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Abstract andkeywords

Termitesare eusocial cockroaches withsabstantialecological impet in warm terrestrial
habitats. Termiteplay a central role in lignocellulose decomposition and nutrient cycling,
shaping ecosystems in tropical and subtropical regions. Their ability to algedtvegetal
matter depends on carbohydratactive enzymes (CAZymes) produced by symbiotic gut
bacteria with which they have eevolved over long geological timescales. However, the
evolutionary origins of thes€ AZymeswhether rooted in ancestral gut beerial genomes

and vertically transmittedpr acquired more recently frorenvironmentalbacterig remain
uncertain.

This research examines the evolutionary interplay between termites and their gut prokaryota,
focusing on the CAZymes critical for lignocellulose digestianalyzedhe metagenomes

of 195 termite species and a wodeeding cockroach of the gen@syptocercuandidentified

420 termitespecific clusters within 81 bacterial CAZyme gene trees. Of these, 404 clusters
showed strong cophylogenetic patterns with termites, while 131 clusters contained
sequences associated wiryptocercusr Mastotermes which represent the sister lineage

to all other termites.

The study shows that numerous bacterial CAZymes have been conserved in the termite gut
microbiota since the earliest stages of termite evolution, underscoring a -deejed
symbiotic relationship. This eevolutionary association enables termites to efigety digest

lignocellulosehighlighting their critical ecological role in nutrient cycling.



Objective of the thesis

This research investigates the cophylogeny and acquisition of bacteria and carbohydrate
active enzymes (CAZymes) within termite gut microbiota. It focuseanatysingthe gut
metagenomes from 196 termite samples representing the termite phylogeny to uncover
patterns of microbial ceevolution and functional adaptation. By examining the evolutionary
dynamics of CAZymes, which are essential for lignocellulose digekimstudy also explores

the processes that have shaped the acquisition and diversificatidoacteria within termite

gut ecosystems, providing insights into their ecological and evolutionary significance.
The specific objectives of this thesis are:

1 Toanalysehow the composition of CAZymesid prokaryotevaries across termite
species with different dietary specializations (e.g., weating vs. soikating
termites).

1 To investigate whether some CAZymes, like certain bacterial taxa, are specific to the
termite environment or shared with netermite environments.

1 ToanalyseCAZyme clusters from termite and ntermite environments to determine
whether vertical or horizontal transfer is the dominant mechanism:

o If CAZymes are predominantly inherited vertically, their sequences will cluster
distinctly within termite lineages and dietary groups, separate from-non
termite environments.

o If horizontal transfer is a dominant mechanism, CAZyme sequences from
termites will exhibit mixed clustering with those from ntermite
environments, indicating frequent external acquisition.

1 To examine the distribution of CAZyme families across bacterial taxa within termite
gut microbiota, identifying whether CAZyme abundance is concentrated in specific

bacterial groups or shared across multiple taxa.

This research employs comparative metagenomic analyses of termite andermoite
environments to elucidate the role pirokaryote andCAZymes in termite evolution and their

contribution to the ecological success of termites and their symbiotic gut microbiota.
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1. Literaturesurvey

1.1 Termiteintroduction and eusociality

Eusociality is defined by cooperative brood care, overlapping generations within a colony, and
a division ofabourinto reproductive and nowreproductive groupgWilson, 1971)Termites
areeusocial insects known for their complex colonies, remarkable ability to decompose wood
and vegetalmatters. The eusociality has evolved independently in several insect groups,
including termites, ants, bees, and wasp&rmites evolved in the Cretaceous periqd
approximately 170 million years ago, when they diverged from ancestors of -eatuy
CryptocercugBlattodea) The groupncludes about 3,000describedspeciegLo et al., 2000;
Krishna et al., 2033Bourguignon et al., 2016 Based on the fossil evidenceermites
underwent significant diversificatiorapproximately130 million years agoand additional
radiation occurred 54 million years ago when the Termitidae family, knowrhigher
termites, diverged from other termites and lost prosgtom their guts (Bourguignon et al.,

2015; Engel et al., 2016; Inward et al., 2007)

Termitesplay asignificantecological roleprimarily in tropical and subtropical environments
where theyare importantin nutrient cyclingsoilwatering,aerating, anddrainage(Ashton et

al., 2019) Their ability to decomposgead plant mattermakes them ecological engineeas

well as seriouspests(Bignell et al., 2011)Termites and their symbiotic organisriging in

their gut are essential for breaking down lignocellulof®ge most abundanbiopolymeron

the Earth, and thusonverting the deadphytomass into simpler compounds that enrich the
soil. Furthermore, termites significantly influence soil properties by enhancing soil porosity,
water infiltration, and organic matter content. These activities improve soil fertility and

structure, benefiting plant growth and agricultural productiviipuquet et al., 2011)

Termites havereveakd a limitedresilience to environmental stressspeciallytemperature

extremes YR I NBS Ay GKSANI RA &0 N o(Eeksaényet aNBIBEH) NA Ol S
Termites, have perfected social structures throughdvancedcommunication mechanisms,

including pheromone use, which facilitates colony coordination dafénce highlighting

their evolutionary ingenuity(Bordereau and Pasteels, 2011)hile termites contribute

positively to natural ecosystems, they also challenge human structures and agriculture,
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leading tosignificant economic losseBalancingheir ecological roles and their impact on
human activities requires the development of sustainable management stratégies and
Su, 2012; Su and Scheffrahn, 1990)

World mass (Mt of carbon)

70 Mt

80 Mt At

All other terrestrial

arthropods M

50 Mt
Termites
9 Mt
Wild terrestrial
Livestock Humans vertebrates

Figurel: Comparison of global dry biomass (in megatons of carbon).

Ants and termites, distinct insect groups with eusocial organization, frequentyact in
ecosystems, primarily as predator and prey. While phylogenetically distant, their high
abundance and biomass make their interactions crucial for ecosystem procpasggsularly

for organic matter decomposition, nutrient cycling, and the redistribution of soil nutrients
(Tuma et al., 2020)n some regions, termites exhibit remarkable population densities, with
colony numbers reaching up to 70 million individuals per hectare in specific biotopes. Despite
their ecological importance, ants and termites mostly interact through predation, avite
regulating termite populations and indirectly influencing ecosystem services such as litter

decomposition and nutrient availabilifuma et al., 2020)

Termites are dominaninsectsin tropical forests, where their abundance can lead to up to
60% of total macrofaun@ 5 I Kt & 21 .®ie td thedigh abumdancé of individuals,
termites can process up to 60% of litter and dead wood anny&hton et al., 2019)
Termites, despite their concealed lifestyle, frequently interact with ants, which are often their

predators. Ant lineages such as the Afriddorylus(army ants) are known for conducting

12



regular raids on termite colonies, as highlighted by Brady €2@lL4) These raids showcase

the predatory dominance of army ants in tropical ecosystems, where they can significantly
impact termite populations and behaviors. Another examplé®ponera marginatawhich
paralyzes termites and stores them as a living food supply, reflecting a unique adaptation for
survival (Leal and Oliveira, 1995Within the ant subfamiliePonerinae Dorylinag and
Myrmicinae several species exhibit specialized predatmiiaviourgargeting termites. The
interactions between these ants and termites have ecological and evolutionary significance,
as they influence termite colony structurelefence mechanisms, and overall survival
strategies. This predatowgrey relationship underscores the complex interdependencies
within tropical ecosystems and highlights the role of ants as both predators and regulators of

termite populations(Brady et al., 2014)

The origin of eusociality in termites is reflected in several different theories. The first theory,

0KS daaeYoAzyid G NGleyekaddS MIR25KRalel#al K0S4mpliasgizes the
dependence of termites on symbiosis witticroorganisms, astermigy'dza G 06 S & A y 2 Odz
by the symbioticculture after each molt (cuticle shedding evety proctodaealrophallaxis

(liquid foodexchangehrough the anu¥(Bignell et al., 2011)The second theory emphasizes

another specifiimeansof termite reproduction which iscalled"cyclic inbreeding'theory

(Bartz, 1979)It is based on higinbreedingthat increases individuals' relatedness and their

mutual altruism (Thorne, 1997) Another theory, "chromosomal linkage", points to the
presence of chromosomal chains that connect to the Y chromosome and can span up to half

of the termite genome, causirgexspecificvariation in the relatednesaithin a colonyLacy,

1980)¢ KS WAY(GINI AaLISOATAO O2y Tt A00 (KS2NGHta@ LINE L2
leads to wing pad damage in nymphsbfachypterous individuals developing into winged
imagoe$, thereby altering their developmental trajectory. This alteration delays the
emergence of imaginal characteristics, rendering the individual incapable of leaving the
colony. As a result, these nymphs transition into the worker caste, contributing tivison

of labourwithin the colony(Roisin 1994). However, none of tleetheories sufficiently explain

the evolution of eusociality in termites, likely a combination of various factors frorattbge

mentioned theories played a role.
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1.2 Termite evolutionand phylogeny

The evolutionof termites is characterized by a complex path from solitary to sophisticated
eusocialinsects accompaniedy significant morphological anfgehaviouraladaptationsto

the new functionsin food acquisition,defence of societiesand protective structures
construction The ecologicatuccesf termitesin tropical and subtropical environmesis
largely attributed to their unique symbiotic relationship with gut microorganisms, which
facilitate the use of cellulose as a primary food sou(Beune, 2014)The phylogenetic
analyses conducted by Lo et al. (2000) and further supported by Inward, Beccaloni, and
Eggleton (2007), provide compelling molecular evidence for the lineaggrisingtermites

and woodfeeding cockroaches, elucidating the evolutionary origins of eusociality within the

Isoptera

Termites aresplit into two ecological (but not phylogenetigroups dowere termites and
ohighei€ termites, based on their symbiotic relationships and gut microbiota composition
oLowek termites feed only on wood or dry grass, amdly predominantlyon symbiotic
protozoalivingwithin their hindguts to aid in the digestion of cellulose from wood and other
plant materialgBrune, 2014; Krishna & Weesner, 190K S G f 2 ¢ Sindlude ia®ifNed A (G S &
Mastotermitidae, ArchotermopsidaeHodotermopsidae, Hodetrmitidae, Stolotermitidae,
Kalotermitidage Stylotermitidae, Serritermitidae, Rhinotermitidae Termitogetonidae,
Psammotermitidae andHetemtermitidae (Hellemanset al., 2024). In contrast, thigheg
termitesor Termitidaerely exclusively upon Pkaryotesin lignocellulose digestiondHigheg
termites consume a wide range of plant materials irrespective of their degree of
decomposition, including wood, leaf litter, grass, soil, and herbivore duiily some species
cultivating fungi(Termitidae:Macrotermitinae)in their nests (Brune, 2014; Korb & Heinze,
2016).
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Mastotermitidae

Stolotermitidae
mn | Archotermopsidae = 208
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N | | Rhinotermitidae
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el 1 147y
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O |Macrotermitinae
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L HO%#rA|| © |Cubitermitinae
Biogeographic realms  Workers  Soldlers

Figure2: cladogram of Isoptera (Hellemans et al., 2024)

1.2.1 Mastotermitidae

Workers' digestive tube

Mixed segm ent Malpighian nodule
B presont ' /. present
Malpighian knot Midgut-Tieum junction

me ebowed arched

il gﬁ ¥ ad
o P

Teum s ventral loop Positlon of the enteric valve

at left side

Gz W

atnght

side

Soldiers’ frontal projection

abmr(:}x

@ with fontanelle at the tlp

e
< @ present

The family Mastotermitidae is the sister group to all other termitgth its divergence from
the rest of the termiteestimated to have occurred about 130 million years ago (Bourguignon
S { [ dz6 S1 S G syniplgsiomorphidpaitsshatedwitd — F |-

§G t YA
cockroacles, such as the anal lobe of the hind wing, 4&ging in oothecae, and the presence

HaomMmp T
of symbiotic bacteria (genuBlattabacteriun) in the fat body|t also exhibits derived traits
such as bifurcated ontogeny, extensive colony formation, advanced alarm communication,
and a unique feature multi-flagellate sperm cellgKrishna & Weesner 1969; Roisin 2000;
Delattre et al. 2015)-ossil evidence shows thihis familyoccurredacross all continentdout

the last living species of this familylastotermes darwiniensjsis found only in tropical
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Australia (Krishna et al. 2013his termite species exhibits a subterranean lifestyle, primarily
feeds on dead wood, and can cause significant damage to wooden structures and buildings
(Gay & Watson 1982).

1.2.2 Stolotermitidae

The family includes gene&tolotermesandPorotermeswith a total of ten species (Krishna et

al. 2013) They inhabit southern South America and AfriEast Australia, Tasmania, and New
Zealand. They feed on damp wood and, although they are categorized amorgeaee
termites, they are capable of colonizing other food sources (Bignell & Eggleton 2000).
Stolotermitidae, like Archotermopsidae, exhibitngglesiomorphic features, suchsavings

with rich venationgenital structure, and long cerci (appendages at the end of the abdomen)

(Krishna & Weesner969).
1.2.3 Archotermopsidae

Representatives of this family belong to the genekechotermopsisand Zootermopsis
comprising a total of four specig¢®Vang 2022)Along with the Stolotermitidae, this family

also shares symplesiomorphic traits such as the presence of cerci and richly veined wings.
(Wischnitzer 2013). Colonies of this family are formed by a smaller number of individuals, all
of whom try to reproduce either as a neoteni@s(nature reproductive individua)s alates
(winged adults), or fertile soldiers. In the speddgshoermopsis wroughtonian adult colony

may only consist of 40 individuals (ShellrR@eve 1997). The family Archotermopsidae has

a disjoint distribution, with representatives found in the Himalay#sclotermopsis

wroughton) or from Mexico to southern Canadadgotermopsispp.) (Krishna et al. 2013).

1.2.4 Hodotermopsidae

Representatives of this family belong to the gemisdotermopsiswhich includesa single
speciesH. sjostedtidistributed across East Asia (Wang 2022 family Hodotermopsidae,
newly elevated to familial rank, represents a distinct lineage within the early diverging termite
clades. This family, previously considered a subfamily of Archotermopsidae, includes the
genus Hodotermopsiddodotermopsidae is closely related to the families Hodotermitidae
and Archotermopsidae, collectively forming part of the broader clade Teletisoptera. The

divergence of Hodotermopsidae from its closest relatives occurred approxin@Qatyillion
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years ago, highlighting its ancient origins and evolutionary significance. Members of
Hodotermopsidae are characterized by their adaptation to dampwood habitats, typically
coniferous wood, and share ecological niches distinct from those of their relatiae&l and
temperate regions. The genus Hodotermopsis, now placed within Hodotermopsidae,
showcases these ecological specializations and emphasizes the evolutionary trajectory of this
group. Phylogenetic analyses confirm the monophyly of Hodotermopsditierentiating it

from the paraphyletic Archotermopsidae and supporting its classification as a separate family
(Wang et al., 2022)

1.2.5 Hodotermitidae

Thel 2R2GSNXYAGARFST faz2 (y26y |a GKIFNBSadSNI G
regions, including deserts of Africa, the Middle East, and South Asia. This family comprises
genera such aslodotermesMicrohodotermesandAnacanthotermeswhich are specialized

for feeding predominantly on dry grasses. These termites play a crucial ecological role in
nutrient cycling within these regions, particularly through the decomposition of plant material

in waterlimited environments. Phylogenetiduglies, induding timecalibrated analyses,
suggest that Hodotermitidae diverged from their closest relatives approximately 90 million
years ago during the late Cretaceous period. The divergence within the family, such as the
split betweenHodotermesand Microhodotermesoccurred during the Oligocene, around 31
million years ago, potentially influenced by the expansion of arid biomes. The biogeographic
disjunction between African and Asian lineages aligns with historical land bridges, such as the
Gomphotherium land bdge connecting Africa and Eurasia approximately208million years

ago (Wang et al., 2022).

