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Abstract

Termites are amongst the most abundant terrestrial animals on earth, primarily due to their
ability to digest lignocellulose, the most abundant organic molecule. Lignocellulose is broken
down in the termite gut with the help of symbiotic microbes, including protists, archaea, and
bacteria. Studies using fragments of the 16S ribosomal RNA gene have shown that termites and
their gut bacteria have had a complex coevolutionary history. In addition, the bacterial
communities found in termite guts vary with termite diet. Up to now, studies have been focusing
on termite species that are easy to sample or have a pest status. This sampling bias against early-
evolving termite lineages and lineages feeding on substrates other than wood preclude a global
understanding of the evolutionary history of termites and their gut microbes. To fill this gap, I
sequenced whole gut metagenomes of 201 termite samples and one sample of a species of
Cryptocercus, the cockroach genus sister to termites. The samples were selected from across
the termite tree of life and represent termite phylogenetic and dietary diversity. My thesis
showcases that (i) the gut microbiome of all termites possess similar genes for carbohydrate
breakdown and other metabolic pathways involved in the digestion of carbohydrates. The
proportion of these genes vary with termite phylogeny and diet. Still, the acquisition of a soil
diet from a wood-feeding ancestor was accompanied by changes in gene abundance rather than
by the acquisition of new genes and pathways. Using ten single-copy protein-coding marker
gene sequences, (i1) I studied the pattern of coevolution between termites and their gut bacteria.
Significant cophylogenetic signals with termites were found for tens of gut bacterial lineages
that were either acquired by the common ancestor of all termites or by specific termite lineages.
Finally, (iii) [ investigated the role of horizontal gene transfer on the acquisition of carbohydrate
metabolizing gene families by the termite gut microbes. I found gene family-specific transfers
from the environment and from bacteria belonging to lineages present in the termite gut,
suggesting that horizontal gene transfer events are common among bacteria of termite guts.
Overall, my Ph.D. thesis sheds new light on how the gut microbiome has coevolved with its
termite hosts since the inception of this nutritional symbiosis, some 150 million years ago.
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Introduction section

Insects are the most diverse animal group on earth (Basset et al. 2012). They have adapted to
most terrestrial ecosystems and have experienced exceptional ecological diversification since
their crustacean ancestor colonized lands over 400 million years ago (Engel and Grimaldi 2004;
Misof et al. 2014). Their ecological success is partly due to the many associations they have
established with the microbes they host in their gut (Felton et al. 2018).

Gut bacteria have been shown to contribute to host immunity (Lemaitre and Hoffmann 2007),
nutrition (Khan and Ahmad 2018), and development (Chouaia et al. 2012). Many insects acquire
their gut symbionts from the environment through horizontal transfers. For example, the bean
bug Riptortus pedestris acquires its symbiont, Burkholderia, from the soil every generation.
However, R. pedestris is not dependent on Burkholderia to reach adulthood (Kikuchi et al. 2005;
Kikuchi et al. 2007). Alternatively, some gut symbionts are heritable and vertically transmitted
from parents to offspring. The most intricate symbiosis generally relies on vertical transfers,
which allows the establishment of stable relationships over extended evolutionary time scales
(Engel and Moran 2013; Vavre and Kremer 2014; Groussin et al. 2020). For example, plataspid
stinkbugs inherit vertically their endosymbiont, a y-Proteobacteria, via capsule transfer. The
symbionts-rich capsule is deposited by the mother onto the egg mass and is orally ingested by
the hatchling, helping with host development and contributing to reproductive fitness
(Hosokawa et al. 2006). Multiple other mechanisms can also lead to the vertical transfer of gut
bacteria. These mechanisms include, among others, the transfer of gut bacteria-rich tubules from
the mother to the egg surface (Kikuchi et al. 2009), the transfer of midgut bacteria into the
oocyte cytoplasm leading to trans-generational transfer during oogenesis (Kuechler et al. 2011),
and the consumption of parent’s excrement, a phenomenon referred to as proctophagy (Buchner
1965). In social insects, gut symbionts can be passed among individuals by social interactions.
For example, the young honeybees Apis mellifera acquire their bacterial symbionts from the
fecal fluid of adult workers after emergence (Martinson et al. 2012; Kwong and Moran 2016).
Similarly, some species of ants, such as, the herbivorous ants of the Cephalotini tribe, practice
proctodeal (anus-to-mouth) trophallaxis among nestmates (Anderson et al. 2012; Lukasik et al.
2017; Hu et al. 2018). Termites can acquire their gut microbes vertically through proctodeal
trophallaxis (Nalepa 2017; Michaud et al. 2020) or horizontally from their diet (Mikaelyan et
al. 2015a; Mikaelyan et al. 2017a). Many gut bacterial clades are specific to termites. These
clades are shared among phylogenetically divergent termite lineages and are also present in
Cryptocercus, the sub-social wood-feeding cockroach sister of termites (Dietrich et al. 2014;
Bourguignon et al. 2018). These characteristics make termites a unique model to study the role
of factors such as host phylogenetic distance and diet on gut microbial taxonomic composition
and function. In addition, termites host specific microbial communities (Hongoh et al. 2005;
Dietrich et al. 2014; Bourguignon et al. 2018) whose members might exchange some genes
through horizontal gene transfers (Ottesen and Leadbetter 2011; Ikeda-Ohtsubo et al. 2016;
Tokuda et al. 2018). This process might allow the acquisition of new gene families by various
gut bacterial clade, and have an adaptative value for the termite host, shaping the evolution of
the gut environment.

Termite as a model system to study the gut microbiome
Termites are the oldest social insect lineage (Legendre et al. 2015). They descend from a
cockroach ancestor (Lo et al. 2000a) and diverged from their sister group, Cryptocercus, a genus
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of subsocial wood-feeding cockroaches, some 170 million years ago (Ma) (Bourguignon et al.
2015). The most recent common ancestor of termites was estimated to have evolved 149 Ma
(Bourguignon et al. 2015; Bucek et al. 2019). Traditionally, termites are classified into two
major groups: the paraphyletic lower termites and the monophyletic higher termites. Lower
termites comprise the basal lineages of termites, which are associated with flagellates living in
their gut that assist their host in wood digestion (Brune 2014). Lower termites also host diverse
communities of bacteria in their gut that also participate to wood digestion, complementing the
gut flagellates (Ohkuma and Brune 2011; Brune 2014). Phylogenetic analyses of termites, using
mitochondrial genomes and transcriptomes, retrieved Mastotermitidae as the first diverging
family sister of all other termites, and Rhinotermitidae as the apical family of lower termites,
within which the higher termites are nested (Bourguignon et al. 2015; Bucek et al. 2019). The
higher termites consist of a single termite family, the Termitidae, which makes up about 70%
of all described termite species (Bourguignon et al. 2017). The oldest Termitidae fossils are
dated to early Eocene, 50 Ma (Engel et al. 2011), and modern Termitidae subfamilies diversified
35-23 Ma (Bourguignon et al. 2017). All Termitidae lost flagellate symbionts and established
new associations to digest plant-derived organic matter (Brune and Dietrich 2015). The early
diverging higher termite lineages developed fungiculture (subfamily Macrotermitinae) and
bactericulture (subfamily Sphaerotermitinae) (Garnier-Sillam et al. 1989; Rouland-Lefévre et
al. 2006). These fungi and bacteria are not part of the gut microbiota but are cultivated within
the nest, helping termites to digest plant matter. The other subfamilies of higher termites are not
associated with fungal or bacterial gardens and depend solely on gut prokaryotes to process
their food. They specialized to feed on new dietary resources, such as soil, grass, lichens, wood,
and leaf litter. This dietary diversification contributed to the ecological and evolutionary success
of Termitidae, which became one of the dominant organic matter decomposers in tropical and
subtropical terrestrial ecosystems (Bourguignon et al. 2017).

The lignocellulose in the plant matter is made up of three major components, cellulose (38-
50%), hemicellulose (23-32%), and lignin (15-25%) (Béguin 1990). The mastication of the
plant matter by mandibles reduce wood into smaller fragments and initiates the plant matter
digestion in termite guts (Muegge et al. 2011). These wood particles enter into the digestive
tract where the cellulose is hydrolyzed by the host enzymes secreted by the salivary glands in
lower termites or by the midgut epithelium in higher termites (Watanabe et al. 1998; Tokuda et
al. 2004). Although digestion begins in the early sections of the gut, the major part of the
digestion process occurs in the hindgut and is performed by gut microbes (Figure 1). The
hindgut is also the location in the gut where nutrient absorption by the host takes place (Breznak
and Brune 1994). The hindgut has been estimated to harbor ~10® viable cells per micro liter of
hindgut fluid (Schultz and Breznak 1978). These microbial communities include more than
1,000 species-level operational taxonomic units (OTUs) of bacteria and archaea and, in all lower
termites, an assemblage of flagellate protists (Hongoh 2011; Brune 2014; Dietrich et al. 2014).
Consisting of multiple interacting partners, the termite gut microbiome is largely stable and is
composed of many bacterial phylotypes that are shared by related termite lineages (Hongoh et
al. 2005; Dietrich et al. 2014; Bourguignon et al. 2018). For example, the Spirochetes genus
Treponema la forms a monophyletic termite-specific cluster (Bourguignon et al. 2018; Song et
al. 2021) sister to sequences found in other environments, and the relative abundance of
Ruminococcaceae and Porphyromonadaceae mirror the termite host tree (Dietrich et al. 2014;
Abdul Rahman et al. 2015). These similarities among bacterial communities of related termite
species are largely maintained by vertical transfers, which, in termites, are most likely



performed by proctodeal trophallaxis among nestmates, allowing inheritance of gut microbes
across generations of the termite hosts (Nalepa 2017; Michaud et al. 2020). Despite the
preponderance of vertical transfer of bacterial communities, termites also host bacteria acquired
from their environment. For example, lab-reared colonies of Hodotermes mossambicus have a
colony-specific gut microbial signature, possibly used for nestmate recognition (Minkley et al.
2006). Diet has also emerged as a major contributor to gut microbiome diversity. For example,
the genera of Nasutitermitinae and Termitinae feeding on a cellulose-rich diet have a higher
abundance of Spirochaetota and Fibrobacteriota phyla than the genera feeding on soil
(Warnecke et al. 2007; Kohler et al. 2012; Mikaelyan et al. 2015a). In contrast, soil-feeding
lineages host many Firmicutes (Thongaram et al. 2005; He et al. 2013), which have an OTU-
level richness three to five times higher than wood-feeding lineages (He et al. 2013;
Marynowska et al. 2020). The gut microbial communities of the fungus-cultivating
Macrotermitinae, on the other hand, are dominated by Bacteroidetes and Firmicutes, two phyla
that are generally dominant in the gut of omnivorous animals (Figurel; Dietrich et al. 2014;
Bourguignon et al. 2018).

The successful symbiosis established with gut microbes has enabled termites to digest
lignocellulose from different types of plant matter (Bignell and Eggleton 1995). The functional
characterization of the digestion process by the gut microbiome has been performed using
culture-based studies (Breznak and Switzer 1986; Leadbetter et al. 1998; Graber et al. 2004;
Song et al. 2021), gene-expression analysis (Liu et al. 2018; Tokuda et al. 2018; Liu et al. 2019),
and culture-independent sequencing such as metagenomics and metatranscriptomics surveys.
These different methods showcase the functional potential of gut microbes in different aspects
of lignocellulose digestion process. The gut microbes produce cellobiohydrolases,
endoglucanases, B-glucosidases, and hemicellulases, a consortium of enzymes that act together
to efficiently digest the plant matter (Warnecke et al. 2007; He et al. 2013; Poulsen et al. 2014;
Marynowska et al. 2020). The cleavage of cellulose and hemicellulose into monomeric
carbohydrates releases H», which is utilized by microbes performing various metabolic
functions. These key functions include sulfate reduction, reductive acetogenesis, and
methanogenesis, that generate short-chain fatty acids such as acetyl-CoA, acetate, and methane
and provide energy to the host (Pester and Brune 2006; Brune and Ohkuma 2011; Brune 2014).
The lignocellulose in the plant matter is poor in nitrogen and contains a low amount of amino
acids and vitamins (Brune and Ohkuma 2011). Termite gut microbes compensate for the
nitrogen deficiency by fixing atmospheric nitrogen, recycling nitrogen, and metabolically
converting nitrogenous waste products into amino acids (Hongoh and Ohkuma 2010; Hongoh
2011; Ohkuma et al. 2015).

Functional analyses of the termite gut microbiome have been carried out for an increasingly
large number of termite species (Warnecke et al. 2007; He et al. 2013; Liu et al. 2018; Tokuda
et al. 2018; Hervé et al. 2020; Marynowska et al. 2020). But there has been a marked sampling
bias towards wood-feeding termite species and species with pest status. The function and
taxonomy of the gut microbial communities of termite lineages belonging to early diverging
wood-feeding families and lineages with soil-feeding habits have not been carefully examined
yet. There is insufficient data to determine the role of ecological factors such as diet and host
evolutionary history on gut microbial functions. The mode of acquisition of gut microbes across
different termite lineages and dietary habits, the duration of the coevolution with the host, and
the frequency of horizontal transfers among the termite-specific microbial taxa remain largely
unknown and should be examined in more details. This Ph.D. thesis aims to address these



questions through shotgun metagenome sequencing of the whole guts of 201 termite samples
and one sample of the sister group of termites, the cockroach Cryptocercus. My thesis provides
new data on the gut microbiome of previously understudied lower termite lineages, such as the
families Stolotermitidae, Serritermitidae, and Rhinotermitidae, and higher termite sub-families,
such as Termitinae, Foraminitermitinae, and Apicotermitinae. These newly sequenced termite
samples are representative of the termite phylogenetic and dietary diversity that evolved since
termites came to be some 150 million years ago. Our sequencing dataset provides an opportunity
to generate a global synthesis of the dynamics of termite gut microbial communities at
geological timescales. Our dataset also provides the opportunity to examine the role of
ecological and evolutionary forces acting on termite gut microbial communities. In my chapter
one, I will provide a global picture of gut microbial composition and their lignocellulose
degradation ability. I annotated microbial genes from metagenome contigs and metagenome-
assembled genomes (MAGs) to reconstruct the metabolic potential of microbial taxa present in
the gut of termite species sampled across the termite tree of life. I analyzed the extent to which
the termite phylogenetic history and dietary habits determine the relative abundance of the
lignocellulose digesting genes and the microbes encoding these genes. The changes in the
taxonomy and function of termite gut microbes during two significant events in termite history,
the loss of flagellates in higher termites and the acquisition of a soil diet from wood-feeding
ancestors, were also examined in detail.

In chapter two, to complement my efforts to characterize termite gut microbial composition
across termite lineages and dietary habits, I investigated how long the gut microbes have been
associated with the host. To do so, I extracted ten single-copy protein-coding marker genes from
the 201 termite gut metagenome assemblies I generated. I use these marker gene sequences and
homologous sequences obtained from non-termite-gut environment to produce individual
marker gene phylogenetic trees. I found a series of termite-specific monophyletic clusters nested
within lineages composed of sequences derived from environments other than termite guts.
These phylogenetic clusters were examined for coevolution with the termite host. The
phylogenies of these termite-specific microbial clusters were reviewed to determine whether
they were acquired by the common ancestor of all modern termites, by termites sharing a
specific diet, or by specific termite lineages. These analyses were performed on ten protein-
coding marker genes occuring as a single copy in bacterial and archaeal genomes, providing a
better phylogenetic resolution than the 16S ribosomal RNA gene (Sunagawa et al. 2013; Lan
et al. 2016).

In chapter three, I inspected horizontal transfers among bacteria of gene families involved in
cellulose, hemicellulose and chitin digestion using MAGs. MAG annotation was based on
concatenated single-copy protein sequences (Chen et al. 2020) known not to be subject to
horizontal gene transfers. Specifically, seven glycosyl hydrolase gene families and four sub-
families that were shown in chapter one to significantly coevolve with the termite host were
chosen for phylogenetic inferences. The phylogenetic trees of these gene families were
compared with the phylogenetic tree of MAGs in order to identify putative horizotal transfers.
These analyses sheds light on the evolutionary history of microbial gene families present in the
guts of termites.

Finally, in the concluding chapter, I summarize the findings of this thesis and discuss its
contribution to our understanding of the evolution of gut microbial composition and function
during the 150 million years of termite evolution.
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Figure A. 1- Termite gut microbiota composition and functions. (a) Phylum-level
distribution of gut microbes in termite species representing major host groups (w, wood-
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Chapter one- The functional evolution of termite gut microbes

Introduction

The gut of most animals is colonized by diverse communities of microbes. The human gut
microbiome has received considerable attention because of its link to diseases and aging
(Sommer and Béackhed 2013; Kundu et al. 2017). As is the case for humans, the gut microbiome
of many animals has positive effects on host fitness (Moran et al. 2019) , and in some extreme
cases, like that for termites, gut microbes have a dominant role in host nutrition (Brune 2014;
Brune and Dietrich 2015).

Termites are one of the few animal lineages feeding on substrates distributed along the wood-
soil decomposition gradient (Donovan et al. 2001; Bourguignon et al. 2011). Although termites
produce their own endogenous cellulases (Watanabe et al. 1998; Tokuda et al. 2004), their
ability to decompose wood or soil organic matter largely depends on symbiosis with mutualistic
gut microbes (Watanabe and Tokuda 2010; Brune and Ohkuma 2011), including bacteria,
archaea and, in the case of lower termites, cellulolytic flagellates. The cellulolytic flagellates of
termites are typically found nowhere else other than in termite guts and are efficiently
transmitted across host generations (Nalepa 2017; Michaud et al. 2020). Similarly, many of the
prokaryotes present in termite guts are found nowhere else in nature (Bourguignon et al. 2018;
Hervé et al. 2020). Their vertical mode of inheritance is supported by the observations that
differences among termite gut prokaryotic and protist communities tend to increase as
phylogenetic distances among termite hosts increase (Abdul Rahman et al. 2015; Tai et al. 2015).
In addition, the diet of the termite host, which largely correlates with the termite phylogeny
(Bourguignon et al. 2011), also shapes the termite gut microbial communities (Dietrich et al.
2014; Mikaelyan et al. 2015a). This phylosymbiotic pattern observed between gut microbial
communities and their hosts is not unique to termites, and is shared with many other groups of
animals (Brooks et al. 2016; Lim and Bordenstein 2020). Whether the termite phylogeny is
recapitulated by gut microbial functions, as it is recapitulated by the taxonomic composition of
microbial communities, remains unknown.

Investigations of termite gut microbe genomes has revealed that, in addition to the production
of enzymes involved in lignocellulose digestion, gut microbes have numerous nutritional
functions, including nitrogen fixation and recycling abilities that supplement the nitrogen-poor
diet of their host (Lilburn et al. 2001; Yamada et al. 2007; Hongoh et al. 2008; Ohkuma and
Brune 2011). While metagenomics and metatranscriptomics surveys of termite guts have been
carried out for an increasingly large number of termite species (Warnecke et al. 2007; He et al.
2013; Liu et al. 2018; Tokuda et al. 2018; Marynowska et al. 2020), often with the prospect of
harvesting cellulolytic enzymes able to convert plant biomass into biofuel (e.g. Tartar et al.,
2009; Calusinska et al., 2020), there has been a marked sampling bias towards easy-to-sample
wood-feeding termite species, and species with pest status. Far less is known about the function
and taxonomy of the gut prokaryotic communities of other termite lineages, such as basal wood-
feeding lineages, or lineages with soil-feeding habits (Hervé et al. 2020). Because of this gap in
our knowledge, it remains largely unclear how the taxonomy and function of gut microbiome
has been evolving since termites and Cryptocercus diverged >150 Million years ago
(Bourguignon et al. 2015; Bucek et al. 2019). Similarly, how the acquisition of a diet based on
soil has affected the taxonomy and function of gut microbial communities remains an open
question. A metagenomics survey based on a comprehensive sampling of termites is required
to answer these questions.



In this study, we sequenced whole gut metagenomes of 146 species representatives of the
phylogenetic and ecological diversity of termites, including many lineages that have remained
undocumented. We used the assembled prokaryotic contigs of this dataset, the largest of its kind,
to determine (1) when important gut prokaryotic pathways involved in nutritional functions
were acquired by termites and Cryptocercus; (2) to which extent termite phylogeny is predictive
of gut prokaryote taxonomic and functional composition; and (3) the taxonomic and functional
changes experienced by gut prokaryote communities following the acquisition of a diet of soil.

Material and methods

Sample collection

We collected a total 145 termite samples and one sample of the cockroach Cryptocercus
kyebangensis (Table S1.1, Figure S1.1). These samples were representative of the global termite
diversity. All samples were preserved in RNA-later®, shipped to Okinawa, and stored at -80°C
until DNA extraction.

DNA extraction and sequencing

Genomic DNA extraction was performed on the whole guts of five workers using the
NucleoSpin Soil kit (Macherey-Nagel) according to manufacturer’s protocol. Library
preparation was performed using the KAPA Hyperplus Kit, which is based on a unique dual tag
indexing approach that minimizes the effects of index hopping. Libraries were either PE250-
sequenced on the [llumina HiSeq2500 platform or PE150-sequenced on the Illumina HiSeq4000
platform (Table S1.1).

Data filtering and assembly of metagenomic reads

Raw reads were filtered based on their quality. Reads with average Phred quality score below
30 were removed using Trimmomatic v 0.33 (Bolger et al. 2014). The “SLIDINGWINDOW”
was set to “4:30” to trim low quality bases (Phred quality score below 30) from the 3° end of
the reads. We removed the 16 base pairs at the 5’ end of each read using the “HEADCROP”
option because we observed over-represented k-mers in this region of the reads. Reads shorter
than 50bps were removed.

