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RESUMO

Insetos cultivadores de fungos (formigas, cupins e besouros) evoluiram de forma independente
uma associacdo simbionte com fungos que, ao metabolizar biomassa vegetal recalcitrante,
produzem nutrientes disponiveis para seu hospedeiro. Esses sistemas de fungicultura também
abrigam microbiomas bacterianos que apresentam importantes impactos fisiolégicos na biologia
do inseto fungicultor. Nesse trabalho, foram explorados os padrdes de convergéncia funcional da
microbiota associada a sistemas de fungicultura. Com o intuito de expandir a distribuicdo
geografica de microbiomas associados a sistemas de fungicultura, metagenomas de comunidades
bacterianas de Mycocepurus goeldii (Attini basal) e Atta sexdens rubropilosa (Attini derivada,
também denominada formiga-cortadeira de folhas) foram sequenciados e anotados. Tais
amostras constituem os primeiros microbiomas de formigas Attini da América do Sul. Os
géneros Pseudomonas, Pantoea, Rhizobium, Enterobacter, Achromobacter, Stenotrophomonas e
Serratia foram os mais abundantes na comunidade bacteriana associada ao jardim de fungo de A.
sexdens rubropilosa. Pseudomonas também foi o género encontrado em maior abundancia na
comunidade bacteriana de M. goeldii, seguido de Dysgonomonas, Bacteroides, Parabacteroides,
Prevotella, Comamonas e Burkholderia. A fim de explorar o perfil funcional da comunidade
bacteriana, foram realizadas comparacdes entre microbiomas de Attini basais e derivadas; de
insetos fungicultores; de insetos fungicultores e trato intestinal de insetos cuja alimentacdo é
baseada em lignocelulose. As analises comparativas revelaram que 0s microbiomas associados a
insetos fungicultores apresentam uma evidente convergéncia funcional e taxonémica. E possivel
verificar a existéncia de similaridades funcionais entre microbiomas de insetos fungicultores e do
trato intestinal de insetos herbivoros, principalmente em relacdo as rotas envolvidas no
metabolismo de carboidratos, aminoacidos, compostos aromaticos, cofatores e vitaminas. No
entanto, diferencas taxonémicas notaveis podem ser observadas entre microbiomas de insetos
fungicultores e trato intestinal de insetos herbivoros, fornecendo evidéncias adicionais para a

convergéncia funcional na comunidade bacteriana associada a insetos cultivadores de fungos.

Palavras-chave: Convergéncia funcional. Associacdo hospedeiro-microbioma. Fungicultura.

Attini. Macrotermitinae. Scolytinae. Metagenoma. CAZy.



ABSTRACT

Fungus-growing insects (ants, termites, and beetles) independently evolved a symbiotic
association with fungi that metabolize recalcitrant plant biomass, producing nutrients available to
the insect host. These fungicultural systems also harbor bacterial microbiota of important
physiological impacts for the host life style. Here, we explore convergence patterns of the
microbiota associated with fungiculture systems. For expanding the geographic distribution of
microbiomes fungiculture systems available, we sequenced and annotated metagenomes of
bacterial communities from Mycocepurus goeldii (lower Attini ant) and Atta sexdens rubropilosa
(higher Attini, a leaf-cutter ant), the first attine ants’ microbiomes from South America.
Pseudomonas, Pantoea, Rhizobium, Enterobacter, Achromobacter, Stenotrophomonas and
Serratia were the most abundant genera in the bacterial community of A. sexdens rubropilosa
fungus garden. Similarly, Pseudomonas was also the most abundant genus in the bacterial
community of M. goeldii fungus garden, followed by Dysgonomonas, Bacteroides,
Parabacteroides, Prevotella, Comamonas and Burkholderia. For metabolic profiling, these
microbiomes were included in comparisons of several levels: between lower and higher attines,
among fungus-growing insects, and between fungus-growing and non-fungus-growing insects.
Comparative analysis of fungus-growing insects associated microbiomes support remarkable
functional and taxonomic similarities, pointing to convergence in bacterial communities.
Metabolic parallels may be found among microbiomes from fungus-growing insects and other
lignocellulose-feeding insects, particularly for pathways involved with the metabolism of
carbohydrates, amino acids, aromatic compounds, cofactors and vitamins. However, there are
substantial taxonomic differences between microbiomes from fungiculture systems and
herbivorous insects’ gut, giving further evidence for the functional convergence in bacterial

microbiota associated with fungus-growing insects.

Keywords: Functional convergence. Host-microbiome association. Fungiculture. Attini.

Macrotermitinae. Scolytinae. Metagenome. CAZy
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1 Introduction

Host-associated microbial communities comprise complex ecological systems, shaped by
several stochastic and selective forces.®? Most of microbial functional traits are not
phylogenetically exclusive, and different microorganisms could occupy similar functional niches
within the host.2® Thus, the assembly of functionally equivalent species within a niche could be
an outcome of natural selection acting mainly on microbial functional traits.? Identifying the
functional repertoire of a microbiome could potentially predict ecological parameters and
evolutive processes shaping the microbiota composition.?* Also, the functional capabilities of
host-associated microbial communities provide valuable information on how the interactions
among community members influence the host’s physiology.>’ Interactive host-microbiota
metabolism could be considered a key determinant of the host life style and fitness over an
evolutionary time scale.®®® The dynamics of this metabolic communication also affects the
diversity, composition, and functional capacity of the associated microbiota, which is shaped by
a series of interactions throughout the host life, including diet, physicochemical variations, and
maturation phases.’

Only by considering the microbiota as a component of ecological and physiological
processes, the nutritional ecology of insects can be explained.®¥° Particularly for herbivorous
insects, which may feed on recalcitrant and indigestible plant tissues, with low nutritional
content and toxic compounds, the association with symbiotic microorganisms mediates the use
of resources otherwise non-accessible to the host.! Fungus-growing insects are a noticeable
example of insect-microbial symbiosis for exploring recalcitrant plant biomass. The active
maintenance of fungus crops, also known as fungiculture, evolved independently in tree insect
lineages:'? ants in the tribe Attini (Hymenoptera: Formicidae: Myrmicinae), which are strict to
the New World, occurring from the south of Argentina to the south of United States;*3 termites in
the subfamily Macrotermitinae (Isoptera: Termitidae), which occur in the Old-World tropics,
mainly in Africa and Asia;'* and beetles in the subfamily Scolytinae (Coleoptera:
Curculionidae), which are found in wet tropical forests.’® These “fungus farmers” exhibit
specific methods for fungus cultivation, harvesting and propagation (Fig. 1).1?