1.2.6 Kalotermitidae

Kalotermitidae, commonly referred to as drywood termitasg the second largest family of

termites, comprising approximately 450 described species across 23 génerdz6 S{1 SG |
2022; Krishna et al., 2013lrossil evidence suggests their lineage dates badked ate
Cretaceous, around 99 million years ago, while molecular phylogenies place their divergence
from ancestral termites at approximately 115 million years ago. The crown group
Kalotermitidae likely emerged around 84 million years ago during the bredkup of

Gondwana, highlighting their evolutionary adaptation to distinct ecological niches (Engel et
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Ff®X wnndpT . daokimitidaé exhibit dnkjue mesting andforaging behaviors,
establishing small colonies within single pieces of wood, such as dead branches or logs
(Eggleton, 2000). This restricted nestlmghaviourlimits their foraging range but facilitates
long-distance dispersal, particularly via transoceanic rafting. Such dispersal methods have
enabled Kalotermitidae to colonize isolated ecosystems, including remote islands like the
Krakatau Islands after volc&neruptions (Miura et al.,, 1998) Combined with human

mediated dispersal through the timber trade, species suchCagtotermes brevihiave
established global populations far beyoitsly | 4§ A @S NI y3Sa 06{ OKSTFNI Ky
al., 2022). The global distribution of Kalotermitidae is primarily concentrated in tropical and

adzo NP LIAOIFf NBIA2Y A 0 S G(Bh6reeyet 4., 2000)Bhyrby&ndtic n p c b
studies confirm the monophyly of this family, revealing that early lineages retained ancestral

traits such as foraging across multiple pieces of wood, while modern species evolved to nest
SEOf dzaA @St & SAGKAY &AY,2025. Thék §ied &hd nestifg st R 6 . «
limit colony size, with most individuals retaining reproductive potential, while sterile soldiers

play a defensive role consistent with their restricted hab(tdalepa, 2017)

1.2.7 Stylotermitidae

The family Stylotermitidae i@ memberof Neoisopteracharacterized by the presence of a
frontal gland) which also includes Serritermitidae and Rhinotermitidae, with Stylotermitidae
occupying a basal position in the phylogenetic téeee dz6 S { S it islarhodgthe Heasin ¢ 0
explored families, as it feed=sxclusively on hardwood at the boundary between dead and
living tissueswhich is rather unusual for termites. This family contairssngleextantgenus,

Stylotermeswith 45 describedspecies lingin Southeast Asianly (Krishna et al. 2013).
1.2.8 Serritermitidae

This Neotropical family contains two gend&erritermesGlossotermesand three described
species (Krishna et al. 2013)his familyexhibits gender specialization+ all workers and
soldiers are males (Barbosa & Constantino 2017; Bourguignon et al. 38@®ermes serrifer
is the only obligatory inquiline amordpwere termites, while the genu§lossotermegeeds

on dry red rotwood in the Amazorbasin(Emerson et al., 1955)
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1.2.9 Rhinotermitidae

The family Rhinotermitidae has undergone significant revisions based on molecular
phylogenetic studies andinlike other families, this family was previously considered
polyphyletic(Bourguignon et al., 2015; Donovan et al., 2000; Inward et al., 2Q0ider the
revised classification, Rhinotermitidae sensu novo includes genera suatodsnotermes
DolichorhinotermesParrhinotermesRhinotermes and SchedorhinotermesSoldiers in this
family exhibit diverse morphologies, including monomorphic, dimorphic, and trimorphic
forms. Their geographic distribution spans the Australian, Afrotropical, Neotropical, Oriental,
Palaearctic, and Oceanian realms, highlighting thestagscal adaptabilitfHellemans et al.,
2024; Wang et al., 2022)

1.2.10 Termitogetonidae

The family Termitogetonidae, elevated from subfamily rank (formerly Termitogetoninae),
represents a monophyletic group with unique morphological and ecological characteristics.
This family, which is monogeneric, contains the gefiesmitogetonand is distributed
primarily in the Oriental and Oceanian realms. Members of this family are characterized by
their wood-feedingbehaviourand distinct morphological traits, such as soldiers with heart
shaped heads and elongated, marginally toothless mandibles. Tdr®fm in imagoes is
small, and both imagoes and soldiers are densely hairy, with dastrally flattened bodies

(Hellemans et al., 2024)

1.2.11 Psammotermitidae

The family Psammotermitidae, previously part of Rhinotermitidae, was elevated to family
status based on molecular and morphological evidence, confirming its monophyly and distinct
evolutionary lineage. Psammotermitidae includes genera suchPsammotermesand
ProrhinotermesPsammotermess primarily found in arid and serarid regionsparticularly
deserts, where it is welhdapted to extreme environmental conditions. Its ability to survive

in such habitats reflects significant ecological specializatiorrohtrast, Prorhinotermess
commonly associated with coastal and insular habitats, where it has been observed using
driftwood for dispersal, enabling lorgdjstance colonization of islands. Phylogenetic studies
suggest that Psammotermitidae diverged from other termite lineages@pmately 8@90

million years ago during the Late Cretaceous. Their unique adaptations, such as their foraging
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and nestingbehaviours highlight their ecological significance in nutrient cycling and

decomposition within dry and resoureszarce environments.

1.2.12 Heterotermitidae

The family Heterotermitidae, elevated from its previous status as a subfamily within
Rhinotermitidae, represents a monophyletic group of subterranean termites widely
distributed in tropical, subtropical, and temperate regions. This family includes ecoalbmic
significant genera such &optotermesHeterotermes and Reticulitermesknown for their
wood-feedingbehaviourand substantial role in nutrient cycling. However, many species, like
Coptotermes formosany§ormosan subterranean termite), are among tmost destructive
structural pests worldwide. Heterotermitidae termites are characterized by narmmamdible
soldiers and alates with simple wing venation, adaptations that align with their subterranean
lifestyle. Their evolutionary divergence, estimated to have occurred during the Late
Cretaceous to early Paleogene, highlights their adaptability to divers¢atsbind ecological
YAOKSad® ¢KS FlrYAfeQa SO2t23A0lt AYLRNIFyYyOS
economic impact, making them a crucidcus for both ecological studies and pest

management strategie@Hellemans et al., 2024; Wang et al., 2022)
1.2.13 Termitidae

The family Termitidae, known a8 KA I KSNE GSNX¥YAGSaAaZ NBLINBaSyi
evolutionarily advanced group within the termite order. This family includes more than 2,000
described species across 18 subfamilies, making it the largest family within Isoptera.
Termitidae are globally istributed, with their greatest diversity found in tropical and
subtropical regions, where they play critical roles in various ecosystems. One of the defining
characteristics of Termitidae is the absence of protozoan symbionts in their guts, a trait that
dAadAy3IdAaKSa GKSY FTNRY af26SNE (GSN¥YAGS&ad Ly
fungal symbionts for digestion.

Sphaerotermitinaeare small, compact termites found in tropical regions. They are notable

for their unique nestingehaviout constructing spherical nests that are distinct from those

of other subfamilies. Within these nests, they create bacterial combs, spldtgstructures

that support the cultivation of bacteria. These bacterial gardens facilitate the decomposition

of organic matter, enabling the termites to efficiently process a wider range of food resources.
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Figure3: nest and queen with soldiers and workers of Sphaerotermitinae

Macrotermitinae, known as fungugrowing termites, are widely distributed in Africa and
Asia. This subfamily is characterized by its mutualistic relationshipTwitimitomycedungi,
cultivated within termite nests. Prominent genera includacrotermes Odontotermesand

Microtermes

Figure4: Termitomyces and soldier of Macrotermitinae

Foraminitermitinae is a relatively understudiedubfamily andk & y 2 dF o6t S T2 NJ Al
ability to create intricate nesting structures, often reflecting adaptations to their

environment

Apicotermitinaerely on highly specialized gut symbionts for digestiMitrocerotermitinae,
which includes the genuMlicrocerotermes consists of smallized termites distributed
throughout tropical regions

Syntermitinag primarily distributed in South America, include genera suchyatermesnd
CornitermesKnown for their specialized nesting and foragiepaviours somespecies build
prominent mounds.

Forficulitermitinae is characterized by its distinct soldier mandibles, which are elongated.

Individuals feed on the soil and some of them can be found in bare soil.
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Engelitermitinaewas recently discovered with specj&ngelitermes zambo

Figure5: Engelitermes zambo

Neocapritermitinae includes termites with specialized adaptations, particularly in their
soldier caste. A notable species within this subfamilNe&ocapritermes taracyawhich
exhibits a remarkabldefencemechanism. Soldiers of this species possess a unique defensive
adaptation involving specialized pouches on their bodies filled with a blue liquid containing
toxic compounds. When threatened, they rupture these pouches, releasing the toxic

substance to dedr predators.

Figure6: Neocapritermes Taracua

Crepititermitinae, Protohamitermitinae, and Cylindrotermitinae less commonly discussed
subfamilies, with limited ecological and morphological daRromirotermitinae and
Mirocapritermitinae

Amitermitinae, represented by the genu&mitermes is widely distributed in tropical and
subtropical regions. These termites exhibit significant ecological versatility and play important
roles in theirecosystems. Termitinae, the largest subfamily within Termitidae, includes
diverse genera such adicrocerotermesand Quasitermes This subfamily is found across

tropical and subtropical zones, displaying a wide range of ecolofeahvioursand
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adaptations.Cubitermitinae argorominent in African savannahs, where they are recognized

for their moundbuildingbehaviout

[l

Figure7: Cubitermitinae

1.3 Termite casesand life cycle

All termite species are eusocial and usually live in colonies with onlganef reproductive,
king and queenA colony splits into severaBstes, eactdefined as a group of individuals that
is specified by certain morphology, function, abehaviour The castes of termites are as

F2ft 264 ol OO2NRAYy3 (G2 ~2020yN{1 9 5FKftaal HAw

Queen and King Wingless female and male who mate, are the founders of the colony, and

often the only fertile individuals.
Alate - The adult winged stage.

Larva- A young, nutritionally dependent individual that does mevealwing pads or soldier

traits.

Neotenic - A secondary sexual individual with juvenile characteristics, this individual

originatesfrom larvae, nymphs, pseudergates, or workémough a single or more molts
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Worker - A wingless stage arisify irreversible deviation from development into an imago,

ensuring the functioning of the colony.

Pseudergatgfalse worker) An individual functioning as a worker in the colony, but unlike a

true worker,maintainingpossibility of developing wingsto adult stage

Soldier- An individual defending the colony with a heavily sclerotized head and defensive

adaptations such as large and strong mandibles or defensive secretions of exocrine glands.

Presoldier- A nonsclerotized individualith soldier traits a transitional stage between a

larva, pseudergate, or worker and a soldier.

Inter-caste- An individuahavingtraits of two or more castes. Usually, it is a developmental

abnormality.
Fertile Soldier A soldierlike individual that retains reproductive capacity as a male or female.

Termite colonies are defended by soldiers, &ald acquisition and maintenance performed

by true workersor pseudergates. Workers search for food, feed dependent castes such as
soldiers, larvae, and theproductive paifsometimes multiple reproductiv@sand build and
repair the nest. Due to these aspects, a termite colony is often referred to as a
'superorganism’ (Wilson1971). Overall, the colony is usually protected by a complex
structure of tunnels (galleries) or nests, which keep the population safe and also ensure
control of the microclimate (Bignell et a2010). Termites are an important food source for
many predators (Redford & Dored984) and must also compete for food sources such as

wood, leaf litter, or humus with other taxa (Deligne etmdpy mT ~202 0y N1 S

Termites have developed a specifiefencesystem, best represented by the soldier caste
present in the colonies of all termites, except for a few derived groups where this caste has
secondarily disappeared (Noirot & Pasteasthy T T~ 2 0, 2015).Ng¢rmitBsiprofedt ®
themselves with both active and passidefencemechanisms. The activdefenceprimarily
includes the strong mandibles of soldiers, and some uplragmotic method ofdefence

which involves the soldier defending the attacked nest bylisgahe access tunnel with its
body and its strongly sclerotized and specifically shaped head facing the predators.

Subsequently, the tunnel towards the nest is sealed by the workers with a mixture of wood
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fragments faeces and secretions of labial glan(Beligne etalm oy m T ~ 2 g 20100y N1 S
Additionally, soldiers use defensive substances produced by frontal, labral, or labial glands to
protect the nest (Prestwicrmcpy n T ~206 2 0 Y N{ -Orietto letfatb2019)iTen 6 Tt |
passive way of protection is a cryptic, hidden way of life and construction offevetied

ySada o0Y2NDZ HAMMT ~2020Gy Nl SG Ff X wamno o

1.4 Nesting strategies

Termites exhibit diverse nesting strategies that can be broadly categorized into-sitegand
multiple-site nesting. Singisite nesters confine their colonies to a single, centralized nest,
where all colony members reside. These nests are typicallyforéfied and serve as hubs

for brood care, resource processing, atefence Singlesite nesting is commonly observed

in species that rely on localized resources, such as vieeding termitesfor example family
Archotermopsidaewhich consume the matexl in which they nest (ShellméReeve, 1997).

In contrast, multiplesite nesters distribute their colonies across several interconnected
nesting sites. These nests are often linked via subterranean tunnels or-gbowed foraging

trails, enabling the colony to exploit resources over larger areas. Sthategy allows for
increased flexibility and resilience to environmental pressures, as multiple nests can reduce
the risk of colony failure due to localized disturbances (Thorne & Traniello, 2003). Species
such afNasutitermesand Reticulitermegxemplify this nesting strategy, using satellite nests

to support foraging activities far from the primary nest (Jones & Eggleton, 2011).
1.5 Feeding Strategies and Diet

The main component of termite diet is lignocellulose, a complex of cellulose, lignin, and

hemicelluloses, and its digestion requires a broad array of enzymes produced by termites and
symbiotic microorganisms in termites gut (Ohkuma & Brune 2011). Termitesrily feed

on dead wood or grass, but consume also rotten wood, leaf litter, humus, or soil, and only

occasionally live tissues, whether grass (Hodotermitidae), wood (Stylotermitidae), symbiotic

fungi (Macrotermitinae) or microepiphytes (part of Nasetmitinae) (Bignell et al., 2011)

1.6 Termite gut structureand endogenous enzymes

Termites have developed a highly specialized digestive systemaltbatthem to break down

lignocellulose efficiently The termite gut is divided into three main regions: the foregut,
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midgut, and hindgut. Eaalegion plays a distinct role in digestiomith significant differences

betweendoweré and dchighei termites (Brune, 2014)

oLowek termites, (e.g. Mastotermitidae, Kalotermitidae, Rhinotermitidaledrbour a
complex community of flagellate protozoa in their hindguts. These protozoa possess their
own cellulolytic enzymes, contributing significantly to the breakdown of lignocelluldse
combined action of termitgoroduced enzymes and protozoan enzymes ensures efficient
digestion of cellulose and hemicellulose (Nakashima et al., 268R)heg termites (family
Termitidag have lost the flagellate protozoa and rely entirely on their own enzymes and
bacterial symbionts for lignocellulose digestidrhe bacterial community in the hindgut of
ohighe termites has adapted to take over the cellulolytic functions previously performed by

protozoa, producing a range of enzymes that break down plant material (Brune, 2014).

