the query sequence to the last
common ancestor of the taxa within a 10% bit score margin of the best hit (Huson et al.,
2016). A sequence was flagged as a putative contaminant if its taxonomic assignment was
not placed on the lineage from the species whose genome was analyzed to the root of the
tree of cellular life. This workflow is implemented into the software package taXaminer
(https://github.com/BIONF/taxaminer).This provided no evidence for a foreign origin of these
sequences (Table S3).

Orthology-based phylogenetic profiles of fungal Gh45 cellulase

Profile-based targeted ortholog searches in annotated gene sets were performed with fDOG
(Birikmen et al., 2021) using the GH45 cellulase of the fungus Rhizoctonia solani (NCBI
Accession XP_043186467.1) as the seed. For the training of the initial profile Hidden Markov
model we used the parameter --minDist genus and --maxDist phylum limiting the number of
training sequences to 6 (see Table S4 for more information). Candidate orthologs were
filtered for the presence of the Pfam glyco-hydro 45 domain (PF02015; see Table S5 for a
list of discarded orthologs). Ortholog search in the unannotated Metalnvert genome
assemblies were performed with the fDOG extension fDOG-Assembly. In brief, genomic
regions likely containing a GH45-type cellulase were identified with a tBLASTn search using
the consensus sequence included in the initial core gh45 core group from fDOG as query.
The hit region was extended by 500 nucleotides on either side and genes in the resulting
candidate genomic region were annotated with MetaEuk v5.34c21f2 (Levy Karin et al., 2020)
using the OMA database (release December 2021) (Nguyen et al., 2015) as the reference
database for the gene prediction. The corresponding protein sequences were then tested for
orthology using the routines of fDOG and afterwards features were annotated with FAS
(Dosch et al., 2023). The fDOG-assembly workflow is available from
https://github.com/BIONF/fDOG/tree/f{dog_goes assembly. The results from fDOG and
fDOG-Assembly were merged and visualized with PhyloProfile (Tran et al., 2018).

Gh45 cellulase gene tree reconstruction

To investigate the evolutionary history of the Gh45 cellulase, we used the identified
orthologs for a gene tree reconstruction. If the ortholog search obtained more than one co-
ortholog, we used the one that is most similar to the seed protein for the tree
reconstruction. Sequences were aligned with Muscle v3.8.1551 (Edgar, 2004) and alignment
columns comprising more than 50% gaps were removed with a custom perl script. The
resulting multiple sequence alignment was used as input for a maximum likelihood tree
reconstruction with IQ-TREE (Nguyen et al., 2015) v. 1.6.8. Branch support was assessed
with 1000 bootstrap replicates using the ultrafast bootstrap approach. The SH-aLRT branch
test was performed, and the optimal number of cores was automatically detected via IQ-
TREE (- nt AUTO). The gene tree was visualized with iTOL (Letunic and Bork, 2021). Animal
GH45-type cellulases are paraphyletic in this tree, and a topology test using the AU test
(Shimodaira and Hasegawa, 1999) confirmed that a tree with monophyletic animal
cellulases explained the data significantly worse (p-AU=9.2E-4). A second gene tree
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containing all identified orthologs and co-orthologs was reconstructed with the same
approach. iTOL was used to prune and visualize the gene tree (containing all oribatids and
springtails) as well as to connect cellulase genes from the same species.

Phylogenies of springtails and oribatids

Phylogenies of springtail and oribatid organisms included in the Metalnvert project were
computed separately with a supermatrix approach. BUSCO version 5.4.2 (Simao et al.,
2015) with the precomputed BUSCO Arthropoda gene set (db10) was used to search for
orthologs in all genome assemblies. Multiple sequence alignments were computed with
MAFFT using local pairwise alignment and at maximum 1000 iterations (7.481)(Katoh and
Standley, 2013), timmed with clipkit (1.3.0) (Steenwyk et al., 2020) and concatenated with
used FASconCAT-G (1.04) (Kick and Longo, 2014) into a supermatrix. Four phylogenetic
trees per taxon group were reconstructed with IQ-TREE (Nguyen et al., 2015). Branch
support was assessed with 1000 bootstrap replicates using the ultrafast bootstrap approach.
The best-fit model was Q.insect+F+R9 for oribatids, and Q.insect+F+R10 for springtails,
automatically chosen by ModelFinder according to BIC. The final consensus tree was
computed with splitstree (4.19.0)(Huson and Bryant, 2006) by summarizing the four 1Q-
TREEs into a consensus tree. The consensus trees were outgroup-rooted using Sarcoptes
scabiei (GCA_020844145.1) for oribatids and Machilis hrabei (GCA_003456935.1),
Drosophila albomicans (GCA_009650485.1), and Tyrophagus putrescentiae from Metalnvert
for springtails as outgroups.