The fungal lignocellulose-degrading capacity has been fundamental for the evolutionary

success of the fungus-growing insects symbiosis.'®® The so-called lower attines (Fig. 1A)
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cultivate basidiomycete fungal symbionts (mostly of the tribe Leucocoprinae) in diverse
substrates. These fungi are not truly domesticated and are able to sustain a free live
existence.!219-21 Higher attines (Fig 1B) cultivate a fully and highly domesticated basidiomycete
fungal symbiont in the genus Leucoagaricus, which is unable of a free-living existence and
apparently has been clonally dispersed through vertical transmission.*2222* The ambrosia beetle
fungal symbionts are usually the ascomycete genera Ambrosiella and Raffaelea, which are
cultivated on the walls of galleries excavated in the xylem of trees, and comprise the only
nutritional source for larvae and adults (Fig 1C).182>27 Although bark beetles cannot be
considered true “fungus farmers”, they are commonly associated with ascomycetes in the genera
Ophiostoma, Ceratocystiopsis, Grosmannia, and Ceratocystis. Bark beetles main nutritional
source is phloem, but the fungal association may be related to improving nutrients availability
and detoxification of host-defense metabolites.?”?® Plant biomass degradation in fungus-growing
termites’ colonies (Fig 1D) depends on the enzymatic activity of a basidiomycete fungal
symbiont in the genus Termitomyces, in combination with workers’ gut microbiota.!”?
Termitomyces grows within fungus combs, which are structures built from termite feces
containing pre-digested plant material (processed by the termite and by the enzymatic activity of
the gut microbiota) and asexual spores of Termitomyces."30-32

Fungus-growing insects also harbor bacterial microbiotas of important physiological
consequences for the host life style. For example, some components of the bacterial microbiota
from higher Attini ants are able to fix atmospheric nitrogen,® and the community also exhibit the
metabolic capacity for lignocellulose degradation, aminoacids and vitamins biosynthesis.343®
Bacteria found in the galleries of ambrosia beetles are considered secondary symbionts,¢3
while bacteria associated with bark beetles are able to produce antimicrobial compounds® and
can degrade terpenes, which are employed as chemical defense released by conifers as a
response to bark beetles attacking behavior.3®° In termite fungiculture, besides antimicrobial-
producing bacteria which could suppress antagonistic fungus of the symbiosis,** the workers gut
microbiome and the fungus comb microbiome aid in the comb continuous lignocellulose
decomposition.t”*2 The metabolic potential of the microbiota associated with fungus-growing
insects suggests that the bacterial community could be a usual and determinant characteristic of

fungiculture systems.*?
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Despite differences in insect host geographic distribution and life history, bacterial
microbiomes associated with fungus-growing insects exhibit a highly similar taxonomic
composition, indicating that these communities could be an example of convergence of host-
microbiome association.*? Convergent evolution manifests as the independent evolution of
similar traits or phenotypes (as physiological or morphological features of a microorganism) in
multiple lineages.*** The convergence of phenotypes provides remarkable evidence that
particular environmental conditions probably select for specific traits - which represents similar
evolutionary solutions.*® When referring to convergent evolution of microbiotas, we are
considering that a set of similar functions and/or taxonomic composition may be found in the
microbiota associated to different and distantly related insect hosts. Here, we explore whether
convergence patterns may be found in the microbiota associated with fungiculture systems. For
expanding the geographic distribution of the microbiomes available, we included the first Attini
microbiomes from South America. Our choice for adding microbiomes from the lower attini
Mycocepurus goeldii and the higher attini Atta sexdens rubropilosa was based on the wide
distribution of these species in Brazil.*"*8 We first described the taxonomic composition and the
functional capacity of the bacterial microbiota from fungus gardens of both ant species. Then, we
included these microbiomes in a broad comparison of microbiota functional profile in several
levels: between lower and higher attini, among fungus-growing insects, and between fungus-
growing and non-fungus-growing insects. Comparative analysis of the microbiomes support the
bacterial microbiota taking place in plant material decomposition. Metabolic parallels may be
found among microbiomes from fungus-growing insects and other lignocellulose-feeding insects,
particularly for pathways involved with the metabolism of carbohydrates, amino acids, aromatic
compounds, and cofactors and vitamins. Nevertheless, notable differences in taxonomic
composition of microbiomes from fungiculture and insects’ gut not only emphasize taxonomic
similarities in fungiculture systems,*? but also reinforce different host-microbiome associations
as functionally similar environments. As such, fungiculture systems’ microbiota comprise a

remarkable example of functionally convergent bacterial community.
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2 Methods
2.1 Sampling

Fungus gardens from healthy colonies of Atta sexdens rubropilosa and Mycocepurus
goeldii were collected from nests near Botucatu, S&o Paulo State, Brazil
(S22°49.886°/W48°25.426° and S22°54.353’/W48°14.562°, respectively), in July and October
2015, respectively. Both A. sexdens rubropilosa and M. goeldii colonies were sampled in
shadowed and humid areas of eucalyptus cultivation, with approximately 3-10 meters of distance
between colonies. Fungus gardens’ top and bottom sections were sampled from two colonies of
A. sexdens rubropilosa, and were combined for resulting 92.59 g. Because of the smaller size of
M. goeldii fungus gardens, central and peripherical regions were sampled from 18 colonies and
were combined for totalizing 50.58 g of fungus garden (Fig S1). Immediately after collection,
samples were kept under controlled conditions (25 °C, in the dark) for subsequent preparations.

2.2 Bacterial enrichment, DNA extraction and sequencing

The bacterial fraction of total fungus garden samples was isolated through a modification
of a previously described protocol (Fig S1).3*® Briefly, workers, larvae, and pupae were
removed from the samples, and fungus garden were buffered in 1X PBS (137 mM NaCl, 2.7 mM
KCI, 10 mM Na2HPO4, 2 mM KH2POg4) containing 0.1% Tween 80 and gently centrifuged (30
minutes at 40 xg). This mixture was incubated at room temperature for six days for fungus
gardens of A. sexdens rubropilosa and for ten days for M. goeldii gardens. During this period, the
fungus garden settled at the bottom of the tubes. To recover bacteria that still could be in the
liquid phase, the buffer was carefully transferred to another tube, filtered and centrifuged (30
minutes at 2800 xg), then the resulting pellet was stored at 8 °C. The fungus garden was washed
in fresh buffer, centrifuged (30 minutes at 40 xg) and incubated in the same conditions. The
washing and incubation steps were repeated three times. Following these washing steps, the
fungus garden was shaken for 3 minutes, filtered, and centrifuged for 30 minutes at 2800 xg.
Then, the several pellets resulting from the same sample were joined. The presence of bacteria in
the final pellet was confirmed through bright-field microscopy. DNA was subsequently extracted
from the bacterial fraction using the PowerSoil DNA Isolation Kit (MoBio Laboratories), by
adapting the fabricant protocol. Basically, instead of extracting DNA from a 0.25 g sample as

suggested in the protocol, we extracted from a 0.40 g sample. We empirically verified this
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adaptation resulting in DNA samples with higher quantity and quality from our bacterial

samples. DNA was sequenced through Illumina HiSeq 2000, paired ending sequencing (100bp).