1.6.1 Foregut and Midgut:

The foregut, comprising th@harynx, esophagus and crop, is responsible for the initial
ingestion and temporary storage of food. Following this, the midgut serves as the primary site
for enzymatic digestion, where endogenous enzymes such as cellulases and hemicellulases,
produced by the ternme, initiate the breakdown of lignocellulosic plant material (Tokuda et

al., 1998).

1.6.2 Hindgut

The hindgut is divided into the paunch, colon, and rectum, and is significantly enlarged
compared to the foregut and midguihe hindgut of termites is a highly specialized and
compartmentalized structure, functioning as a series of interconnected microbial bioreactors
GKFG FLOAETAGIOS GKS STFAOASY(H RAISaGA2Yy 27
structure is dvided into distinct compartments (P1 to P®ach characterized by unique
physicochemical conditions, such as pH gradients, oxygessure and metabolite
concentrations, which support specific microbial communities adapted to localized
environments. The P1 compartment, with its extremely alkaline conditions (pt1@.9),

hosts microbes such dsricibacterand Lactobacillales, initiating the breakdown of ingested
material. The enteric valve (P2) regulates the flow of digesta into the hindgut but is less
O2t 2y Al SR RdzS (2 A éal, Z0H)T0LP8 2ombaritmeNtRor Bndgiity | K S
paunch, represents the primary site for anaerobic digestion, with anoxic conditions and
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hydrogen accumulation (up to 12 kPa), fostering diverse bacterial communities, including
Spirochaeteg~ibrobacteresand TG3which play central roles in lignocellulose fermentation.
Transitioning through the tubular P4 compartment, where taxa W@dobacteriaceae
dominate, the digesta reaches the Bbrectum characterized by slightly acidic conditions
and microbial activity focused on processing remaining fermentation products such as lactate.
Together, these compartments create an optimized system for extracting energy and
nutrients from plant material, ré€cting the evolutionary adaptations of termites and their
symbiotc microbiota. This functional integration not only supports termite survival but also

highlights their ecological role in nutrient cycling and decomposition! Kt SNJ SiG | f o

Figure8: Intestinal tract of Nasutitermes corniger. The gut includes the crop (C), midgut (M), mixed segment (sesjelahd
KAYyR3Idzi aS3avSyida otwm G2 tpoT GKS FadSNxRal YEFEN]l & GKS LIAAGA:

1.6.3 Endogenous Enzymes

Termites produce their own cellulases, which are crucial for the initial stages of cellulose
RAISaldAz2yd ¢KSaS Syl evySa AyOf dzR Sgluboyidaged t dzOI vy
Endoglucanases break down the internal bonds of cellulose chains to foartersh
polysaccharide fragments. Cellobiohydrolases act on the ends of cellulose chains and release
OSt f 2 6 A 2GUBosidagekyidlralysecéllobiose to glucose, which can be absorbed and

utilized by the termite (Tokuda et al., 1998; Tokuda & Watan2b67). In addition, termites

producehemicellubses such as xylanases, which break down hemicellulose into xylose and
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other sugars. These enzymes facilitate the degradation of more complex plant cell wall

components and thus complement the action of cellulases (Nakashima et al., 2002).

1.7 Symbiotic organism in termite gut
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Figure9: Termite gutmicrobiota composition and functions

(a) Phylumlevel distribution of gut microbes in termite species representing major host
groups (w, woodeeding; f, fungusultivating; s, soifeeding; modified from Brune, 2015).

(b) Schematic of symbiotic digestion in termites. The bold lines represent the path of
lignocellulose digestion. The thinner lines show the formation of soluble degradation
produds reabsorbed by the host and the dashed lines indicate nitrogen recycling by termites
(modified from Brune and OhkumaQ11).

Termite ability to digest lignocelluloses mostly rely on symbiotic organisms as bacteria,
archaea, and protozoai.owek termites typically harboura rich community of priists in

their hindguts. These protistgrotozoa)are flagellates engaging in symbiotic relationships
with the termite host. They are capable of cellulose degradation, breaking down the complex
cellulose molecules into simpler sugars. The protiggourwood particles ingested by the
termite, secreting cellulolytic enzymes thedtalysethe breakdown of cellulose into glucose.

This mutualistic interaction is crucial for the survivaldafwere termites, as the glucose
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produced by the protists provides a vital energy source. The intricate balance within this
symbiotic relationship is maintained through the process of proctodeal trophallaxis, whereby
termites exchange hindgut contents, ensuring the transfer of protisthi¢éonext generation
(Cleveland, 1925; Inoue, Moriya & Ohkuma, 200®)e ¢highet termites do not rely on
protists for lignocellulosdigestion. Instead, their guts are populated by a diverse consortium
of bacteria and archaea that produce cellulases athier glycoside hydrolase§he gut
microbiome has been adapted to function efficiently in highly alkaline conditfarsuring

the breakdown of cellulose and hemicellulog®o fermentable sugars. The bacterial
communities are adept at fermenting the sugars into acetate, which serves as the primary
energy source for the termite. The absence of protistéhighe€ termites also points to an
advanced and more versatile digestive system, as these termites can consume a wider variety
of lignocellulosic materials, including soil organic matter and humus, in addition to wood

(Brune & Ohkuma, 2011; Warnecke et al., 2007).

1.7.1 Taxonomy ofBacteria in Termitegut

1.7.1.1 Firmicutes

Firmicutes of the genera Clostridium Ruminococcusand Desulfovibri¢ including the
classification oDesulfovibriounder Proteobacteria, represergbundant axa in microbial
communities. Clostridiumand Ruminococcusare known for their role in fermentation
processes and gut health and contribute to the breakdown of complex carbohydrates in the
digestive systems of animals, including termitéesulfovibrip although classified as
Proteobacteria, shares functional features with Firmicutes in terms of energy metabolism,
particularly in sulfate reduction processes. These genera are essential for understanding
microbial ecology, energy cycling and symbiotiatiehships in termite gut and other

environments(Taib et al., 2020)
1.7.1.2 Bacteroidetes

The generadBacteroidesand Prevotellaof the phylum Bacteroidetes are important for their
role in the human gut microbiome, where they affect digestion and overall heRittdvotella
is often associated with the higfibre diets that are prevalent in rural communities, while

Bacteroides is associated with Western diets rich in protein and fat. These genera are central
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to discussions about the diversity of the gut microbiome, which reflects the host's diet,
lifestyle and environmental factors. Their abundance and interactions within the gut
ecosystem offer insights into the complex relationship between diet, microbiome

composition and health outcomggorvitovskaia et al., 2016)
1.7.1.3 Spirochaetes

The gut microbiome of termites, particularly rich in bacteria of the gdraponemdphylum
Spirochaetes), is crucial for the digestion of lignocellulosic material such as wood. Species of
Treponemaplay an essential role in the termite gut ecosystem, as they are involved in
fundamental processes includiniiore hydrolysis, fermentation, homoacetogenesis, and
nitrogen fixation. These processes enable termites to efficiently degrade and utilize wood as
their primary food source, highlighting the symbiotic relationship between termites and their
gut microbiota. Thepresence ofTreponemain various termite species indicates a-co
evolutionary history that has significantly contributed to the ecologicatess of termites
(Abdul Rahman et al., 2015)

1.7.1.4 Proteobacteria

Species of the genu3esulfovibrian the termite gut play a key role in nitrogen fixation and
oxygen removal, facilitating the anaerobic environment necessary for the termite digestive
process. This involvement underscores the complex symbiotic relationships in the termite gut
microbiome It highlightsthe importance ofDesulfovibrioin maintaining the ecological

balance required for termite survival and wood decompositidbdul Rahman et al., 2015)
1.7.1.5 Actinobacteria

Actinobacteria in termites are essential for breaking down the tough components of wood
and plants, such as lignin, makiather nutrients more accessible. These bacteria produce
substances that help control harmful microbes in the termite gut and contribute to the
balance of the microbial community. Their relationship with termites is mutually beneficial:
termites provide a home ahfood, while actinobacteria aithe digestion. The diversity of

actinobacteria varies depending on the termite species andcethgronment, indicating their
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adaptability. Some of them can even convert nitrogen from the air into a form that termites

can use, helping in their nutritiofKorsa et al., 2023)
1.7.2 Taxonomy ofArchaea in Termite Guts

The most abundant archaea in termite gut dethanobrevibactespecies, which are critical

for methane production through methanogenesis. This process is necessary for the digestion
of lignocellulosic material, allowing termites to use wood as a primary food sour@dewere
wood-feeding termites such aReticulitermes sppand H. sjostedti Methanobrevibacter
species are the only methanogens. Howevethighei termites, includingMicrocerotermes
sp.andNasutitermes spMethanobrevibactecoexists vith methanogens from other orders
such as Methanoplasmatales and Methanomicrobiales, indicating a more diverse community
of archaea. Methanoplasmatales are particularly dominant in the guhighel termites,

where they represent 37:60.3% of the archaeal population. This group, previously classified
as Thermoplasmatales, has been found in various termite species and is capable of producing
methane from methanol, suggesting a new lineage of methans@Parks et al., 2020a; Shi

et al., 2015)In addition, the presence of Thaumarchaeota in termite gut, which is involved in
ammonia metabolism, points to a complex ecological function beyond methanogenesis.
These archaea, distinct from archaea in other environments, suggest a unique evolutionary
origin and specialized role in the termite gut ecosystem. The diversity of archaeal
communities in termites is influenced by the diversity of methanogenic substrates provided
by the complex bacterial communities of the gdtligheg termites with more compx gut
compartments and physiological conditions exhibit greater archaeal diversity. This diversity is
further enriched by different metabolites, such as formate and methanol, which are utilized
by different methanogens, indicating a subtle interplay oftaflic processes in the termite

gut. Despite the dominance of methanogens, the role of smethanogenic archaea,
especially inthighe termites presents interesting questions for further research on their
ecological functions and contribution to termitkgestion and methane productigishi et al.,

2015)
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1.7.3 Coevolution of gut bacteriaand termite

The diversity of termite species and théliet is closely linked to the evolution of their gut
microbiota, highlighting the complex web of interactions that are essential for termite survival

and ecosystem functionin@ngel and Moran, 2013)

The evolutionary history of termites, spanning over 150 million years, is tightly interwoven
with the development of their gut microbial communities. Phylogenetic studies reveal strong
cophylogenetic signals between termite lineages and their microbiamanstrating a long

term association. For example, bacterial taxa suchTasponemawithin the phylum
Spirochaetes form monophyletic clusters specific to termites, while lineages within Firmicutes
and Bacteroidetes also show termigpecific evolutionary giterns (Arora 2023, Bourguignon

et al. 2018, Mikaelyan et al., 2015). These findings underscore vertical transmission as a
critical mechanism for preserving these symbiotic relationships across generations (Engel and
Moran 2013; Vavre and Kremer 2014; Gssin et al. 2020).

Proctodeal trophallaxis, the exchange of hindgut fluids among colony members, plays a
pivotal role in this vertical inheritance, ensuring the continuity of coevolved microbial
communities over evolutionary timescales (Nalepa 2017; Michaud et al. 202)efFunore,
termite-specific microbial communities adapt to changes in host diets and phylogeny. For
instance, woodfeeding termites (dLowekg termites and noAMacrotermitinae Termitidae
subfamilies),harbour microbial communities enriched with Fibrobacteraee a bacterial
family specialized in lignocellulose degradation, while -fe@tling termites (family
Termitidae, particularly subfamilies like Cubitermitinae, Syntermitinae, Nasutitermitinae, and
Apicotermitinae, among otherd)ave gut microbiota dominated by nitroganetabolizing

taxa such as Firmicutg®likaelyan et al. 2014; Tokuda et al. 2018he coevolutionary
relationship between termites and their gut microbiota is not static but highly dynamic.
Vertical inheritance preserves essential microbial lineages, while horizontal gene transfer and
occasional environmental acquisitions enrich the micgobil Q& 3IASYSGHA O | yR Tdzy
(Nalepa, 2017; Bourguignon et al., 2018). Recent studies further support vertical inheritance,
demonstrating that some microbial lineages were conserved from a common ancestor of
termites, while others were acquireditough dietary and ecological transitions (Arora, 2023;

Brune & Ohkuma, 2011).
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Functional studies provide additional evidence of this coevolutitso for nitrogen-fixing
microbes, such as those from Bacteroidofereponematales and Methanobrevibacter
O2YLISyal S T2 NJ-dafiSientydiets, Ssah@ncing AhgiNgirdiviglyand ecological
fitness(more in chapter 1.7.1. Nitrogen fixatip(¥amada et al., 2007; Ohkuma et al., 1999).
Horizontal gene transfer among gut microbes has further expanded the functional repertoire
of these microbial communities, enabling them to producdivgerse array of carbohydrate
active enzymes (CAZymes) essential for lignocellulose degradatiame in chapter 1.1.
CAZymeé¢Tokuda et al., 2018).

1.8 Cazyme

The termite gut microbiome is characterized by a diverse array of polysacclitipiading
enzymes, including xylanases ¥ylandegradation and various pathways for the metabolism

of cellobiose, a common intermediate in cellulose degradation. These metabolic pathways
are essential to minimize inhibition of cellulases, thereby allowing more efficient wood
decomposition. This comptemicrobial ecosystem in termite gut with Treponema as a key
player is an example of evolutionary adaptation to a lignocelialdget and highlights the

importance of the termite gut as a natural biomass conversion sygtémet al., 2019)

Carbohydrateactive enzymes (CAZymes) are a broad class of enzymes that are critical to the
digestion, modification, and synthesis of carbohydrates. CAZymes are essential for various
processes, including the breakdown of complex sugars into simple sumadigkstion,
constructing andemodellingcell walls, and storing and utilizing ener@/ardman et al.,

2022)

CAZymes are categorized into different families and subfamilies, each characterized by the
specific reactions thegatalyseand the structures of the substrates they act up&@tycoside
hydrolases (GHs) with89 families and 241 subfamiligS|ycosyltransferasg&Ts) with 135
families Polysaccharide lyasedgth 43 families and 63 subfamilies, Carbohydrasterase

with 20 families, Carbohydrateinding module with 101 families and Auxiliary Activities with

17 familiegCantarel et al., 2009; Wardman et al., 20ZR)ese enzymes are not confined to

a single group of organisms but are widespread across the kingdbfiie They are found in
microorganisms like bacteria and fungi, which play an essential role in the decomposition of

organic matter and nutrient cycling in ecosystertants also produce CAZymes, which are
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involved in the development of plant structures (Pinard et al., 2015). Although these enzymes
are widespread across various microbial species, research has shown that certain bacterial
genera exhibit particularly high abundances of CAZgm&ding geneBacteroides produce

more likely glycoside hydrolases (GH2, GH3, GH5, GH43) and carbohydrate esterases (CEL1,
CE®b) that break down dietafipre (Koropatkin et al.2012).Species of the genu@lostridium

(for example in ruminant gut) use GH9 and GH48 to aldgrcellulose and PL1 and PL9 to
degrade pectin (Flint et al., 2008). Sahivelling Streptomyces species produce CAzymes such

as GH12, GH74 (lichenases and xyloglucanases) and CE2, CE4 (deacetylases) to degrade plant
biomass (Book et al., 2014). Bacillpedes contribute to the decomposition of soil organic
matter through GH13 and GH32 (amylases and inulinases) and GT2 and GT4
(glycosyltransferases) (Lombard et al., 2014). In the gut of herbivores, Ruminococcus species
play an important role in cellulosdegradation through GH5 and GH26 (mannanases and
endoglucanases) and CBM32, which enhances enzyme binding to polysaccharides (Crouch et
al, 2016).d.owek termites have high levels of glycoside hydrolases (GH1, GH9) and
carbohydrate esterases (CE1) for cellulose and hemicellulose degraditigheg termites

rely on bacterial symbionts in the hindgut to produce CAZymes, including glycoside hydrolases
(GH5, GH11) and auxiliary activities (AA1, AA3) that aid in lignin degradation (Brune, 2014).