The quality-controlled reads were assembled into contigs using SPAdes v 3.11.1 (Nurk et al.
2017) with the “meta” option and k-mer sizes of 21, 31, 41, 51, 71. The assembly quality was
checked using the “metaquast” option of QUAST v 3.1 (Quality Assessment for Genome
Assemblies) based on weighted median contig size (N50) (Gurevich et al. 2013) and percent of
reads mapped to the contigs (Langmead and Salzberg 2012; Papudeshi et al. 2017). Only the
reads mapped to prokaryotic contigs were examined in this study (see the taxonomic annotation
and functional annotation sections below).

Termite phylogenetic tree reconstruction

We build a phylogenetic tree of termites using mitochondrial genomes retrieved from
metagenome assemblies. Mitochondrial contigs derived from termites were identified using
BLAST search (sequence length >5000 and percent identity >90) (Altschul et al. 1990) against
previously published whole mitochondrial genomes of termites (Bourguignon et al. 2015;
Bourguignon et al. 2016; Bourguignon et al. 2017; Wang et al. 2019). Mitochondrial genomes
were complete, or near-complete, in most cases. Each contig derived from mitochondrial
genomes was annotated using the MITOS webserver (Bernt et al. 2013). The 13 protein-coding
genes, two TRNA genes, and 22 tRNA genes were aligned with MAFFT v 7.305 (Katoh et al.
2002) using default settings. The alignments were concatenated and the third codon position of
protein-coding genes was removed. The dataset was partitioned into four subsets: one for the
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first codon position of protein-coding genes, one for the second codon position of protein-
coding genes, one for the two rRNA genes, and one for the 22 tRNA genes. A Bayesian
phylogenetic tree was generated using BEAST v 2.4.8 (Suchard et al. 2018). We used an
uncorrelated relaxed lognormal clock model (Drummond et al. 2006), and a Birth Death
speciation process as tree prior (Gernhard 2008). The molecular clock was calibrated using nine
fossil calibrations used by Bucek et al., (2019) (Table S1.19). The fossil calibrations were
implemented as exponential priors on node times. Because transcriptome-based phylogenies
unambiguously support the monophyly of Sphaerotermitinae and Macrotermitinae (Bucek et al.
2019) (unlike mitochondrial genome-based phylogenies; Bourguignon et al., 2017), we
constrained Sphaerotermitinae + Macrotermitinae to be monophyletic. Similarly, we
constrained non-Stylotermitidae Neoisoptera to form a monophyletic group. The MCMC chain
was sampled every 1000 steps over a total of 0.4 billion generations. The convergence of the
chain was assessed using Tracer v 1.7.1 (Rambaut et al. 2018), and the initial 10 percent was
discarded. We carried out two replicate MCMC runs to ensure convergence of the chain.

Reconstruction of Metagenome Assembled Genomes

We reconstructed Metagenome Assembled Genomes (MAGs) from metagenomes contigs using
CONCOCT v 0.4.0 (Alneberg et al. 2014) implemented in the metawrap software v 0.9
(Uritskiy et al. 2018) with default parameters. MAG quality checking, based on 43 single-copy
marker genes (Table S1.9), was performed with CheckM v 1.0.11 (Parks et al. 2015). High-
quality MAGs, medium-quality MAGs, and low-quality MAGs with upward of 30%
completeness and downward of 10% contamination were retained (Table S1.9) (Bowers et al.
2017). We retained low-quality MAGs that were at least 30% complete because, in some cases,
they were endowed with complete pathways. Despite having fewer single-copy marker genes,
65.35% of these MAGs possessed more than 10 transfer RNA genes (tRNA) and 17.54% had
at least one of the three ribosomal RNA genes (rRNA). All MAGs that did not meet these criteria
were discarded. In addition, we discarded MAGs with obvious mismatches among marker genes.
To identify these MAGs, we built Maximum Likelihood phylogenetic trees for all 43 single-
copy marker genes with FastTree v 2.1.11 (Price et al. 2010). MAGs that fall in different phyla
for different marker genes were considered as having obvious mismatches and were discarded.
The rRNA genes were extracted using METAXA?2 software (Bengtsson-Palme et al. 2015),
tRNA genes were predicted via tRNAscan-SE tool (Chan and Lowe 2019), and MAG coverage
was calculated with the “metawrap quant_bins” command of the metawrap software (Uritskiy
et al. 2018).

Taxonomic annotation

The annotation of genomic features of bacterial and archaeal contigs and MAGs was carried out
with Prokka v 1.14 (Seemann 2014). This step allowed the identification of coding sequences
(CDS), ribosomal RNAs (rRNA), and transfer RNAs (tRNA), which were used in downstream
analyses. To identity the taxonomy of the metagenome contigs, we taxonomically annotated
single-copy marker genes and other protein-coding genes in contigs longer than 1000bps. 40
single-copy marker genes were extracted using mOTU software verl (Sunagawa et al. 2013;
Wu et al. 2013). Single-copy marker genes were taxonomically annotated using DIAMOND
BLASTp (Buchfink et al. 2015) with e-value < le-24 and output format 102, which uses the
lowest common ancestor algorithm for annotation. Other protein-coding genes were annotated
using the same settings as marker genes but with DIAMOND BLASTx algorithm. Both
annotations were performed using the GTDB ver 95 database as reference (Parks et al. 2020).



Taxonomic annotation of MAGs was based on bacterial and archaeal reference trees using
GTDB-Tk v1.3.0 based on GTDB ver 95 (Chaumeil et al. 2019).

We used the genomic DNA extracted from whole termite guts to produce 16S rRNA gene PCR
amplicon sequences. PCR reactions were carried out using the primer pairs 515F
(XXXXXGTGTGYCAGCMGCCGCGGTAA, Parada et al, 2016) and 806R
(XXXXXXXXCCGGACTACNVGGGTWTCTAAT, (Apprill et al. 2015)). All pairs of
primers were endowed with unique dual tag indexes (8X overhang on the forward primer and
5X overhang on the reverse primer) to minimize the effects of index hopping between
libraries. We conducted PCR amplifications using Takara Tks Gflex DNA Polymerase with the
following conditions: initial denaturation (3 min at 94°C), 30 cycles of amplification (45 s at
94°C, 60 s at 50°C, and 90 s at 72°C), and a terminal extension (10 min at 72°C). All PCR
reactions were scaled down using one half of the reagents recommended in the manufacturers
protocol. Prepared libraries were mixed in equimolar concentration and paired-end-sequenced
on the [llumina MiSeq platform. The analysis of the 16S rRNA gene amplicon sequences was
performed with mothur v1.44.1 (Schloss et al. 2009) following the standard procedure for
Illumina data analysis described by Kozich et al. (2013). After removing low-quality reads and
chimera, sequences were clustered into operational taxonomic units (OTUs) at a sequence
similarity level of 97% using VSEARCH (Rognes et al. 2016). Sequences were classified using
the naive Bayesian classifier (Wang et al. 2007) implemented in mothur and the SILVA
reference database release 138 (Quast et al. 2013). The abundance of every family inferred from
both 16S rRNA gene amplicon data and metagenomic data was then compared. In total 143
prokaryote lineages received identical family-level annotation in both datasets.

Functional annotation

We carried out functional annotation of the CDSs identified with Prokka v.1.14.5 (Seemann
2014) for all contigs and MAGs that were taxonomically annotated as bacteria or archaea using
the “metagenome” option. We used the CAZy database (Lombard et al. 2014) as a reference to
identify CDSs with carbohydrate metabolizing properties. Protein sequences were searched
against a set of profile Hidden Markov models (HMM) representing CAZy domains deposited
in the dbCAN database release 7 (Yin et al. 2012). We used an e-value lower than e-30 and
coverage greater than 0.35 as thresholds to extract best domain matches.

Hydrogenases were annotated by means of HMM searches against the Pfam database version
32.0 (El-Gebali et al. 2019) using an e-value cut-off of e-30. Catalytic subunits of hydrogenases
were classified into different classes using the k-nearest neighbor algorithm implemented in the
HydDB webtool (Sendergaard et al. 2016). For the [FeFe] hydrogenase Group A4, we carried
out manual inspection of the conserved motifs in the protein sequence (Schuchmann et al. 2018).
We reconstructed prokaryotic metabolic pathways from our metagenomes with KOFam scan
v.1.1.0 (Kanehisa et al. 2016; Graham et al. 2018). We used the KEGG database as a reference
and e-value cut-off of e-30. Each protein sequence was annotated to gene family level with the
KEGG-Decode python module (Graham et al. 2018). The MAG metabolic pathways were
annotated with KOFam scan v.1.1.0 using default settings. As some MAG gene families
appeared to be absent after annotation against the KEGG database, to confirm, or reject, the
absence of these gene families, we carried out BLAST searches (Amino acid identity >60% and
alignment length > 100 amino acids) against the Annotree protein sequence database (Mendler
et al. 2019).
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Relative abundance of gene families

The relative abundance of CDSs was calculated by mapping the raw reads on the sequences.
Briefly, the reads were mapped to the assembled contigs annotated as bacteria or archaea.
Relative abundance was calculated for each CDS using Salmon v.1.4.0 with the “meta” option.
Salmon corrects for GC-content bias, gene-length differences, and sampling effort (Srivastava
et al. 2020). Relative abundance of CDSs obtained as Transcripts per Million (TPM) values
were retained for downstream analysis if they were embedded into contigs longer than 1000 bps
and had more than 1 TPM value. Individual TPM counts were normalized using centered log(2)-
ratio (clr) transformation to account for the compositional structure and unequal numbers of
reads in our metagenome data. Clr transformation enhances sub-compositional comparisons
(gene vs gene, bacteria vs bacteria) and reduces spurious correlations. Positive and negative
TPM values indicate positive and negative departure from the overall compositional mean,
which is zero (Gloor et al. 2017). Clr transformation of marker genes and functional genes was
performed using the R package propr using 0.65 as a pseudo count to account for zero values
(Quinn et al. 2017). We did not calculate TPM for MAGs, but instead used presence/absence to
investigate pathway completeness.

Statistical Analysis

We investigated whether the abundance of the genes and pathways of interest was
phylogenetically autocorrelated to the time-calibrated tree of termites. To do so, we calculated
the Moran’s I phylogenetic autocorrelation index using the R package phylosignal (Keck et al.
2016) on CDSs embedded in contigs longer than 1000 bps and with TPM value higher than 1.
This analysis was carried out for each bacterial and archaeal phylum present in at least 5% of
the metagenomes, using the combined 40 single-copy marker genes (see Table S1.3). A 5%
false discovery rate (FDR) correction was calculated using the p.adjust function implemented
in the R package stats (R Core Team, 2014). Similarly, we calculated the Moran’s I
phylogenetic autocorrelation index for each 211 CAZymes present in more than 10% of gut
metagenomes and carried out a 5% false discovery rate FDR correction. Finally, the analysis
was performed for each gene involved in the reductive acetogenesis, sulfate reducing, nitrogen
recycling and nitrogen fixating pathways, and the mcr4ABG gene of the methanogenesis pathway
combined. We applied a 5% FDR correction.

To examine whether the abundance of the genes and pathways of interest differed with termite
diet and presence of non-prokaryotic co-symbionts, we performed phylogenetic ANOVA using
the procD.pgls function implemented in the R package geomorph (Adams and Otarola-Castillo
2013). A 5% FDR correction was calculated using the p.adjust function implemented in the R
package stats (R Core Team, 2014). Termite diet was determined based on literature data
(Donovan et al. 2001; Bourguignon et al. 2011), and was considered as made of wood or soil.
Wood-feeding termite species included feeding groups I and II (including grass and leaf litter),
while soil-feeding termites included feeding groups Il and IV (sensu Donovan et al. 2001).
Non-prokaryotic co-symbionts are found in two groups of wood-feeding termites: the lower
termites, which include all termites with the exclusion of Termitidae and host cellulolytic
flagellates in their gut, and the Macrotermitinae, a subfamily of Termitidae that cultivates
cellulolytic Termitomyces in fungal combs. Therefore, we recognized four groups of termites:
the lower termites (LT), the soil-feeding termites (all Termitidae, SF), the Macrotermitinae (FC),
and the non-Macrotermitinae wood-feeding Termitidae (WF). Similar analysis was performed
on prokaryotic lineages encoding CAZyme families present in more than 10% of termite gut
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metagenomes in contigs longer than 5000 bps, to ensure correct taxonomic annotation. All
metagenome contigs longer than 5000 bps with dinitrogen-fixing genes were also examined.
We visualized termite samples according to the abundance of CAZyme families present in their
gut metagenomes using Principal Component Analysis (PCA). The PCA was performed using
the prcomp function implemented in the R package stats (R Core Team 2014) and visualized
using the R package ggbiplot (Vu 2011). Similar analyses were performed on the genes involved
in reductive acetogenesis, sulfate reduction, dissimilatory nitrate reduction, urea degradation,
glutamate biosynthesis, arginine biosynthesis, ammonia transport, nitrogen fixation, and
mcrABG genes of the methanogenesis pathway.

Uricase genes encoded by termites

We searched the 53 termite transcriptomes previously published by Bucek et al. (2019) for the
presence of uricases. These transcriptomes were either derived from whole worker bodies or
from worker heads, and included species of all termite families. Protein sequences of predicted
uricases from termites (XP_023702357, GFG34960), cockroaches (PSN45555, CD039394),
fireflies (KAF529609, XP 031344605), sawflies (XP_ 015591878, XP_015521616), ant
(XP_011159093), fruit fly (NP_476779), and rat (NP_446220) were used as a query in
TBLASTn searches. The longest open reading frames for all significant TBLASTn search hits
(E-value < 10%% were identified and translated using hmmer2go obtained from
https://github.com/sestaton/HMMER2GO. The nonsense proteins that did not provide any
significant BLASTXx hit against NCBI RefSeq database (E-value < 107') were discarded. The
remaining predicted protein sequences, derived from 23 transcripts, were assigned KEGG
annotations using eggNOG-Mapper version 4.5 (Huerta-Cepas et al. 2019). The protein
sequences were aligned using CLUSTAL W (Larkin et al. 2007) and the alignment was visually
inspected.

Results

The taxonomic composition of termite gut prokaryotes

We sequenced whole gut metagenomes, including the hindgut containing the bulk of the gut
microbiota, of 145 termite species and one cockroach species (Table S1.1, Figure S1.1). This
included species from the nine termite families, species from the eight subfamilies of Termitidae,
and one species of the wood-feeding cockroach Cryptocercus, the sister group of termites (Lo
et al. 2000b). Our shotgun sequencing approach generated an average of 72.5 million reads per
sample that were assembled into an average of 92,237 scaffolds >1000 bps, constituting 63.3%
of mapped reads. The proportions of prokaryotic reads were on average 18.4% in lower termites
and 20.5% in higher termites.

We used 40 marker genes (Sunagawa et al. 2013; Wu et al. 2013) to determine the taxonomy
and estimate the abundance of each major bacterial lineage present in the 129 termite gut
metagenome assemblies including upward of 10,000 contigs longer than 1000 bps. Shorter
contigs were removed from the analyses. The bacterial community composition and abundance
inferred from marker gene data showed similarities at the phylum level to that inferred from
16S rRNA gene amplicon sequences (Figure S1.2). However, the abundance distribution
estimated by both approaches showed some disagreements for several families (Dietrich et al.
2014; Mikaelyan et al. 2015a; Bourguignon et al. 2018). Notably, Dysgomonadaceae,
Ruminococcaceae, Synergistaceae, and Oscillospiraceae occurred at low abundances among
the marker genes but were represented by many 16S rRNA gene sequences in most termite
species (Dietrich et al. 2014; Mikaelyan et al. 2015a; Bourguignon et al. 2018) (Table S1.2).
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These discrepancies are likely the result of variation in 16S rRNA gene copy number (Vétrovsky
and Baldrian 2013; Edgar 2018), which are higher in these lineages, or possibly because of
artifacts generated during 16S rRNA gene amplicon PCR cycles. They might also reflect the
incomplete coverage of our metagenomes or, to a certain extent, the differences in the databases
used for classification.

In total, we identified 114 family-level bacterial lineages, belonging to 19 phyla and represented
in the gut of more than 5% of termite species (Table S1.3). Many other bacterial family-level
lineages were recorded from the gut of no more than a few termite species, and were possibly
transient, and not strictly associated with termite guts. We calculated the Moran I index on the
abundance of these 114 family-level bacterial lineages to test whether bacterial abundance is
correlated with termite phylogeny. We found a phylogenetic autocorrelation signal for 59 of the
114 bacterial lineages, and this signal remained significant at a 5% false discovery rate (FDR)
correction for 27 bacterial lineages, including some of the most abundant bacterial lineages
(Figure 1.1, Table S1.4). For example, the wood-fiber-associated Fibrobacteraceae (Mikaelyan
et al. 2014; Tokuda et al. 2018) are dominant in the gut of Microcerotermes, Nasutitermitinae,
and related termite lineages, and are either undetectable or occur at low abundance in the
assemblies of other termite lineages. Another example is the Endomicrobiaceae that comprise
flagellate-associated (Stingl et al., 2005; Zheng et al., 2015) and free-living Endomicrobia
(Ikeda-Ohtsubo et al. 2016; Mikaelyan et al. 2017b), which were abundant in lower termites
and almost entirely absent in higher termites.

Our dense taxonomic sampling of diverse termite hosts also allowed us to identify bacterial
lineages whose association with termites has remained largely unreported. For example, we
found that the Holophagaceae, a bacterial family of Acidobacteriota previously reported from
the gut of three humus-feeding termite species (Mikaelyan et al. 2015a) and two species of
Nasutitermitinae (Dietrich et al. 2014), is widely distributed in Nasutitermitinae,
Foraminitermitinae, the Cephalotermes-group, and the Pericapritermes-group (Figure 1.1).
Altogether, our results demonstrate that termite phylogeny is remarkably predictive of the gut
bacterial community composition, and therefore that a strong phylosymbiotic signal is present
for termite gut bacteria, as has been demonstrated for termite gut protists (Tai et al. 2015) and
for several other groups of insects (Lim and Bordenstein 2020).

Using the same 40 marker genes and 129 metagenome assemblies used for bacteria, we
investigated the diversity of gut-associated Archaea across the termite phylogenetic tree. In total,
we identified 16 family-level archaeal lineages, including Methanoculleaceae and
Methanocorpusculaceae  (order  Methanomicrobiales), — Methanosarcinaceae  (order
Methanosarcinales), Methanobacteriaceae (order Methanobacteriales),
Methanomethylophilaceae  (order  Methanomassiliicoccales), and  UBA233  (class
Bathyarchaeia). All but nine family-level lineages were present in the gut of more than 5% of
termite species. The abundance of Methanosarcinaceae, UBA233, and an unclassified family-
level lineage of Bathyarchaeia showed significant autocorrelation signals with the termite
phylogenetic tree when no FDR correction was applied (Figure 1.1, Table S1.4). Bathyarchaeia
occurred in the clade of Termitidae excluding Macrotermitinae, Sphaerotermitinae, and
Foraminitermitinae confirming previous reports (Loh et al. 2021), and Methanosarcinaceae
was found in Macrotermitinae, Nasutitermitinae, and in Cubitermitinae and related termite
lineages (Figure 1.1). Archaea represented in average less than 1% of the gut prokaryotes in
wood-feeding termite species, while their proportion reached 4.6% in Macrotermitinae and
10.6% in soil-feeding termite species, and was exceptionally high in the soil-feeding
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Mimeutermes in which 59.8% of the marker genes were assigned to Bathyarchaeia. Our results
are in line with the higher archaeal-to-bacterial ratios reported in soil-feeding termites as
compared to their wood-feeding counterpart, reflecting the higher methane emission rates of
soil-feeding termites (Brune 2018; Brune 2019).

The carbohydrate-active enzymes of termite gut prokaryotes

We investigated the evolution of prokaryotic carbohydrate-active enzymes (hereafter:
CAZymes) using the same 129 gut metagenome assemblies used to investigate gut prokaryotic
composition. The de novo assemblies of these 129 gut metagenomes contained an average of
127,159 prokaryotic open reading frames (ORF). We identified ORFs coding for CAZymes
using Hidden Markov model searches against the dbCAN2 database (Zhang et al. 2018). As a
first step, we investigated the evolution of enzymes derived from prokaryotes with no
consideration of their taxonomic origin. In total, we found 346 CAZyme categories in 129 gut
metagenomes that consisted of 205 glycoside hydrolases (GHs), 57 glycoside transferases (GTs),
18 enzymes with carbohydrate-binding modules (CBMs), 16 carbohydrate esterases (CEs), 41
polysaccharide lyases (PLs), and 9 redox enzymes with auxiliary activities (AAs) (Table S1.5).
We did not find any CAZymes in only one gut metagenome (that of Araujotermes parvellus, at
e-value cut-off below e-30). For the other 128 gut metagenomes, the number of CAZyme
categories varied between 5 and 139 per gut metagenome. Five GH families, GH2, GH3, GH10,
GH31, and GH77, were found in more than 85% of the termite species. 14 GHs, seven of which
had putative lignocellulolytic activity, were found in 75 to 85% of the termite species. Therefore,
glycoside hydrolases previously found to be abundant in the gut of particular termite species
(e.g. Warnecke et al., 2007, Calusinska et al., 2020) are universally part of the gut enzymatic
repertoire of termites and Cryptocercus.