Correspondence of GH45 tree and phylogenies

The BUSCO-based phylogenies of springtails and oribatids were outgroup-rooted and
merged for the comparison with the Gh45 cellulase genetree. The tanglegram matches taxa
by links and was computed with R with packages phytools v1.4-0 (Revell, 2012) and castor
v1.7.6 (Louca and Doebeli, 2018).

3D structure comparison

The 3D structures of gh45 cellulase genes from R.solani and mustard beetle were retrieved
from precomputed predictions from UniProt (accession numbers AOAOB7FQX1 and
097401). The structures were visualized and compared with VMD (Humphrey et al., 1996)
and the extensions MultiSeq (Roberts et al., 2006) in combination with the alignment tool
STAMP (Russell and Barton, 1992).
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Fig. S3. Maximum likelihood phylogeny of all GH45-cellulase genes identified in soil
invertebrates. Lines connect co-orthologs found in the same species. (uploaded separately)

Supplementary Tables

Table S1. Screened RefSeq genomes. Bacterial, archaeal, fungal, invertebrate and
vertebrate genomes screened for GH45 ortholog presence. (large table, uploaded
separately)

Table S2. Screened Metalnvert genomes. Soil invertebrate genomes of soil invertebrates
screened with fDOG-Assembly for GH45 ortholog presence.
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790

libid countgroup Scientific name taxid :::::Ietness Gh45 cellulase
a_17 Chilopoda Cryptops parisi 173049 0,77 Absent
a_84 Chilopoda Geophilus carpophagus 173285 0,82 Absent
P3_3 Chilopoda Geophilus flavus 856749 0,72 Absent
a96 Chilopoda Geophilus truncorum 173284 0,84 Absent
a4 Chilopoda Haplophilus subterraneus 173289 0,65 Absent
a5 Chilopoda Henia vesuviana 126936 0,8 Absent
a_21 Chilopoda Pachymerium ferrugineum 115410 0,84 Absent
a_83 Chilopoda Stenotaenia linearis 1569481 0,76 Absent
a42 Chilopoda Strigamia acuminata 1255758 0,76 Absent
a39 Chilopoda Strigamia crassipes 1428135 0,79 Absent
a_23 Chilopoda Strigamia transsilvanica 1579475 0,7 Absent
a_66 Collembola Agrenia bidenticulata 1933610 0,82 Present
MI_479  Collembola Allacma fusca 39272 0,84 Absent
a_35 Collembola Anurida granaria 187597 0,79 Present
alo7 Collembola Arrhopalites spinosus 187608 0,6 Present
a_42 Collembola Bilobella braunerae 106916 0,57 Absent
al02 Collembola Bourletiella hortensis 574228 0,76 Absent
P1_24 Collembola Ceratophysella denticulata 928250 0,75 Present
a_34 Collembola Ceratophysella granulata 1218962 0,78 Present
a52 Collembola Ceratophysella scotica 187617 0,62 Present
a49 Collembola Ceratophysella sigillata 1218965 0,66 Present
a72 Collembola Desoria olivacea 370026 0,55 Present
MI_424  Collembola Desoria trispinata 1184801 0,61 Present
Deuterosminthurus bicinctus f.
a3_16 Collembola flava 2041938 0,67 Absent
a_31 Collembola Dicyrtoma fusca 1385863 0,8 Absent
a_32 Collembola Dicyrtomina minuta 1387116 0,77 Absent
a_51 Collembola Dicyrtomina saundersi 438492 0,75 Absent
P4 21 Collembola Disparrhopalites patrizii 999999006 0,83 Absent
a_64 Collembola Entomobrya cf arborea 30001 0,77 Present
a64 Collembola Entomobrya corticalis 1503966 0,77 Present
a_33 Collembola Entomobrya muscorum 2041940 0,53 Present
a_48 Collembola Entomobrya nicoleti 2041941 0,7 Present
a71 Collembola Entomobrya nivalis 1387109 0,66 Present
al08 Collembola Entomobrya Typ multifasciata 247613 0,85 Present
alo3 Collembola Folsomia candida 158441 0,91 Present
a3_12 Collembola Folsomia fimetaria 1387114 0,72 Present
a_38 Collembola Folsomia inoculata 2041942 0,77 Present
MI_48 Collembola Folsomia penicula 266765 0,59 Absent
a60 Collembola Friesea truncata 187628 0,7 Present
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a_40
P2_15
a98
a58
a_70
al05
a_26
a_71
P3_1
P1_25
a57
a_36
a_69
ag7
P1_26
a_25
a_53
MI_426
a_27
P2_2
a_46
ad 24
a68
MI_445
a_29
a53
a_28
alo6
a_49
a54
P2_17
a6l
a_61
P2_19
a_41
alo4
a_39
P4_22
P4_20
aloo0
alol
a3 8

Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola

Collembola

Gisinianus flammeolus
Heteromurus nitidus
Hydroisotoma schaefferi
Hymenaphorura dentifera
Hypogastrura burkilli
Isotoma anglicana

Isotoma caerulea

Isotoma decorata

Isotoma viridis

Isotomiella minor
Isotomiella paraminor
Isotomurus graminis
Isotomurus maculatus
Isotomurus palustris
Isotomurus plumosus
Isotomurus pseudopalustris
Lepidocyrtus cyaneus
Lepidocyrtus lignorum
Lepidocyrtus paradoxus
Lepidocyrtus violaceus
Lipothrix lubbocki
Megalothorax sp. 2
Mesaphorura macrochaeta
Neelides folsomi
Orchesella bifasciata
Orchesella cincta
Orchesella flavescens
Orthonychiurus folsomi
Pogonognathellus flavescens
Pogonognathellus longicornis
Proisotoma minuta
Protaphorura glebata
Protaphorura quadriocellata
Protaphorura tricampata
Pseudosinella alba
Sminthurides aquaticus
Sminthurinus aureus
Sminthurinus bimaculatus
Sminthurinus elegans
Sminthurinus signatus
Spatulosminthurus flaviceps

Sphaeridia pumilis

2449080
254095
301519

999999008

1725397
247611
308473

57735
187635
370032
370031

1184803

36143

36144

1410395

36142
247612
707889

49179
707891

1387126

2340290

2651973
332381
576794

48709

48711

2581074
511703
707266
301521
187683
187683
187683

1302326
281415

1496267
187699

1190784

2584529

999999007
212016

0,85
0,81
0,85
0,72
0,71
0,66
0,72
0,57
0,75
0,83
0,58
0,72
0,66
0,81
0,53
0,79
0,59
0,59
0,67
0,81
0,82
0,83
0,68
0,75
0,71
0,53
0,76
0,79
0,78
0,84
0,84
0,79
0,72
0,74
0,57

0,8
0,84
0,81
0,66
0,86
0,81
0,87

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Absent

Absent

Absent

Absent

Absent

Absent

Present
Absent

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Absent

Absent

Present
Absent

Present
Present
Absent

Absent
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D23
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al
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Diplopoda
Diplopoda
Diplopoda
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Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Enchytraeidae
Enchytraeidae
Enchytraeidae
Gamasina
Gamasina
Nematoda
Nematoda
Nematoda
Nematoda
Nematoda
Nematoda
Nematoda
Nematoda
Nematoda
Oribatida
Oribatida
Oribatida

Thalassaphorura encarpata
Tomocerus minor
Tomocerus mixtus
Vertagopus arboreus
Willowsia buski
Willowsia nigromaculata
Xenylla mediterranea
Xenyllodes armatus
Chordeuma sylvestre
Cylindroiulus punctatus
Glomeris hexasticha
Glomeris marginata
Julus scandinavius

Julus scanicus
Kryphioiulus occultus
Megaphyllum sjaelandicum
Melogona broelemanni
Mycogona germanica
Ommatoiulus sabulosus
Ophyiulus pilosus
Polydesmus angustus
Polydesmus complanatus
Proteroiulus fuscus
Rossiulus vilnensis
Xestoiulus laeticollis
Cognettia cognettii
Enchytraeus crypticus
Oconnorella tubifera
Phytoseiulus persimilis
Stratiolaelaps miles
Acrobeloides thornei
Aphelenchus avenae
Discolaimus major
Mesodorylaimus bastiani

Panagrellus redivivus

Panagrolaimus detritophagus

Phasmarhabditis papillosa
Prionchulus punctatus
Prismatolaimus dolichurus
Achipteria coleoptrata
Achipteria nitens

Adoristes ovatus

2583954
187706
58788
2041954
1458441
1302335
2567731
187716
1569510
61981
1392624
62006
1008810
541046
1008825
52423
1147011
999999013
1008866
118470
1068628
510027
88024
999999014
1522044
1502715
913645
913705
44414
406085
96599
70226
211252
344383
6233
310956
6243
293874
288633
229769
229768
708363