The study of CAZymes involves various methodstmver their functions and mechanisms.
Biochemical assays can reveal the activity of these enzymes, while gene expression analysis
can show when and where these enzymes are produced. Genomic and metagenomic
approaches have expanded our understanding @& tliversity and evolution of CAZymes,
shedding light on their roles in environmental ecosystems and potential applications in
industries such as biofuel production. The Carbohydrstdve CAZyme Database (CAZy) is

an invaluable resource for researchersthe field, offering a comprehensive repository of
information on the known CAZymes, including their structure, function, and classification
(Cantarel et al., 2009). Studies like those of Henrissat and Davies (2013) provide structural
and mechanistic insigs, enhancing our comprehension of how CAZymes operate at a
molecular level. Moreover, Pallen and Wren (2006) discuss the emergence and significance

of CAZymes in prokaryotes, emphasizing their importance in microbial communities.

34



Glycoside hydrolases Glycosyltransferases

mOR' + R, ﬁ.‘ mO:sz i
R4 g
'

: 0
| Q 0
! NQeor + o —= \oeon

R = Monosaccharide, oligosacccharide,
polysaccharide or aglycone R, (donor) R, (acceptor)
Exo-glycoside
hydrolase Reducing end o |
S S Y Go el 8 e L
(0} [e] |
0 S S o |, "
Non-reducing end I “ f,}-}g \
Endo-glycoside hydrolase n=1or2 W Protein glycosylation
' o
Polysaccharide lyases B ClcNAc - @ Man oo~ A
NN N N N NN e L
. o} ‘ Glycolipids OH
[e) I
o i
Séiw - | it
RO o TN OR’ ‘ Carbohydrate binding modules
FoH i >
""""""""""""""""""""""""" CBM { [ _ Associated with CAZymes
A 4
R
I — & Directs CAZymes
0,C 0,C “0,C w’ to substrate
0 0 0 0 /
s} o} Q Q o} Q
L | ‘ C—:-A/O/mo mD%O%O i,;} _OH
R
Point of cleavage CBM binds to specific
carbohydrate motif
Carbohydrate esterases Auxiliary activities
T ! OH o © Various redox
JOOR >E<H0 ! . OH o Gji;z::e OH .z ' transformations
‘ g_‘_\ — ‘: ) ; X=NHorO ‘ Ho oH " o 0, OH ‘ cati?ll_ysedb}tf_ .
H,0 RCOOH : ! 0, H,0, " auxiliary activity
,,,,,,,,, o P PR oM enzymes

Figure 10: visualization of different CAZyme families and scheme of function (Wardman et al., 2022).

1.8.1 Glycoside hydrolases

Glycoside hydrolases (GHs) are enzymes that break down glycosidic bonds, and they are
categorized into various families based on their structure, mechanism, and function. Each
family of GHs has distinct characteristics and plays specific roles in carbtéhgogtabolism
(Lombard et al., 2014a)

For instance, enzymes in the GH3 family have been studied for their abilitydtolyseand

sometimes transglycosylate substrates, which means they can transfer glycosyl groups to
20KSNJ adzalF NBE 2N Y2f SOdztf Sad dlkicbsidaseE lavdAN & A Y (
acetylglucosaminidases. The catalytic mechanism of these enzymes often involves a
conserved aspartate residue acting as a nucleophile, which is critical for catalysis. Notably,

the positioning of the general acid/base residue, which is essentighéoegnzyme's function,

can vary across the family, influencing the enzyme's activity and spedlifantypard et al.,

2010a, 2014h)
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GH18, GH20, and GH85 are examples of families that utilize a mechanism where an acetamido
group at the 2position of the substrate assists in the cleavage of the glycosidic bond. This
neighboring group participation leads to the formation of intermedialike oxazoline or
oxazolinium iongDavies and Henrissat, 1999he GH99 family has enzymes that hydrolyze
h-mannoside substrates without a typical catalytic nucleophile. Instead, these enzymes use
the 2-hydroxyl group as an intramolecular nucleophile, leading to the formation of an epoxide
intermediate. MyrosinaseBom the GH1 family are unique because they lack a general acid
and utilize an external base, like ascorbate, to assist in catalysis. These elgyragse

thio glycosides found in plan{sienrissat and Davies, 1997)

Some retaining glycosidases, such as those in the GH33 and GH34 families, employ alternative
nucleophiles like tyrosine instead of the conventional carboxylate residues. The use of
tyrosine as a nucleophile is suggested to be advantageous when the ana®etie of the
substrate is negatively charged, as it avoids charge repulsistly, GH4, GH109, GH177, and
GH179 families use a different mechanism involving NAD cofactors. They proceed via an
elimination and redox mechanism rather than through the sieal doubledisplacement
reaction typically seen in other GH famili@3avies and Henrissat, 1995; Lombard et al.,
2014c)

1.8.2 Glycosyltransferases

Glycosyltransferases (GTs) are key enzymes in glycosylation processes, transferring sugar
moieties from activated sugar donors to acceptor molecules. They are essential for various
biological functions, including cell wall synthessignalling and immune response
modulation. The classification of GTs into families is based on amino acid sequence
similarities, reflecting their structural and mechanistic features. This system highlights the
diversity within GT families, grouping enzymes withifedént substate specificities and
catalytic mechanismgHartman et al., 2007)Modular GTs, often containing namatalytic
domains, play significant roles in substrate binding and enzyme localization, indicating a
complex evolution to acquire new functions. The continuous update of the CAZy database
reflects the growing understandg of GTs' roles in biology and their potential in

biotechnological application@d.airson et al., 2008)

36



1.8.3 Polysacchaaride Lyases

Polysaccharide lyasegatalyse the nonhydrolytic cleavage of glycosidic bonds in
polysaccharides, leading to the formation of a new double bond at the reducing end of the
cleaved molecule. These enzymes are essential in the degradation of complex polysaccharides
like pectins, heparinand hyaluronan, which are found in the cell walls of plants and in
extracellular matrices of animals. Their action is crucial in processes such as plant biomass

degradation, pathogenesis, and various biotechnological applicatimmbard et al., 2010b)
1.8.4 Carbohydrate Esterases

Carbohydrate esterases are enzymes thategdeerify the acetyl or other ester groups from
carbohydrate molecules. These enzymes are pivotal in the modification and degradation of
plant biomass, especially in the breakdown of hemicelluloses and pecting) oftten contain

acetyl, methyl, and other estdinked decorations. This eesterification is often a
prerequisite for further degradation by other carbohydredetive enzymes, making CEs
essential in biomass conversion, paper manufacturing, and the ifeaastry 6 ! NY Sy Rt N&A |

Ruiz et al., 2018; Lombard et al., 2014a)
1.8.5 Auxiliary Activities

The Auxiliary Activities family encompasses a diverse group of enzymes that support the
breakdown of complex carbohydrates by acting in conjunction with other CAZymes. They
include various lytic polysaccharide monooxygenases (LPMOSs), eatadiisethe oxidative
cleavage of polysaccharides, and other redox enzymes that target lignin, chitin, and cellulose.
These enzymes are critical for lignocellulose deconstruction in biofuel production, enhancing
the efficiency of other carbohydratactive enzymesby providing access to otherwise

resistant structuregLevasseur et al., 2013)
1.8.6 CarbohydrateBinding Modules

Carbohydratebinding modules are nenatalytic protein domains that bind to carbohydrates.
They play a crucial role in targeting and increasing the efficiency of catalytic domains towards
their substrate by binding to specific polysaccharides. CBMs aredfdan various

architectures, from single domains to complex multimodular structures, and are involved in
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numerous biological processes, including cellulose degradation, pathogenesis, and symbiosis.
Their specificity and binding properties make them valuable tools in biotechnology and

biofuel researci{Armenta et al., 2017)

These enzymatic families are essential for the complete utilization and modification of
carbohydrates, with applications in numerous fields such as bioenergy, bioremediation, food
processing, and pharmaceuticals. Their study and manipulation continuedn hetive area

of research, driving innovations in sustainable technologies and biopro@etaston et al.,
2004; McLean et al., 2002)

1.9 Process of digestion in termites

The digestion process of lignocellulose begins with the mastication of wood, initiating the
mechanical breakdown of lignocellulosic material. Termites use their mandibles to chew
wood into smaller particles (primdy dower¢ termites) or soil (Termitidag)which increases

the surface area for enzymatic action. The chewed material is then mixed with saliva, which
contains a suite of enzymes that begin the initial hydrolysis of cellulose. The food then passes
into the midgut, which is the primary site for ymatic digestion by endogenous enzymes
produced by the termite itself. These include endoglucanases (GH9) that break internal bonds
within cellulose chains, producing shorter polysaccharide fragments, cellobiohydrolases
(GH1, GH®6) that cleave cellobiosg k1 a FNRY GKS Sy R-glucaidase® St f dz
(GH1) thathydrolysecellobiose and other oligosaccharides into glucose, xylanases (GH10,
GH11) that break down hemicellulose, particularkylan into xylose and other
monosaccharides, and mannanases (GH5) that degrade hemicellulose components such as
mannan into mannose. These enzymes facilitate the initial stages of lignocellulose
degradation, making it more accessible for further breakdown yrabial symbionts in the

hindgut (Tokuda et al., 1998pkuda & Watanabe, 2007).

Most of the cellulose digestion occurs within the hindgut, which acts as an anaerobic
fermentation chamber. The hindgut environment is neutral to slightly alkaline, which is
conducive to the activity of microbial enzymds$e primary difference between a hindgut of
dowere and ¢highek termites lies in their symbiotic relationships and the composition of

their gut microbiotadowek termites depend on a combination of protozoa, whizdrbour
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their own exo- and endosymbiotic bacteria. Protozoa devour wood particlpspduce
digestingenzymesand convertthe particlesinto simpler sugars and acetate, which the
termite can absorb and utilize (Cleveland, 19ZBjJigher termites rely solely on bacterial
symbionts,which evolved a more diverse and specialized bacterial community capable of

producing a wide range of CAZymes to compensate for the absence of protozoa.
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Figurell: Schema of termite gut and digestion process (Brune, 2014)

1.9.1 Nitrogenfixation

Another critical aspect of termite digestion is nitrogen fixation. Many termite species
consume a diet rich in cellulose but poor in nitrogefo compensate, diazotrophic

YAONRB2NHIyAaYad Ay (GKS GSNXYAGS 3Idzi FAE FdY2aLl
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(Breznak, 1982).

Termite gut microbiota fix nitrogen with either the molybdentdependent (Nif), vanadium

dependent (Vnf), or iromonly alternative nitrogenases (Anf) (Ohkuma et al. 1999; Yamada et

al. 2007; Inoue et al. 2015). Gene homologs of these nitronenases (nif®Nighificantly

corelating with termite phylogeny. Significant differences were observed among termite
groups, with nitrogenase reads in the gut metagenomes of-fumguscultivating (nonFC)
wood-feeders (LT and WF) being 24.4 times more abundant cordparsoitfeeders (SF) and

20.2 times more abundant than in funguasltivating (FC) termites (Arora 2023). This aligns
GAGK GKS KAIKSNI NI GS& 2F bi FAEIFIGA2Y NBLR2NIS
al., 2007) and highlights the high nitrogeontent in soil and fungi, which reduces the
necessity for the energf Y i Sy &8 A @S LINRP OS&a 2F bi TFAEFGAZ2Y
2011)

Genetic analysis confirmed the presence of genes responsible for nitrogen fixation in the gut
microbiomes of termites. Specifically, members of Bacteroidota, Spirochaetota (order
Treponematales), Proteobacteria (family Enterobacteriaceae), and the arclumeals
Methanobrevibacter. Additional analyses of metageneassembled genomes (MAGS)
further revealed nitrogenase genes in lineages such as Actinobacteriota, Planctomycetota,
Verrucomicrobiota, and Firmicutes (Arora, 2023). These findings corroborataopsev
evidence that termites harbor a diverse community of nitrogetng microbes in their guts
(Ohkuma et al., 2001; Yamada et al., 2007; Desai & Brune, Ziiequently phylogenetic
position of termite species determined, in some measure, the taxonomy of their dominant

diazotrophs (Arora 2023).