2.3 Assembling, annotation, and analysis of Mycocepurus goeldii and Atta sexdens
rubropilosa metagenomes

Reads quality control and preprocessing were carried out in Solexa QA v3.1.5,% sorting
the reads by quality (phred cutoff=13) and length (length cutoff=60). Preprocessing quality was
checked in FastQC. Quality-controlled reads were assembled using default settings in
MEGAHIT v1.0.6.° Quality of assembled contigs were verified in PRINSEQ.%!

Quality-controlled contigs were uploaded to the Integrated Microbial Genomes (IMG/M
ER) database for gene identification and annotation through the standard pipeline of IMG.%? In
summary, the identification of protein-coding genes is performed by combining the ab initio
gene calling tolls: GeneMark,>® Metagene,> Prodigal,>® and FragGeneScan.>® Protein-coding
genes then are compared with Clusters of Orthologous Groups database (COG)®’ using RPS-
BLAST, and Protein Families database (Pfam)>® using HMMER3. Metagenome protein-coding
genes are also associated with KEGG Orthology (KO) terms, KEGG Enzymes and EC numbers®®
through USEARCH.®

The abundance of protein coding-genes for each assigned function (COG, Pfam, KO,
KEGG Enzymes) was standardized by the total number of protein-coding genes (i.e., we
determined the proportion of protein-coding genes codifying a function by the total number of
protein-coding genes). Statistical comparisons were performed based on Fisher’s exact test for
the standardized abundance of function-annotated genes, using STAMP v2.1.3.%*

Genes were taxonomic assigned using the “Phylogenetic Distribution of Genes”
comparative tool of IMG,%? which estimates the phylogenetic composition of the metagenome by
comparing (through RPS-BLAST) the best BLASTp hits with COG database. The taxonomic
assignment was performed at bacterial genera (identity percentage > 60%). The genus-level
taxonomic was further investigated by aligning contigs > 100Kbp with 16S rDNA sequences in
the Ribosomal Database Project,®® and through taxonomic assignment of contigs > 100Kbp using
PhyloPhytiaS.%*
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Diversity indices were calculated using the standardized abundance of taxonomic-

assigned protein-coding genes using PAST 3.%° The Venn diagram was calculated in R v3.3.2.

2.4 Comparisons of the bacterial communities from insects’ fungiculture

We included the two metagenomes annotated here in a broader comparison, using
metagenomes publicly available in IMG/M database (Table S1 and Dataset_Methods, available
at: https://www.dropbox.com/s/hbOhediysud5jm9/Dataset Methods.xIsx?dI=0).

Microbiomes were compared for all annotated functions (COG, Pfam, KO, KEGG
Enzymes, CAZy). Every comparison was performed with the standardized abundance of protein-
coding genes assigned to a specific function. For comparing Carbohydrates-Active Enzymes
(CAZymes)®® from different fungus-growing insects’ bacterial communities, CAZymes were
designated for the protein-coding genes using the pipeline described in Takasuka et al.®’
Statistical comparisons were performed between lower and higher Attini microbiomes, among
fungus-growing insects microbiomes, and between fungus-growing and non-fungus-growing
insects microbiomes, through STAMP v2.1.3.5%

Profiles of KEGG pathways (via KO terms) were determined in IMG/M, as the KEGG
genes total dataset (standardized abundance of all genes classified by KEGG pathways), and as
the subsets of pathways defined by higher levels of organization in KEGG pathways
(standardized abundance of genes classified by each metabolic pathway: carbohydrates
metabolism, energy metabolism, lipids metabolism, amino acids metabolism, aromatic
compounds metabolism, cofactors and vitamins metabolism). To visualize similarities among
samples, non-metric multidimensional scaling (NMDS) ordination based on Correlation
distances was calculated for profiles of KEGG pathways, for each annotated function (COG,
Pfam, KO, KEGG Enzymes, CAZy), and for protein coding genes taxonomic assigned to class
level (using “Phylogenetic Distribution of Genes” comparative tool of IMG, identity percentage
> 60%).

To determine significant differences between microbiomes from fungicultures (Attini
ants, Macrotermitinae termites, and Scolytinae beetles) and insects’ gut (termite, Passalidae
beetle, and honey bee guts), similarity analysis (ANOSIM) based on 9999 permutations was
calculated in PAST 3.%°
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KEGG Enzymes standardized abundance overrepresented in fungiculture’s microbiome
(Kruskal-Wallis test) were manually classified using the MetaCyc database.®® Phylogenetic
reconstruction from metagenomes was performed through an alignment-free k-mer based
approach (k-mer length= 23), described in Fan et al.®® The standardized relative abundances of
bacterial classes were estimated using taxonomic assigned protein-coding genes (using

“Phylogenetic Distribution of Genes” comparative tool of IMG, identity percentage > 60%).

3 Results

3.1 Metagenomic sequencing
Sequencing of the bacterial community obtained from Mycocepurus goeldii fungus

garden yielded 5.4 Gbp of raw sequence data (53 329 142 reads, Q30= 91.224%). The
community from Atta sexdens rubropilosa fungus garden resulted in 6.7 Gbp of raw data (66 381
084 reads, Q30= 85.958%). Reads of each library were assembled into metagenomes consisting
of 249-364 Mbp of sequence data. Assembled contigs comprised sequences with good quality
and length (Table 1).