0,81
0,58
0,84
0,62
0,77

0,8
0,78
0,71

0,7
0,68
0,66
0,67
0,68
0,72
0,72

0,7
0,54
0,67
0,69
0,61
0,72
0,84

0,7
0,72
0,74
0,58
0,53

0,6

0,8
0,83

0,6
0,59
0,61
0,55
0,55
0,55
0,64
0,58
0,53
0,78

0,8
0,72

Present
Present
Present
Present
Present
Present
Present
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Present
Absent
Absent
Absent
Present
Present
Present
Present

Present
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a2

a3

a4
MI_457
P1_32
a6
a3_18
P4_1
a7
P1_12
alo
D2
all
P1_14
al3
P4_3
P1_4
P1_7
D3
P1_8
MI_402

al5
ale
al7
MI_463
P1_16
P4 5
MI_464
MI_465
alg
alo
P1_10
P2_8
D4

a20
MI_408
P1_11
MI_467
P1_13
P1_18
MI_412

Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida

Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida

Atropacarus striculus
Belba bartosi

Camisia spinifer
Carabodes femoralis
Ceratozetes gracilis
Chamobates pusillus
Chamobates voigtsi
Conchogneta dalecarlica
Ctenobelba pectinigera
Dissorhina ornata
Edwardzetes edwardsi
Eniochthonius minutissimus
Eueremaeus valkanovi
Eupelops occultus
Eupelops torulosus
Euzetes globulus
Fuscozetes fuscipes
Galumna lanceata
Galumna obvia
Gustavia microcephala

Heminothrus targionii
Hermanniella punctulata var.
septentrionalis

Liacarus coracinus
Liacarus xylariae
Licneremaeus licnophorus

Liebstadia similis

Malaconothrus monodactylus

Mesoplophora pulchra
Metabelba pulverosa
Microtritia minima
Microzetes septentrionalis
Minunthozetes semirufus
Nanhermannia comitalis
Nanhermannia coronata cf.
Nanhermannia elegantula
Nanhermannia nana
Nothrus palustris

Nothrus silvestris
Oribatella quadricornuta
Pantelozetes paolii

Pergalumna nervosa

229743
2241992
198258
229793
1686620
503572
198262
999999009
1401282
2202870
2202872
229763
1401269
2234141
198282
334610
1686651
229834
885392
1685391
2664691

885393
198285
198284
999999011
1250587
1797415
334620
229776
229747
999999012
1979919
1979898
198290
66595
198291
198293
66602
198298
1979943
708370

0,69
0,8
0,8

0,74

0,77

0,75

0,66

0,81

0,65
0,8

0,78

0,63

0,74

0,77

0,77

0,79

0,77

0,81

0,79

0,65

0,77

0,77

0,7
0,81
0,77

0,8
0,79
0,79
0,73
0,75
0,74
0,77

0,7
0,75
0,81
0,78
0,74
0,78
0,75
0,74
0,78

Present
Present
Present
Present
Absent
Absent
Absent
Absent
Absent
Absent
Present
Present
Absent
Absent
Absent
Absent
Present
Absent
Absent
Absent

Present

Absent

Present
Present
Absent

Present
Present
Absent

Present
Present
Absent

Present
Present
Present
Present
Present
Present
Present
Absent

Present

Absent
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791
792
793
794
795

a88
MI_492
a22
ad_7
P4 9
a24

D8

D7
ad_11
P1_144
a4_20
a3 3

Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Oribatida
Tardigrada
Tardigrada

Phthiracarus crinitus
Phthiracarus laevigatus
Porobelba spinosa
Punctoribates punctum
Quadroppia maritalis
Scheloribates initialis
Scheloribates latipes
Steganacarus magnus
Tectocepheus velatus
Zygoribatula exilis

Isohypsibius dastychi

Paramacrobiotus richtersi

229740
229740
2886740

1720615
1250640
1979935
1979937
52000
229869
1251916
947160
697321

0,82
0,81
0,79
0,78

0,7
0,73
0,72
0,79
0,69
0,76
0,64
0,57

Present
Present
Absent

Present
Absent

Present
Absent

Present
Present
Present
Present

Present

Table S3. Metazoan genomes with GH45. Taxonomic assignments of animal sequences

identified by fDOG as orthologs of cellulases with a GH45-type Pfam domain.