In addition to nitrogen fixation, termites enhance soil nitrogen content through organic
matter decomposition and nutrient recycling. As termites consume plant material, the
metabolic activity of their gut microbiota releases nitrogen compounds into thie reaking
them available for plant uptake. Termite mounds and surrounding soil often have elevated
nitrogen levels compared to areas without termite activity, emphasizing their role in nutrient
cycling (Jones et al., 2005; Holt & Lepage, 2000). The riratian of organic matter
processed by termites further enhances soil fertility, converting nitrogen into forms
accessible to plants and contributing to ecosystem productivity (Schmidt et al., 2019).
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2. Methodology

2.1 Sample collection and preparation

Microbial data were obtained from gut metagenome analysis from 195 termite samples and

145 termite species and or@éryptocercusvith detailed information in (supplementary table

1)

Termite guts were dissected from at least 10 workers for each samplprasdrved in RNA
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2.2 Genomic DNA extraction

Genomic DNA extraction was performed on the whole guts of five workers using the

NucleoSpin Soil kit (Macher&agel) according to the protocolFor the analysis of

metagenome were use gut from workers

Figurel2: Termite workes under binocular

2.2.1 Protocolg purification of DNA from soil and sediment

Sample Preparation

Fresh sample material, ranging between 250 and 500 mmgnisferred into an MN Bead Tube

Type A, which contains ceramic beads. It is essential to ensure that the tube is not filled
0S82yR GKS ™M Y[ YIEN] G2 YFAYGFAY LINRBLISNI YAEAX
Buffer SL1 or Buffer SL2 is addedhe tube. Adjustments to the lysis buffer volume may be
necessary depending on the nature of the sample. For very dry material, additional lysis buffer

can be added until the tube is filled up to the 1.5 mL mark to ensure sufficient hydration and
efficientlysis. Conversely, for very wet material, any excess liquid should be removed prior to

the addition of the lysis buffer, which may involve spinning down the sample to separate
excess moisture. These steps are critical for preparing the sample for doamspecesses

while maintaining the integrity of the extraction procedure.
Adjust Lysis Conditions

¢2 2LIWNAYAT S (GKS fteara LINROSaax wmpn >[ 2F 9yl
securely closed. Enhancer SX is designed to maximize DNA vyield, but it may also facilitate the

release of humic acids. For samples with a high content of contansinajustments to the
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volume or complete omission of the enhancer can improve DNA purity. Refer to Section 2.5

for detailed recommendations on managing this balance.
Sample Lysis

The MN Bead Tubes are horizontally secured to a vortexer, either using tape or a specialized
adapter. The samples are then vortexed at maximum speed at room temperature (18 ¢ / 0

for 5 minutes, ensuring thorough disruption of the sample material.
Precipitate Contaminants

To reduce foam caused by the detergent, the samples are centrifuged for 2 minutes at 11,000

P 3o !'( GKA&A adlr3sSzs Ad Aa NBO2YYSYyRSR (G2 GN
tube, particularly for carbonateich samples, as this ensures consistem yield. Next, 150

>[ 2F . dzZFFSNJ{[o Aa FIRRSRXI F2ft26SR o0& @2NIS
ce(@n c/ 0 F2NJ p YAydziSa FyR OSYUNRFIdASR 3l A,

contaminants effectively.
Filter Lysate

Il bdzOf S2{ LAYt LYKAOAG2NI wSY2@It [/ 2fdzvYy oNBR
' fAR® ! LI G2 Ttnn > 2F GKS Of SINJ adzLISNY I G yi
and centrifuged for 1 minuteaam>nnn P 3Id C2NJ ¢SG &l YLI Saz a
Ot SI NJ adzLISNY I G yi @2t dzyS SEOSSR&a tnn >[ X (KS
Flowi KNP dzZaK& | NB O2Y0AYSR FTFGSNI SIOK aLAyd !
Removal Columns discarded, and any visible pellet in the fldwough is avoided by

transferring the clear supernatant to a new collection tube.
Adjust Binding Conditions

¢2 FLHOATAGIEGS 5b! O0AYRAYIAZ wupn >[ 27F . dzF FSNJ
for 5 seconds. For samples preserved in Zymo DNA/RNA Shield, the total sample volume is
guantified after adding Buffer SB, and 0.2 volumes of isopropanol aerparated to

enhance DNA recovery.

Bind DNA
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column is reinserted into the collection tube. The remaining sample is then loaded, and the
process is repeated to ensure all DNA binds to the column. After the final centrifugation step,

the flow-through is discarded, and the column isai@ed for subsequent purification steps.

2.2.2 Librarypreparation using the KAPA Hypdus Kit

Figure 1 - KAPA HyperPlus Quick Guide
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Prepare the Sample Library
Step 1. Enzymatic Fragmentation

1. Dilute 1 ngg 1000 ng of DNA with 10 mM T4##CI, pH 8.@ 8.5 (recommended) to a

G241t @2tdzyS 2F op x[ AYy | noeuw Y[ GdzomS 2N
1 If the DNA preparation does not contain EDTA, dilute in 10 mMHTligpH 8.Q
ydpo Ay | G244t 2F op X[ @

1 If the DNA preparation does contain EDTA, dilute in the ¥EDfitaining buffer in
GKAOK al YL Sa NS OdaNNByidafe adalLISyRSRZ
on X[ @FYOBEYAYy3 5b!3I FRR p x[ 2F RAf dzii

2. Assemble each Fragmentation reaction on ice as per the table below:

Component ‘ Volume Per Individual Sample
_ 1 ng —_‘IOOO ng DNA 35 4L
(with Conditioning Solution, if needed)
KAPA Frag Buffer (10X)* 5uL
KAPA Frag Enzyme* 10pL
Total volume 50 L

Tablel: volumes for Fragmentation reaction

3. Mix the Fragmentation reaction thoroughly and centrifuge briefly. Return the
plate/tube(s) on ice and proceed immediately to the next step.

1 If the Fragmentation reaction is not mixed properly, it can result in increased

fragment size.

4. Incubate in a thermocycler, pr®2 2t SR (2 ®bnc/ |yR LINRINI YY
{SG GKS fAR GSYLISNIGd2NBE (2 9 becpc/ O6AF LR
a.PreO22ft o0f201Y bnec/
0P CNJI IYSYy dSedtabkeyelowbo T C /

O 1 2f RY bnc/

Mode fragment length Incubation time at +37°C* Optimization range
600 bp 5 min 3 =10 min
350 bp 10 min 5-20 min
200 bp 20 min 10-25min
150 bp 30 min 20-40 min
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Table2: Incubation in thermocycler

Step 2 End Repair and-tailing
1. Inthe same plate/tube(s) in which enzymatic fragmentation was performed, assemble

each End Repair andTailing reaction as per table below:

Component ‘ Volume Per Individual Sample
Fragmented, double-stranded DNA 50 L
End Repair & A-Tailing Buffer* 7L
End Repair & A-Tailing Enzyme Mix** SpL
Total volume 60 pL

Table3: End Repair and-Aailing reaction mix

2. Mix the End repair and-failing reaction thoroughly and centrifuge briefly. Return the
reaction plate/tube(s) to ice. Proceed immediately to the next step.

3. Incubate in a thermocycler programmed as outlined below. A heated lid is required
FT2NJ GKAE adSLI® LT LRaarotSz asSit GKS GSYLX
0KS dzadzat bBmnpc/ 0d

Step Temperature Time
End repair and A-tailing +65°C* 30 min
Hold +4°C** [

Table4: Incubation in thermocycler

Step 3 Adapter Ligation
1. Transfer the reaction from the thermocycler to ice. 2.
2. In the same plate/tube(s) in which End repair anthifing was performed, assemble

each Adapter Ligation reaction on ice as per the table below:

Component ‘ Volume Per Individual Sample
End repair and A-tailing reaction product 60 pL
KAPA Adapters (Chapter 2) 5uL
PCR-grade water* 5uL
Ligation Buffer* 30 uL
DNA Ligase* 10 pL
Total volume 110 uL

Table5: AdapterLigation reaction

3. Mix the Adapter Ligation reaction thoroughly and centrifuge.
4. Ly Odzo I 6S GKS ' RFLIISNI[ATLFOGA2Y NBFOGA2Y |0
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5. Following the incubation, proceed immediately to the next step.

Step 4. Purify the Sample Library using KAPA HyperPure Beads
1. ¢2 SFOK ' RFLIWGSNI [A3lFGA2y NBFOGA2Yy S |

P
T

HyperPure Beads that have been thoroughly resuspended.

Component | Volume
Ligation reaction product 110 uL
KAPA HyperPure Beads 88 uL

Total volume 198 uL

Table6: Adapter Ligation reaction for purifying of the samples

2. Once added, mix thoroughly and centrifuge briefly to collect all droplets. Do NOT
allow beads to pellet.
3. Incubate the sample at room temperature for 5 minutes to allow the sample
library to bind to the beads.
4. Place the sample on a magnet to capture the beads. Incubate until the liquid is
clear.
5. Carefully remove and discard the supernatant.
6. YSSLIAYy3a GKS al YLX S 2y U Kppaxed 8D Stliafol. F RR  H .
7.LyOdz S GKS &FYLXS Fd NR2Y (GSYLISNI GdzNB
8. Carefully remove and discard the ethanol.
9. YSSLIAYy3I GKS al YLX S 2y (i Kpfeparet 8D Stiladol. | RR  H .
10.Ly Odzo I S GKS &l YLX S |G NR2Y GSYLSNI GdzNB
11.Carefully remove and discard the ethanol. Remove residual ethanol without
disturbing the beads.
12.Allow the beads to dry at room temperature, sufficiently for all the ethanol to
evaporate.
1 Overdrying the beads may result in dramatic yield loss. @wgng is indicated by
a dry, cracked appearance of the bead pellet. The bead pellet should have a matte
appearance when sufficiently dried.
13.Remove the sample from the magnet.

14.Thoroughly resuspend the beads:
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f Mmnodm AY Hp >[ 27F SHGzHH 2@8.5)0talpFoeeSdNI 0 M
with Library Amplification (Chapter 4), or
T Mmn®H AY pp X[ 27F SHGIzHH 2@8.50tapFoeeSdNI 0 M
with Doublesided Size Selection (Appendix B).
15.Incubate the sample at room temperature for 2 minutes to allow the sample
library to elute off the beads.
16.16. Place the sample on the magnet to collect the beads. Incubate until the liquid
is clear.
17.17. Transfer an appropriate volume of the clear supernatant/eluate to a fresh
tube/well:
. 02 LINRPOSSR GAGK [AONINEB ! YLIXATFTAOIGA
supernatant, or
ll. to proceed with Doubld A RSR { AT S {StSOGAz2y o! LILIS

of supernatant.

(0p))

¢tKS NBYIFAYyAYy3a p >[ OFYy o
using the KAPA Library Quantification Kit.

dzZa SR F2NJ |j dz €

18.Proceed to Chapter Amplify The Sample Library (optional for sample inputs of

xpn Y3 odzi YFEYRFG2NE AF dzaAy I Qualityt ! | yA
Control, if performing a PGliRee workflow (not applicable if using KAPA Universal
Adapter).

Safe stopping poing If necessary, this is a safe stopping point. Purified, adapter
fA3FGSR fAONI NB YI & 06c@weeksdNaBiR clich pi&d c /F 2 N2
KM Y2y UK 0ST2NB YL AFTAOFGA2Y | yRk2NJ asSl|d
DNA in a buffered solution (10 mM FHEI, pH 8.Q 8.5) when possible, and minimize

the number of freez¢éhaw cycles.

Chapter 4. Amplify the Sample Library
Step 1. Prepare the Library Amplification Reaction

1. Assemble each Library Amplification reaction as per table below:
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Component | Volume per Individual Library

KAPA HiFi HotStart ReadyMix (2X) 25 L
KAPA Library Ampliﬂcrl:ltion Primer Mix* OR 5L
KAPA UDI Primer Mix**
Adapter-ligated library 20 pL
Total volume 50 UL

Table7: Library Amplification reaction

2. Mix thoroughly and centrifuge briefly. Immediately proceed to the next step.
Step 2. Perform the Library Amplification

1. Place the sample in the thermocycler and amplify the adafptgted library using
GKS F2t€t26Ay3 [AONINE ! YLXAFAOIGAZY LINRIN

Step ‘ Temperature ‘ Duration ‘ Cycles
Initial denaturation +98°C 45 sec 1
Denaturation +98°C 15 sec Variable, see Table 4 or Table 5 below
Extension +72°C 30 sec Adapter Ligation
Final extension +72°C 1 min 1
Hold +4°C . 1

Table8: thermocycler and amplify

Input into library construction

1ug o* 0-1*
500 ng 0* 2-3
250 ng 0-1* 3-5
100 ng 0-2* 5-6
50 ng 3-5 7-8
25ng 5-6 8-10
10ng 7-9 11-13
5ng 9-11 13-14
2.5ng 11-13 14-16
1ng 13-15 17-19
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(04

Table9Y wSO2YYSYyRSR 0e0tS ydzvoSNE (G2 3ISYySNIrGiS mnn ya 2N wm x3

Input amount ‘ Amplification cycle number
50 -500 ng* 3-4

10 ng 3-5

Tng 6-8

Table10: Recommended number of amplification cycles to generate 4 nM** of amplified DNA when using
Step 3. Purify the Amplified Sample Library using KAPA HyperPure Beads
Step 3a. Purify the Amplified Sample Library constructed using KAPA UDI Adapter & KAPA
Library Amplification Primer Mix
1.!'RR pn > 2F NRB2Y UGSYLISNI Gd2NB>X (K2NRdAAKT &
each amplified sample library.
2. Mix the amplified sample library and KAPA HyperPure Beads thoroughly and
centrifuge briefly to collect all droplets. Do NOT allow beads to pellet.
3. Incubate the sample at room temperature for 5 minutes to allow the amplified sample
library to bind to the beads.
Place the sample on a magnet to capture the beads. Incubate until the liquid is clear.
Carefully remove and discard the supernatant.
YSSLIAYy3 GKS &l YLX S 2y (i KpBpared 8D% Stliadol. | RR H n N
LyOdzo+GS GKS al YLIX S Fd NRB2Y GSYLISNI GdzZNB 7
Carefully remove and discard the ethanol.
YSSLIAY3I (GKS &l YL S 2y ( Kpgpared 8Dy Stldadol. F RR H N
10.Ly Odzo I S GKS &l YLX S |G NR2Y GSYLISNI GdzZNB ¥

© © N o 0 &

11. Carefully remove and discard the ethanol. Remove residual ethanol without disturbing
the beads.

12.Allow the beads to dry at room temperature, sufficiently for all of the ethanol to
evaporate.

13.Remove the sample from the magnet

14.¢ K2NRPdzZAKf & NB&adzalLISyR (KS 0SIFRa AYy-HG,p >[ o
pH 8.0¢ 8.5. Centrifuge briefly to collect all droplets. Do NOT allow beads to pellet.

15.. Incubate the sample at room temperature for 2 minutes to allow the amplified

sample library to elute off the beads.
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16.. Place the sample on the magnet to capture the beads. Incubate until the liquid is
clear.

17.Transfer an appropriate volume of the clear supernatant to a fresh tube(s)/well and
proceed with doublesided size selection (refer to Appendix B), library QC, target
capture or sequencing (KAPA HyperPlus Kit, March 2024, Version 10.0).

18.t dZNAFASRX | YLX AFASR al YL S f Ac® Néekslordta OI y
-MpclHpic2 F2NJ dzLJ G2 o Y2y UKao

Step 3b. Purify the Amplified Sample Library constructed using KAPA Universal Adapter &
KAPA UDI Primer Mixes

1. 'RR pn > 2F NR2Y (GSYLISNYGdz2NEBZ GK2NPRdAzZAKE &
each amplified sample library.

2. Mix the amplified sample library and KAPA HyperPure Beads thoroughly and
centrifuge briefly to collect all droplets.

3. Incubate the sample at room temperature for 5 minutes to allow the amplified sample
library to bind to the beads.

4. Place the sample on a magnet to capture the beads. Incubate until the liquid is clear.

5. Carefully remove and discard the supernatant.

6. wSY20S (GKS G(GdzoSa FTNRY GKS YIFI3aySis kFyR NB:
free, PCRyrade water or 10 mM TrBICI, pH 8.Q 8.5.

7.'RR pn x[ 27 NBdhlyréishesded, of KARS HyperPure Beads
to each sample.

8. Mix thoroughly by pipetting or vortexing, and centrifuge briefly to collect all droplets.

9. . Incubate the sample at room temperature for 5 minutes to allow the amplified
sample library to bind to the beads.

10.Place the sample on a magnet to capture the beads. Incubate until the liquid is clear

11. Carefully remove and discard the supernatant.

12YSSLIAY3 GKS &l YLX S 2y ( Kppaxed 8D Stldaol. F RR  H N

13.LyOdzo Il §S G4KS &l YLX S |G NR2Y GSYLISNI Gdz2NB ¥

14.Carefully remove and discard the ethanol.