We calculated the Moran I index on the abundance of 211 CAZymes, including 146 CAZyme
families and 65 sub-families, present in more than 10% of termite species, and found an
autocorrelation signal with the termite phylogenetic tree for 107 CAZymes. The autocorrelation
signal remained significant after FDR correction for 77 CAZymes (Figure 1.2, Table S1.6).
Therefore, as for gut prokaryotic composition, which present a phylosymbiotic signal, termite
phylogeny is predictive of the CAZyme repertoire present in termite guts.

Two factors that potentially affect the prokaryotic CAZyme repertoire of termite gut
prokaryotes are diet and co-occurring non-prokaryotic cellulolytic symbiotic partners. We
distinguished four termite groups: soil-feeding Termitidae (SF) and wood-feeding Termitidae
excluding Macrotermitinae (WF), which host no other symbionts than gut prokaryotes (Brune,
2014), the fungus-cultivating Macrotermitinae (FC), which feed on wood or plant litter and
cultivate cellulolytic fungi of the genus Termitomyces (Rouland-Lefévre et al. 2006), and lower
termites (LT), which feed on wood and host cellulolytic flagellates in their gut (Inoue et al.
2000). Overall, the abundance of prokaryotic CAZymes was the highest in WF and the lowest
in SF, while LT and FC fell between these two extremes (Table S1.7). This is consistent with
the scarcity of lignocellulose in the diet of SF, which predominantly feed on the nitrogen-rich
fraction of the soil, including microbial biomass and organic residues associated with clay
particles (Ji and Brune 2001; Ji and Brune 2005; Ngugi et al. 2011; Ngugi and Brune 2012).
The intermediate abundance of prokaryotic CAZymes in FC and LT reflects their dependence
on Termitomyces tfungi for lignocellulose digestion (Poulsen et al. 2014) and on gut flagellates
that encode for diverse cellulolytic enzymes (Yamin 1981; Nishimura et al. 2020), respectively.
Task partitioning between gut prokaryotes and other symbionts —in which both partners
participate in different steps of wood digestion and provide different sets of CAZymes— could
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be revealed from the gut metagenomes of LT and FC. Principal component analysis revealed
that the prokaryotic CAZyme repertoire differs considerably among SF, LT, FC, and WF
(Figure 1.3A). To characterize more accurately the contribution of termite gut prokaryotes to
wood digestion, whenever possible, we identified the substrate of each 211 CAZymes
(including 146 families and 65 subfamilies) present in more than 10% of termite species. We
individually compared the abundance of these 211 CAZymes using phylogenetic ANOVA. We
found that 178 comparisons were significantly different, and 177 comparisons remained
significant after FDR corrections (Figure 1.3A, Table S1.7). Notably, we found that the
combined seven GHs exclusively identified as cellulases were significantly depleted in LT as
compared to other termite groups and were significantly depleted in FC and SF as compared to
WF (Figure 1.2, Table S1.7). A similar pattern was found for the combined 29 GHs exclusively
identified as hemicellulases, which were significantly more abundant in WF than in other
termite groups (Figure 1.3A, Table S1.7). Therefore, the gut metagenomes of LT and FC appear
to be depleted in prokaryotic GHs targeting cellulose as compared to WF, possibly reflecting
task partitioning between termite gut prokaryotes and other eukaryotic symbionts such as
cellulolytic flagellates in LT and Termitomyces in FC. Task partitioning between gut
prokaryotes and Termitomyces in FC was previously suggested for Macrotermes natalensis
(Poulsen et al. 2014), with gut symbionts primarily participating to the final digestion of
oligosaccharides and Termitomyces performing the breakdown of complex carbohydrates. In
support of this hypothesis, several GHs, such as GH8, GH26, GH45, GH5 2, and GH53, largely
depleted from the gut metagenomes of LT were highly expressed by the gut cellulolytic
flagellates of C. formosanus (Nishimura et al. 2020), and were abundant in the gut metagenomes
of WF. However, several GHs encoded by gut prokaryotes are also highly expressed by the gut
cellulolytic flagellates of C. formosanus (e.g. GH13 8, GH36, GH3, GH92, GHI133)
(Nishimura et al. 2020). The extant of the complementarity between the CAZyme repertoires of
gut flagellates and prokaryotes is therefore unclear and requires further investigation.

We next investigated the taxonomic origin of the prokaryotic CAZymes found in the same 129
whole gut metagenomes. We focused on the 19 GHs found in more than 10% of termite species
and embedded in contigs longer than 5000 bps, allowing taxonomic annotation based on several
genes. Contigs including genes with discordant taxonomic annotations potentially indicate
horizontal gene transfers, as is common among bacteria (Ochman et al. 2000), and were
removed. We found that Bacteroidota were a significant source of GH10, GH130, GH2, GH20,
GH28, GH29 ,GH30, GH31, and GH9 in FC and LT, while, as previously described
(Marynowska et al. 2020), they rarely encoded these GHs in non-Macrotermitinae Termitidae
(WF and SF) (Figure 1.4, Table S1.8). In contrast, Fibrobacteres, which were very rare in LT,
were a significant source of GH10, GH11, GH130, GH18, GH2, GH26, GH3, GH30, GH43,
GHS, GHY, and GH94 in WF. Two other bacterial phyla, Spirochaetota and Firmicutes A,
encoded most of the investigated GHs and were important contributors of GHs in WF (Figure
1.4, Table S1.8). Therefore, the primary contributors of GHs are distinct between lower and
higher termites. These results are consistent with previous reports, which indicate a possible
involvement of the ectosymbiotic Bacteroidota of some oxymonadid flagellates in cellulose and
hemicellulose hydrolysis (Yuki et al., 2015; Treitli et al.,, 2019) in lower termites, while
Fibrobacteres, Spirochaeota, and/or Firmicutes are major agents in cellulose and hemicellulose
degradation in higher termites (Warnecke et al. 2007; Calusinska et al. 2010; He et al. 2013;
Tokuda et al. 2018; Marynowska et al. 2020). Our comprehensive analyses strongly indicate
that the loss of cellulolytic flagellates in the ancestor of higher termites was accompanied by a
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major reworking of the cellulolytic bacterial communities, from Bacteroidota in LT to
Fibrobacterota and Spirochaeota in WF and to Firmicutes in SF.

CAZymes are often organized as polysaccharide utilization loci (PULSs) that target complex
polysaccharides (Terrapon et al. 2015). To search for PULs in our metagenomes, we
reconstructed metagenome-assembled genomes (MAGs) by grouping contigs with similarities
in sequence composition and depth of coverage. In total, we obtained 654 prokaryotic MAGs
that ranged in completeness from 30% to 100% with <10% contamination for lineage-specific
marker genes. We included MAGs with completeness between 30% to 50% as several such
MAGs possessed complete pathways of interest (Figure S1.3, Table S1.9). The 654 MAGs
included members of 16 phyla of bacteria and four phyla of archaea and included representatives
of all major prokaryote phyla known to be present in termite gut. We found 128 PULs
distributed across 130 MAGs, including 31 MAGs of Bacteroidota, 71 MAGs of Firmicutes, 13
MAGs of Proteobacteria, 12 MAGs of Spirochaetota, two MAGs of Actinobacteria, and one
MAG of Verrucomicrobiota (Table S1.10). Sixteen PULs, found in 10 MAGs, had all the PUL
components and mainly targeted lignocellulose components such as cellulose and xylan, and
saccharides such as melibiose, alignate, and lactose. 107 PULs found in 74 MAGs encoded for
more than one substrate but did not have all the PUL components, possibly reflecting the
incompleteness of our MAGs or missing components nonessential for their activity, as
experimentally demonstrated in the xylan utilization system (Xus) of a Bacteroidota associated
with Pseudacanthotermes (Wu 2018). Altogether, our data provide an overview of the PUL
distribution in termite gut microbes.

Reductive acetogenesis in termite gut

The fermentation of wood fibers by the termite gut microbiota produces mostly acetate, which
is used by the termite host, but also H, and CO> (Hungate 1939; Brune 2014). Most of the H is
used to produce additional acetate by the reduction of CO, (Breznak and Switzer 1986;
Brauman et al. 1992; Pester and Brune 2007). We focused on the genes of seven enzymes of
the Wood-Ljungdahl pathway (WLP) of reductive acetogenesis that are present in all acetogens
from termite guts identified to date, namely formate dehydrogenase H (fdhF), formate-
tetrahydrofolate ligase (fhs), methylenetetrahydrofolate dehydrogenase (fo/D), 5,10-
methylenetetrahydrofolate  reductase  (metF), acetyl-CoA  synthase (acsABCDE),
phosphotransacetylase (pta) and acetate kinase (ack), which are essential to operate the bacterial
WLP (Schuchmann and Miiller 2014). We compared the relative abundance of these markers
across the 129 whole gut metagenomes used for previous analyses and found a significant
phylogenetic autocorrelation signal with the termite phylogenetic tree for five of the seven
enzymes, two of which remain significant after FDR correction (fdhF and acsABCDE) (Figure
1.5, Table S1.11). Together with the five other enzymes, which also occur in many other
bacteria, the simultaneous presence of fdhF and acsABCDE is a strong predictor for the
distribution of reductive acetogenesis across the termite phylogenetic tree.

The seven enzymes encoded by all acetogens significantly differed in relative abundance among
the four termite groups. They were generally more abundant in LT and WF than in FC and SF
(Figure 1.3B, Table S1.11). These analyses are in agreement with previous studies that
measured the potential rates of acetogenesis in a smaller set of termite species, and corroborate
the hypothesis that reductive acetogenesis is mostly associated with a diet of wood and is less
important in fungus-cultivating Macrotermitinae and in soil-feeding lineages (Brauman et al.
1992; Tholen and Brune 1999).
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To determine the identity of the acetogens, we searched each MAG for the genes of the seven
enzymes associated with reductive acetogenesis. We found 44 MAGs associated with six
termite families and Cryptocercus that encoded at least five of the seven enzymes, but none of
these MAGs contained the complete set of genes (Table S1.12, Figure 1.6A). In addition to
formate dehydrogenase H (fdhF), we also searched for the genes encoding [FeFe] hydrogenase
Group A4 (HydA) and the iron-sulfur cluster proteins (HycB3, HycB4), the other subunits of the
hydrogen-dependent CO; reductase (HDCR) complex catalyzing the first step of CO» reduction
to formate (Schuchmann and Miiller 2012; Tkeda-Ohtsubo et al. 2016). Two MAGs lacked fdhF
but contained all other genes of the WLP and the HDCR complex (Table S1.12, Figure 1.6A).
These MAGs belonged to the Desulfobacterota family Adiutricaceae, which comprises the
putatively acetogenic Candidatus Adiutrix intracellularis, a flagellate endosymbiont from the
archotermopsid Zootermopsis, and numerous uncharacterized representatives from other lower
and higher termites (Ikeda-Ohtsubo et al. 2016). Like Ca. Adiutrix intracellularis, none of the
four MAGs encoded a sulfate reduction pathway. They were found in the rhinotermitid
Dolichorhinotermes and in the higher termite Microcerotermes, indicating that the putatively
free-living members of Adiutricaceae from higher termites (which lack gut flagellates) are also
acetogenic.

Because none of the other MAGs encoded a complete WLP, we could not unambiguously
attribute acetogenic status to any other prokaryote lineage. Considering the high rates of
reductive acetogenesis in many lower and higher termites, particularly the wood-feeding species
(Brauman et al. 1992), this may be explained either by the incompleteness of our MAGs or the
failure to assemble any genomes of the populations responsible for the acetogenic activity.
Based on the low free energy yields of both reductive acetogenesis and methanogenesis, it has
been speculated that the proportion of (hydrogenotrophic) acetogens among the prokaryotic
community in termite hindguts may be as low as that of (hydrogenotrophic) methanogens (Loh
et al. 2021). The problem of genome assembly from low abundance populations would be
exacerbated by a high species diversity among members of a particular metabolic guild.
Alternatively, the absence of a complete reductive acetogenesis pathway among our MAGs may
be genuine. This could be the case among the MAGs assigned to the family Treponemataceae
B. Although the first isolate of this lineage is a homoacetogen with a complete WLP (Leadbetter
et al. 1999), none of the other species isolated to date are acetogenic (Song et al. 2021). With
the exception of Treponema primitia (Graber et al., 2004), Candidatus Treponema
intracellularis (Ohkuma et al. 2015), and Candidatus Adiutrix (Ikeda-Ohtsubo et al. 2016), the
identity of the populations responsible for reductive acetogenesis in termite guts, including the
putatively acetogenic Candidatus Termitimicrobium (Bathyarcheia; Loh et al., 2021) remains
open to speculation.

Methanogenesis in termite gut

The methanogenic archaea present in the gut of termites consume a large fraction of H> and are
responsible for 3% of global methane emissions (Brune 2018; Brune 2019). We searched the
129 gut metagenomes used in earlier analyses for genes that are part of methanogenesis
pathways. Because of the low abundance of Archaea in termite guts (Brune 2019; Loh et al.
2021), the abundance of genes involved in methanogenesis was often near, or below, our
detection threshold. As a consequence, we were unable to analyze each gene independently, but
instead calculated the Moran’s I index using the abundance of genes encoding the methyl-
coenzyme M reductase complex (mcrABG), which catalyzes the final step of methanogenesis
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(Evans et al. 2019), and found no autocorrelation signal with the termite phylogenetic tree
(Figure 1.5, Table S1.11).

We compared the abundance of mcr4ABG among the four termite groups and found no
significant differences (Figure 1.3B, Table S1.11). However, this lack of significance probably
reflects the low abundance of archaeal reads in our assemblies, rather than an actual uniformity
of methanogenesis pathways across termites, as methane emission rates are known to be diet-
related and particularly high in species feeding on soil (e.g., Brauman et al., 1992; Bignell and
Eggleton, 1995; Bignell et al., 1997; Sugimoto et al., 1998).

We searched our gut metagenomes for operons encoding mcrABG, and found 14 operons,
belonging to four methanogenic archaeal orders, Methanomassiliicoccales, Methanobacteriales,
Methanomicrobiales, and Methanosarcinales, derived from the gut metagenomes of 14 termite
species, including four of the eight families of LT, and five of the nine subfamilies of Termitidae
(Table S1.13). All mcrABG operons of LT were classified to Methanobacteriales, which is in
agreement with previous reports on the prevalence of Methanobacteriales in LT (Brune 2019).
An exception was found in the gut metagenome of Porotermes quadricollis, which yielded an
mcrABG operon from Methanomethylophilaceae (order Methanomassiliicoccales). This is
unusual, because members of this order are frequently encountered in higher termites and
millipedes (Paul et al. 2012) but have been detected only once in the lower termite
Reticulitermes speratus (Shinzato et al. 2001).

Next, we analyzed the methanogenic capacities of 26 MAGs of Archaea reconstructed from the
gut metagenomes of 23 termite species from four termite families and the cockroach
Cryptocercus. Only 13 MAGs belonging to Methanomicrobiales, Methanobacteriales,
Methanosarcinales, and Methanomassiliicoccales encoded the mcrABG complex, indicating
that the assemblies are incomplete (Figure 1.6B, Table S1.14). Five of these 13 MAGs
possessed complete pathways for methylotrophic methanogenesis and one MAG possessed
complete pathways for hydrogenotrophic methanogenesis (Figure 1.6B). The five MAGs
showing genomic evidence of methylotrophic methanogenesis included one MAG of
Methanosarcinales (genus Methanimicrococcus) and four MAGs of Methanomassiliicoccales,
including three MAGs classified to genus Methanoplasma and one MAG classified to family
Methanomethylophilaceae. Only two MAGs of Methanoplasma encoded a methanol:coenzyme
M methyltransferase (mtaABC) complex, which is required for growth on methanol and typical
for all members of this lineage (Lang et al. 2015), and only one of the MAG of
Methanosarcinales and one MAG of Methanoplasma encoded a complete heterodisulfide
reductase complex (HdrA2B2C2/mvhADG) present in most methanogens (Thauer et al. 2008;
Buckel and Thauer 2013), underscoring the incompleteness of the MAGs. The same was true
for hydrogenotrophic methanogenesis, for which only one MAG belonging to
Methanobacteriaceae (genus Methanobrevibacter C) possessed most of the genes required for
the reduction of CO> to methane, including a heterodisulfide reductase (HdrABC/mvhADG)
complex, an iron-sulfur flavoprotein along with a F420-independent hydrogenase (Fdh), and a
F420 reducing hydrogenase (FrhABC) (Figure 1.6B, Table S1.14). The absence of aceticlastic
methanogens is in agreement with previous reports (Brune 2018; Brune 2019). Overall, our
results highlight the diversity of methanogens found in termite guts, and the diversity of the
pathways they use.
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Sulfate-reducing prokaryotes

Sulfate-reducing bacteria are potential Ho-consumers in the gut of termites and Cryptocercus
(Brauman et al. 1992; Kuhnigk et al. 1996; Droge et al. 2005) (Figure 1.5). However, sulfate
concentration is low in termite gut, as is H> consumption by sulfate-reducing bacteria (Droge et
al. 2005; Brune and Ohkuma 2011). We found all the genes of the dissimilatory sulfate reduction
pathway, namely, the two subunits of adenylylsulfate reductase (apr4 and aprB), sulfate
adenylyltransferase (saf), and dissimilatory sulfite reductase (dsr4B), in six out of eight lower
termite families, all the higher termite subfamilies, and Cryptocercus. The abundance of aprAB
and sat were significantly correlated with the termite phylogenetic tree, and the correlation
remained significant after FDR correction for sat (Figure 1.5, Table S1.11).

Comparisons of the four termite groups showed that the abundance of apr4B was significantly
higher in WF than in SF and the abundance of sat was significantly higher in LT than WF and
SF (Figure 1.3B, Table S1.11). While sulfate reducers have been isolated from the guts of LT,
FC and SF (Brauman et al. 1992; Kuhnigk et al. 1996), we found metagenomic evidence that
sulfate reduction is also prevalent in WF.

Next, we analyzed the sulfate-reducing capabilities of our 654 MAGs and found a complete
pathway for dissimilatory sulfate reduction in four MAGs (Figure 1.6C, Table S1.15). Three of
these MAGs, found in the termites Parrhinotermes, Reticulitermes, and Tumulitermes, were
assigned to Desulfovibrionaceae (Desulfobacterota), which are common in the termite gut and
generate energy via sulfate respiration (Sato et al. 2009; Kuwahara et al. 2017). Of note, the
fourth MAG, retrieved from the gut metagenome of the apicotermitine Heimitermes laticeps,
belonged to the Proteobacteria family Burkholderiaceae, a bacterial family that was, prior to
this study, largely unreported from termite guts, and that is abundant in Apicotermitinae and in
the termite clade that includes the Cubitermitinae, the Pericapritermes-group, and the Termes-
group. The evidence for dissimilatory sulfate reduction in Burkholderiaceae termite guts
suggest that the capacity for sulfate respiration is more widely distributed than expected.

Nitrogen recycling by termite gut prokaryotes

Because the content of nitrogen in wood is low, termites have evolved mechanisms of nitrogen
conservation. The termite gut microbiota contributes to the nitrogen metabolism of its host by
recycling nitrogen (Breznak 2000; Hongoh 2011). Like most insects, termites convert waste
products from nitrogen metabolism into uric acid, but, unlike other insects, the gut prokaryotes
of termites degrade uric acid into ammonia, which is subsequently assimilated by the gut
microbiota (Brune, 2014). We searched the 129 metagenomes used for previous analyses and
found only few genes possibly involved in uric acid degradation, including 11 aegA4 (a putative
oxidoreductase suspected to be involved in uric acid degradation by Enterobacteriaceae
(Iwadate and Kato 2019)) in six termite species. Since the uricolytic prokaryotes isolated from
termite guts are strict anaerobes (Potrikus and Breznak 1980; Potrikus and Breznak 1981;
Thong-On et al. 2012), it is likely that they use alternative, so far unknown, pathways. Termite
tissues reportedly lack uricase activity (Potrikus and Breznak 1981), but when we examined the
transcriptomes of 53 termite species generated by Bucek et al. (2019), we found evidence for
the expression of a gene encoding urate oxidase in 20 termite species belonging to four termite
families (Figure S1.4). This indicates that termites should be able to carry out the first step of
uric acid degradation. However, the extent of the contribution of the termite host to uricolysis
and the identity of the uricolytic prokaryotes and their catabolic pathways remain unknown.
The metagenomes of all termite families and Cryptocercus included numerous prokaryotic
genes from other pathways involved in the production of ammonia (Figure 1.5, Table S1.11),
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including ureases (ure4ABC), which degrade urea into ammonia (Hongoh and Ohkuma 2010;
Ohkuma et al. 2015), and some of the genes of the dissimilatory nitrate reduction pathway
(narGHI, napAB, nrfAB), which convert nitrate into ammonia. Among those, the abundance of
ureABC genes significantly correlated with the termite phylogenetic tree after FDR correction
(Figure 1.5, Table S1.11). We also found in the metagenomes of all termite families and
Cryptocercus genes from pathways involved in amino acid biosynthesis from ammonia,
including glutamine synthetase (g/nA4) and glutamate synthase (g/tBD), the genes involved in
the synthesis of glutamate from ammonia, and carbamate kinase (arcC), ornithine
carbamoyltransferase (argfF’), argininosuccinate synthase (argG) and argininosuccinate lyase
(argH), the genes involved in arginine biosynthesis from ammonia (Yan 2007). The abundance
of gltBD correlated with the termite phylogenetic tree after FDR correction (Figure 1.5, Table
S1.11). Therefore, the termite phylogeny is a good predictor of the enteric abundance of some
of the prokaryotic genes involved in ammonia metabolism in termites.