3.2 Bacterial community from Mycocepurus goeldii and Atta sexdens rubropilosa
fungiculture: structure and function

The bacterial community predicted by BLASTp analysis revealed most of the protein-
coding genes to belong to the phyla Actinobacteria, Bacterioidetes, Firmicutes and
Proteobacteria (Fig S2). These phyla were further explored at genus level, revealing that
Pseudomonas, Pantoea, Rhizobium, Enterobacter, Achromobacter, Stenotrophomonas and
Serratia were the most abundant genera in the bacterial community of A. sexdens rubropilosa
fungus garden. Pseudomonas was also the most abundant genus in the bacterial community of
M. goeldii fungus garden, followed by Dysgonomonas, Bacteroides, Parabacteroides,
Prevotella, Comamonas and Burkholderia (Fig. 2A). Most of the genera represented in Fig. 2
were further confirmed in the bacterial community through alignment of the metagenomes with a
16S rDNA database (Fig. S3) and taxonomic assignment of the sequences (Fig. S4).

M. goeldii fungus gardens’ bacterial community is richer and slightly more diverse,
sharing about 55% of the estimated genera with the bacterial community of A. sexdens
rubropilosa fungus garden. On the other hand, approximately 82% of estimated genera of the A.
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sexdens rubropilosa community are shared with the M. goeldii community. Both bacterial
communities are considered highly uneven (Fig. 2B).

The standardized abundance of predicted genes annotated with COG, Pfam, KO and
KEGG Enzymes were compared between the two communities (Dataset S1). We classified the
annotated functions through KEGG pathways (via KO terms). Pathways related to carbohydrate
metabolism, nucleotide metabolism, amino acid metabolism and membrane transport were
relatively well represented (>1.5% KO annotated genes) in both metagenomes (Fig 3). By
comparing KO annotated genes, we observed that standardized abundance of several functions
differed significantly between the two communities (Fisher’s exact test with Bonferroni
correction, P <0.05), especially those involved in carbohydrate metabolism, nucleotide
metabolism, amino acid metabolism, genetic information process, membrane transport, cell

motility and cell cycle (Fig 3).

3.3 Bacterial communities from insect fungiculture

3.3.1 Lower and higher Attini: bacterial communities are functionally similar

The samples annotated in this study were grouped with other bacterial metagenomes
derived from attini fungus gardens available on the IMG/M database (Table S1 and
Dataset_Methods). The standardized abundance of genes annotated with COG, Pfam, KO,
KEGG Enzymes, and CAZy were compared between bacterial communities from lower attini
(M. goeldii, Ap. dentigerum, and C. longiscapus) and higher attini (Trachymyrmex, Ac.
echinator, At. colombica, At. cephalotes, At. sexdens rubropilosa) fungus gardens. Through these
comparisons no differences were found (White’s non-parametric t-test with Bonferroni
correction, P>0.05, Dataset S2). Although there are differences when comparing the
communities as individual samples (Fig 3), these differences are not significant when expanding
the comparison to a larger group, implying that bacterial communities in attini fungus gardens

tend to be functionally similar.
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3.3.2 Convergence patterns: functional and taxonomic similarities of microbiomes from
different fungiculture systems

We attempted to verify whether the functional profile of bacterial communities from each
fungus-growing system (Attini ants, Macrotermitinae termites and Scolytinae beetles) has a
specific functional profile, intrinsic of each fungicultural environment.

By comparing the members of CAZy families, we observed no differences between the
bacterial communities from attini ants’ and termites’ fungus gardens (White’s non-parametric t-
test with Bonferroni correction, P>0.05, Dataset S3), and between communities from termites’
fungus gardens and beetles’ fungus gallery (White’s non-parametric t-test with Bonferroni
correction, P>0.05, Dataset S3). On the other hand, when comparing communities from attini
ants’ fungus gardens and beetles’ fungus gallery, there are differences in the standardized
abundance of the glycoside hydrolases GH75 (chitosanase), GH98 (galactosidase, xylanase),
GH119 (a-amylase), the glycoside transferases GT23 (fucosyltransferase), GT29
(sialyltransferase), GT34 (galactosyltransferase), GT70 (glucuronosyltransferase), GT84 (glucan
synthase), GT87 (mannosyltransferase), GT89 (arabinofuranosyltransferase), the carbohydrate
esterase CE15 (methylesterase), the auxiliary activities AA3 (cellobiose dehydrogenase), AA5
(oxidase), and the carbohydrate-binding modules CBM4 (binding to xylan, glucan and
amorphous cellulose), CBM16 (binding to cellulose and glucomannan), CBM23 (mannan-
binding function; White’s non-parametric t-test with Bonferroni correction, P<0.05, Dataset S3).
Although showing differences in some CAZy functions, it is worthy to note the similarities in the
pattern of CAZy families’ distribution (Fig 1E). This similar pattern could insinuate that, by
codifying a similar CAZy profile, the bacterial community from different fungicultures has the
potential to metabolize a similar range of carbohydrates.

To estimate the lignocellulose influence in shaping the functional similarity found in
fungiculture systems, we compared microbiomes from fungus-growing insects with microbiomes
from environments with high lignocellulose content, as the wood-feeding termites Nasutitermes
corniger and Microcerotermes parvus guts, the litter-feeding Cornitermes sp. gut, and the
Passalidae beetle gut (which also feed on recalcitrant plant biomass). For these analysis, we also
included microbiomes from environments not enriched in lignocellulose content, as the honey
bee gut, the soil-feeding termite Cubitermes ugandensis gut, the humus-feeding termites Termes

hospes and Neocapritermes taracua guts. In general, in ordinations of function abundances and
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taxonomic-assigned protein-coding genes abundances, microbiomes from insect fungiculture
formed a cluster relatively distinct from insects’ gut microbiomes, although M. goeldii and At.
colombica (dump top and bottom) microbiomes tended to set closer to honey bee gut and
Passalidae beetle gallery than to other fungicultures’ communities (Fig 4). However, analysis of
similarities (ANOSIM) indicated that insect fungiculture microbiomes and insects’ gut
microbiomes could share a large degree of their functional profile (Fig. 4).

Microbiomes from insect fungiculture and insects’ gut sharing a large degree of their
functional profile (Fig 4) bring into question whether these bacterial communities potentially
metabolize a similar range of nutrients, and as consequence, have similar role in plant biomass
decomposition. For both fungiculture and insects’ gut microbiomes, genes classified through
KEGG pathways are predominantly involved in carbohydrates and amino acids metabolism.
While the abundance of genes involved in carbohydrates metabolism is slightly higher in insects’
gut microbiome, genes involved in the metabolism of aromatic compounds tend to be more
abundant in fungus-growing insects’ microbiome (Fig 5A). In ordinations of the entire set of
KEGG pathways, microbiomes from insect fungiculture grouped independently from insects’ gut
microbiomes, and the two groups are relatively distinguishable (Fig 5B). At lower levels of the
KEGG hierarchy, microbiomes from fungiculture and insects’ gut differ most by lipids
metabolism (Fig 5D) and energy metabolism (Fig 5F). The microbiomes were most similar for
pathways involved with carbohydrates metabolism (Fig 5C) and relatively similar regarding
pathways involved with cofactors and vitamins (Fig 5H), amino acids (Fig 5G), and aromatic
compounds metabolisms (Fig 5E). Ordinations coupled with analysis of similarities revealed that
communities from environments enriched in lignocellulose contents tend to be metabolically
similar, especially for carbohydrates, amino acids, and aromatic compounds metabolic pathways.