15.5YSSLIAYy3 GKS &l YLIX S 2y (i KpBpared 8Dy StliaBol. | RR  H n N

16.LyOdzol 4GS GKS alYLXS Fd NR2Y (GSYLISNI GdzNBE ¥
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17.Carefully remove and discard the ethanol. Remove residual ethanol without disturbing
the beads.

18.Allow the beads to dry at room temperature, sufficiently for all of the ethanol to
evaporate.

19.Remove the sample from the magnet.

206 K2NRPdzZAKf & NBAaAdzaLISYR (GKS 6SIR&a AYy-HGp >]
pH 8.0¢ 8.5. Centrifuge briefly to collect all droplets. Do NOT allow beads to pellet.

21.Incubate the sample at room temperature for 2 minutes to allow the sample library
to elute off the beads.

22.Place the sample on the magnet to capture the beads. Incubate until the liquid is clear.

23.3. Transfer an appropriate volume of the clear supernatant to a fresh tube(s)/well and
proceed with doublesided size selection (refer to Appendix B), library QC, target
capture or sequencing (KAPA HyperPlus Kit, March 2024, Version 10.0).

24t dZNAFASRI FYLIXE ATASR &l YL S f A-@Ndeldrati Ol y
-MpclHpic2 F2NJ dzLJ G2 o Y2y (iKao

Chapter 5. Quality Control

DNA Input | Expected Conversion Rate
1-10ng 5 -20%

11 - 100 ng 10 - 50%
>100 ng 50 - 100%

Tablell: Expected conversion rates for DNA input ranges.

Typical electrophoretic profiles for libraries prepared with the KAPA HyperPlus Kit:
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Figureld: Examples of libraries prepared with the KAPA HyperPlus Kit

Librarieswere sendto Okinawa institute of science and technologies to perfdPE250

sequenced on the lllumina HiSeq2500 platform or PEsEsfuenced on the Illumina
HiSeqg4000 platform
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Figurel5: The HiSeq 250Qihd HiSeq 4008ystem lllumina

HiSeq 2500

Maximum throughput
and lowest cost for
production-scale genomics

Power and efficiency for
large-scale genomics

Production-scale genome, exome,
transcriptome sequencing, and more

Rapid run High-output - -
Tor2 1or2 1 1or2
10-300 Gb 50-1000 Gb 125-750 Gb 125-1500 Gb
7-60 hours < 1-6 days < 1-3.5 days < 1-3.5 days
300 million 2 billion 2.5 billion 2.5 billion
2 x 250 bp 2x 125 bp 2 x 150 bp 2 x 150 bp

Figurel6: Perfornmanc of sequencing devices from lllumina
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2.3 Preparingsequencingdatafor microbial annotation

Raw Illumina sequencing reads were processed to generateduiglity contigs using a
standardized workflow. Quality control was performed using FastQC (Andrews, 2010) to
assess base quality scores, GC content, and adapter contaminatiofuiadity basesand

adapter sequences were removed with Trimmomatic (Bolger et al., 2014), retaining reads
f2y3ISNI GKIFYy pn oL 5SS y202 |aaSvyofeée ¢la O2YR
et al., 2012), employing multiple-rker sizes to reconstruct contigs and opize assembly
resolution. The assembled contigs were validated with QUAST (Gurevich et al., 2013), focusing
on metrics such as N50, total length, and read mapping rates. Contigs shorter than 1,000 bp
were excluded to enhance data reliability. Annotatiorasvperformed using the GTDB
database (Parks et al., 2018) for taxonomic classification and DIAMOND BLAST (Buchfink et
al., 2015).

2.4 Reconstruction of marker gene phylogenetic trees

Sequenced$rom termite gut metagenomeshorter than half the mean length of the marker
genewere removed to improve the accuracy of phylogenetic reconstructidMering et al.,
2007) Protein sequences were aligned usMgFFT v. 7.305 with thauto option(Katoh and
Standley, 2013)Protein alignmentsere backtranslated into their corresponding nucleotide
alignments using PAL2NABuyama et al., 2006)Aligned nucleotide sequencesere
converted into purines (R) and pyrimidines (Y) u8MGE v. 1.12Criscuolo and Gribaldo,
2010) to account for the variability of GC contenbserved across bacterial sequences.
Maximuntlikelihood (ML) phylogenetic trees were generated using these-r&6ded
sequence alignments with HOREE v. 1.6.XRlguyen et al., 2015pubstitution model for the
tree reconstruction wasised theGTR2 + G + | model of binary state. Node suppeere
assessed using the ultrafast bootstrap mett{inh et al., 2013yvith the commandbb 2000
for 2000 bootstrap replicates. The phylogenetic trees of every phylum were rooted using
outgroup taxaselected from the bacterial tree of lif@arks et al., 2020aYhe phylogenetic
trees of archaeal and bacterial clades composed of sequeiocesl exclusively in termite
guts and represented by motban 10 termite species were extracted from the phylogenetic
trees of each phylum. We refer to these trees, including sequentésrmite gut bacteria
exclusively, as termitgpecific clade¢TSCs). This procedure was followed for each marker
gene. The phylogenetic trees reconstructed with the marker gmukng for COG0552 (ftsY)
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were used as references. Wadtempted to link every TSC found in the phylogenetic trees
reconstructed with COGO0552 with their counterparts foundtive phylogenetic trees
reconstructed with the other nine markegenes. To do so, we searched the 198 gut
metagenomes for contigs encompassing at least two of the 10 marker genegoSitien of

each marker gene sequence in thespective phylogenetic trees was used to match TSCs
across marker genrees. We also used the 10 marker genes of the termite liadterial
genomes found in the GTDB database. Of the194425 genomes downloaded from the GTDB

database, 37were associated with termite guts.

2.5 Preparing microbial contigs for CAZyme analysis

The open reading frames coding for CAZymes were identified among these metagenome
contigs using Hidden Markov model searches against the dbCAN2 dat@ies®y et al.,

2018) Fragments of CAZyme sequences shorter than 50% of the expected CAZyme length
wereexcluded from all analyse®nlyhits with evalue lower than e80 and coverage upward

of 0.35were considered for further analgs. For CAZymes composed of several modaled,

it was necessary teseparate the domains corresponding to specific CAZyme families
6. SN y 1 2 @AZymerseruencas from termite gut metagenomes were also searched
against the GTDB database Release @atks et al., 2022)sing NucleotideNucleotide
BLAST v2.10.@Altschul et al., 1990@¥ith default settings to obtain sequences not associated
with termites. CAZyme sequences from ndermite environmentfrom the GTDB database

were filter from BLAS#esultusing segkit tool v2.0.(5hen et al., 2016)

301-15--AUS4--Termitinae--Amitermes-meridionalis--Australia-Australia_ AABCFOKG_89499__d_ Bacteria_p_ Firmicutes_A_c_ Clostridia_o__Oscillospirales_f__Oscillospiraceae_g_ UBA929_s_ UBA929

69 203 241 424

1 437

[
%,
% %

PL

GEE» cCBM

Figurel7: Scheme of hidden Markov model search
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Visualizatiorof identification of gene from CBM22 and GH11 in one termite gut metagenome

contig (total number of contigs identified from microbial data was 101,941)

hmmscartool -
bacteria Bvalue <
1e-18 and coverage
>0.35

Termite gut
metagenomeg 196 Reference sequence
samples> protein from GTDB
sequences

Profil Hiden Markov
Models probabilistic
models)

Trees for gene Proteincoding R script for core gen
families sequences region extraction

Figurel8: Simplified scheme for data analysis from annotated microbial contigs to individual CAZyme gene trees

2.6 Reconstruction of CAZyme phylogenetic trees

Phylogenetic trees were reconstructed for each CAZyme family comprising more than 20
sequences derived from termite gut bacteria. For large families divided into subfamilies, one
phylogenetic tree was reconstructed for each CAZyme subfamily comprisingthaore0
sequences derived from termite gut bacteria. Nucleotide sequences were converted to amino
acid sequences usingpdon table 11(bacterial and archaeal code) using Geneious Prime
v2022.2.0. Protein sequences of each CAZyme gene family were aligned using MAFFT v7.490
with the"--auto setting" parameters recommended for multiple sequence alignments (Katoh
et al., 2002; Katoh and Stdiey, 2013). Protein alignments were converted to nucleotide
alignments using pal2nal v143L(Suyama et al, 2006) with codon table 11 (bacteria and
archaea code). Maximum likelihood phylogenetic tree reconstructions were performed on
nucleotide alignmentaising FastTree v2.1.21 (Price et al., 2009) with thedtr -gamma”
setting. Phylogenetic trees of each CAZyme family were rooted using 20 sequences of related
CAZyme families included in the analyses as outgroups, selected based on information

availableat www.cazy.org (Drula et al., 2022).

2.7 ldentification of termite-specific CAZyme clusters

Phylogenetic trees of all CAZyme families were examined for clusters containing exclusively
sequences derived from the gut metagenomes of termites &rgptocercus Clusters
containing sequences from more than 20 termite and Cryptocercus samples were considered,

and these clusters were designated as termspecific clusters (TSCs). Clusters with
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sequences from less than 20 samples were excluded from subsequent analyses. To assess the
relative contribution of TSCs to termite wood digestion, the relative abundance of each TSC
was calculated by mapping trimmed sequencing reads to CAZyme sequenisgsothdure

was performed separately for sequences from TSCs and sequences not belonging to any TSC.
Reads were aligned using BWA mem v0.7.10 (Li and Durbin, 2009) and the resulting
alignments were sorted ("sort") and fixed ("fixmate") using SAMtools (1 &t al., 2009). The
number of reads mapping to each set of CAZymes was extracted using the SAMtools "flagstat"
command. These reads were then used to estimate the proportion of CAZyms belonging to

TSCs for each intestinal metagenoamalysedn this studyo . S NI &f &l 202%).

2.8 Termite tree reconstruction

Termite (host) tree was reconstructeadvith UCEgUItra Conserved Hements) The
phylogenetic tree was reconstructed with 322 of 9,616 termitespecific UCE loci
(Hellemanset al,, 2022) These 322 UCE loci were found in more than 57% of termite gut
metagenomes and matched, at least partly, sirayiynotated exons from the draft genome of
Zootermopsis nevadengjiSerrapon et al., 2014The maximurdikelihood phylogenetic tree

was reconstructed using {QREE v1.6.12 with a GTR+G+| motflelucleotide substitution

and 1,000 ultrafast bootstrap replicates (UFB) to assess branch sugpoots: et al., 2023,

SN y120t SO FE®Z . vaunT 1 2Fy3 SO fdS HamyD

2.9 Cophylogenetic analysis ¢rokaryota and Termites

Three approaches were applied to test for cophylogeny between termites and TSCs. The first
approach employed the R package PACo (Procrustean Approach to Cophy(&gdimygna

et al., 2013)which implements Procrustean superimposition to estimate the cophylogenetic
signal between two phylogenies. Host and symbiont phylogenetic trees (UCE tree) were
converted into distance matrices using the cophenetic() function from the vegan R package
(Oksanen et al., 2014)The analysis was performed using the backtracking method of
randomization, which conserves the overall degree of interactions between the two trees

(Oksanen et al., 2014)

The second approach relied on the generalized Robitisonlds (RF) metric, implemented
via the ClusteringlnfoDistance() function of the TreeDist R padi&gih, 2020)In the third

approach, host and symbiont phylogenetic trees were matched to identify an optimebene
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one mapping between branches, following the method described by Nye @ty et al.,
2006) and implemented in the NyeSimilarity() function of the TreeDist R paciagnth,
2020) Since these methods do not permit multiple symbiont tips per host, each host tip was
split into a number of tips of zero branch length corresponding to the number of archaeal and
bacterial symbionts present in the metagenome of that th(#erezLamarque and Morlon,

2019)

The strength of the cophylogenetic signal was quantified using each algorithm, with
congruence between host and symbiont trees assessed through 10,000 random
permutations. Analyses were conducted on phylogenetic trees reconstructed from both

mitochondrialgenomes and UCEs.

The number of host transfer events for each TSC was estimated using GeneRax software
(Morel et al., 202Q)a maximurdikelihood;based method that reconciles microbial gene
trees with host trees and estimates horizontal transfer rates. This includes the probability of
microbial transfer from one host to a neancestral random host. Each cophylogenetic
analysiswas performed twice, once using the termite tree derived from mitochondrial

genomes and once with the tree based on UCEs.

Transfer rates obtained for TSC trees were compared with those calculated for 13
mitochondrial proteincoding genes (excluding third codon positions) and two rRNA genes.
Since mitochondrial genomes do not undergo recombination, these genes share anatentic
evolutionary history and are not subject to horizontal transfer. Consequently, positive
transfer rates in mitochondrial gene trees reflect phylogenetic reconstruction uncertainty and
provide a baseline for interpreting horizontal transfer estimates. &hautionary history of
TSCs is considered predominantly shaped by vertical transfer when estimated rates of

horizontal transfer fall within the baseline range established by mitochondrial genes.

2.9.1 Cophylogenetic analysis of CAZyme and Termites

Cophylogenetic analyses between termites and all TSCs were performed using three different
approaches. The first approach used the Prokrust approach to cophylogeny, implemented in
the R package PACo (Balbuena et al., 2013). For this approach, termit&@rtde€s were

converted to distance matrices using the cophenetic() function of the vegan R package
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(Oksanen et al., 2014). The software was run using a backward randomization method to
maintain the overall level of interactions between termite and TSC trees (Hutchinson et al.,
2017). The second approach used a generalized Robinson Foulds (RF) métric2(2),
implemented in the ClusteringinfoDistance() function of the TreeDist R package (Smith 2020).
The third approach used the Nye et al. (2006) method, implemented in the NyeSimilarity()
function of the TreeDist R package (Smith 2020). In this agprdermite and TSC trees were
compared to produce an optimal 1:1 map between branches. In the last two methods
implemented in the TreeDist R package, each termite tip was divided into x tips with zero
branch length, where x represents the number of CAZysequences associated with the
metagenome corresponding to that termite tip (Pefeamarque and Morlon, 2019; Satler et

al., 2019). The correspondence between termite and TSC trees was assessed using 10,000

random permutation® . SN} y 1 2@t S If HAHNO®

2.10 Statistic analysis and scripts

Getting seqences from GTDB database were done on on cluster computation capabilities
where was uploaded fasta file with GDTB database. To run this large amount of dataset were
used usually those settings for capacity of computation resources:

#l/bin/bash

#SBATCHp compute

#SBATCH 1-10:00:00

#SBATCHmMem 300G
#SBATCH 128

All files with metagenome information for each metagenome sample (supplementary table
1) were looped for the blast with command:
for fin *.fasta;
do
blastp-query $f-db /bucket/BourguignonU/Terka/GTDBv207/GTDBp_reuwifmt '6 gqseqid sseqid qcovhsp

pident evalue bitscore length gapopen mismatehim_threads 126out $f*b.fasta;
done

Requirements for the information for the BLAST results wer@shan ths order:
1 6: Tabular format with usespecified fields.

1 gseqid: Query sequence ID. This is the identifier of the sequence you provided as the

query in the BLAST search.
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1 sseqid: Subject sequence ID. This is the identifier of the sequence from the database that
matches your query sequence.

1 qcovhsp: Query coverage per HSP (fgbring segment pair). This shows the percentage
of the query sequence covered by the aligned region(s) in the subject.