We compared the four termite groups using the relative abundance of the nitrogen-recycling
genes and found that the abundance of ureABC differed among termite groups, with the gut
metagenomes of LT and WF significantly enriched in ureABC as compared to those of SF and
FC (Figure 1.3B, Table S1.11). In contrast, the abundance of some of the genes of the
dissimilatory nitrate reduction pathway, such as napAB and narGHI, was significantly reduced
in the gut metagenomes of WF compared to SF and FC (Figure 1.3B, Table S1.11). This
suggests that the high rates of nitrate ammonification previously found in two soil-feeding
species (Ngugi and Brune 2012) is a characteristic that all soil-feeding termites share with
fungus-cultivating termites. We also found that g/tBD was significantly enriched in LT as
compared to other termite groups, while argFFGH was significantly enriched in LT and WF as
compared to SF (Figure 1.3B, Table S1.11). The low abundance of genes involved in ammonia
assimilation in soil-feeding termites is likely linked to their diet, which includes soil peptidic
residues (Ji and Brune 2001; Ji and Brune 2005).

Next, we searched our 654 MAGs to determine the taxonomic identity of the prokaryotes
involved in nitrogen recycling. Six MAGs possessed the three ureases ure4 BC, thence encoded
enzymes to convert urea into ammonia, and 15 MAGs included a complete dissimilatory nitrate
reduction pathway that convert nitrate into ammonia. All these MAGs belonged to diverse
lineages of Proteobacteria and Campylobacterota (order Campylobacterales), except for one
MAG of Firmicutes (genus Bacillus) found in Foraminitermes rhinoceros and endowed with
ureABC, narGHI and nirBD (Figure 1.7A, Table S1.16). We also found numerous MAGs
capable of ammonia assimilation into glutamate and arginine, indicating that ammonia is an
important source of nitrogen for many termite gut prokaryotes. 91 MAGs possessed g/in4 and
gltBD for glutamate biosynthesis from ammonia, while 26 MAGs possessed the four genes arcC,
argF, argG, and argH for arginine biosynthesis from ammonia via the urea cycle, including 12
MAG:s that also contained the glutamate biosynthesis pathway (Figure 1.7A, Table S1.16). 66
MAGs encoding glutamate biosynthesis genes, and 15 MAGs with arginine biosynthesis genes,
also possessed the ammonium transporter Amt. These MAGs belonged to ten phyla, including
19 MAGs of Proteobacteria from six families,18 MAGs of Bacteroidota, of which eight
belonged to the family Azobacteroidaceae, ten MAGs of Actinobacteria of three families, eight
MAGs of the Spirochaetes family Treponemataceae B, eight MAGs of Firmicutes, six MAGs
of Campylobacterota, five MAGs of Firmicutes A, three MAGs of Planctomycetota, three
MAGs of Desulfobacterota, and one MAG of Verrucomicrobia (Figure 1.7A, Table S1.16).

20



Therefore, a great many bacterial lineages contribute to the nitrogen metabolism of their termite
hosts.

Nitrogen fixation by termite gut prokaryotes

Many species of wood-feeding termites host dinitrogen-fixing prokaryotes in their gut, which
compensate for the low nitrogen content of wood (Breznak 2000). They fix nitrogen with either
the molybdenum-dependent (Nif), vanadium-dependent (Vnf), or iron-only alternative
nitrogenases (Anf) (Ohkuma et al. 1999; Yamada et al. 2007; Inoue et al. 2015). We found
gene homologs for the structural subunits of these nitrogenases (collectively referred to as
nifDHK) in all metagenomes of termite families and in Cryptocercus (Figure 1.5). Their
abundance significantly correlated with the termite phylogeny after FDR correction (Figure 1.5,
Table S1.11), as was the case for several other pathways involved in nitrogen economy. There
were significant differences among termite groups, with the nitrogenase reads in the gut
metagenomes of non-FC wood-feeders (LT and WF) being 24.4-fold more abundant than in SF
and 20.2-fold more abundant than in FC (Figures 1.3B, 1.5, Table S1.11). This is in line with
the higher rate of N> fixation measured in LT and WF than in SF and FC (Yamada et al. 2007),
and reflects the high amount of nitrogen present in soil and fungi, making the energy-demanding
process of N> fixation unnecessary (Brune and Ohkuma 2011; Hongoh 2011).

To identify the diazotrophs present in the gut of termites, we taxonomically classified contigs
longer than 5000 bps that contained the six genes present in all diazotrophs, nifDHK (which
encode nitrogenase), and nifB, nifE, nifN, which encode proteins involved in nitrogenase
biosynthesis (Dos Santos et al. 2012). We identified 15 contigs matching these criteria in the
gut metagenomes of 12 termite species, representing five of the nine termite families (Table
S1.17). These contigs were assigned to diverse prokaryote lineages, including nine contigs of
diverse Bacteroidota, three contigs of the Spirochaetota order Treponematales, two contigs of
Proteobacteria family FEnterobacteriaceae, and one contig of the archaeal genus
Methanobrevibacter. We carried out the same analyses on our MAGs and found 18 MAGs that
contained a nifHDKBEN cluster, including seven MAGs that belonged to phyla not represented
in the contigs >5000 bps. Among these seven MAGs, there were four MAGs of the
Actinobacteriota family UBA8131, one MAG of the Planctomycetota family Thermoguttaceae,
one MAG of the Verrucomicrobiota family Chthoniobacteraceae, and one MAG of Firmicutes
C order Acidaminococcales (Figure 1.7A, Table S1.16). Therefore, the taxonomy of diazotrophs
found in our termite species set corroborates previous evidence that termites host diverse
communities of diazotrophs in their guts (Ohkuma et al. 2001; Yamada et al. 2007; Desai and
Brune 2012).

We next investigated the taxonomic distribution of diazotrophs across termites. We focused on
contigs longer than 5000 bps that included genes with concordant taxonomic annotation and
that contained a nifHDK operon (Figure 1.7B, Table S1.18). In lower termites, the dominant
diazotroph was an undescribed Bacteroidota allied to an ectosymbiont of the Cryptocercus gut
flagellate Barbulanympha (Tai et al. 2016). This undescribed Bacteroidota was found in three
of the eight families of LT. It was also largely absent from the gut metagenomes of Coptotermes
and Heterotermes, which harbor the flagellate endosymbiont Candidatus Azobacteroides as the
main diazotroph (Hongoh et al. 2008). The diazotrophs of Termitidae belonged to various phyla.
Notably, we found the N»-fixing Candidatus Azobacteroides in the nasutitermitine Coatitermes
(which lacks gut flagellates), and a No-fixing Treponematales in Mastotermes, highlighting that
the dominant lineages of diazotrophs in particular termite lineages are also harbored at a low
abundance by unrelated species of termites and Cryptocercus (Figure 1.7B, Table S1.18).
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Therefore, our results indicate that the phylogenetic position of termite species determined, at
least partly, the taxonomy of their dominant diazotrophs.

Discussion

The metagenomics and metatranscriptomics surveys of termite guts carried out so far targeted
a limited number of termite species (e.g. Warnecke et al., 2007; He et al., 2013; Liu et al., 2018;
Tokuda et al., 2018; Marynowska et al., 2020), and thus did not permit an investigation of how
the gut microbiome of these social roaches has been evolving in term of function and
composition since termites and Cryptocercus diverged >150 Million years ago. To address this
issue, and to provide a global picture of the taxonomic and functional composition of the termite
gut microbiome, we generated gut metagenomes for a comprehensive set of 145 termite species
and one species of Cryptocercus. The analyses of this dataset revealed that: (1) gut prokaryotic
genes involved in the main nutritional functions are generally present across termites and
Cryptocercus, suggesting these genes were already harbored by the common ancestor of
termites and Cryptocercus; (2) the termite phylogenetic tree is largely predictive of the gut
bacterial community composition and the nutritional function they exert; and (3) the acquisition
of a diet of soil was accompanied by a change in the stoichiometry of genes and metabolic
pathways involved in important nutritional functions rather than by the acquisition of new genes
and pathways.

The analyses of our 146 gut metagenomes indicated that prokaryotic CAZymes, genes of the
reductive acetogenesis, sulfur reduction, and methanogenesis pathways, and genes involved in
nitrogen fixation and recycling, are present across the nine termite families and Cryptocercus.
Therefore, the nutritional functions previously known to be performed by the gut prokaryotic
symbionts of particular termite species (e.g. Warnecke et al., 2007; Calusinska et al., 2020) are
likely performed in the gut of all termites and Cryptocercus spp. These results strongly suggest
that the gut prokaryotes performing important nutritional functions were already harbored by
the common ancestor of termites and Cryptocercus. Following this scenario, the ancestor of
termites and Cryptocercus did not only acquire their charismatic gut cellulolytic flagellates
(Nalepa 1991), but also acquired several bacterial and archaeal lineages that make up a sizable
fraction of the gut microbiota of modern termite species. In support of this hypothesis, many
termite gut bacteria phylotypes form monophyletic groups present in the gut of various termite
families and distantly related to bacteria found in other environments, such as in the guts of
other animals, including cockroaches (Bourguignon et al. 2018). Therefore, as the cockroach-
like ancestor of termites and Cryptocercus evolved wood-feeding, it is likely that it recruited
facultative gut microbes able to degrade wood and participate in the nitrogen economy as
essential gut symbionts.

Our analyses indicate that the phylogenetic position of termite species is partly predictive of the
functions of gut bacterial communities. This is best illustrated by CAZymes whose abundance
often correlated with the termite phylogenetic tree. Correlation with the termite phylogenetic
tree, however, was not found for some genes, such as the mcrABG genes of the methanogenesis
pathway, the genes of sulfate reduction pathway, and the genes of the dissimilatory nitrate
reduction pathway. Whether this lack of correlation is genuine, or whether it reflects insufficient
depth of sequencing, is unclear and requires further study. In any case, our results indicate that
the phylosymbiotic patterns observed between termites and their gut bacterial and protist
communities (Tai et al. 2015; Abdul Rahman et al. 2016) are also found for some gut microbial
functions, which, at least partly, recapitulates the termite phylogeny.
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The comparison of four termite groups, soil-feeding Termitidae (SF), fungus-cultivating
Macrotermitinae (FC), non-Macrotermitinae wood-feeding Termitidae (WF), and lower
termites (LT), reveals that genes and metabolic pathways important to termites are present in
all termite species, but their abundances vary among groups. Notably, the gut metagenomes of
SF possessed on average fewer CAZymes, nitrogenases, reductive acetogenesis, and sulfate-
reducing genes than the gut metagenomes of other termite groups. Therefore, as pointed out by
Marynowska et al. (2020), the gut prokaryote communities of SF retain important carbohydrate
metabolism capabilities. Nevertheless, our dataset clearly indicate that these abilities are much
reduced in soil-feeders compared to wood-feeders. Overall, our results support the idea that the
acquisition of soil-feeding was accompanied by changes in the abundance of the gut prokaryote
metabolic pathways important to termite nutrition.
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Figure 1. 1. Relative abundance of the top 50 bacterial lineages and the major archaeal
orders found in the gut metagenomes of termites and Cryptocercus. The relative abundance
of prokaryotic taxa was inferred from 40 single-copy marker genes. The color scale represents
the logarithm of transcripts per million (TPM). The tree represents a simplified time-calibrated
phylogenetic tree reconstructed using host termite and Cryptocercus mitochondrial genome
sequences. Prokaryotic taxa presenting significant phylogenetic autocorrelation with the host
phylogeny at a 5% false discovery rate (FDR) are indicated with an asterisk (*p < 0.05; **p <

0.01).
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Figure 1. 2. Relative abundance of CAZymes found in gut metagenomes of termites and
Cryptocercus. The heatmap shows the 50 most abundant CAZymes. The color scale represents
the logarithm of transcripts per million (TPM). The tree represents a simplified time-calibrated
phylogenetic tree reconstructed using host termite and Cryptocercus mitochondrial genomes.
Genes showing significant phylogenetic autocorrelation with the host phylogeny at a 5% false
discovery rate (FDR) are indicated with asterisks (*p < 0.05; **p < 0.01).
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Figure 1. 3. Principle component analysis (PCA) bi-plots showing the distribution of
prokaryotic genes involved in lignocellulose digestion in the gut of termites and
Cryptocercus. (A) PCA performed on the relative abundance of CAZymes found in 129 gut
metagenome assemblies. The 50 glycoside hydrolases (GHs) that contributed the most to
separation of termite diets are plotted (see Table S1.7). (B) PCA inferred from relative
abundance of metabolic genes involved in lignocellulose digestion after carbohydrate
degradation. The symbols indicate host feeding habits. The species identity of each data point
is available in Table S1.1. Asterisks indicate significant differences among the four termite
groups at 5% false discovery rate (FDR, *p < 0.05; **p <0.01; ***p <0.001).
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Figure 1. 6. Metabolic pathways involved in the final steps of lignocellulose digestion found
in gut metagenome assembled genomes (MAGsSs) reconstructed in this study. (A) Genes
involved in reductive acetogenesis, (B) methanogenesis, and (C) sulfate reduction found in
MAGs. The trees represent simplified maximum likelihood phylogenetic trees of the MAGs
reconstructed using 43 single-copy marker genes. MAG completeness and contamination, based
on CheckM analyses, is shown beside the tree. Dark blue squares indicate gene presence, light
blue squares indicate that incomplete gene sets, and open squares indicate gene absence.
Detailed information on the gene families and their KEGG IDs are available in Tables S1.12,

S1.14, and S1.15.
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Figure 1. 7. Nitrogen metabolism in the gut of termltes and Cryptocercus. (A) Metagenome-
assembled genomes (MAGs) with complete nitrogen fixation or dissimilatory nitrate reduction
pathways. All pathways potentially involved in the nitrogen metabolism, namely nitrogen
fixation, dissimilatory nitrate reduction, ureases, glutamate metabolism, ammonia transport,
urea transport, and arginine metabolism are represented. The tree represents a simplified
maximum likelihood phylogenetic tree of the MAGs inferred from 43 marker genes.
Completeness and contamination of MAGs, based on CheckM analysis, are shown beside the
tree. Dark blue squares indicate gene presence, light blue squares indicate that incomplete gene
sets, and open squares indicate gene absence. (B) Abundance of NifHDK operons (nifHDK,
vnfHDK, or anfHDK) present in contigs longer than 5000bps across gut metagenomes. The
color scale represents the log-transformed transcripts per million (TPM). The tree represents a
simplified time-calibrated phylogenetic tree reconstructed using host termite and Cryptocercus
mitochondrial genomes.
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Figure S1. 1. Time-calibrated phylogenetic tree of termites and Cryptocercus inferred from
mitochondrial genome sequences.
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gut metagenomes and the 16S rRNA amplicon data of 74 termite samples.
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Figure S1. 4. Protein sequence alignment of predicted uricases from 53 termite
transcriptomes previously published in Buédek et al. (2019).
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Table S1. 1. Termite samples sequenced in the study (Link to complete sheet).

Sampleids

Cryp

MD_RNA_1

HSRNA1

SA16-13

us17

AUST14-12

POROTERM
ES52

PORO-CHILI

AUS89
AUS109
THAI112
H2
THAI31

THAI114

Species
name

Cryptocer
cus
kyebange
nsis
Mastoter
mes
darwinien
sis
Hodoterm
opsis
sjostedti

Hodoterm
es
mossambi
cus
Zootermo
psis
nevadensi
s
Stoloterm
es
victoriensi
s
Poroterm
es
planiceps
Poroterm
es
quadricolli
s
Kaloterme
S sp.
Glyptoter
mes sp.
Glyptoter
mes sp. 4
Glyptoter
mes sp.
Glyptoter
mes sp. 3
Glyptoter
mes sp. 1

Family

Cryptocercidae

Mastotermitid
ae

Archotermopsi
dae

Hodotermitida
e

Archotermopsi
dae

Stolotermitida
e

Stolotermitida
e

Stolotermitida
e

Kalotermitidae
Kalotermitidae
Kalotermitidae
Kalotermitidae
Kalotermitidae

Kalotermitidae

Subfamily

Termite
group

cockroach

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)

Termite
lineage

Cryptocercida
e

Mastotermiti
dae

Archotermop
sidae +
Hodotermitid
ae

Archotermop
sidae +
Hodotermitid
ae

Archotermop
sidae +
Hodotermitid
ae

Stolotermitid
ae

Stolotermitid
ae

Stolotermitid
ae

Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e

Percent
all
mapped
reads

31.97526

41.87783

35.18442

85.40099

88.71237

66.18394

64.873

81.91489

78.7156

70.68229
86.74643
71.47136
60.13413

71.59612

Percent
of
microbial
mapped
reads
25.58971

27.96191

20.56014

9.85826

62.3424

12.20878

8.979102

14.85188

22.53374
14.17981
11.69556
42.25133
25.90219

9.308026
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Sampleids

G678 2
SING74
AUS102
AUS91

KE15-30
M16

AUS111

uUs10

MAL39

AUS110
AUS117
Chi15_131
BRA31

G13-144

NG30

THAI23

G13-54

RDCT112

Species
name

Rugiterme
ssp. A
Neoterme
ssp. A
Neoterme
S sp.
Neoterme
s sp.
Bifiditerm
es sp.
Tauriterm
es sp.
Incisiterm
es nr.
barretti
Incisiterm
es snyderi
Cryptoter
mes
domesticu
S
Cryptoter
mes sp.
Cryptoter
mes sp.
Styloterm
es sp.
Serriterme
s serrifer
Glossoter
mes
oculatus
Parrhinote
rmes
browni
Parrhinote
rmes sp. A
Dolichorhi
notermes
longilabius
Schedorhi
notermes
lamanianu
S

Family

Kalotermitidae
Kalotermitidae
Kalotermitidae
Kalotermitidae
Kalotermitidae
Kalotermitidae

Kalotermitidae

Kalotermitidae

Kalotermitidae

Kalotermitidae
Kalotermitidae

Stylotermitida
e
Serritermitidae

Serritermitidae

Rhinotermitida
e

Rhinotermitida
e
Rhinotermitida
e

Rhinotermitida
e

Subfamily

Rhinotermi
tinae

Rhinotermi
tinae
Rhinotermi
tinae

Rhinotermi
tinae

Termite
group

lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)

lower
termites (LT)
lower
termites (LT)

lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)
lower
termites (LT)

lower
termites (LT)

lower
termites (LT)
lower
termites (LT)

lower
termites (LT)

Termite
lineage

Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e
Kalotermitida
e

Kalotermitida
e
Kalotermitida
e

Kalotermitida
e
Kalotermitida
e
Stylotermitid
ae
Serritermitida
e
Serritermitida
e

Rhinotermitin
ae

Rhinotermitin
ae
Rhinotermitin
ae

Rhinotermitin
ae

Percent
all
mapped
reads

80.43422
60.72135
69.66017
77.29557
75.75747
64.2507

70.97918

91.2567

84.42584

67.37727
84.46147
80.53662
58.0141

76.42737

87.22521

67.77182

88.31052

87.96551

Percent
of
microbial
mapped
reads
16.15866
18.0381
16.0229
21.18377
5.475805
20.64455

11.96546

9.651034

49.52997

14.15388
17.64912
9.075423
8.317455

12.96352

30.29251

11.03226

19.84806

17.53398
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Sampleids

THAI63

TBRU2.3A

NG84

NG90

THAIS8

us1

AUS88

AUS121

AUS47

TBRUS8.25

CF_RNA 1

NG87

RDCT185

Species
name

Schedorhi
notermes
sp. 3
Schedorhi
notermes
sarawaken
sis
Termitoge
ton planus

Prorhinot
ermes
inopinatus

Reticuliter
mes sp. A
Reticuliter
mes
nelsonae
Heteroter
mes cf.
paradoxus

Heteroter
mes cf.
paradoxus

Heteroter
mes vagus

Heteroter
mes
tenuior

Coptoter
mes
formosan
us
Coptoter
mes elisae

Coptoter
mes

Family

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e
Rhinotermitida
e

Rhinotermitida

e

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e

Rhinotermitida
e

Subfamily

Rhinotermi
tinae

Rhinotermi
tinae

Termitigeto
ninae

Prorhinoter
mitinae

Heteroterm
itinae
Heteroterm
itinae

Heteroterm

itinae

Heteroterm
itinae

Heteroterm
itinae

Heteroterm
itinae

Coptotermi
tinae

Coptotermi
tinae

Coptotermi
tinae

Termite
group

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)
lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

lower
termites (LT)

Termite
lineage

Rhinotermitin
ae

Rhinotermitin
ae

Termitigetoni
nae +
Prorhinoterm
itinae
Termitigetoni
nae +
Prorhinoterm
itinae
Reticuliterme
s
Reticuliterme
s

Heterotermiti
nae +
Coptotermiti
nae
Heterotermiti
nae +
Coptotermiti
nae
Heterotermiti
nae +
Coptotermiti
nae
Heterotermiti
nae +
Coptotermiti
nae
Heterotermiti
nae +
Coptotermiti
nae
Heterotermiti
nae +
Coptotermiti
nae
Heterotermiti
nae +

Percent
all
mapped
reads

96.66679

71.58745

48.37778

90.96845

73.94166

84.2058

87.94349

82.19711

80.05473

80.95694

47.10889

77.04872

63.65561

Percent
of
microbial
mapped
reads
6.981693
12.02827
6.832767

21.2302

5.586651

24.54687

6.370943

13.92354

6.092687

8.955118

23.15731

15.14363

32.46552
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Sampleids

G13-107

RDCT165

CAM16-02a

RDCT109

BDITO72

THAISO0

THAIO71

SAF5

RDCT144

BDITO86

THAIO64

TBRUS8.14E

Species
name

Coptoter
mes
testaceus

Sphaerote
rmes
sphaeroth
orax

Acanthote
rmes
acanthoth
orax
Pseudacan
thotermes
militaris
Macroter
mes
subhyalin
us
Macroter
mes gilvus

Macroter
mes
annandale
i
Allodontot
ermes
schultzei
Odontoter
mes sp. D

Odontoter
mes sp.