Molecules and nutrients that could be differentially metabolized for fungiculture bacterial
communities were further investigated by comparing the standardized abundance of genes
annotated with KEGG Enzymes between fungiculture systems (metagenomes from Attini ants,
Macrotermitinae termites, and Scolytinae beetles) and non-fungiculture systems (insects’ gut and
soil metagenomes). Compared with metagenomes from non-fungiculture systems, many KEGG
Enzymes categories were overrepresented in fungiculture’s microbiome (Kruskal-Wallis test
with Bonferroni correction, P<0.05), including: carbohydrates assimilation and degradation;

glycan, sugar, and sugar derivatives degradation, assimilation, and transportation; proteins and
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aminoacids degradation and assimilation; lipids degradation and assimilation; aromatic
compounds degradation and assimilation; energetic metabolism and nucleosides, nucleotides,
and polynucleotides metabolism (Fig S4).

Attempting to determine whether the tendency of functional similarity (Fig. 4 and Fig. 5)
has phylogenetic underpinnings, we used an alignment-free k-mer based approach for
phylogenetic reconstruction from metagenomes and compared the class-level microbiota
composition. Alignment-free  phylogenetic inferences displayed fungiculture grouping
separately from non-fungiculture microbiomes, and within non-fungiculture, insects’ gut
microbiomes formed a cluster distinct from soil microbiomes (Fig. 6). Furthermore, the relative
abundance of bacterial classes among the inferred clusters differed remarkably (Fig 6, Dataset
S6). In fungiculture microbiomes, Gamma-proteobacteria was the most abundant class (21.8 -
67.3%), followed by Beta-proteobacteria (0.35 - 17.1%), Alpha-proteobacteria (0.42 - 13.6%),
Bacteroidia (0 - 24.4%), and Bacilli (0.019 - 8.35%). It is interesting to note the distinct class-
level profile of At. colombica dump (top and bottom) microbiomes: the most abundant class was
Alpha-proteobacteria (9.36 - 9.6%), and then Actinobacteria (8.37 - 8.67%), Gamma-
proteobacteria (2.64 - 6.92%), and Beta-proteobacteria (3.17 - 6.28%). In soil microbiomes,
Alpha-proteobacteria (4.69 - 17.4%), Actinobacteria (3.8 - 5.3%), Acidobacteriia (0.71 - 7.8%),
Beta-proteobacteria (2.01 - 2.83%) were the most abundant classes. In insect gut microbiomes,
the most abundant classes were Bacteroidia (0 - 35.4%), Clostridia (0.01 - 22.1%), Gamma-
proteobacteria (0.02 - 21.7%), and Bacilli (0.16 - 17.7%).

4 Discussion

Fungus-growing insects (ants, termites, and beetles) are intriguing hosts for studying the
interactions with bacterial microbiota and their functions. These insects independently evolved a
symbiotic association with fungi that, by metabolizing recalcitrant plant biomass, produce
nutrients available to their host.'>*> Here, by comparing the functional profile of microbiomes
associated with diverse fungus-growing insects, we found conspicuous functional and taxonomic
similarities evidencing functional convergence in bacterial communities. The convergence seems
to be driven by lignocellulose intake and the metabolic activity of the symbiotic fungus,
suggesting interactions between the bacterial microbiota and the cultivated fungi for nutrient

cycling in fungus-growing systems. Our results give further evidence for bacterial communities
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associated with fungiculture participating in plant biomass deconstruction, possibly
complementing the metabolism of the symbiotic fungus.

By analyzing the bacterial microbiomes from M. goeldii and At. sexdens rubropilosa, our
results reiterate the abundant presence of Pseudomonas, Pantoea, Enterobacter, and
Stenotrophomonas (Fig. 2). These genera were previously reported as the most abundant in
Attini ants’ fungus gardens,>*3>"0 and apparently, are important to the community structure.*? It
was surprising to find out that the genus Dysgonomonas (which was reported in environments
with high lignocellulosic content)’"® seems to be highly abundant in M. goeldii microbiome
(Fig. 2). Besides, some of the genera relatively abundant found in both metagenomes as
Pseudomonas, Burkholderia, Achromobacter, Comamonas, Sphingobium, and Acinetobacter,
have shown the ability to break down lignin components.’"

Bacterial communities from fungus-growing systems have a highly similar functional
profile (Fig. 1E, Fig. 4, and Fig. 5), which could reflect similarities in niche conditions of the
fungicultural environment. Host-niche conditions are determined by interaction of many factors,
which in turn influence bacterial communities structure and function. For mammalian hosts, even
though the community composition is widely defined by host diet,”®"® a considerable variation is
correlated with host phylogeny.”®8 Thus, diet and host phylogeny differently impact the
dynamics defining the animal gut bacterial community.8-82 Insect gut microbial communities can
be influenced by diet, pH, environmental factors, life stage and specificity to the host. Although
host diet and taxonomy are variables that most contribute to gut community composition, the
influence of these factors is not alike across insects guilds.8! For hymenopteran and termite gut
microbial community structure, host phylogeny seems to have a stronger influence, while diet
has higher impact in structuring microbial communities from insects which feed on
lignocellulose-derived material.* Therefore, given the central role that lignocellulose has in
fungiculture systems,*? it seems plausible to assume that the high lignocellulosic content in these
environments could shape the community structure (Fig. 2) and drive the functional convergence
to some extent, 8384