1 pident: Percentage of identical matches. This indicates the percentage of identical amino
acid residues in the aligned region.

1 evalue: Expect value. This measures the statistical significance of the match; lower values
indicate more significant matches.

1 bitscore: Bit score. This provides a normalized score for the alignment, which takes into
account the raw score and the scoring matrix.

1 length: Alignment length. This is the total length of the aligned region between the query
and subject sequences.

1 gapopen: Number of gap openings. This indicates how many gaps were introduced in the
alignment.

1 mismatch: Number of mismatches. This counts the amino acids that do not match

between the query and subject sequences in the alignment.

After runningBLAST, the IDs of all sequences with at least 50% similarity to each metagenome
from the termite gut were extracted. A command was then used to filter these IDs from the
results and remove any duplicates

for f in *blast.txt;

do

awk {print $2}' $f > $f*id.txt;
done

# deleting duplicate lines
for fin *.hmm._id.txt; do sortu $f > $f*nd.txt; done

renaming

for fin *hmm._id.txt*nd.txt*; do mv-i -- "$f" "${f//.hmm._id.txt*nd.txt/_id_nd.txt}"; done

After obtaining unique IDs for eachetagenome dataset, the corresponding sequences

were extracted from GTDB and saved into FASTA files

module load ncbhblast/2.10.0+
for fin *_id_nd.txt;
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do
blastdbcmd-entry_batch $fdb /GTDBv207/GTDBput $f*seq.fasta;
done

Sequences from GTDB and termite metagenome were combined together in one fasta file
for each sample:

for fin *_termite_gutmetagenome_oist.fasta; do

t=${f/_termite_gutmetagenome_oist./_gtdb_hmm_nd.}

out=${f/_termite_gutmetagenome_oist./_prot_all.}

Cat Il$fll Il$tll > "$Out”
done

To every gene family was added outgraup

for f in GH*prot_all.fasta; do cat $#@H11_outgroup.fasta > $f*protein_all.fasta; done
for fin GT*prot_all.fasta; do cat $f@T1_outgroup.fasta > $f*protein_all.fasta; done

for fin PL*prot_all.fasta; do cat $£BL4_outgroup.fasta > $f*protein_all.fasta; done

for f in CE*prot_all.fasta; do cat $f@E11_outgroup.fasta > $f*protein_all.fasta; done

for f in CBM*prot_all.fasta; do cat $#6BM67_outgroup.fasta > $f*protein_all.fasta; done
for fin AA*prot_all.fasta; do cat $AA10_outgroup.fasta > $f*protein_all.fasta; done

Multiple alignment was done for every sample separately:

module load mafft/7.475L
mafft --maxiterate 100G-localpair *_prot_all.fasta > * MA.fasta

Multiple alignment was then translated from the proteinttee nucleic acid:

module load bioinfeugrp-modules DebianMed/11.0
module load emboss/6.6.0

backtransegsequence protein_multiplealignment.fastefile Eecoli.cutoutfile DNA_from_protMA.fasta
# translate to proteircoding
module load pal2nal/14-B

pal2nal.pl protein_multiplealignment.fasta DNA_from_protMA.fastatput fasta > protein_coding.fasta
codontable 11

Phylogenetic analysis were performed by fasttree and IQtree:

for f in *protcoding.fasta; do /FastTree $it -gtr -gamma-out $f*tree; done

ruse /Tool/igtree2.1.2Linux/bin/iqtree2-s GH11 protcoding.fastat AUTObb 1000-rcluster 10-m TEST
pre genel-st CODON11
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Cophylogeny analysis were performed by several steps in R. Scripts were first tested on one
sample file and then run on all datasdthe script is designed to evaluate and quantify the
coevolutionary dynamics between termites and their symbiotic microorganisms. By analyzing
congruence between phylogenetic trees, it provides insights into shared evolutionary

histories and potential hdassymbiont cedivergence.

Key Packages Used:

wape: Handles phylogenetic tree reading, manipulation, and distance nggnigration.

wpaco: Performs phylogenetic congruence tests and identifies coevolutionary patterns.

wggtreeandtreeio: Visualizes and modifies tree structures.

wTreeDistand TreeTools: Quantifies tree similarity using advanced metrics.

wHOME: Adds tips and enforces ultrametricity in host trees for comparative analyses.

To facilitate analysis, distance matrices are generated for both the host (termite) and
symbiont trees. Using thecophenetic() function, pairwise evolutionary distances are

computed for each tree. These matrices are further combined into an HE matrix, which links
host and symbiont labels by marking matching tips in both trees. This matrix forms the

foundation for assessing sharedolutionary histories.

A key part of the script involves PACo analysis, conducted withabepackage to evaluate
phylogenetic congruence between hosts and symbionts. This process includes preparing
matrices of host and symbiont distances and their associations, followed by a Principal
Coordinate Transformation to correct for phylogenetic signstadtions. Permutation tests
are employed to assess coevolutionary signals using randomization methods. Additionally,
residual and link strength analyses are performed to measuraldgree of individual host

symbiont interactions.

The script also manipulates trees to ensure compatibility between host and symbiont
structures. This involves renaming taxa and adding tips with small branch lengths to symbiont
and host trees. These steps, facilitated by packageggitee treeio, andHOME ensure that

both trees are appropriately matched for analysis.
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Tree distance comparisons are another critical component, utilizing methods such as the
Generalized RobinseRoulds (RF) and Nye Similarity metrics. These methods, implemented
through the TreeDistand TreeToolspackages, quantify tree topological similarities. By
generating randomized trees, the script calculatesapues for the observed tree congruence,

providing statistical rigor to the analysis.

The outputs generated by the script include matrices and result files that summarize
coevolutionary metrics such as PAGegtues, adjusted phylogenetic trees with renamed
taxa, and statistical results from tree similarity analyses. These outputs offghtisisnto the
phylogenetic relationships between termites and their symbionf&hole script

Supplementary file 1).
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3. Results

3.1 Cophylogenetic Analysis of prokaryote and host

The sequences were derived from 196 termite gut metagenomes andGugptocercus
metagenome combined with sequences from the GTDB datalf@aeks et al., 2020b)
Separate ML phylogenies were reconstructed for each marker gene and for each bacterial and
archaeal phylum. Each tree was then searched for TSCs composed exclusively of sequences
associated with termites, represented in at least 10 termite species. Thigsas identified
between 8 and 34 TSCs per marker gene. As a reference markerftigd(€0G0552) was
selected, containing 2299 sequences forming 27 TSCs. These 27 TSCs of COG0552 were
distributed across nine bacterial and two archaeal phylae cophjogenetic signal between

each TSQCOGO0552and its termite host was examined using termite phylogenetic tree
reconstructed with UCE data and three different methods: P@adbuena et al., 2013)he
generalized RF metr{&mith, 2020)and the tree alignment algorithm described by Nye et al.

(Nye et al., 2006)Significant cophylogenetic signals with termites were observed in 18 of the

27 TSCs across all three methods.

The TSCs with the strongest cophylogenetic signals included key components of the gut
microbiota of termites. For example, the families Ruminococcaceae (phylum Bacillota,
formerly Firmicutes) and Breznakiellaceae (phylum Spirochaetota), respectively, upade
16.5% and 20.0% of the 16S rRNA gene sequences found in a survey of 94 termite species

(Bourguignon et al., 2018Breznakiellaceaegenerally have a fermentative metabolism and

includestrains capable of reductive acetogeneggisadbetter et al., 1999; Song et al., 2021)
They have been isolated from the guts of cockroaches, suggesting that they were already
present in the ancestor of termites and their cockroach sister group, Cryptocer(@dare

et al., 2022; Song et al., 2021)
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u.? rate of
g 3 transfer
E E S estin.mled
tree phylum class order family 2 =z § Gewn:l};ax
TSC1 Thermoplasmatota Thermoplasmata Methanomassiliicoccales  Methanomethylophilaceae . . . O
TSC2 Thermoproteota Bathyarchaeia B26-1 UBA233 O
TSC3 Actinomycetota Coriobacteriia Coriobacteriales O
TSC4 Actinomycetota Actinomycetia O
TSC5 Bacteroidota Bacteroidia Bacteroidales Azobacteroidaceae . . . O
TSC6 Bacteroidota Bacteroidia Bacteroidales . . O
TSC7 Bacteroidota Bacteroidia . - O
TSC8 Campylobacterota Campylobacteria Campylobacterales Sulfurospirillaceae O
TSC9 Desulfobacterota  Desulfovibrionia Desulfovibrionales Desulfovibrionaceae . . O
TSC10  Desulfobacterota  Desulfarculia Adiutricales Adiutricaceae (Adiutrix) - . . ]
TSC11  Fibrobacterota Fibrobacteria Fibrobacterales Fibrobacteraceae (Fibromonas) . . . O
TSC12  Fibrobacterota Chitinivibrionia Chitinivibrionales . . O
TSCI13  Fibrobacterota Chitinivibrionia Chitinivibrionales . . . O
TSC14  Bacillota Clostridia Oscillospirales Ruminococcaceae
TSCIS5  Bacillota Clostridia Peptostreptococcales Anaerovoracaceae . . .
TSC16  Bacillota Clostridia Oscillospirales Oscillospiraceae . . . O
TSC17  Bacillota Clostridia Oscillospirales .
TSC18  Bacillota Clostridia Oscillospirales Ruminococcaceae . . .
TSC19  Planctomycetota  Planctomycetes Pirellulales . . . O
TSC20  Pseudomonadota  Gammaproteobacteria Burkholderiales O
TSC21  Pseudomonadota ~ Gammaproteobacteria Burkholderiales Rhodocyclaceae . . . O
TSC22  Pseudomonadota  Gammaproteobacteria Burkholderiales Rhodocyclaceae . . O
TSC23  Pseudomonadota ~ Gammaproteobacteria Burkholderiales Burkholderiaceae . . O
TSC24  Spirochaetota Spirochaetia Treponematales Breznakiellaceae . . O
TSC25  Spirochaetota Spirochaetia Treponematales Breznakiellaceae . . .
TSC26  Spirochaetota Spirochaetia Treponematales Breznakiellaceae . . .
TSC27  Spirochaetota Spirochaetia Treponematales Breznakiellaceae - . - O
significance: n.s. p<0.05 B »<o0 B <0001

transfer rates:

Qo2

Qo3

O 0.4

Q 0.5

Figure19: Results of theophylogenetic analyses performed on the marker gene COG0552
Results of the cophylogenetic analyses performed on the marker gene COG0552 of 27
termite-specific archaeal and bacterial clades (TSCs). The -tmgdryetic analyses were
performed with three different methods: PACo, the generalized RF metric, and the tree
alignment algorithm described by Nye et @Nye et al., 2006Jhe transfer rates were

estimated using the ML method implemented in the GeneRax software.
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Therefore, TSCs with essential functions and a long history of associaiibriermites show
cophylogenetic signal$n principle, the observed cophylogenetic signals betw&8Cs and
their termite hosts could be caused by two differanechanisms: (i) vertical transmission of
gut bacteria fromparent colonies to daughter colonies, which is causethlytransmission

of gut bacteria among family membeaad results in the coevolution of symbionts and hosts;
(i) limited horizontal transfers of gut bacteria among the divergergnite species due to
geographical barriers, which would natquire vertical transfers and results in allopatric
speciation(Groussin et al., 2020; Vienne et al., 201Byertical transfer were responsible for
the cophylogenetisignals, it should give rise to bacterial lineages assoceteldisivelyvith

specific termite clades and not shared with ottlsgmpatric termites.

The analysis identified termite claggecific lineages (TCSLs) within many TSCs. For example,
several TCSLs were found belonging to the family Breznakiellaceae, theFgleramonas
(phylum Fibrobacterota), and the gendgliutrix (phylum Desulfobacterota), which were
exclusively associated with the densely sampled géfineocerotermegfigure13acd). These
TCSLs were absent from thets of other termites, including many species that are sympatric
with Microcerotermes demonstrating that some TCSLs arelemic to the gut of specific
termite genera, as previouslyypothesized based on smaller datasétengoh et al., 2005)

They werdound in the guts oMicrocerotermespecies collected acrofsur continents and

six biogeographic realms, indicating tHdicrocerotermesdispersed worldwide with their
specific gubacteria. The research also identified TCSLs associated with termite clades that
were sampled less intensively. For instance, a group of Nasutitermitinae, sharing a common
ancestor approximately 25 million years ago and sampled across multiple continestsd

several TCSLs belonging to the family Breznakiekeamed the genusdiutrix(figure 13a,b,d).
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Figure20: Selected phylogenetic trees of terrr#jgecific bacterial clades (TSCs)
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These examples of the absenufehorizontal transfer of bacteria between sympatric termites
belonging tadifferent clades indicate that allopatry is n@tquired to maintain the association
between termite cladesand their symbiotic bacteria. Therefore, even if allopaspeciation

of termites and TCSLs likely occurred, T@flisansmitted vertically from parent colonies to
daughtercolonies and possibly horizontally among related terrspecies forming a clade.

The number of host transfer events for each TSC was estimated using the ML method
implemented in the GeneRax software (Morel et al., 2020). The estimated transfer rates

with the UCEbased termite phylogenetic tree varying between 0.13 and ONgdtably, 16
TSCs had ratesf transfer falling between 0.11 and 0.32, the range of radégransfer
estimated for each of the 1Brotein-coding andwo rRNA mitochondrial genes used in this

study to buildthe phylogenetic tree of termites (figur4a).
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Figure21: Rate of transfer and phylogenetic trees of some tensytecific bacterial clades (TSCs)
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Mitochondrial genes are expected to experience no transfer and have icamtical
evolutionary history, providing a baseline for estimated rates of transfer values obtained for
genes expectedo experience no horizontal transfer. While these resultsndd prove the
absence of horizontal transfers, they suggést the cophylogenetic patterns observed
between somerSCs and termites may not involve any horizontal transfers.

Cophylogenetic patterns would be obfuscated by bactegatinction (or insufficient
sequencing depth, from which @annot be distinguished) and speciation taking place within
non-speciating termite hostgGroussin et al.,, 2020)Several TSCs, less speciose than
Breznakiellaceae arfeibromonasdepicted patterns of cophylogeny across large parthef
termite phylogenetic tree (figuré4). For example, the phylogenetic tree of the geAalsutrix
found in the termite sistergroup Cryptocercidae, three families of termites, and across
Termitidae, was highly congruent with the phylogendtiee of termites (figureldb). The
phylogenetic tree of thefamily Rhodocyclaceagphylum Pseudomonadota, formerly
Proteobacteria) (figurd4c) s another example of a clade showsignificant cophylogenetic
signal with termites.These cophylogenetic patterns between termites and certain gut
bacterial symbionts are interpreted as evidence of coevolution, with vertical transmission

occurring over several tens of millions of years.
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3.2 Taxonomy annotation of CAZyme sequences

The analysis of bacterial genomes from termite guts revealed 101,941 CAZyme sequences
within the metagenome assemblies from 196 samples of termitesGrggtocercusDetailed
examination of termite gut metagenomes uncovered 5 to 168 CAZyme sequences in
individual metagenome. These sequences are distributed among 259 distinct families and
subfamilies, including 96 glycoside hydrolases (GHs), 42 glycosyltransferdsgs 1G
Polysaccharide Lyas@RLs), 1€arbohydrate Esteras€€Es), 5 auxiliary activitiegdAs), and

12 CarbohydrateBinding ModuleCBMs). Further, 11 of these CAZyme families are present

in more than 55% of thanalysedtermite gut metagenomes. Following, 34 CAZymes were
found in upward of 70% of gut metagenomes, nine of which, GH3, GH5, GH13, GH43, GH77,
GT4, GT5, GT28, and GT51, were found in more than 90% of gut metagenomes.