Odontoter
mes
javanicus
Labriterm
es
buttelreep
eni

Family

Rhinotermitida
e

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Coptotermi
tinae

Sphaeroter
mitinae

Macroterm
itinae

Macroterm
itinae
Macroterm
itinae
Macroterm
itinae
Macroterm
itinae
Macroterm

itinae

Macroterm
itinae

Macroterm
itinae

Macroterm
itinae

Foraminiter
mitinae

Termite
group

lower
termites (LT)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

fungal-
cultivating
termites (FC)

fungal-
cultivating
termites (FC)
fungal-
cultivating
termites (FC)

fungal-
cultivating
termites (FC)
fungal-
cultivating
termites (FC)

fungal-
cultivating
termites (FC)
fungal-
cultivating
termites (FC)
fungal-
cultivating
termites (FC)
fungal-
cultivating
termites (FC)
soil-feeding
termites (SF)

Termite
lineage

Coptotermiti
nae
Heterotermiti
nae +
Coptotermiti
nae
Sphaerotermi
tinae

Macrotermiti
nae

Macrotermiti
nae
Macrotermiti
nae
Macrotermiti
nae
Macrotermiti
nae
Macrotermiti

nae

Macrotermiti
nae

Macrotermiti
nae

Macrotermiti
nae

Foraminiterm
itinae

Percent
all
mapped
reads

66.78495

75.47496

67.81468

67.97339

50.39735

65.89293

59.56507

82.54487

70.71704

83.22163

72.91799

53.98647

Percent
of
microbial
mapped
reads

20.209

64.87452

4.835535

16.11661

24.74305

28.97269

36.1678

23.84826

22.01581

54.61164

22.15938

10.09766
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Sampleids

BDIT108_2

CAM16-13

CAM16-05

CAM212

BDITO62

BDIT49

RDCTO70

RDCT098

RDCT021

BDIT112

SAF6

BDITO61

T4.14A

G13-17

G13-65

G756

Species
name

Foraminit
ermes
rhinoceros
Labidoter
mes celesi
Phoxoter
mes
cerberus
Heimiterm
es laticeps
Acholoter
mes
chirotus
Aderitoter
mes sp. 2
Ateuchote
rmes
retifaciens
Amaloter
mes
phaeocep
halus
Acidnoter
mes praus
Astaloter
mes
murcus
Alyscoter
mes sp.
Alyscoter
mes
kilimandja
ricus
Euhamiter
mes
hamatus
Anoploter
mes-
group sp.
N
Anoploter
mes-
group sp.
Q
Patawater
mes

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Foraminiter
mitinae

Apicotermit
inae
Apicotermit
inae

Apicotermit
inae
Apicotermit
inae

Apicotermit
inae
Apicotermit
inae

Apicotermit
inae

Apicotermit
inae
Apicotermit
inae

Apicotermit
inae
Apicotermit
inae

Apicotermit
inae
Apicotermit

inae

Apicotermit
inae

Apicotermit
inae

Termite
group

soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding

termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

Termite
lineage

Foraminiterm
itinae

Apicotermitin
ae
Apicotermitin
ae

Apicotermitin
ae
Apicotermitin
ae

Apicotermitin
ae
Apicotermitin
ae

Apicotermitin
ae

Apicotermitin
ae
Apicotermitin
ae

Apicotermitin
ae
Apicotermitin
ae

Apicotermitin
ae
Apicotermitin

ae

Apicotermitin
ae

Apicotermitin
ae

Percent
all
mapped
reads

57.81105

41.8243

45.66922

29.92338

37.03967

46.10138

58.57889

77.63623

43.59681

53.67653

46.87505

55.24161

71.00791

50.98634

42.32126

40.78011

Percent
of
microbial
mapped
reads
36.34262

4.850426

5.044952

10.41394

5.893563

4.117369

6.103523

8.990482

6.358763

8.207886

2.931437

4.646086

16.00352

7.130324

12.12778

6.183912
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Sampleids

G13-69

G13-04

G13-32

G13-08

TBRU7.11D

G13-24

RDCT180

CIVTO017

CAM16_18

BRA1

G13-48

Species
name

nigripunct
atus
Anoploter
mes-
group sp.
AF
Anoploter
mes
parvus
Anoploter
mes
banksi
Anoploter
mes janus
Orientoter
mes
emersoni

Cylindrote
rmes
parvignath
us

Cephalote
rmes
rectangula
ris

Mimeuter
mes sorex
Leptomixo
termes
doriae
Constricto
termes
cyphergas
ter

Constricto
termes
cavifrons

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Apicotermit
inae

Apicotermit
inae

Apicotermit
inae

Apicotermit
inae
Termitinae

Termitinae

Termitinae

Nasutitermi
tinae
Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Termite
group

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)
non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)
soil-feeding
termites (SF)
soil-feeding
termites (SF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding

Termite
lineage

Apicotermitin
ae

Apicotermitin
ae

Apicotermitin
ae

Apicotermitin
ae
Cephaloterm
es-group

Cephaloterm
es-group

Cephaloterm
es-group

Nasutitermiti
nae
Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Percent
all
mapped
reads

39.34427

52.16008

61.05825

47.8667

59.6076

72.60047

62.3229

56.88422

36.48502

63.3244

52.26081

Percent
of
microbial
mapped
reads

4.111358

9.374422

17.73347

6.925519

19.13339

33.8204

28.24273

12.22632

10.39486

34.73879

19.08209
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Sampleids

G728

G729

G13-30

G13-130

AUS49

NSW6

THAI100

THAI43

THAI45

THAIO67

Species
name

Agnathote
rmes
crassinasu
S
Araujoter
mes
parvellus
Coatiterm
es
kartaboen
Sis
Coatiterm
essp. 2
Tumuliter
mes sp.

Occasiter
mes
occasus

Bulbiterm

es nr.

laticephal
us

Nasutiter
mes sp. 3

Oriensubu
litermes
inanis
Hospitalit

ermes sp.

C

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae
Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Termite
group

Termitidae
(WF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)
non-
Macrotermit
inae  wood-
feeding (WF)
non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)
soil-feeding
termites (SF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

Termite
lineage

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae
Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Percent
all
mapped
reads

50.87874

71.46997

53.29051

56.18332

54.59143

57.94807

67.45778

69.49039

54.6895

61.03721

Percent
of
microbial
mapped
reads

21.34311

4.842118

21.84086

13.77836

20.89804

36.21402

48.04222

51.67027

11.51772

16.7846
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Sampleids

BDITO41

KE15-44

BDITOS4

RDCT106

BRUG

NG60

NG69

G733

Species
name

Nasutiter
mes
arborum

Trinerviter
mes
gratiosus

Trinerviter
mes sp.

Nasutiter
mes lujae

Nasutiter
mes
matangen
sis

Nasutiter
mes
gracilirostr
is

Nasutiter
mes
bikpelanus

Nasutiter
mes
macrocep
halus

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Nasutitermi
tinae

Termite
group

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae (WF)
non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

Termite
lineage

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Nasutitermiti
nae

Percent
all
mapped
reads

73.41439

81.1271

83.52211

60.63951

62.08778

67.25998

68.59457

68.00779

Percent
of
microbial
mapped
reads
55.59922

44.00075

38.71172

18.02744

39.18875

47.02199

39.54295

44.4868
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Sampleids

AUS54

AUS62

G13-60

G13-28

G683

NG81

AUS13

BDIT102

Msp_RNA _

Species
name

Nasutiter
mes
triodiae

Nasutiter
mes
graveolus

Neocaprit
ermes
taracua
Planicaprit
ermes
planiceps
Neocaprit
ermes sp.
H
Microcero
termes
papuanus

Microcero
termes sp.

Microcero
termes
fuscotibial
is

Microcero
termes sp.

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Nasutitermi
tinae

Nasutitermi
tinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termite
group

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

Termite
lineage

Nasutitermiti
nae

Nasutitermiti
nae

Neocapriterm
es-group

Neocapriterm
es-group

Neocapriterm
es-group

Microceroter
mes

Microceroter
mes

Microceroter
mes

Microceroter
mes

Percent
all
mapped
reads

64.14361

65.09912

48.38753

72.11616

72.2035

67.05145

70.20581

62.3123

77.66529

Percent
of
microbial
mapped
reads
37.9091

37.34616

7.374561

42.85146

13.92595

48.77541

24.08388

34.04349

55.08129

43



Sampleids

FG-NDO2-
38

G13-23

G13-45

BRA14

BRA11 2

BRA9

G13_62

BRA3

BRA5

BRA29
G13-43

RD1T21-
Mile

Species
name

Microcero
termes sp.
SA

Embirater
mes
brevinasus
Cyrillioter
mes
angularice
ps
Cyrillioter
mes sp.
Syntermes
grandis

Rhynchote
rmes
nasutissim
us
Corniterm
essp. A

Corniterm
es
cumulans

Silvestriter
mes
heyeri
Labioterm
es sp.
Labioterm
es labralis
Promirote
rmes
pygmaeus

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae
Termitidae

Termitidae

Subfamily

Termitinae

Syntermitin
ae

Syntermitin
ae

Syntermitin
ae
Syntermitin
ae

Syntermitin
ae

Syntermitin
ae

Syntermitin
ae

Syntermitin
ae

Syntermitin
ae
Syntermitin
ae
Termitinae

Termite
group

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)
non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae (WF)

non-
Macrotermit
inae wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)
soil-feeding
termites (SF)

Termite
lineage

Microceroter
mes

Syntermitinae

Syntermitinae

Syntermitinae

Syntermitinae

Syntermitinae

Syntermitinae

Syntermitinae

Syntermitinae

Syntermitinae
Syntermitinae

Promiroterm
es

Percent
all
mapped
reads

80.91325

42.88905

26.17747

55.34307

58.33776

53.76813

47.55362

57.35727

49.05699

40.54052
29.90363

69.41176

Percent
of
microbial
mapped
reads
62.13664

5.606929

5.38118

7.815018

26.67263

13.98033

28.52899

20.46551

7.04267

10.27183
8.713193

21.61321
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Sampleids

RDCT105

BDITO69

RDCTO51

BDIT43

RDCT159

RDCT125

G13-112

G13-105

NG49

THAIOS6

TBRUS.14A

THAI49

AUS4

Species
name

Ophioter
mes
grandilabi
us
Cubiterme
s nr. fulvus
Orthoter
mes
depressifr
ons
Basidentit
ermes
aurivillii
Proboscite
rmes
tubuliferu
s
Tuberculit
ermes
bycanistes
Caviterme
s
tuberosus
Termes
fatalis
Protocapri
termes
odontoma
chus
Termes
propinquu
s
Prohamite
rmes
mirabilis

Amiterme
s dentalus

Amiterme
S

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Cubitermiti
nae

Cubitermiti
nae
Cubitermiti
nae

Cubitermiti

nae

Cubitermiti

nae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termite
group

soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit
inae  wood-
feeding
Termitidae
(WF)

non-
Macrotermit

Termite
lineage

Cubitermitina
e

Cubitermitina
e
Cubitermitina
e

Cubitermitina
e

Cubitermitina
e

Termes-
group

Termes-
group

Termes-

group
Termes-

group
Termes-
group

Amitermes-
group

Amitermes-
group

Amitermes-
group

Percent
all
mapped
reads

39.59984

30.1377

36.37838

18.54868

36.81179

53.27242

53.06879

50.75059

47.03072

45.89494

34.06541

43.49859

73.60822

Percent
of
microbial
mapped
reads
8.179341

11.43037

4.885623

3.735083

14.6745

10.21767

8.631003

10.58474

24.54328

16.63874

9.208603

14.44067

39.05673
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Sampleids

G697

G730

NG55

NG45

NG45_10

SING57

THAIO38

THAIO37

SP1

THAI105

Species
name

meridiona
lis

Orthognat
hotermes
aduncus
Dentispico
termes
brevicarin
atus
Pericaprit

ermes sp.

B
Pericaprit
ermes
parvus
Pericaprit
ermes
parvus
Dicuspidit
ermes
nemorosu
s
Mirocaprit

ermes sp.

1
Procaprite
rmes sp. 1
Sinocaprit
ermes
mushae
Sinocaprit

ermes sp.

1

Family

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Termitidae

Subfamily

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termitinae

Termite
group

inae  wood-
feeding
Termitidae
(WF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)

soil-feeding
termites (SF)
soil-feeding
termites (SF)

soil-feeding
termites (SF)

Termite
lineage

Amitermes-
group

Amitermes-
group

Pericapriterm
es-group

Pericapriterm
es-group

Pericapriterm
es-group

Pericapriterm
es-group

Pericapriterm
es-group

Pericapriterm
es-group
Pericapriterm
es-group

Pericapriterm
es-group

Percent
all
mapped
reads

49.29855

45.85359

39.17136

39.28964

57.44647

36.25868

39.9187

52.62302

53.69253

40.91531

Percent
of
microbial
mapped
reads

29.98896

14.32617

6.041115

8.597467

12.67198

18.94728

6.190228

9.785872

10.88233

6.529427

Table S1. 2. Relative abundance of family-level prokaryotic taxa inferred from gut
metagenome and 16S rRNA amplicon data of 74 termite samples. The prokaryotic
taxonomy was determined with GTDB for marker genes and with SILVA for 16S rRNA data.
The relative abundance was clr-transformed to account for differences in sequencing method
and sequencing depth among metagenome samples. (link)

Table S1. 3. Taxonomic distribution of major bacterial and archaeal groups based on
relative abundance of 40 single-copy marker genes. We analyzed the marker genes present
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in contigs longer than 1000 bps in >5% of gut metagenomes. The relative abundance is
represented as transcripts per million (TPM). (link)

Table S1. 4. Moran's I phylogenetic autocorrelation index calculated for 123 prokaryote
families. Significance was assessed with 9999 random permutations. P-values <0.05 are
indicated by asterisks. (link)

Table S1. 5. Relative abundance of microbial CAZymes in gut metagenomes with upward
of 10000 contigs longer than 1000 bps. Relative abundance is given as transcripts per million
(TPM). (link)

Table S1. 6. Moran's I phylogenetic autocorrelation index calculated for 211 prokaryotic
CAZymes present in more than 10% of gut metagenomes. Significance was assessed with
9999 random permutations. P-values <0.05 are indicated by asterisks. (link)

Table S1. 7. Phylogenetic ANOVA calculated for 211 prokaryotic CAZymes present in
more than 10% of gut metagenomes. Significance was assessed with 9999 random
permutations. P-values of phylogenetic ANOVA and pairwise comparisons were adjusted at
5% false discovery rate (FDR). The relative abundance of each CAZyme for the four termite
groups are indicated by mean TPM values. Significance of pairwise comparisons between
termite groups are indicated by asterisks (* p < 0.05; ** p <0.01; *** p <0.001). (link)

Table S1. 8. Phylogenetic ANOVA comparing the taxonomic origin of the 19 prokaryotic
CAZymes found in 10% of gut metagenomes and embedded in contigs longer than 5000
bps. Significance was assessed with 9999 random permutations. The relative abundance of each
CAZyme for the four termite groups are indicated by mean TPM values. Significance of
pairwise comparisons between termite groups are indicated by asterisks (* p <0.05; ** p <0.01;
*H% p <0.001). (link)

Table S1. 9. Information about the 654 MAGs reconstructed in this study. (link)

Table S1. 10. Distribution of polysaccharide utilization loci (PULs) across the MAGs.
PULs with at least one GH and Bacteroidota PULs with at least one susCD complex are shown.
MAGs containing PULs with all the components are highlighted in grey. (link)

Table S1. 11. Moran’s I phylogenetic autocorrelation index and phylogenetic ANOVA
performed on the genes involved in the final steps of the lignocellulose digestion in the gut
of termites and Cryptocercus. For genes composed of multiple subunits, all subunits were
summed together. Significance was assessed with 9999 random permutations. P-values were
adjusted at 5% false discovery rate (FDR). The relative abundance of each gene for the four
termite groups are indicated by mean TPM values. Significance of pairwise comparisons
between termite groups are indicated by asterisks (* p <0.05; ** p <0.01; *** p<0.001). (link)

Table S1. 12. Distribution of genes involved in reductive acetogenesis among MAGs.
Distribution is shown as presence (1) and absence (0). Asterisks indicate genes that were
annotated using BLASTx search against the AnnoTree database (perc. identity >60%, align.
length >100 aa). Other genes were annotated using HMM search against the KEGG or Pfam
databases. [FeFe] hydrogenase GroupA4 were annotated using the Hyddb webtool followed by
manual inspection of the conserved motifs. The total number of HycB3 (PF13247) found in
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each MAG is shown. MAGs with almost complete reductive acetogenesis pathway (>5 genes)
and HDCR complex are highlighted in grey. (link)

Table S1. 13. Relative abundance of methyl-coenzyme M reductase (mcrABG) gene
complex present in metagenome contigs longer than 5000 bps. Contigs were annotated using
BLASTx search against the GTDB database. Relative abundance of the gene family is shown
as raw TPM. (link)

Table S1. 14. Distribution of genes involved in methanogenesis among MAGs. Distribution
is shown as presence (1) and absence (0). Asterisks indicate genes that were annotated using
BLASTx search against the AnnoTree database (perc. identity >60%, align. length >100 aa).
Other genes were annotated using HMM search against the KEGG or Pfam databases.
Highlighted MAGs have a complete Methanogenesis pathway. (link)

Table S1. 15. Distribution of genes involved in sulfate reducing among MAGs. Distribution
is shown as presence (1) and absence (0). Asterisks indicate genes that were annotated using
BLASTx search against the AnnoTree database (perc. identity >60%, align. length >100 aa).
MAGs with complete sulfate reducing pathway are highlighted. (link)

Table S1. 16. Genes involved in nitrogen metabolism and fixation found in our MAGs.
Distribution is shown as presence (1) and absence (0). Asterisks indicate genes that were
annotated using BLASTx search against the AnnoTree database (perc. identity >60%, align.
length >100 aa). MAGs with complete nitrogen fixation or dissimilatory nitrate reduction
pathways are highlighted. (link)

Table S1. 17. Contigs endowed with a NifHDKENB (nifHDKENB, vafHDKENB, or
anfHDKENB) gene complex found in gut metagenomes. The relative abundance is given as
raw TPM. (link)

Table S1. 18. Contigs endowed with a NifHDK (nifHDK, vaifHDK, or anfHDK) gene
complex found in termite gut metagenomes. The relative abundance is given as raw TPM.
(link)

Table S1. 19. Fossil calibrations used to calibrate the time-calibrated tree of termites and
Cryptocercus. (link)
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Chapter two-Evidence of coevolution between termites and their gut bacteria
at geological time scale

Main text

Symbiotic associations with microbes are pervasive across the animal tree of life (McFall-Ngai
et al. 2013). Some of these associations, between coevolving mutually dependent partners, have
lasted over extended evolutionary timescales. Animals host most of their symbiotic microbes in
their gut, and some lineages of mammalian gut microbes may have coevolved with their hosts
on time scale of several million years (Moeller et al. 2016). Although the timescale of these
symbiotic associations allows for co-speciation to occur, they are short lived in comparison to
the partnerships some insects have established with maternally transmitted intracellular
bacterial endosymbionts that last over tens, or even hundreds, of millions of years (Moran et al.
2008). There are no clear examples of animals coevolving with their gut microbes through
vertical transmission across host generations on such timescales.

Gut bacterial communities are often positively correlated with the phylogenetic tree of their
hosts (Lim and Bordenstein 2020). However, this pattern is not necessarily indicative of
coevolution and can be generated by ecological filtering imposed by host traits such as diet and
gut pH (Mazel et al. 2018; Lim and Bordenstein 2020). Cophylogenetic patterns, whereby the
trees of two interacting partners show congruence in term of topology and timing, provide
stronger support for coevolution (de Vienne et al. 2013; Groussin et al. 2020). For example,
maternally transmitted intracellular bacterial endosymbionts and their insect hosts have closely
matching phylogenetic trees, in line with their long-term coevolution at geological timescales
(e.g. (Jousselin et al. 2008; Kinjo et al. 2021). Cophylogenetic analyses have rarely been
performed for animals and their gut microbes, perhaps because many studies have relied upon
16S rRNA sequences, a marker that diverges at a rate of about 1% per 50 million years (Ochman
et al. 1999) and does not provide the taxonomic resolution required to resolve coevolutionary
patterns between animals and their gut microbes. The limitations of the 16S rRNA gene can be
overcome by using protein-coding marker genes obtained from gut metagenomes.