Host-associated microbiomes are structurally and functionally adaptable to shifts on the
available nutritional resources.®>®" The human gut microbiota show a remarkable difference
between plant-based (fiber-rich) and animal-based diets.®® A plant-based diet (rich in starch,

fiber, plant polysaccharides, and nonanimal proteins) enriched the microbiota for Bacterioidetes
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and depleted for Firmicutes, and exclusively exhibited the genera Prevotella, Xylanibacter
(Bacterioidetes) and Treponema (Spirochaetes) when compared to low-fiber diet. The particular
composition of these microbiomes could represent a response to long-term high fiber intake, as a
way to optimize the energetic metabolism derived from plant polysaccharides.®® In fact,
humanized mice that fed on diet depleted in complex carbohydrates had quick and evident
reduction in microbiota diversity, impacting the dynamics of host-microbiota interactions.?® Also
for insect gut microbiota, diet variability and complexity influence the composition and diversity
of microbiomes.®® In lignocellulosic diets varying in content, fiber-richer diets resulted in
dominance of Firmicutes in cockroach gut microbiota,® and in the prevalence of Spirochaetes in
cotton weevil gut microbiota.®® Functionally flexible microbial communities that could adapt the
functional profile in response to diet possibly have enlarged host dietary flexibility.®® The impact
of short-term diet shifts in the microbiota structure suggest that a long-term plant biomass intake
could favor a bacterial community that optimally utilize plant material. In some way, the
microbiota could have coevolved with the host and its diet, optimizing the energetic metabolism
derived from plant polysaccharides which are indigestible to the host.® For that reason, the
intake of lignocellulosic substrates in a long-term scale could be a selective force determining the
bacterial community structure and functional repertoire in fungiculture systems.

Lignocellulose intake selecting for a microbiota which optimally explore plant biomass
could explain microbiomes from insect fungiculture and herbivorous insects’ gut sharing a large
degree of their functional profile (Fig 4). This indicates that communities from environments
enriched in lignocellulose contents could be metabolically similar, especially for carbohydrates,
amino acids, and aromatic compounds metabolic pathways (Fig 5). Lignocellulose-enriched
environments could represent a similar set of available nutritional resources, that in turn could
reflect similarities in the microbiota functional profile. A considerable amount of carbon and
energy are derived from the metabolism of carbohydrates. The “microbiota-accessible
carbohydrates” include those that the host’s organism cannot directly degrade, but are
metabolized the host microbiota.®® These carbohydrates have a wide range of chemical
composition, solubility, and complexity, representing vast possibilities of ecological niches for
those components of the microbiota which codify specific enzymes for carbohydrates
degradation, as glycoside hydrolases and polysaccharide lyases (Fig 1E).6% Similarities in

carbohydrate metabolism capacity of microbiomes from insect fungiculture and insects’ gut (Fig
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4D and Fig 5C) suggest that these different herbivorous systems have a similar intake of
carbohydrates accessible to the bacterial community.

Besides carbohydrates metabolism, microbiomes from insect fungiculture and insects’
gut are functionally similar for amino acids, cofactors, vitamins, and aromatic compounds (Fig
5), suggesting that the microbiota from these different herbivorous systems potentially synthesize
nutrients, digest recalcitrant plant polymers, and neutralize plant toxins.*® It is interesting to
point out the similarity in the metabolism of aromatic compounds (Fig 5E and Fig S5). This
could indicate that the microbiota takes part on the degradation of lignin-derived components®
and detoxification of compounds employed in plant chemical defense,® both fundamental for
allowing the use of plant tissues as food sources.

Despite the notable functional similarity, microbiomes from insect fungiculture and
herbivorous insects’ gut are structurally different at bacterial class-level composition, possibly
reflecting the microbiota phylogenetic distribution (Fig 6). Also, it is worthy to notice the
remarkable functional and taxonomic similarities in microbiomes associated with fungus-
growing insects. The functional and taxonomic similarities become even more noticeable when
considering the wide geographic distribution of the microbiomes analyzed, which we further
expanded in this study. These evidences not only reinforce the taxonomic convergence,*? but
also point to functional convergence in fungiculture associated microbiomes. These convergent
microbiomes are possibly an outcome of several selective evolutionary forces, mainly the
lignocellulose intake and the metabolic activity of the symbiotic fungus. The breakdown of
lignocellulose components was demonstrated for the fungal symbiont of fungus-growing
ants, 634939 fungus-growing-termites,"%97 ambrosia beetles,*® and bark beetles.?®° The fungal
symbiont metabolic activity over plant biomass could provide specific sets of available
nutritional resources, determining metabolic niches for the bacterial community. Moreover, we
found further evidence for bacterial communities participating in plant biomass deconstruction
(Fig 1E, Fig 4 and Fig 5), possibly integrating and/or complementing the symbiont fungus
metabolism.3+3%92 Convergent interactions® between the bacterial microbiota and the cultivated
fungi could contribute for a maximized lignocellulose degradation, suggesting that fungicultures

comprise an efficient system for nutrient cycling.
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Figure legends

Fig 1 — Fungus-growing insects. A schematic illustration of insects fungiculture systems. A)
Lower attines (illustration based on Mycocepurus goeldii) forage for flower parts, seeds, wood
fragments, plant debris, arthropods feces and carcasses to cultivate basidiomycete fungal
symbionts.12192022 BY Higher attines (illustration based on Atta cephalotes) cultivate a fungal
symbiont which produces swollen hyphae, containing nutrients, named gongylidia, from which
all ant larvae and most of adult ants feed on.'222-24 C) Ambrosia beetles (illustration based on
Xyleborus affinis) cultivate their fungal symbiont within tunnel systems — also known as galleries
— in the xylem of trees. The fungal symbiont is the sole nutritional source for larvae and
adults.®2>2" For bark beetles, the main nutritional source is phloem, and the benefits from the
association with fungi are not completely clear.?” D) In fungus-growing termites’ colonies
(illustration based on Odontotermes formosanus), younger workers ingest plant substrate which
is fragmented and mixed with Termitomyces spores, resulting in the substrate known as fresh
fungus combs. Termitomyces hyphae grow within the comb depleting plant biomass, ultimately
becoming the mature comb which is consumed by older workers.3*3! E) Composition of
CAZymes in microbiomes from fungus-growing insects. Simplified phylogeny of insect orders
based on the reported by Misof et al.1% Bars show the distribution in standardized abundance of
CAZy family members across different fungiculture systems. Labeled in green: fungus growing
termites fungiculture. Labeled in light blue: lower Attini fungiculture. Labeled in dark blue:
higher Attini fungiculture. Labeled in brown: ambrosia beetle fungiculture. Labeled in orange:
bark beetle fungiculture. GH: glycoside hydrolases; GT: glycoside transferases; AA: auxiliary
activities; CE: carbohydrate esterase, CBM: carbohydrate-binding modules, PL: polysaccharide
lyases.

Fig 2 — Taxonomic structure of bacterial communities from Mycocepurus goeldii and Atta
sexdens rubropilosa fungus gardens. A) Bacterial genera were predicted through taxonomic
assignment of protein coding genes of both metagenomes, and were used to (B) estimate
diversity indices and the number of genera shared (Venn diagram).