Scientific name

Bradysia coprophila

Leptinotarsa decemlineata 7539

Diabrotica virgifera

virgifera

38358

50390

NCBI ID Accession number

GCF_014529535.1

GCF_000500325.1

GCF_003013835.1

Anoplophora glabripennis 217634 GCF_000390285.2

Protein ID Gene ID

XP_037026636.1 119067642
XP_037050424.1 119084512
XP_037027558.1 119068175
XP_023016322.1 111505702
XP_023029513.1 111517551
XP_023016323.1 111505703
XP_023029514.1 111517551
XP_023022929.1 111511149
XP_023016326.1 111505705
XP_028147313.1 114340743
XP_028139473.1 114333726
XP_028143849.1 114337572
XP_028147314.1 114340743
XP_018561275.1 108903540

Taxonomic
assignment

Bradysia
odoriphaga

Protostomia

Bradysia
odoriphaga

Chrysomelinae

Gonioctena
quinquepunctata

Chrysomelinae

Gonioctena
quinquepunctata

Chrysomelini
Chrysomelini

Chrysomelidae

Chrysomelidae
Chrysomelidae
Chrysomelidae

Anoplophora
chinensis
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796
797
798
799
800
801

Dendroctonus ponderosae 77166

Sitophilus oryzae

Thrips palmi

Frankliniella occidentalis

Folsomia candida

7048

161013

133901

158441

GCF_000355655.1

GCF_002938485.1

GCF_012932325.1

GCF_000697945.2

GCF_002217175.1

XP_018561265.1

XP_019754618.1

XP_019754620.1
XP_019771468.1
XP_019754619.1
XP_019766961.1

XP_030751361.1

XP_030747083.1

XP_034236588.1

XP_026287984.1

XP_026287985.1
XP_026289264.1

XP_021945337.1

XP_021948187.1

108903530

109533680

109533682

109545306

109533681

109542255

115878892

115875708

117642458

113213214

113213214

113214189

110843646

110845935

Lamiinae

Dryophthorinae

Dryophthorinae
Cucujiformia
Dryophthorinae
Chrysomelinae

Dryophthorinae

Rhynchophorus
ferrugineus

Frankliniella
occidentalis

Thrips palmi

Thrips palmi
Thrips palmi

Entomobryomorpha

Protostomia

Table S4. Fungal GH45 inputs. Core group of fungal species containing GH45 orthologs,
computed by fDOG. This ortholog group was used as input for the final ortholog searches
with fDOG and fDOG-Assembly by querying RefSeq genome assemblies for GH45

presence.

Scientific name

NCBI ID

gene set

Accession number RefSeq

Rhizoctonia solani

Pleurotus ostreatus

Marasmius oreades

Pseudozyma
flocculosa PF-1

Kalmanozyma
brasiliensis GHG001

Ustilago maydis 521

456999

5322

181124

1277687

1365824

237631

GCF_016906535.1

GCF_014466165.1

GCF_018924745.1

GCF_000417875.1

GCF_000497045.1

GCF_000328475.2

Gene IDs

XP_043186467.1

XP_036634094.1

XP_043007043.1

XP_007880076.1

XP_016292070.1

XP_011388317.1
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802

803
804
805

806

Table S5. Excluded orthologs. RefSeq candidate orthologs excluded from the final
orthology inference results due to missing the Pfam domain characteristic of GH45

cellulases.
Scientific name NCBI ID Class RefSeq accession Gene ID from
number inferred ortholog
Osmia lignaria 473952 Insecta GCF_012274295.1 XP_034173034.1
Bombus terrestris 30195 Insecta GCF_000214255.1 XP_020720566.1
XP_012168823.1
XP_012168816.1
XP_012168808.1
Colletes gigas 935657 Insecta GCF_013123115.1 XP_043266291.1
XP_043266289.1
Dufourea novaeangliae 178035 Insecta GCF_001272555.1 XP_015435417.1
Rhagoletis zephyri 28612 Insecta GCF_001687245.1 XP_017480646.1
Streptomyces lacrimifluminis 1500077 Actinomycetes GCF_014646095.1 WP_189152206.1
Actinoplanes globisporus DSM 1120949 Actinomycetes GCF_000379645.1 WP_169516340.1
43857
Brevibacterium jeotgali 1262550 Actinomycetes GCF_007828155.1 WP_101587258.1
Aneurinibacillus danicus 267746 Bacilli GCF_007991215.1 WP_146809708.1
Paenibacillus thalictri 2527873 Bacilli GCF_004307995.1 WP_131011676.1
Chondromyces apiculatus DSM 1192034 Deltaproteobact GCF_000601485.1 WP_197041519.1

436

eria
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