We analyzed the coevolutionary patterns between termites and their gut microbes. Termites host
unique gut microbial communities composed of archaea, bacteria, and flagellates, the latter of
which was lost in the Termitidae (Brune 2014). Some lineages of termite gut bacteria are
ubiquitous in all termite species but are not found outside termite guts (Bourguignon et al. 2018).
This raises the possibility that some lineages of termite gut bacteria were already associated
with the ancestor of modern termites ~150 million years ago (Bourguignon et al. 2015; Bucek
et al. 2019) and were since vertically transmitted across generations of termite hosts through
exchange of fecal fluid, a phenomenon called proctodeal trophallaxis (Nalepa et al. 2001). To
identify cases of long-term coevolution with vertical transmission, we searched for
cophylogenetic patterns between termites and their gut bacteria. We compared a mitochondrial
genome phylogenetic tree of termites with phylogenetic trees of gut bacteria reconstructed using
ten independent universally occurring protein-coding marker genes (Sunagawa et al. 2013). The
sequences were derived from 202 termite gut metagenomes that we combined with sequences
from the GTDB database (Parks et al. 2020). Our dataset included representatives of the nine
termite families, the eight subfamilies of Termitidae, and 60 samples of 27 species of
Microcerotermes, a pantropical termitid genus that appeared ~20 million years ago
(Bourguignon et al. 2017). Therefore, our dataset captured both intraspecific variations and
ancient divergences of the termite hosts.
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We built one Maximum Likelihood phylogenetic tree for every prokaryotic phylum and every
marker gene and searched for termite-specific clusters that comprised sequences derived from
upward of ten termite species and included no sequences from non-termite environments. The
highest number of termite-specific clusters was found for the signal recognition protein FtsY
(COGO0552), the marker gene we used as a reference. In total, we identified 30 termite-specific
clusters belonging to 13 prokaryotic phyla from the phylogenetic trees reconstructed with
COGO0552. We examined the cophylogenetic signal between each termite-specific cluster and
their termite hosts using three different methods: PACo (Balbuena et al. 2013), generalized
Robinson Foulds metric (Smith 2020), and the algorithm described by Nye et al. (2005). 20 out
of 30 clusters showed strong cophylogenetic signal with all three methods (Table 2.1).
Cophylogenetic analyses performed on the other nine marker genes representing the same
termite-specific clusters of prokaryotes were highly congruent (Table 2.1), indicating that the
choice of marker gene did not influence the outcome of our analyses. Prokaryotic lineages
showing strong cophylogenetic signals included key components of the gut microbiota of
termites such as the Spirochaetota family Treponemataceae B, the Fibrobacterota genus
Fibromonas, and the Firmicutes family Ruminococcaceae (Dietrich et al. 2014; Mikaelyan et
al. 2015a; Bourguignon et al. 2018). These results suggest that lineages of prokaryotes
exclusively found in termite guts coevolve with their termite hosts.

Because significant cophylogenetic signals do not necessarily imply coevolution (de Vienne et
al. 2013; Groussin et al. 2020), we searched our phylogenetic trees for additional evidence of
coevolution. The existence of termite-specific clusters within prokaryote phylogenetic trees can
be explained by horizontal transfers of gut prokaryotes among termite species and/or by vertical
transfers of gut prokaryotes over millions of generations of termite hosts. We reasoned that the
dominance of vertical transfers over horizontal transfers should lead to the emergence of
lineages of prokaryotes only found in the guts of specific termite clades. We indeed found such
termite-clade-specific lineages within our prokaryote phylogenetic trees (Figure 2.1). For
example, we found prokaryote clades specific to Microcerotermes, the genus we sampled the
most intensively, belonging to the Spirochaetota family Treponemataceae B, the Fibrobacterota
genus Fibromonas, and the Desulfobacterota genus Adiutrix (Figure 2.1). The members of these
prokaryotic clades were only found in Microcerotermes species including those collected in the
same localities. They were found in the guts of Microcerotermes species collected across four
continents and six biogeographic realms, indicating that species of Microcerotermes spread
across the tropical regions of the world over the last 20 million years (Bourguignon et al. 2017)
together with their specific gut prokaryotes. This close association between termites and their
gut prokaryotes was not unique to Microcerotermes and was also found in other termite clades
sampled less intensively. For example, we found that a group of Nasutitermitinae, including
species that diverged ~25 million years ago (Bourguignon et al. 2017), hosted several lineages
of the Spirochaetota family Treponemataceae B and Desulfobacterota genus Adiutrix specific
to these termite species. Similarly, several lineages of the Spirochaetota family
Treponemataceae B were unique to a group of Kalotermitidae that included species sharing a
common ancestor >50 million years ago (Bucek et al. 2021). These examples of extreme
specificity between termite clades and some of their gut prokaryotes highlight the absence of
horizontal transfers between termite species belonging to different clades. Therefore, gut
prokaryotes specific to a termite clade are transmitted vertically from parents to offspring and/or
horizontally among species of the termite clade.
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A close examination of the prokaryote clades specific to Microcerotermes revealed patterns of
cophylogeny, often repeated several times over the clade phylogenetic trees, albeit with missing
termite representatives (Figure 2.2). These patterns were most evident for the phylogenetic trees
of Spirochaetota family 7reponemataceae B and the Fibrobacterota group annotated as
Chitinivibrionales, two phyla of bacteria making up over half of the bacterial abundance in the
gut of Microcerotermes (Bourguignon et al. 2018). They are indicative of symbiont extinction
(or insufficient sequencing depth) and speciation taking place within the termite hosts, two
processes expected to blur the cophylogenetic patterns (Groussin et al. 2020). Several termite-
specific bacterial lineages, less speciose than Treponemataceae B and Fibrobacterota, depicted
much clearer patterns of cophylogeny. For example, the phylogenetic tree of the
Desulfobaterota genus Adiutrix found in the sister group of termites Cryptocercus, in three
families of termites, and in six subfamilies of Termitidae present only a few mismatches with
the phylogenetic tree of termites (Figure 2.1C). Similarly, the phylogenetic trees of
Proteobacteria family Rhodocyclaceae (tree 6) and Acidobacteria family Holophagaceae (tree
7) showed similar patterns of cospeciation and mirrored remarkably well the phylogenetic trees
of termites and Termitidae, respectively. Our results therefore reveals cophylogenetic pattern
between termites and some of their gut bacterial symbionts arising from vertical inheritance and
cospeciation over several tens of millions of years.

The majority of microbial phyla examined in this study show a significant coevolution pattern
with the termite host. Some microbial groups were congruent with specific termite lineages such
as specificity of Spirochaetota family Treponemataceae B and the Fibrobacterota genus
Fibromonas for Microcerotermes genus. In contrast, other microbial groups like
Desulfobaterota genus Adiutrix and Proteobacteria family Rhodocyclaceae were present across
multiple termite lineages. These results support the hypothesis of partner fidelity feedback
(Foster and Wenseleers 2006) in which the stable associations are maintained due to co-
operative feedback between interacting partners. Gut microbes assist in the host’s nutritional
needs reciprocating the host that provide a stable gut environment.

Materials and Methods

Sample collection and metagenome analyses

We collected a total of 201 termite samples and one sample of the cockroach Cryptocercus
kyebangensis (Table S2.1). All samples were preserved in RNA-later® and stored at -80°C until
DNA extraction. We performed the DNA extraction and sequencing procedure and assembled
the metagenomes as described previously (Data filtering and assembly of metagenomic reads
sub-section of chapter one)

Sequence data extraction

Ten single-copy protein-coding marker genes (Sorek et al. 2007; Milanese et al. 2019) were
extracted from the assemblies using profile hidden markov model (HMM) as implemented in
the mOTU software (Sunagawa et al. 2013). Genomes and metagenome-assembled genomes
available in GTDB v.95 (Parks et al. 2020) were downloaded, and the same ten single-copy
marker genes were extracted as described above.

Taxonomic annotation of the marker genes

The taxonomic annotation of the ten marker genes extracted from termite gut metagenome
assemblies was performed with DIAMOND BLASTP (Buchfink et al. 2015) using evalue < le-
24 and output format 102, which uses the lowest common ancestor algorithm for annotation.
The blast search was performed against the GTDB database v.95 (Parks et al. 2020). For
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downloaded genomes, we used the taxonomic annotation available from GTDB v.95. The
marker gene sequences from termite gut metagenomes and from the GTDB database were
analyzed separately for every phylum. We reconstructed the phylogenetic tree of every phylum
including more than ten sequences.

Reconstruction of marker gene phylogenetic trees

Sequences shorter than half the mean length of the marker gene were removed to improve the
accuracy of phylogenetic reconstructions (Wiens et al. 2003; von Mering et al. 2007).
Nucleotide sequences were translated into protein sequences using the command transeq of the
Emboss v.6.6.0 (Madeira et al. 2019) and the bacterial genetic code table (code 11). Protein
sequences were aligned using MAFFT v.7.305 with the —auto option (Katoh and Standley 2013).
Protein alignments were back-translated into their corresponding nucleotide alignments using
PAL2NAL (Suyama et al. 2006). Nucleotide sequences were converted into purines (R) and
pyrimidines (Y) using BMGE v.1.12 (Criscuolo and Gribaldo 2010) to account for the
variability of GC content observed across bacterial sequences. Maximum likelihood (ML)
phylogenetic trees were generated using IQ-TREE v.1.6.12 (Nguyen et al. 2014) with the
GTR+I+G model of base substitution. Node supports were assessed using the ultrafast bootstrap
method (Minh et al. 2013) with the command -bb 2000 for 2000 bootstrap replicates. The
phylogenetic trees of every phylum were rooted using outgroup taxa determined from the
prokaryotic tree of life (Parks et al. 2017; Parks et al. 2020). The phylogenetic trees of
prokaryotic clades composed of sequences found exclusively in termite guts and represented by
more than ten termite species were extracted from the phylogenetic trees of each phylum. This
procedure was followed for each marker gene.

Phylogenetic reconstruction of termites

We reconstructed the phylogenetic tree of termites using mitochondrial genome sequences.
Termite mitochondrial contigs were identified using BLAST searches (Altschul et al. 1990).
Sequences longer than 5000 bp and more than 90% percent identical to the previously published
whole mitochondrial genomes of termites (Bourguignon et al. 2015; Bourguignon et al. 2016;
Bourguignon et al. 2017; Wang et al. 2019) were identified. Complete or near-complete
mitochondrial genomes were annotated using the MITOS web server (Bernt et al. 2013). We
reconstructed a Bayesian phylogenetic tree using BEAST v.2.4.8 (Suchard et al. 2018)
following the approach described previously (Termite phylogenetic tree reconstruction
subsection of chapter one)

Matching termite-specific prokaryote clades across marker gene trees

We found between 8 to 32 termite-specific prokaryote clades per marker gene. The phylogenetic
trees reconstructed with the marker gene coding for COG0552 yielded one of the largest number
of termite-specific prokaryote clades and the most number of sequences per clade and were used
as references. We attempted to link every termite-specific prokaryote clade found in the
phylogenetic trees reconstructed with COGO0552 with their counterparts found in the
phylogenetic trees reconstructed with the other nine other marker genes. To do so, we searched
our 201 gut metagenomes for contigs including at least two of the ten marker genes. The position
of each marker gene sequence in their respective phylogetic trees was used to match termite-
specific prokaryote clades across marker gene trees. We also used the ten marker genes of the
termite gut bacterial genomes found in the GTDB database. Out of 194425 genomes
downloaded from GTDB database, 37 were associated with termite guts.
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Cophylogenetic analyses

We carried out cophylogenetic analyses between the phylogenetic trees of termites and termite-
specific prokaryote clades using three approaches. For the first approach, we used the R package
PACo (Procrustean Approach to Cophylogeny) (Balbuena et al. 2013) that uses Procrustean
superimposition to estimate the cophylogenetic signal between two phylogenies. The host and
symbiont phylogenetic trees were converted into distance matrices using the copheretic()
function of the vegan R package (Oksanen 2014). The software was run using the backtrack
method of randomization that conserves the overall degree of interactions between the two trees
(Hutchinson et al. 2017). The second approach was the generalized Robinson Foulds (RF)
metric (Smith 2020). This method was implemented using the ClusteringinfoDistance()
function of the TreeDist R package (Smith 2020). For the third approach, the host and symbiont
phylogenetic trees were matched to find an optimal 1-to-1 map between branches using the
method explained by Nye et al. (2006) and implemented in NyeSimilarity() function of the
TreeDist R package (Smith 2020). Because the two methods implemented in the TreeDist R
package do not allow for multiple symbiont tips in one host, each host tip was split into a number
of tips of zero branch length equal to the number of prokaryote symbionts present in the
metagenome corresponding to that given tip (Perez-Lamarque and Morlon 2019; Satler et al.
2020). Congruence between the host and symbiont trees was determined by significance testing
using 10,000 random permutations.
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Figure 2. 1. Selected coevolution plots between termite tree and microbial gene trees from
COGO0552 single copy marker gene. (A) Treponemataceae B (see tree 1 in Figure S2.1 for
additional details). (B) Fibromonas (see tree 2 in Figure S2.1 for additional details) and (C)
Adiutrix (see tree 3 in Figure S2.1 for additional details).
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Figure 2. 2. Phylogenetic trees of microbial COG0552 marker gene with muitipie clusters
of Microcerotermes-specific sequences. (A) Treponemataceae B (see tree 4 in Figure S2.1 for
additional details) and (B) Chitinivibrionales (see tree 5 in Figure S2.1 for additional details)
showed coevolution with the termite host. The coevolution pattern was repeated multiple times
across the tree, specifically for the Microcerotermes genus indicative of symbiont extinction
and speciation.

Figure S2. 1. Phylogenetic trees of bacterial lineages belonging to COG0552 single-copy
marker gene detected across 201 termite samples and one Cryptocercus cockroach. The
best-hit taxonomy of the gene trees are as follows: Treponemataceae B cluster three (tree 1),
Fibromonas cluster one (tree 2), Adiutrix (tree 3), Treponemataceae B cluster two (tree 4),
Chitinivibrionales cluster two (tree 5), Rhodocyclaceae cluster one (tree 6) and Holophagaceae
cluster one (tree 7). (link)
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Table 2. 1. Coevolution statistics of termite-specific microbial clusters based on COG0552
as representative marker gene. The tree info column is based on presence of marker genes on
the same contig or presence of marker gene belonging to single cell isolates or cultured isolates
from publicly available termites (common) or only present in COGO0552 trees. P-values of
overall coevolution signal of microbial clusters was examined using three algorithms. P-value
symbols shown here are based on all three coevolution algorithms having the same symbol. If
one algorithm is not significant, then P-value symbol is showed as not-significant. If the
symbols are different across the three algorithms, then the least significant P value symbol (eg-
* or **) is represented. A putative taxonomic rank based on presence of five or more sequences
annotated at that rank in the representative cluster (best hit) is shown.
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Table S2. 1. Information about the 202 termite gut metagenomes sequenced in this study.
link)
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Chapter three-Horizontal transfers and multiple acquisitions drive the gut
microbial functional evolution

Introduction

Lignocellulose is the most abundant biomolecule on earth (Swift et al. 1981). It is mainly
composed of lignin, cellulose, and hemicellulose, which are essential food sources for some
organisms (Baldrian et al. 2012; Allison et al. 2013). Glycosyl hydrolases (GHs) are groups of
enzymes that help deconstruct lignocellulose (Berlemont et al. 2009; Nyyssonen et al. 2013)
and breakdown chitin (Lindahl and Finlay 2006), thence supporting essential ecosystem
processes (Allison et al. 2013; Tauzin et al. 2016). These enzymes are endogenously released
in the gut of termites (Tokuda 2019) and are produced by a rich community of gut microbes
(Hess et al. 2011; Brune and Dietrich 2015; Tamura et al. 2017). The gut microbes target
multiple polysaccharides, digesting and breaking them down into short-chain fatty acids that
are used by the host as a source of energy (Graber et al. 2004; Rosenthal et al. 2011). The
microbial GH families include novel source of enzymes whose characterization may contribute
to the biofuel industry to generate renewable energy (Dodd and Cann 2009; Himmel and Bayer
2009).

Many GH families are secreted inside termite guts. Termites feed on different types of plant
matter such as wood, soil, grass, and litter (Donovan et al. 2001; Eggleton and Tayasu 2001).
Altogether, termites have been estimated to consume ~3-7 billion tons of lignocellulose
annually (Prins and Kreulen 1991; Breznak and Brune 1994) using a combination of
endogenous enzymes, secreted in the salivary glands or midgut (Slaytor 2000; Tokuda et al.
2004), and enzymes produce by the microbes they host in their hindgut (Brune and Ohkuma
2011; Brune and Dietrich 2015). Termites have developed essential mutualistic associations
with gut microbes since their inception, 150 Mya (Bourguignon et al. 2015; Bucek et al. 2019).
The early evolving lineages of termites, called lower termites, harbor gut flagellates that have
cellulolytic and hemicellulolytic activities (Tokuda 2019; Nishimura et al. 2020). Termites also
established numerous symbiotic associations with gut bacteria and archaea that, alike their gut
flagellates, produce enzymes breaking down lignocellulose into simple sugars (Wenzel et al.
2002; Treitli et al. 2019).

Unlike lower termites, the Termitidae (higher termites), lost their gut flagellates and established
new ways to digest lignocellulose (Brune 2014). The early diverging higher termite subfamilies
Macrotermitinae and Sphaerotermitinae externally cultivate fungi and bacteria in their nests,
respectively (Garnier-Sillam et al. 1989; Rouland-Lefévre et al. 2006). Other higher termite
subfamilies developed complete dependence on gut bacteria and archaea for lignocellulose
digestion (Brune and Ohkuma 2011; Brune 2014).

Numerous gut microbial GH families have been found in the termite gut via metagenomics and
meta-transcriptomics surveys. The expression profile of carbohydrate-active enzymes
(CAZymes) suggests that their distribution varies with termite diet (He et al. 2013; Marynowska
et al. 2020). These enzymes are often assembled into putative operons, improving carbohydrate-
degrading efficiency (Liu et al. 2019). They are distributed across numerous gut microbes and
are able to act on multiple substrates simultaneously (Liu et al. 2018; Liu et al. 2019).
Metagenomics-based taxonomic analyses have shown that CAZymes are present in the
genomes of multiple termite gut microbial phyla such as Spirochaetota, Firmicutes,
Fibrobacteriota, and Bacteroidota (Warnecke et al. 2007; He et al. 2013; Tokuda et al. 2018).
These analyses have generated a catalog of CAZymes encoded in the termite gut, revealing
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functional redundancy (Marynowska et al. 2020) and specialization (Warnecke et al. 2007) of
termite gut microbes for carbohydrate metabolism.

The functional redundancy observed in termite gut microbiota has many ecological and
evolutionary implications. It provide robustness to the system and prevents the loss of functions
essential to the termite hosts (Xu et al. 2007). It also selects for unrelated microbes possessing
functionally similar sets of genes (Ley et al. 2006), some of which were acquired via Horizontal
Gene Transfers (HGTs). Although HGTs are rampant in animal guts, due to shared resources
and close proximity (Shterzer and Mizrahi 2015; Lerner et al. 2017), only a few examples of
HGT are available for microbes living inside the gut of termites. HGT may have occurred for
genes involved in CO2-reductive acetogenesis, a metabolic process that occurs after the
fermentation of cellulose (Breznak and Switzer 1986). One of the key genes, formyl
tetrahydrofolate synthase (FTHFS), has possibly been acquired via inter-phyla transfers
between Spirochaetota and Firmicutes (Ottesen and Leadbetter 2011). Possible HGT of the gene
coding for Glucose-6-phosphate transporter, uhpC, has also been suggested via phylogenetic
analysis of termite gut microbes. The flagellate endosymbiont Candidatus Endomicrobium
trichonymphae strain Rs-D17 possibly acquired this gene by HGT from its free-living relative
Endomicrobium proavitum (Zheng et al. 2017).

The composition and function of termite gut microbiome may also be affected by competition
among microbes. Competition may select for microbial phyla specialized for specific functions
important for the termite hosts. These phyla could then be maintained across ecological and
evolutionary timescales through selection on the host (Xu et al. 2007; Shterzer and Mizrahi
2015). One of the most abundant termite gut phyla, Spirochaetota, was found to be specialized
for Methyl Accepting Chemotaxis protein (MCP) family in termites of different diets (He et al.
2013). Spirochaetota might be advantaged in highly viscous hindgut environment by its ability
to position itself along the physicochemical gradient to find new substrates (Bellgard et al.
2009).

It is still unclear how CAZymes present in termite guts have been acquired and evolved. To
explore this question, we examined, in a phylogenetic framework, (i) the role of independent
acquisitions of CAZymes from the environment, (i1) the functional redundancy among termite
gut microbes, and (iii) the specialization of gut phyla to specific substrates as suggested by their
presence in specific CAZymes. We extracted 10 CAZymes corresponding to seven most
abundant GH families and four GH subfamilies from 924 metagenome-assembled genomes
(MAGs) reconstructed from the gut metagenomes of 201 termite samples and one Cryptocercus
sample. We then reconstructed the phylogenetic tree of each GH family including sequences
derived from our MAGs and from 2393 publicly available microbial genomes. Using these
phylogenetic trees, we characterized the evolution of GH genes across termite and non-termite
microbial genomes. Our results suggest that each GH family has an independent evolutionary
history. Some are specialized for the termite gut environment, encoded by a single termite gut
microbial phylum, while others have been independently acquired from the environment by
multiple phyla. Our analyses shed light on the evolutionary history of CAZymes present in
termite guts and highlight the role of HGTs in driving termite gut adaptation.

Materials and Method

Metagenome sequencing and analysis

We collected a total of 201 termite samples and one sample of the cockroach Cryptocercus
kyebangensis. Genomic DNA was extracted from whole guts of five workers using the
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NucleoSpin Soil kit (Macherey-Nagel) according to manufacturer’s protocol. Two library
preparation methods were performed on 173 samples sequenced with Illumina HiSeq4000 using
the KAPA Hyperplus kit. In the first method, a unique pair of dual indexes (non-redundant)
were used, while in the second method, a unique combination of dual indexes were used. The
remaining 29 samples were sequenced once on Illumina HiSeq 2500 with unique pair of dual
indexes. The unique dual indexing method uses distinct index sequences for each sample,
whereas a combinatorial design of dual indexes was used in the second method. The
combinatorial design allows each index to be shared across the lane, but each sample has a
unique combination (Sinha et al. 2017; Costello et al. 2018). This method is affected by tag
switching. The reads from all the samples and library preparation methods were quality checked,
filtered, and assembled as described previously (Data filtering and assembly of metagenomic
reads sub-section of chapter one).