Fig 3 — Functional profile of bacterial communities from Mycocepurus goeldii and Atta
sexdens rubropilosa fungus gardens. Functions were grouped per their known role in metabolic
interactions and reactions. Functions in black indicate no significant differences between
communities (Fisher’s exact test with Bonferroni correction, P >0.05). Functions in red text
indicate significant differences (Fisher’s exact test with Bonferroni correction, P <0.05).

Fig. 4 — Functional similarity of bacterial communities from insects fungiculture and
insects gut. Non-metric multidimensional scaling (NMDS) ordination was based on Correlation
distances, using the standardized abundance of protein-coding genes annotated with: A) Pfam;
B) COG; C) KO, and D) CAZy. E) The class-level microbiota composition ordination was
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estimated using the standardized abundance of protein-coding genes taxonomic-assigned to Class
level. All ANOSIM P values were significant (P<0.05, corrected P values). R values are usually
between 0 and 1; lower values mean that the two groups evaluated are not significantly different,
while higher values represent significant differences between the two groups. Samples indicated
with an arrow were assembled and annotated in this study.

Fig. 5 — Microbiomes from fungiculture systems and insects gut exhibit similarities in
several metabolic pathways. A) Standardized abundance of genes classified through KEGG
pathways as related to carbohydrates metabolism, amino acids metabolism, energy metabolism,
lipids metabolism, cofactors and vitamins metabolism, and aromatic compounds metabolism.
Non-metric multidimensional scaling (NMDS) ordination was based on Correlation distances
for: B) All KEGG pathways; C) Carbohydrates metabolism; D) Lipids metabolism; E) Aromatic
compounds metabolism; F) Energy metabolism; G) Amino acids metabolism; H) Cofactors and
vitamins metabolism. All ANOSIM P values were significant (P<0.05, corrected P values). R
values fall usually between 0 and 1; lower values mean that the two groups evaluated are not
significantly different, while higher values represent significant differences between the two
groups. Samples indicated with an arrow were assembled and annotated in this study.

Fig. 6 — Phylogeny inference and class-level microbiota composition. Phylogenetic
reconstructions were carried out through alignment-free k-mer based approach (k-mer length=
23). The standardized relative abundances of bacterial classes were estimated using taxonomic
assigned protein-coding genes. Colors in the phylogenetic tree represent the groups: lower Attini
(light blue), higher Attini (dark blue), fungus growing termite (light green), ambrosia and bark
beetles (orange), soil (gray), Passalidae beetle gut (brown), termite gut (dark green), honey bee

gut (purple).
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Table and Figures

Table 1 — Summary of assembling and annotation statistics of the community metagenomes
from fungus gardens of two Attini ants.

Number of contigs

Size of assembled data (Mbp)
Mean contig length (bp)!
Largest contig (kbp) *

Mean GC content

N50 contig size (bp)*
Contigs > 100 kbp

Number of annotated sequences

Protein coding genes
COG annotation (%)
Pfam annotation (%)
KO annotation (%)

M. goeldii

267 959
364.1
1358.97
1040.6
49.45+12.58 %
4 324
229

151 313
395 806
62.62
67.82
44.03

KEGG Enzymes annotation (%) 23.60
1Quality and length of assembled contigs are considered good according to described by Ghurye et al.1®

A. sexdens rubropilosa

139 603
249.6
1788.20
716.7
57.53+8.14 %
5495
153
82170
269 449
75.17
76.45
54.32
26.73
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Supplemental material

Table S1- Microbiomes utilized in functional and taxonomic comparisons.

Classification Genome Name / Sample Name IMG Reference study
Genome ID
Lower Attini Apterostigma dentigerum (fungus garden) 2029527003 Aylward et al.*?
Lower Attini Mycocepurus goeldii (fungus garden) 3300009856 This study
Lower Attini Cyphomyrmex longiscapus (fungus garden) 2030936005 Aylward et al.*?
Higher Attini Trachymyrmex (fungus garden) 2084038018 Aylward et al.*?
Higher Attini Acromyrmex echinatior (fungus garden) 2035918000 Aylward et al.*?
Higher Attini Atta colombica (fungus garden top) 2029527005 Aylward et al.*?
Higher Attini Atta colombica (fungus garden bottom) 2029527006 Aylward et al.*?
Higher Attini Atta colombica (dump bottom) 2040502000 Aylward et al.*?
Higher Attini Atta colombica (dump top) 2038011000 Aylward et al.*?
Higher Attini Atta cephalotes (fungus garden) 2029527004 Aylward et al.*?
Higher Attini Atta sexdens rubropilosa (fungus garden) 3300009944  This study
Fungus-growing termites Macrotermes natalensis (fungus garden) 2065487014 Aylward et al.*?
Fungus-growing termites Macrotermes natalensis (worker) 2065487013 Aylward et al.*?
Ambrosia beetle Xyleborus affinis (adult) 2043231000 Aylward et al.*?
Ambrosia beetle Xyleborus affinis (gallery) 2084038008 Aylward et al.*?
Bark beetle Dendroctonus ponderosae (gallery) 2029527007 Aylward et al.*?
Bark beetle Dendroctonus ponderosae (adult) 2032320009 Aylward et al.*?
Bark beetle Dendroctonus ponderosae (adult) 2035918003 Aylward et al.*?
Bark beetle Dendroctonus frontalis (adult) 2044078006 Aylward et al.*?
Bark beetle Dendroctonus frontalis (gallery) 2044078007 Aylward et al.*?
Bark beetle Dendroctonus ponderosae (gallery) 2032320008 Aylward et al.*?
Termite gut Cubitermes ugandensis foregut (crop) 3300001474 Rossmassler et al.1%?
Termite gut Cubitermes ugandensis midgut 3300001468 Rossmassler et al.1%?