Reconstruction of Metagenome Assembled Genomes (MAGs)

Metagenome Assembled Genomes (MAGs) were reconstructed from metagenome contigs
using CONCOCT v 0.4.0 (Alneberg et al., 2014) as implemented in the metawrap software v
0.9 (Uritskiy et al. 2018) with default parameters. MAG quality check was performed with
CheckM v 1.0.11 (Parks et al., 2015) based on 43 single-copy marker genes (Table S3.1). The
refineM tool was used to remove contigs with potential contamination based on genome
properties such as GC content, tetranucleotide signatures, and coverage using the outliers and
filter_bins commands. The overall MAG taxonomy was compared with the taxonomy of
scaffolds containing the 16S rRNA gene using the taxon_profile command in refineM. The
contaminated contigs were removed using the taxon_filter command (Parks et al 2017). A
second round of quality check was performed with CheckM software, and MAGs with upward
of 30% completeness and less than 10% contamination were retained (Bowers et al., 2017).
Forty single-copy protein-coding marker genes were extracted using profile Hidden Markov
Model (HMM) based approach as implemented in the mOTU software (Sunagawa et al. 2013).
Maximum Likelihood (ML) trees of the MAGs were built for each marker gene family using
FastTree v 2.1.11 (Price et al. 2010), and those that recovered the monophyly of each microbial
phylum after manual inspection were retained (Coleman et al. 2021). This resulted in a final set
of 924 MAGs belonging to 13 phyla.

Functional annotation

Protein sequences from the MAGs were annotated using Prokka v.1.14.5 (Seemann, 2014) with
the rfam, addgenes, and metagenome parameters. Carbohydrate metabolizing genes were
annotated using the CAZy database as a reference (Lombard et al., 2014). The protein sequences
were searched against a set of profile HMMs representing CAZy domains deposited in the
dbCAN database release 9 (Zhang et al. 2018). We used an e-value below e-30 and coverage
greater than or equal to 0.35 as thresholds to extract the best matches.

Ten of the most abundant CAZymes, including 7 GH families and 4 subfamilies, present across
multiple host lineages and dietary habits (Table S1.5, S1.6) were selected. Intact carbohydrate
degrading CDSs as determined with Pseudofinder v.0.10 (Syberg-Olsen et al. 2021) using
standard parameters and GTDB ver95 database as reference (Parks et al 2020) were used for
downstream phylogenetic analysis.

Publicly available MAGs

To examine the relationship between the selected CAZymes from the termite gut and those from
other environments, we performed a BLASTP search of 10 selected CAZymes against the
GTDB ver 95 (Parks et al. 2020) database. Protein sequences belonging to 13 phyla and
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corresponding to the top 100 samples based on percent identity, e-value, and sequence length
were extracted from each BLAST hit. Using this approach, we reduced the original 19,000
MAGs from the database to 2393. From the 2393 genomes, we only retained those that had all
40 single-copy protein-coding marker gene trees assign to the same phylum. MAGs presenting
discrepancies among marker genes were removed. Additionally, we clustered non-termite
MAGs at a level of 95% Average Nucleotide Identity (ANI) using the drep package (Olm et al.
2020) with the ANIm parameter to remove related taxa from the same environment. The final
dataset of non-termite genomes contained 1779 representatives that we used for phylogenetic
analyses.

MAG based species tree

Marker-genes were extracted from the final set of 1779 genomes obtained from the GTDB
database and from the 924 MAGs reconstructed from our metagenomes. Sequences longer than
50% of the mean marker-gene length were retained. Maximum likelihood (ML) tree was
generated for the concatenated 40 marker genes using FASTREE (Price et al. 2010). Termite
gut MAGs that formed a cluster of four or more representatives were kept.

Gene trees of selected carbohydrate degrading enzymes

Sequences belonging to the most abundant 10 CAZymes (belonging to 7 families and four sub-
families) of the termite gut (Table S1.5, S1.6) were extracted from all MAGs and genomes.
Sequences longer than 50% of the mean length of each CAZyme were retained. Maximum
Likelihood (ML) trees were built using IQTREE v.1.6.12 (Minh et al. 2020). We reconstructed
four trees for each CAZyme family using four different models, namely, (i) CAT model on
protein-coding nucleotide sequences without partitions (Price et al. 2010), (ii) GTR+I+G model
on protein-coding nucleotide sequences with all codons partitioned (Chernomor et al. 2016;
Minh et al. 2020), (iii)) GTR+I+G model on protein-coding sequences with two partitions, one
for the combined first and second codon positions and one for the third codon positions
(Chernomor et al. 2016; Minh et al. 2020), to account for third codon saturation over long co-
evolution with the host (Kikuchi et al. 2009) and (iv) GTR+I+G model on protein-coding
sequences encoded as purines Rs (A or G) and pyrimidines Ys (T or C) to account for GC bias
in endosymbiont genomes (Husnik et al. 2011; Lo et al. 2016). RY coding of protein-coding
nucleotide sequences was performed using BMGE v.1.12 with default parameters (Criscuolo
and Gribaldo 2010). Each gene tree was run with at least 1000 bootstrap replicates and was
rooted with randomly selected sequences from one of the selected CAZyme other than the gene
of interest, for example, GH10 was rooted with sequences from GH45. The best-supported of
the trees was determined with the approximately unbiased test (AU) (Shimodaira 2002) using
100,000 replicates. The phylogenetic trees were visualized using ITOL software (Letunic and
Bork 2021) and ggtree package in R (Yu et al. 2017).

Results and Discussion

MAGs from termite whole gut metagenomes

We sequenced 202 whole gut metagenomes from 201 termite samples and one Cryptocercus
species. A total of 173 metagenomes were sequenced on Illumina HiSeq 4000 twice, once with
unique pairs of dual indexes (hereafter called unique dual indexing) and once with a unique
combination of dual indexes (hereafter called combinational indexing). The remaining 29
samples were sequenced once on Illumina HiSeq 2500 using unique dual indexing approach.
The unique dual indexing approach use distinct, unrelated, dual index sequences. In contrast,
the combinational indexing approach uses unique combination of dual indexes but repeat
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indexes multiple times (Illumina 2017; Sinha et al. 2017). The combinatorial distribution of
indexes makes samples prone to index switching due to the presence of residual excess free
primers or adapters that can lead to the sequencing of wrong sample index (Sinha et al. 2017;
Costello et al. 2018). To account for sequencing-mediated errors, we added multiple refinement
steps to metagenome analysis.

Metagenome Assembled Genomes (MAGs) were extracted from metagenome assemblies using
the metaWRAP pipeline (Uritskiy et al. 2018). The MAGs were extracted separately from each
sequencing library. The libraries obtained with combinational indexing were also assembled
individually, but due to potential index cross-contamination, we cannot exclude the presence of
sequences originating from a different termite host in our MAGs. This loss of information is
analogous to the co-assembly method commonly used to generate MAGs from many samples
(Uritskiy and DiRuggiero 2019; Quince et al. 2021). The co-assembled MAGs are generated by
combining contigs from all the samples, generating a collapsed average of multiple strains,
capturing the core microbial diversity (Stewart et al. 2018; Uritskiy and DiRuggiero 2019). The
MAGs from combinational indexing samples may, in some cases, represent the core microbes
across multiple termite samples rather than species-specific diversity.

We generated 1015 MAGs using libraries prepared with the unique dual indexing approach and
656 MAGs from libraries prepared with the combinational indexing approach. To improve the
MAG quality and remove spurious contigs, we used a combination of GC content,
tetranucleotide signature, and contig coverage information for MAG refinement (Parks et al.
2017). Additionally, chimeric contigs were removed if their taxonomic annotation were
incongruent with 16S rRNA gene (Parks et al. 2017). MAGs were also filtered based on 40
single-copy protein-coding gene trees (Coleman et al. 2021). Specifically, we inspected every
individual marker gene tree and remove MAGs assigned to different phyla by different marker
genes. Finally, MAGs derived from termite guts forming termite-specific monophyletic clusters
were identified from a phylogenetic tree reconstructed using 40 single-copy marker genes.

The refinement steps described above, relying upon the analyses of genome properties and
marker gene trees, resulted in a final dataset of 924 MAGs (Figure 3.1). These 924 MAGs
included 521 MAGs reconstructed from the libraries sequenced with unique dual indexing
approach, and 403 MAGs from the libraries sequenced with combinational indexing approach.
Each MAG had >30% completeness and <10% contamination (Bowers et al. 2017). 175 of the
924 MAGs were high quality MAGs (>90% completeness and <5% contamination), 529 MAGs
were of medium quality (>50% completeness and <10% contamination) and 220 MAGs were
of low quality (<50% but >30% completeness and <10% contamination) (Table S3.1, Figure
3.2). Taxonomic analyses of our MAGs indicated that the major microbial phyla characteristic
of the termite gut environment were represented (Dietrich et al. 2014; Bourguignon et al. 2018;
Hervé et al. 2020). In addition, we found 22 MAGs of the phylum Verrucomicrobiota and four
MAGs annotated to the order Methanomicrobiales (Halobacteriota phylum). This is noteworthy
as these MAGs were not represented in the previous termite MAG catalog (Hervé et al. 2020),
adding new sequence data that could help improving our understanding of termite gut microbial
functional diversity.

Protein sequences annotated to carbohydrate metabolism

The protein sequences from the termite gut MAGs were annotated against the CAZy database
(Cantarel et al. 2009) using dbCAN2 (Zhang et al. 2018). Intact full length protein sequences
without signs of pseudogenization detected via Pseudofinder (Syberg-Olsen et al. 2021) were
analyzed. In total, we obtained 38,222 CAZyme proteins belonging to 336 CAZyme gene
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families, including 130 GH families. From an ongoing analysis on 130 GHs, we present the
results of 10 selected CAZymes from 7 GH families (including 4 subfamilies) whose abundance
in termite guts significantly correlated with the phylogenetic tree of termite host (Table S1.5,
S1.6). These GH families had a putative substrate specificity against cellulose (GH5 1, GH5 2,
GH9, GH45) (Zhang et al. 2010; Aspeborg et al. 2012; Lombard et al. 2014), hemicellulose
(GHS5_4, GH5_10, GH10, GH11) (Aspeborg et al. 2012; Paés et al. 2012; Han et al. 2013;
Tokuda et al. 2018), or chitin (GH18, GH20) (Poulsen et al. 2014; Hu et al. 2019).

To reconstruct the relationship between selected CAZymes and sequences that were not
associated with termites, we compiled a dataset comprising MAGs derived from termite gut and
publicly available genomes from the Genome Taxonomy Database (GTDB ver95) (Parks et al.
2020). Genomes from the GTDB database were selected using BLASTP comparisons with
protein sequences from the selected CAZymes from termite MAGs. The best 100 GTDB
genomes were selected based on percentage identity, e-value, and sequence length criteria from
the BLAST output of each gene family, which resulted in a final set of 2393 GTDB genomes.
This subset was dereplicated at 95% ANI (species level), reducing the dataset to 1779 genomes.
We reconstructed a phylogenetic tree of these 1779 genomes obtained from GTDB and the 924
MAGs reconstructed from our termite gut metagenomes.

BLAST similarity searches of the 10 selected CAZymes from termite guts showed that average
protein identity was below 55% (over >100 amino acid length; Figure 3.3), indicating that
termite gut CAZymes are novel and poorly represented in the publicly available database. Only
2595 of 143,906 protein sequences from the GTDB database genomes had sequence identity
>=90% with the termite gut CAZymes. These protein sequences belonged to environments such
as soil, root, or human-related microbes.

Species tree and Gene trees

We used the mOTU software (Sunagawa et al. 2013) to identify 40 single-copy protein-coding
marker genes from the final dataset of 2703 MAGs consisting of MAGs derived from termite
gut samples and genomes from non-termite environments. We reconstructed a phylogenetic tree
and found multiple termite-specific monophyletic clusters of MAGs reconstructed from termite
gut metagenomes (Figure 3.4). Multiple termite-specific clusters were found for each phylum
at different microbial taxonomic levels. For example, at class level, termite gut MAGs of
Desulfarculia and Desulfovibrionia (Desulfobacterota phylum) formed to clade sister to
sequences from the human gut, wastewater, and lake sediments. The phylum Firmicutes also
contained multiple termite-specific clusters belonging to the family Ruminococcaeae. These
clusters were interspersed with sequences from mammalian guts (Figure S3.1), suggesting that,
as shown by previous 16S rRNA-based analyses, many termite gut microbes belong to lineages
adapted to the intestinal environment that were presumably exchanged among unrelated host
species (Dietrich et al. 2014; Bourguignon et al. 2018). The termite-specific clusters consisting
of four or more MAGs were kept for downstream phylogenetic analyses. This ensured sufficient
representation within termite-specific cluster, preventing spurious inference of HGT from the
comparison of species trees and gene trees.

We generated Maximum likelihood (ML) phylogenetic trees for 10 selected CAZymes found
in 2703 MAGs. We reconstructed four trees for each CAZyme tree using four models: (i) CAT
model on protein-coding nucleotide sequences without partitions (Price et al. 2010), (i1)
GTR+G+I model on protein-coding nucleotide sequences with all codon positions given
separate partitions (Chernomor et al. 2016; Minh et al. 2020), (iii)) GTR+G+I model on protein-
coding sequences with one partition for the first and second codon positions and one partition

62



for the third codon position (Chernomor et al. 2016; Minh et al. 2020) to account for third codon
saturation for ancient divergences (Kikuchi et al. 2009) and (iv) GTR+G+I model on protein-
coding sequences encoded as purines Rs (A or G) and pyrimidines Ys (T or C) to account for
GC bias in endosymbiont genomes (Husnik et al. 2011; Lo et al. 2016).

We compared the phylogenetic trees reconstructed with the four models using the
approximately unbiased (AU) test (Shimodaira 2002). The trees reconstructed with a GTR+G+I
model and with protein-coding sequences separated into two partitions, one partition for the
first and second codon positions and one partition for the third codon position, were selected
(Table 3.1) for all the CAZymes. For eight GH families, the trees reconstructed with a
GTR+G+I model and three partitions (third model) or each codon position (second model), were
equally likely. Two GH families showed that codon partitioning models and RY coding model
were equally likely. None of the GH families supported the use of a CAT model (first model).
As corroborated by previous analyses, we found that models giving the third codon positions a
separate partition and models based on a RY coding are more suitable for resolving the evolution
of gut symbionts (Kikuchi et al. 2009; Husnik et al. 2011).

Cellulases

Cellulose is the major component of plant matter (20-40%) (Tomme et al. 1995) and can be
hydrolyzed by the action of enzymes belonging to multiple GH families (Aspeborg et al. 2012;
Lombard et al. 2014). We examined the evolutionary history of several GHs that cleave
cellulose chains via endo--1,4-glucanases activity, such as GH5 2, GH9, GH45, and GH5 1.
The subfamily GHS 1 can also depolymerize cellulose chains by cellobiohydrolase activity
(Aspeborg et al. 2012).

The GH families 9 (n=327) and 5_2 (n=165) included the highest number of sequences derived
from the termite gut environment, while GH5 1 (n=47) and GH45 (n=64) were comparatively
less abundant. The phylogenetic relationship of the termite gut GHs with other environments
indicated a complex evolutionary history. GH9 and GH5 2 were found in MAGs belonging to
multiple microbial phyla, such as Spirochaetota, Bacteroidota, Firmicutes A, or Fibrobacteriota.
Comparison with the species tree topology indicated that they were acquired multiple times by
termites of different diets and lineages. This was evidenced by sequences from other gut
environments, such as marine sediments, soil, and anaerobic sludge interspersed with those of
termite gut (Figure 3.5A, Figure S3.2). Represented by fewer sequences, both GH5 1 and GH45
were encoded by the genomes of MAGs belonging to a single microbial phylum. The family
Ruminococcaceae (Firmicutes A phylum) was specialized for GHS5 1, whereby MAGs
belonging to unique dual indexed higher termites of different diets such as Microcerotermes sp.,
Amitermes sp., and Constrictotermes sp. were distributed with sequences found in human and
other mammal guts (Figure 3.5B, Figure S3.2). These phylogenetic analyses suggests that the
ability to metabolize cellulose is not unique to termite gut as the CAZymes involved in the
process are also found in other anaerobic environments.

GH45 formed a single termite-specific cluster including sequences of MAGs belonging to
Fibrobacteriota (Figure 3.5C, Figure S3.2). The sequences belonged to two of the most abundant
families, Chitinispirillaceae (previously TG3 subphylum 2) (Hongoh et al. 2006; Abdul
Rahman et al. 2016) and Fibrobacteraceae (Abdul Rahman et al. 2016). They formed a clade
sister to sequences from soil, anaerobic sludge, and guts of ruminating animals. The specificity
of Fibrobacteriota to termite guts has been observed in previous 16S rRNA analyses (Hongoh
et al. 2006; Mikaelyan et al. 2017a; Bourguignon et al. 2018). GH45 sequences from our dataset
were mainly found in libraries prepared with the combinational indexing approach. Deeper
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sequencing of the gut metagenomes is required to corroborate microbial diversity and termite
species specificity for the GH45 family.

Hemicellulases

Hemicellulose is a complex polysaccharide family that modulates the interactions with cellulose
chains in the plant matter (Busse-Wicher et al. 2014; Grantham et al. 2017). Representing one-
third of the lignocellulose biomass (Oinonen et al. 2013), it consists of mannans and xylans with
distinct biomechanical properties (Berglund et al. 2020).

We reconstructed phylogenetic trees to examine the mode of inheritance of GHS5 4, GH10, and
GH11, three enzymes with endo-B-1,4-xylanase activity (Aspeborg et al. 2012; Paés et al. 2012;
Tokuda et al. 2018), and GH5 10, an enzyme that has endo-B-1,4-mannanase activity
(Aspeborg et al. 2012). GH5 4 (n=267), GH10 (n=232), and GH11 (n=111) were the most
commonly found hemicellulases in our termite gut MAGs, which is corroborated by previous
meta-transcriptomics analysis (Tokuda et al. 2018; Marynowska et al. 2020). GH5 10 (n=50)
was comparatively less common in our MAGs.

Comparison with the species tree showed the presence of multiple termite-specific clusters
belonging to several microbial phyla for all hemicellulase GH trees. Specifically, the termite
clusters from the GH5 4, GH11, and GH5 10 trees consisted mainly of MAGs reconstructed
from higher termite metagenomes. The GH5 4 tree included three termite-specific clusters
belonging to the family Ruminococcaeae (Firmicutes A phylum) that were associated with
higher termite species of different diets. These clusters were sister to sequences found in the
human gut, other mammalian guts, and anaerobic environments such as soil, anaerobic sludge,
and hydrothermal sediments. One of the Ruminococcaeae cluster also contained sequences from
Spirochaetota and Actinobacteriota phyla suggesting that past horizontal transfers took place in
the termite guts (Figure 3.5E, Figure S3.3).

Five MAG clusters associated with Nasutitermitinae were found in the phylogenetic tree of
GHI11. Like GHS5 4, these clusters consisted of sequences mostly associated with higher
termites such as Apicotermitinae, Microcerotermes sp., and Syntermitinae (Figure S3.3). We
found similar trends for the GHS5 10 phylogenetic tree, suggesting that the hemicellulolytic
gene families were acquired by the common ancestor of all higher termites after the loss of gut
flagellates.

The phylogenetic tree of GH10, on the other hand, included MAG clusters associated with the
fungus-cultivating Macrotermitinae and the lower termite lineages Kalotermitidae and
Archotermopsidae that possess gut flagellates. These termite-specific clusters mostly belonged
to Bacteroidota and Actinobacteriota. Non-Macrotermitinae higher termites of various diets
were associated with separate clusters belonging to Firmicutes A and Spirochaetota. These
clusters were closely related to sequences found in the guts of humans and ruminants (Figure
3.5D, Figure S3.3). Our phylogenetic tree indicates that Bacteroidota and Actinobacteriota
mediating hemicellulolytic activity were already present in the common ancestor of termites.
But non-Macrotermitinae higher termites acquired bacteria endowed with GH10 independently.
Although a thorough examination of MAGs from multiple termite species is required to
corroborate this hypothesis, it appears that hemicellulose degrading genes were affected by a
combination of vertical and horizontal transfers in termites.

Chitinases

Although chitin is not a component of plant polysaccharides (Heyn 1936), chitin-degrading
enzymes, such as f-glycan and a-mannans, are abundant in the termite gut microbiome (Brune
2014; Poulsen et al. 2014; Liu et al. 2018). Chitin can make up 10-20% of the cell wall of
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filamentous fungi (Brown et al. 2020; Garcia-Rubio et al. 2020), and the action of chitinases
help termite gut microbes to digest the fungal biomass growing on degraded plant matter or the
fungal material cultivated in the nests of Macrotermitinae (Hu et al. 2019). We examined the
phylogenetic history of two chitinase GH families, GH18 (n=237) and GH20 (n=183). Both GH
families were encoded by several microbial phyla forming multiple termite-specific clusters.
For example, we found four termite-specific groups belonging to Lachnospiraceae (Firmicutes
A phylum) in the phylogenetic tree of GH18. These clusters were composed exclusively of
sequences from fungus-cultivating Macrotermitinae (Figure 3.5F). Similarly, GH20 had three
clusters of the order Bacteroidales (Bacteroidota phylum) associated with Macrotermitinae
(Figure 3.5G, Figure S3.4). Both these phyla are highly abundant in fungus-cultivating termites
(Poulsen et al. 2014; Hu et al. 2019). The multiple termite-specific clusters suggest chitinolytic
activity was acquired multiple times by Macrotermitinae.