Termite gut Cubitermes ugandensis hindgut (P1 segment) 3300002185 Rossmassler et al.1%
Termite gut Nasutitermes corniger foregut (crop) 3300001542 Rossmassler et al.1%?
Termite gut Nasutitermes corniger (midgut) 3300001466 Rossmassler et al.1%?
Termite gut Nasutitermes corniger hindgut (P1 segment) 3300001541 Rossmassler et al.1%?
Termite gut Neocapritermes taracua hindgut (P1 segment) 3300002501 Rossmassler et al.1%
Termite gut Cornitermes sp. hindgut (P1 segment) 3300002552 Rossmassler et al.1%
Termite gut Termes hospes hindgut (P1 segment) 3300002508 Rossmassler et al.1%?
Termite gut Microcerotermes parvus hindgut (P3 segment) 3300002449 Rossmassler et al.1%?
Termite gut Termes hospes hindgut (P3 segment) 3300006226 Rossmassler et al.1%?
Termite gut Neocapritermes taracua hindgut (P3 segment) 3300006045 Rossmassler et al.1%
Termite gut Neocapritermes taracua hindgut (P4 segment) 3300002504 Rossmassler et al.1%
Termite gut Cornitermes sp. hindgut (P4 segment) 3300002834 Rossmassler et al.1%?
Termite gut Termes hospes hindgut (P4 segment, Th196) 3300002462 Rossmassler et al.1%?
Passalidae beetle gut Passalidae beetle (adult gut 2) 3300000097 Vargas-Asensio et al.1%
Passalidae beetle gut Passalidae beetle (larvae gut 3) 3300000114 Vargas-Asensio et al.1%
Passalidae beetle gut Passalidae beetle (larvae gut 1) 3300000062 Vargas-Asensio et al.1%
Passalidae beetle gut Passalidae beetle (larvae gut 2) 3300000839 Vargas-Asensio et al.1%®
Passalidae beetle gut Passalidae beetle (larvae gut 4) 3300000838 Vargas-Asensio et al.1%®
Passalidae beetle gut Passalidae beetle (gallery) 3300000036 Vargas-Asensio et al.1%®
Passalidae beetle gut Passalidae beetle (adult gut 1) 3300000836 Vargas-Asensio et al.1%®
Honey bee gut Honey bee gut (AZ) 3300005721 Engel et al.?%*

Honey bee gut Honey bee gut (CT) 3300000333 Engel et al.1%*

Soil Forest soil (Texas) 3300001143 Vanlnsberghe et al.1%
Soil Grasslands (California) 3300002886 Anantharaman et al %
Soil Prairies (Kansas) 2067725004 White et al.*”



Fig S1 — Bacterial enrichment protocol

1. Fungus gardens were collected from field colonies

Atta sexdens rubropilosa Mycocepurus goeldii
(leafcutter fungiculture) (lower fungiculture)
92.59 g of fungus garden  50.58 g of fungus garden

2. Sample preparation:

%—> >
—
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(1X PBS + 0.1% Tween 80) Incubation
Centrifugation A. sexdens rubropilosa: 6 days

M. goeldii: 10 days

Workers and brood removal (30 iites at40'%8)
Room temperature

——

‘_7 Bacterial pellet formation

3. Washing step:
3.1 Liquid phase

— — '
Filtration
Centrifugation Buffer removal
(30 minutes at 2800 xg)
The resulting pellet was
stored at 8 °C

3.3 Fungus garden 3.4 Final pellet
[l remaining. fongus; garden as Pellets resulting from the steps 3.1, 3.2 and 3.3.
transferred to another tube and washed in 555
from the same sample were joined and stored

fresh buffer, centrifuged and incubated

Centrifugation

(30 minutes at 40 xg)
Incubation
A. sexdens rubropilosa: 6 days
M. goeldii: 10 days
Room temperature

. The washing and incubation steps
3.2 Bacterial pellet were repeated three times
4. DNA extraction
DNA was extracted using PowerSoil
Ny DNA Isolation Kit (MoBio Laboratories)
Following these washing steps the fungus no . .
' garden was shaken for 3 minutes, filtered 5. Sequencing: Illumina HiSeq2000, 100 PE
The pellet was filtrated, centrifuged and centrifuged for 30 minutes at 2800 xg

and stored as described in item 3.1



Fig S2- Most abundant phyla in the bacterial community. Normalized abundance of taxonomic-
assigned protein coding genes. Differences between M. goeldii and At. sexdens estimated by

Fisher’s exact test (P<0.05).
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Fig S3- Genera represented in M. goeldii and At. sexdens microbiomes through alignment of the metagenomes with a 16S rDNA
database
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Fig S4- Taxonomic assignment of sequences > 100Kbp
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Fig S5- Supplemental Metagenomes from fungiculture and non-fungiculture systems with
distinct enzymatic profiles. The normalized abundance of KEGG annotated genes were
compared between fungiculture systems and non-fungiculture systems, and the enzymes with
significant differences were classified according to its metabolic role/pathway through MetaCyc.
Details about normalized abundances of each function within a specific metabolic pathway can be
found at Dataset S5.
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Dataset S1- Normalized abundance of predicted genes annotated with COG, Pfam, KO and KEGG
Enzymes were compared between the two communities. Available at:
https://www.dropbox.com/s/ad4adrezz4noe23d/Dataset S1_Atta Mycocepurus_Functions.xlsx?d
1=0

Dataset S2- Normalized abundance of genes annotated with COG, Pfam, KO, KEGG Enzymes,
and CAZy were compared between bacterial communities from lower attini and higher attini
fungus gardens. Available at:

https://www.dropbox.com/s/34mgvwruj7exik2/Dataset2 Lower_ Higher Attini_Functions.xIsx?
di=0

Dataset S3- Comparisons of the normalized abundance of CAZy annotated genes among fungus-
growing insects. Available at:

https://www.dropbox.com/s/7azpgxsm9y44k38/Dataset_ S3_CAZy families_distribution.xlsx?dl
=0

Dataset S4 - KEGG Enzymes functions significantly different (Kruskal-Wallis test with
Bonferroni correction, P<0.05) between fungiculture systems (metagenomes from Attini ants,
Macrotermitinae termites and Scolytinae beetles) and non-fungiculture systems (insects’ gut and
soil metagenomes). Available at:

https://www.dropbox.com/s/9s83n235ulluf7v/Dataset S4_Enzymes_Significant_Difference.xIsx
2d1=0

Dataset S5- KEGG Enzymes functions significantly different (Kruskal-Wallis test with
Bonferroni correction, P<0.05) classified according to metabolic pathways in the MetaCyc
database. Available at:

https://www.dropbox.com/s/dtdg87fahcd8xa9/Dataset S5 Enzymes_Classification.xlsx?dl=0

Dataset S6- Relative abundance (normalized data) of bacterial class in fungiculture and non-
fungiculture metagenomes. Bacterial class were predicted from taxonomic assignment of
protein-coding genes. Bacterial class with relative abundance <0.05% were designed as "others".
Available at:
https://www.dropbox.com/s/ii2z8ckx8d8r2fe/Dataset_S6_Class_Distribution_Percentage.xIsx?dl
=0
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