Other microbial phyla also encode these GH families. Spirochaetota and Firmicutes A generated
many termite-specific groups sister to sequences found in the soil, marine sediments, human
gut, etc. (Figure 3.5F, Figure 3.5G). These groups support the notion that these microbes are
specialized for fungal rich environments (Kielak et al. 2013), whereby multiple transfers have
taken place to the termite gut. Interestingly, these two phyla were represented by clusters of
sequences from several higher termite species of various diets, which sometimes include
sequences from Macrotermitinae. This supports previous reports of chitinase gene families in
other higher termite guts (Warnecke et al. 2007; He et al. 2013; Hu et al. 2019), and indicates
that microbes encoding these GHs were probably already present in the common ancestor of
higher termites.

Conclusion

In this study, we analyzed the evolutionary history of gut microbial genes with carbohydrate
degrading functions known to be important in the termite gut (Warnecke et al. 2007; Hu et al.
2019; Marynowska et al. 2020). Phylogenetic comparison of termite gut CAZymes with that of
other environments revealed that multiple gut microbial phyla have converged on similar
functions. Lateral transfers from other environments such as guts of ruminants and humans, soil,
anaerobic digestors etc. were found (Figure 3.5). This clustering supports the notion that
microbes essential for the carbohydrate metabolism adapted to other environments were
acquired by termites (Xu et al. 2007; Brulc et al. 2009; Pope et al. 2010). Specifically, a close
phylogenetic clustering of gene families from different gut environments suggests that inter-
microbial interactions shape the gut functional potential (Shterzer and Mizrahi 2015). To thrive
in the host, the gut microbes share resources (Graber et al. 2004), metabolites (Rosenthal et al.
2011), and potentially acquire genes by HGT (Tokuda et al. 2018). The gut environment is
characterized by a high degree of functional redundancy (Xu et al. 2007) between
phylogenetically distantly related taxa, allowing the maintenance of a stable gut ecosystem. We
observed similar trends in our gene trees. Sequences belonging to several termite gut phyla such
as Spirochaetota and Firmicutes A were interspersed in termite-specific clusters probably driven
by lateral transfers in the gut.

These microbial interactions have a profound effect on the host. We found some of the most
abundant gut microbes, such as Spirochaetota, Firmicutes A, Fibrobacteriota, encoding multiple
gene families with activity on different substrates (Figure 3.5). The ability to utilize multiple
substrates such as cellulose and hemicellulose, two major components of plant matter, provides
the termite host with the capacity to feed on different types of plant matter (Tokuda et al. 2018).
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The flexibility to exploit new feeding habits might have contributed to termites ecological and
evolutionary success.

Along with the dominant gut microbes, we successfully assembled MAGs from 11 other
microbial phyla, constituting a major component of the termite gut environment (Dietrich et al.
2014; Bourguignon et al. 2018; Hervé et al. 2020). The relative abundance of these microbes
has been found to vary with termite diet (Mikaelyan et al. 2015a; Mikaelyan et al. 2017a). We
observe a similar diet-specific clustering of carbohydrate metabolizing functions. We found that
chitinolytic activity was mainly encoded by Firmicutes A and Bacteroidota, two of the most
abundant microbial phyla found in fungus cultivating Macrotermitinae (Poulsen et al. 2014; Hu
etal. 2019). Lachnospiraceae (Firmicutes A phylum) formed multiple Macrotermitinae-specific
clusters suggesting that fungus-cultivating termites acquired chitinase activity multiple times
independently to feed on fungal gardens.

Host evolutionary history is another determining factor of the termite gut microbiome (Dietrich
et al. 2014; Abdul Rahman et al. 2015; Bourguignon et al. 2018). Phylogenetic analyses of
putative hemicellulase gene families clustered higher termite species of different diets and
phylogenetic history together. This suggests that the loss of flagellates ~50 Mya led to the
acquisition of microbes with hemicellulolytic activity by the common ancestor of higher
termites. This host-mediated selection of microbes in the gut environment can also generate
specialization of function by an individual phylum (Xu et al. 2007). Fibrobacteriota phylum
showcased a distinct termite specificity with respect to other environments in GH45
phylogenetic analysis (Figure 3.5). But all the sequences belonged to MAGs obtained from
libraries prepared with the combinational indexing approach, requiring a deeper sequencing to
confirm the host identity of GH45 sequences from our Fibrobacteriota MAGs.

Future comparative analyses of microbial gene families, as we did in this chapter, will help to
understand the evolution of other enzymes essential to termites (Brune 2014; Brune and Dietrich
2015). We reconstructed MAGs from the metagenomes of 201 termite and one cockroach
species, increasing the number of MAGs from termite guts (Abdul Rahman et al. 2016; Hervé
et al. 2020). However, 81% of our MAGs (749 out of 924) were of medium or low quality (i.e.,
<50% completeness). Future work involving a deeper sequencing and generation of circular
MAGs (Chen et al. 2020) is needed to resolve the complete picture of lignocellulose digestion
by termite gut microbes.
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Table 3. 1. GH families analyzed in this study, their potential substrate specificity and AU
model test to select the best tree topology.

Gene
family

GH5

GH5

GH9

GH45
GH18

GH20

GH5
GH5

GH10

GH11

sub family

GH5_2

GH5_1

GH9

GH45
GH18

GH20

GH5_4
GH5_10

GH10

GH11

Potential activity

endo-B-1,4-glucanase

endo-B-1,4-glucanase or
cellobiohydrolase

endo-B-1,4-glucanase

B-1,4-endoglucanases
chitinase
B-N-acetylglucosaminidase
endo-B-1,4-glucanases or
endo-B-1,4-xylanase

endo-B-1,4-mannanase

endo-1, 4-beta-xylases

endo-1, 4-beta-xylases

Potential
substrate

cellulase

cellulose

cellulose

cellulose

chitin

chitin

hemicellulose

hemicellulose

hemicellulose

hemicellulose

AU test

Separate codon
or third codon
Separate codon
or third codon or
RY

Separate codon
or third codon

Separate codon
or third codon
Separate codon
or third codon
Third codon

Separate codon
or third codon
Separate codon
or third codon
Separate codon
or third codon

Separate codon
or third codon

Reference for
substrate
specificity
Aspeborg et al
2012

Aspeborg et al
2012

Zhang et al
2010; Nguyen
et al 2019
Lombard et al
2013

Hu et al 2019

Meekrathok et
al 2020; Hu et al
2019
Aspeborg et al
2012
Aspeborg et al
2012
Verma et al
2012; Han et al
2013
Tokuda et al
2018; Paes et al
2012
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Figure 3. 1. Phylogenetic tree of 924 MAGs from the termite gut. The tree was generated
from concatenated universally occurring single-copy protein-coding sequences.
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Figure 3. 3. Percent identity between CAZymes from termite gut MAGs and GTDB
database. Boxes represent the interquartile range, center lines indicate median values, and
whiskers and dots present the most extreme datapoints.
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Figure 3. 4. Phylogenetic tree of 2703 MAGs from termite gut and non-termite
environments analyzed in this study. The tree was generated from concatenated universally
occurring single-copy protein-coding sequences. The non-termite samples correspond to

publicly available genomes from the GTDB database (Parks, et al. 2020). The taxon names and
support values are shown in Figure S3.1.
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Figure 3. 5. Selected phylogenetic trees showing relationship of microbial CAZymes from
termite gut and non-termite environments. Trees were inferred using GTR+I+G model with
two partitions: combined first and second codons and third codon using IQTREE. Close
inspection of the trees shows multiple microbial phyla performing the same function
(highlighted clades) and close relationship of termite gut sequences (in red) with other
environments (in black). Bootstrap support values as inferred via the ultrafast bootstrap
approximation (UFBoot) are indicated for highlighted nodes. Asterisk next to blue highlighted
clades in (F) distinguishes Lachnospiraceae clades from other Firmicutes A clades. Taxon
names and bootstrap support values for each tree and the remaining trees examined in this
chapter are shown in Supplementary figures 2-4.

Figure S3. 1. The phylogenetic tree of 2703 MAGs from the termite gut and close relatives
from other environments. The tree was generated from concatenated universally occurring
single-copy protein-coding marker gene sequences in FastTree. Branch support values were
inferred using the Shimodaira-Hasegawa (SH) like approximate likelihood ratio test. The taxon
names in the trees end with information of their source of isolation. MAGs generated in this
study, corresponding to unique dual index samples, end with "id * followed by the termite
species name. Whereas the MAGs from combinational index samples end with “id_tagswitched'.
Sequences from the GTDB database end with "id " followed by their source of isolation based
on their NCBI biosample ids. (link)
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Figure S3. 2. Phylogenetic trees of Glycosyl hydrolases (GHs) with putative substrate
specificity against cellulose in the plant matter. The trees were inferred using the GTR+I+G
model with two partitions: combined first and second codons and third codon using IQTREE.
The branch support values were inferred via the ultrafast bootstrap approximation (UFBoot).
The taxon names in the trees end with information of their source of isolation. MAGs generated
in this study, corresponding to unique dual index samples, end with “id_" followed by the termite
species name. Whereas the MAGs from combinational index end with “id tagswitched’.
Sequences from the GTDB database end with "id " followed by their source of isolation based
on their NCBI biosample ids. (link)

Figure S3. 3. Phylogenetic trees of Glycosyl hydrolases (GHs) with putative substrate
specificity against hemicellulose in the plant matter. The trees were inferred using the
GTR+I+G model with two partitions: combined first and second codons and third codon using
IQTREE. The branch support values were inferred via the ultrafast bootstrap approximation
(UFBoot). The taxon names in the trees end with information of their source of isolation. MAGs
generated in this study, corresponding to unique dual index samples, end with “id " followed
by the termite species name. Whereas the MAGs from combinational index end with
'id_tagswitched'. Sequences from the GTDB database end with “id " followed by their source
of isolation based on their NCBI biosample ids. (link)

Figure S3. 4. Phylogenetic trees of Glycosyl hydrolases (GHs) with putative substrate
specificity against chitin. The trees were inferred using the GTR+I+G model with two
partitions: combined first and second codons and third codon using IQTREE. The branch
support values were inferred via the ultrafast bootstrap approximation (UFBoot). The taxon
names in the trees end with information of their source of isolation. MAGs generated in this
study, corresponding to unique dual index samples, end with ‘id * followed by the termite
species name. Whereas the MAGs from combinational index end with “id tagswitched’.
Sequences from the GTDB database end with 'id " followed by their source of isolation based
on their NCBI biosample ids. (link)

Table S3. 1. MAGs generated in this study. Genomic characteristics, taxonomic affiliation,
and host information is provided. (link)
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Conclusion section

The evolutionary history of termites over 150 million years, their ecological success in the
tropics, and their gut microbiome have been extensively studied. Many studies have helped
improve our understanding of termite phylogeny (Bourguignon et al. 2015; Bucek et al. 2019),
physiology (Watanabe et al. 2014; Miura and Maekawa 2020), and gut microbiome (Ohkuma
and Brune 2011; Brune and Dietrich 2015). Termites thrive on wood, soil, grass, or leaf litter,
which is rare among animals (Donovan et al. 2001; Eggleton and Tayasu 2001). The early-
evolving termite species, called lower termites, developed a nutritional symbiosis with
cellulolytic flagellates, bacteria, and archaea (Brune 2006; Ohkuma and Brune 2011). The
evolution of higher termites was accompanied by the loss of gut flagellates and the development
of fungiculture (Garnier-Sillam et al. 1989) and bactericulture (Rouland-Lefévre et al. 2006) in
the nests of Macrotermitinae and Sphaerotermitinae, respectively. All higher termites also
retained gut prokaryotic symbionts that helped them to process their food (Brune and Dietrich
2015). The higher termites also diversified their diet as many species evolved to feed on soil
(Eggleton et al. 1998). Termites have also been studied from an applied perspective. Termites
are the cause of major economic losses as they are pests of crops and building structures (Su
and Scheffrahn 2000). Understanding the gut microbial functions has potential applications in
agriculture and pest management (Scharf 2015). In addition, the gut microbes have evolved
innovative ways to help termites digest wood. By using a combination of gene families (Liu et
al. 2018), acting in concert on multiple substrates (Liu et al. 2019), termite gut microbes
efficiently metabolize lignocellulose. These enzymes are of potential use for biotechnological
applications in the biofuel industry (Dodd and Cann 2009; Himmel and Bayer 2009). However,
many unanswered questions remain about the evolutionary history of termites. For example, the
role of host phylogeny and diet on gut microbial functions, the co-evolution dynamics, and the
frequency of horizontal transfers among the microbial taxa in the gut are still unclear.

This thesis aimed to address these gaps by analyzing 202 whole gut metagenomes belonging to
201 termite samples and one sample of the sister group of termites, the Cryptocercus cockroach.
These metagenomes include previously understudied termite species, belonging to early-
evolving termite lineages and higher termites feeding on soil. Our dataset is representative of
the termite phylogenetic and dietary diversity across 150 million years of evolution.

Our taxonomic and functional profiling of termite gut microbiomes indicated that genes and
metabolic pathways involved in carbohydrate degradation were present across distinct termite
lineages and Cryptocercus cockroach. Phylogenetic comparative methods suggested that the
termite phylogenetic history is largely predictive of the gut prokaryotic functions. For example,
the relative abundance of carbohydrate degrading enzymes was correlated with the loss of gut
flagellates in higher termites. We found that Glycosyl hydrolases (GHs) potentially targeting
cellulose were depleted in lower termite gut metagenomes as compared to wood-feeding higher
termites. Additionally, several GH families found in our lower termite gut metagenomes were
absent in gut flagellate genomes (Nishimura et al. 2020).

We also examined the changes in the gut microbial functions of higher termite species with
different diets. The acquisition of a soil diet was mainly accompanied by changes in gene
abundance rather than by the acquisition of new genes and pathways. For example, genes
involved in metabolic pathways such as reductive acetogenesis, sulfate reduction, and nitrogen
metabolism were present across termite species with various dietary habits. But their relative
abundance varied with diet. The genes involved in reductive acetogenesis, a pathway that
produces acetate after fermentation of wood particles (Hungate 1939; Brune 2014), were more
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abundant in wood-feeding termites than soil-feeding ones. An opposite trend was observed for
genes of the dissimilatory nitrate reduction pathway involved in nitrogen-recycling (Ngugi et
al. 2011), which were more abundant in termites feeding on soil, a substrate richer in nitrogen
than wood (Ji and Brune 2001; Ji and Brune 2005). The presence of key genes and pathways in
all termites suggest that microbial gene families having the major metabolic functions were
already present in the common ancestor of higher termites.

Overall, the results from chapter one represent significant advances in our understanding of the
role of host evolutionary history and dietary diversity on gut microbial functions. They provide
a global picture of gut microbial carbohydrate metabolism and metabolic pathways nutritionally
important for the termite host.

Previous research studies on termite gut microbial composition were based on 16S rRNA
analysis (Dietrich et al. 2014; Mikaelyan et al. 2015a; Bourguignon et al. 2018). But using 16S
rRNA gene has several limitations. For example, many bacterial genomes encode for multiple
copies of the 16S rRNA gene (Coenye and Vandamme 2003), affecting estimation of bacterial
abundance from 16S data. The 16S rRNA gene also has a low phylogenetic resolution (Lan et
al. 2016), thence is inappropriate for phylogenetic reconstructions. To overcome the limitations
of analyses based on the 16S rRNA gene, chapter two is based on single-copy protein-coding
marker genes (Sunagawa et al. 2013) obtained from metagenome assemblies. We performed
phylogenetic analyses on these marker genes found in termite gut metagenomes together with
non-termite sequences mined from publicly available genomes. We extracted several
monophyletic groups including exclusively of microbes commonly found in the termite gut
(Brune 2014). We carried out co-evolution analyses using three algorithms (Balbuena et al.
2013; Smith 2020) and found multiple examples of significant coevolution between termites
and some lineages of termite gut microbes. For example, the microbial groups Spirochaetota
family Treponemataceae B and the Fibrobacterota genus Fibromonas were mainly found in
higher termite guts (Hongoh et al. 2006) with a high proportion in Microcerotermes sp. and
Nasutitermitinae sub-family (Mikaelyan et al. 2015b) forming termite lineage-specific clusters.
On the other hand, Adiutrix (Desulfobaterota) and Rhodocyclaceae (Proteobacteria) consisted
of sequences from Cryptocercus cockroach, lower termites, and higher termites of different
diets (Dietrich et al. 2014; Pramono et al. 2017). The presence of these microbial group across
multiple termite lineages suggests a vertical mode of inheritance for the last 150 million years,
since modern termite cladogenesis was initiated. Overall, our marker-gene-based phylogenetic
analyses indicated that some termite gut microbes were already present in the common ancestor
of all termites. In contrast, other gut microbes were acquired individually by each termite
lineage or multiple lineages with a similar diet. Our results showcase that lineage specificity
occurs at various scales of host evolutionary history.

In chapter three, we reconstructed the phylogenetic trees of seven GH families and four
subfamilies known to be abundant in the gut of termites. We attempted to determine the role of
horizontal gene transfers on the evolution of microbial functions. To do so, we generated 924
metagenome-assembled genomes (MAGs) from termite species representing the host
evolutionary history and dietary diversity. These MAGs represent the major microbial phyla
present in the termite gut environment (Dietrich et al. 2014; Bourguignon et al. 2018; Hervé et
al. 2020). We also found novel MAGs belonging to microbes abundant in the gut of termites
but absent from previously generated MAG catalogs (Abdul Rahman et al. 2016; Hervé et al.
2020), improving the representation of termite gut microbes. We performed phylogenetic
analyses on GHs with putative substrate activity against the major components of plant matter

75



termites feed on, such as cellulose and hemicellulose. The GH families targeting chitin, a
component of the fungal cell wall (Heyn 1936), involved in digesting fungal biomass growing
on decomposing wood and fungal material on the nest (Hu et al. 2019) were also examined.
Comparison of GHs from termite gut with those from other environments generated clusters
interspersed with sequences found in similar anaerobic environments such as the guts of
ruminats and humans, soil, efc. Along with transfers from the environment, intermicrobial
interactions within the termite gut were also found to shape the functional potential of the
microbes (Shterzer and Mizrahi 2015). A high degree of functional redundancy between
phylogenetically distantly related taxa was observed. Whereby multiple phyla were interspersed
with each other in termite-specific clusters. For example, two of the most abundant termite gut
phyla, Firmicutes A and Spirochaetota, were interspersed with each other suggesting horizontal
transfers within the termite gut.

The role of host evolutionary history and dietary diversity was also found to affect the
evolutionary history of GH families. The chitinolytic GHs were found in MAGs of Firmicutes
A and Bacteroidota associated with fungus-cultivating Macrotermitinae species. These two
phyla are the most abundant microbes in the gut of Macrotermitinae (Poulsen et al. 2014; Hu et
al. 2019), suggesting a termite lineage-specific trend. On the other hand, the hemicellulolytic
GHs formed phylogenetic clusters represented by MAGs reconstructed from higher termite gut
metagenomes. This indicated that hemicellulose degrading ability was probably acquired by the
common ancestor of higher termites. These results corroborate the hypothesis that loss of
flagellates in higher termites was accompanied by dramatic changes in gut microbial
composition and functions (Dietrich et al. 2014). We also observed specialization of
carbohydrate degradation in the termite gut by a specific microbial phylum. Most
Fibrobacteriota MAGs encoded a GH45 belonging to a phylogenetic cluster sister to sequences
from other environments. Therefore, the detailed analysis of seven GH families and four
subfamilies suggests that the ability to utilize multiple substrates such as cellulose,
hemicellulose, and chitin by the termite gut microbes might have provided the host with the
ability to feed on different types of plant matter (Tokuda et al. 2018).

Overall, host evolutionary history and dietary habits shape the taxonomic and functional
abundance of gut microbes. The results of my thesis help us understand the evolution of termite
gut microbes during key events in termite history. Looking forward, future work on comparative
genomics using circularized MAGs with strain level information (Chen et al. 2020) will help us
understand population-level diversity in the gut. Long read sequencing could allow the
assembling of complete microbial genome (Xie et al. 2020), shed light on the genomic
architecture of the endosymbionts, and generate a complete picture of functional processes
taking place in the gut (Stewart et al. 2018; Singleton et al. 2021). The genomic approaches can
be complemented by meta-transcriptomics (Marynowska et al. 2020) and visualization methods
(Hongoh 2011) to examine the expression profile and spatial distribution of the microbes in the
gut compartments with different physiochemical conditions (Brune 2014).
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A Key microbial genes and pathways present across the termlte tree of life
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Figure A. 3- Summary of the thesis. (A) The microbial gene families were found to be
abundant across the termite tree showcasing that the genes were acquired early in termite
evolution. (B) The phylogenetic analysis of universally occurring single-copy protein-coding
marker genes of microbial phyla indicated termite lineage specificity. (C) Metagenome
assembled genomes (MAGs) undescribed in previous MAG catalogs were found. The two
microbial groups are mentioned on the MAG tree. Termite gut specificity of Glycosyl
hydrolases (GHs) gene trees from the MAGs with respect to sequences from other environments
were determined. The cophylo lines in (B) are colored according to termite lineages mentioned
in (A).
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