Of the 259 reconstructed CAZyme trees, 116 contained at least one cluster of CAZyme from
termite environment and from at least 20 termite a@typtocercusamplegsupplementary
table 1) CAZyme GT51 contains 23 TSC, which is the largest amount of sequences in one
cluster. Across all CAZyme trees were identified 420 TSC with average number of 120
sequences in one cluster. The largest TSC is in the tree for GH77, with 1080 sequences
primarily belonging to Breznakiellaceae (phylum Spirochaetota previously family

Treponemataceae
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Four of the 420 maximuniikelihood phylogenetic trees of termitespecific bacterial
clusters (TSCs).
All four trees showed strong cophylogenetic signals with termites. The trees included several

termite cladespecific CAZyme clusters only found in NasutitermitinaeMiwdocerotermes
Phylogenetic trees ofA) GH2 Cluster 10 composed of 97.4%5pirochaetota B) GH77
Cluster 6composed of 98.1% @&pirochaetota (O GH9 Cluster 7 composed of 100%

of Fibrobacterotaand D) GH8 Cluster 4 composed of 100%-iirobacterotaEMaximum
likelihood phylogenetic tree of termites inferred from UCEs. Black dots indicate CAZyme

sequences assigned to a different bacterial phylum.

A GH2 Cluster 10 B GH77 Cluster 6 C GH116 Cluster 1 D GH8 cluster 4
Spirochaetota Spirochaetota Fibrobacterota Fibrobacterota
Breznakiellaceae Breznakiellaceae Candidatus Fibromonas Candidatus Fibromonas

e
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o
. =
Cephalotermes-group and
Neocapritermes-group
Nasutitermitinae
Microcerotermes

Figure22: Four of the 420 maximutikelihood phylogenetic trees of termigpecific bacterial clusters (TSCs).

72



Three of the 420 maximuntikelihood phylogenetic trees oftermite-specific bacterial

clusters (TSCs).

All three trees showed strong cophylogenetic signals with termites and included termite
cladespecific CAZyme clusters associated with Kalotermitidae or -Tieomitidae
Neoisoptera. Phylogenetic trees &)(GH57 Cluster 7 composed Rdcteroidotaonly and
including the genu€andidatusAzobacteroides,B) GH10 Cluster 13 composed of 98.5%

of Bacteroidota and ) GH73 Cluster 3 composed of 97.6%Batteroidota D Maximum
likelihood phylogenetic tree of termites inferred from UCEs. *CAZyme sequences athotat
asCandidatusAzobacteroides; *CAZyme sequences assignddiaadidatusAzobacteroides

with BLAST search against the GenBank database; X CAZyme sequences originally annotated
asCandidatusAzobacteroides but with conflicting BLAST search against the GenBank

database. Black dots indicate CAZyme sequences assigned to a different bacterial phylum.

A GH57 cluster 7 B GH1Ocluster13 C GH73cluster3 D Hosts

Bacteroidota Bacteroidota Bacteroidota
*Candidatus Azobacteroides (Annotation) Cryptocercus
**Candidatus Azobacteroides (BLAST search) other lower termites
X Annotated as Candidatus Azobacteroides but Kalotermitidae

with conflicting BLAST search results)

=

¥

Figure23: Three of the 420 maximuikelihood phylogenetic trees tdrmite-specific bacterial clusters (TSCs).
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Maximumtlikelihood phylogenetic trees of three of the 131 termitspecific bacterial

clusters (TSCs) containing at least one sequenc€myptocercusand/or Mastotermes.

The three trees showed strong cophylogenetic signals with termites. Phylogenetic trégs of (
GH3 Cluster 4 composed of 97.3%5pfrochaetota (B) CE1 Cluster 2 composed of 86.2%
of Spirochaetotaand O GH29 Cluster 5 composed of 97.7%Batteroidota D Maximum
likelihood phylogenetic tree of termites inferred from UCE<Lr§ptocercus kyebangensis

** Mastotermes darwiniensiBlack dots indicate CAZyme sequences assigned to a different

bacterial phylum.

A GH3cluster 4 B CBM9 cluster 1 C GH29 Cluster 5
Spirochaetota Spirocheaetota Bacteroidota

Ak -
Hk

*

D Hosts
Cryptoc+ercus

other lower termites
Kalotermitidae

Figure24: Maximumilikelihood phylogenetic trees of three of the 131 terrsipecific bacterial clusters (TSCs) containing at
least one sequence of Cryptocercus and/or Mastotermes.
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Maximumtlikelihood phylogenetic trees of six of the 175 termigpecific bacterial clusters

(TSCs) strictlpssociated with Termitidae.

The six trees showed strong cophylogenetic signals with termites. Phylogenetic trégs of (
GH77 Cluster 10 composed of 99.4% Fibfobacterota primarily of the
family Chitinispirillaceae,B) GH57 Cluster 10 composed onlyFdfrobacterota primarily of

the familyChitinispirillaceae,@ GH5_2 Cluster 9 composed onlyFdfrobacteroteof the
genusCandidatud=ibromonas, ) GH26 Cluster 7 composed only Fafrobacterota
primarily of the genu€andidatug-ibromonas, ) GH4 Cluster 4 composed of 94.9%

of Spirochaetota and § GH57 Cluster 2 only composed SgfirochaetotaG Maximum
likelihood phylogenetic tree of Termitidae inferred from UCEs. Black dots indicate CAZyme

sequences assigned to a different bacterial phylum.

A GH77 Cluster 10 B GH57 Cluster 10 C GH94 cluster 8
Fibrobacterota Fibrobacterota Fibrobacterota
Chitinispirillaceae Chitinispirillaceae Candidatus Fibromonas

D GH8cluster 4 E GH4cluster 4 F GHS57 cluster 2 G Hosts
Fibrobacterota Spirochaetota Spirochaetota
Candidatus Fibromonas Breznakiellaceae Breznakiellaceae

o Sphaerotermitinae

Cephalotermes -group and
Neocapritermes -group

Nasutitermitinae

Microcerotermes
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Figure25: Maximunlikelihood phylogenetic trees of six of the 175 terrsipecific bacterial clusters (TSCs) strictly associated
with Termitidae.
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3.3 Cophylogenetic Analysisf CAZymes and host

Research also focused on cophylogenetic analyses between all TSC and termite phylogenetic
tree reconstructed using UCHdellemans et al., 2022Three cophylogenetic methods were
used: PAC@Balbuena et al., 2013)he generalized Robisdfoulds metriSmith 2020)and

the method of Nye et al(Nye et al., 2006)392 of the 420 TSCs showed a significant
cophylogenetic signal with the three methods, 315 of which were highly significant (p < 0.001)
for all three methodqSupplementary table 2)TSCs with significant cophylogenetic signals
made up an average of 42.3% of the CAZyme sequences to which 44.5% of the trimmed

CAZyme reads mappé€8upplementary table 2).

Proportion of Proportion  |Total Generalized
Propartion Spirochae Proportio Proportion of other number o Robinson-Fould
1D cluster E‘ Hmmrjjil a E Bactero Firmicutes pro I:ar]rntE‘ SEqUE n PACo p-value E Nye et al. p-\rdua value “il
GH77_cluster_2 0.00452963 |N0/88166667 0.00277778 0.000925926 0 1080 0,*** 0, 0%
GT26_cluster_1 0.018009479 0.BE908853 0.00189574 0.090047383 0.00094787 1055 0, *** (rjessd (e
GHS_4_cluster_10 0.031536114 0.3743641% 0.00406918 0578840285 0.01119023 983 0, *** (H=ES (et
GH18_cluster 3 0.009009009 0 0.005630631 1 888 0, 4= (i (i

GHI13_11_cluster 3 0.019450801 0 0 0.00457666 674 0,%4% 0, 0, *=n
GHS_4_cluster_4 0.02309469 0.00115473 0.001154734 i BEG 0,*** 0, 0, ="
GH130_cluster_4 0.372389791 0.59976798 0 0027842227 ] BEZ 0,*** (R 0, ="
GH10_cluster_& 0.090686275 | 0.82720588 0.00490196 0.036764706 0.04044118 816 0, *** 0"~ 0 een
GH3_cluster_& 0.004344376 0 0.00B652658 0.00247213 LERE 0"~ ="
GH5_12_cluster_1 0.024937656 0 0.003740648 0.00374065 BO2 0, 4% 0, Pen e
GH57_cluster_13 0.020512821 0 0.003846154 0.00128205 780 0, *4% " a0,
GT51_cluster_19 0.010159652 0 0.004354136 0.00145138 683 0,*** (R 0,
GH3_cluster_2 0.004451039 0.00296736 0.007418398 o 674 0,*4% DR o,k
GHS_39_cluster_1 0.604754829 0.35215453 0.02971768 0.011887073 0.00148588 673 0,*4% (R 0,k
GT35_cluster_1 0.011904762 0 0 ] 672 0,*4% 0, 0, ="
GT28_cluster_20 0.020030817 0 0.004622496 i 649 0,**% (R 0, ="
GH20_cluster_3 0.012987013 0.00162338 0.021103896 0.00162338 616 0,*** 0"~ 0 een
GH57_cluster_3 0.030456853 0.00507614 0.005076142 o 531 0, *4% 0"~ ="
GH5_52_cluster_2 0.840658341 0.15750916 0 0.001831502 o 545 0,*4% 0, Pen e
GH34_cluster_11 | 0854183267 0.0438247 0 0.001992032 0 502 i, 44 (R (L
GH3_cluster_12 0.034693878 0.24285714 0.00204082 | 0.716326831 0.00408163 430 0,44 (R 0,
GH43_1_cluster 3 0.006160164 0.46406671 0.44147844  0.0862423 0.00205339 487 |0, *4% DR o,k
GH30_8_cluster_4 0.6763486548 0.29460581 0.00622407 0.01659751 0.00622407 482 |0, *4* (R 0,k
GH9_cluster_a 0.074766355 0.28738318 0| 083317757 0.0046729 428 |0, *** 0, 0, ="
GH3_cluster_18 0.018867925 0 0 i 424 0,4 (R 0, ="
GH13_20_cluster_4 0.824940048 0.14148681 0 0.026378897 0.00719425 417 |0, 0"~ 0 een
GH39_cluster_1 0.029411765 0.15441177 o[ 0/81572548 0.00245098 408 |0,*** 0"~ 0 een
CE9_cluster_3 0.017766497 | 0.85025381 0 0010152284 0.12182741 394 0,*** 0"~ 0, e=n

Tablel2: Cophylogenetic analysis done by methods Paco, Reb@dds metric and method by Nye et al.

Table showing 30 from 420 most abundant clusters investigated for cophylogeny.
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Cophylogeny Fibrobacterota Spirochaetota Bacteroidota Firmicutes A Others
PACo p-value < 0.001 82 55 49 26 142
0.05 > PACo p-value = 0.001 5 3 27 ) 19
PACo non-significant p-value 1 1 2 0 i
Nye et al. p-value < 0.001 85 59 56 25 153
0.05 > Nye et al. p-value > 0,001 2 0 14 ] 8
Nye et al. non-significant p-value 1 0 8 0 3
Robinson-Foulds p-value < 0.001 87 59 58 27 156
0.05 > Robinson-Foulds p-value = 0.001 1 0 16 4 6
Robinson-Foulds non-significant p-value 0 0 4 0

Total 88 59 78 3 164

Tablel3: Pvalueswere estimated using three cophylogenetic analyses.

P-values were estimated using three cophylogenetic analyses (PACo, generalized Robinson
C2dzZ Ra o6wCO YSUNROZ IyR be&S S If®dQa YSGK2RO
more than 95% o$equences were assigned to this phylum. The phylum Firmicutes is split into
multiple categories in the GTDB database, includiimmicutes A, one category abundant in

termite guts.

Tablel4: Simplified distribution afophylogeny in different microbial groups

3.3.1 Vertical gene transfer (VGT)

Evidence of VGT is most clearly observed in the high degree of cophylogeny between termite
hosts and their symbiotic gut microbiota, highlighting their ldagn evolutionary
association. For instance, phylogenetic trees of termpecific microbial lineges,
particularly those encoding CAZymes, often mirror the evolutionary history of their host
termites. This alignment is indicative of coevolution and vertical inheritance, as seen in genes

critical for lignocellulose degradation, such as those withinGs and GH45 families.
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Figure26: GH5 cluster 1cophylogeny analysis between CAZyme family and termite host tree
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Figure28: GH45 cluster 2cophylogeny analysis between CAZyme family and termite host tree
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Figure29: GH45 cluster 3cophylogeny analysis between CAZyme family and termite host tree
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Figure30: GH45 cluster 4cophylogeny analysis between CAZyme family and termite host tree
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Figure31: GH45 cluster 5cophylogeny analysis between CAZyme family and termite host tree

Termitespecific clusters (TSCs) of CAZymes provide additional evidence of VGT. These
clusters include genes that are consistently fouwithin termite-associated microbial
communities but are absent or rare in environmental microl§Bsurguignon 2019)For
example, termiteassociated lineages within the bacterial phyla Spirochaetota and Firmicutes

demonstrate phylogenetic patterns consistent with coevolut{éig?7.).

In the case of basal termite lineages, such as those within the family Mastotermitidae, VGT
plays a critical role in preserving ancestral microbial associations. Comparative analyses reveal
that CAZyme genes in Mastotermitidae and their closest relatitles, woodfeeding

cockroachesGryptocercus share significant phylogenetic similariti@sg9.).

3.3.2 Horizontal gene transfer (HGT)

Evidence for HGT is derived from phylogenetic and functional analyses that demonstrate gene

acquisition from external microbial sources rather than vertical inheritance alone.
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Phylogenetic trees constructed for CAZyme genes, such as those encoding GH53, PLs, and
CBMs, reveal incongruences when compared to the phylogenies of their bacterial hosts or
termite lineages. For example, GH53 genes in teraggociated bacteria are moosely

related to genes from sedwelling microbial lineages, indicating horizontal acquisition from

environmental microbes.
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Figure32: GH53 cluster 1cophylogeny analysis between CAZyme family and termite host tree
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Figure33: GH53 cluster 2cophylogeny analysis between CAZyme family and termite host tree

The broad taxonomic distribution of these CAZyme families provides additional support for
HGT. Genes encoding GH53, PLs, and CBMs are widely distributed among bacteria found in
soil and decaying plant material, suggesting that termite gut bacteria acqthesg genes

through interactions with external microbial communities.
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Figure34: PL1_2 cluster Acophylogeny analysis between CAZyme family and termite host tree
Termitespecific CAZyme clusters (TSCs) further illustrate the influence of HGT. Many of these

clusters include sequences that display phylogenetic incongruences, indicating a mix of
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termite-associated and environmentally derived microbial genes. For example, horizontally
transferred genes such as PLs and CBMs, which enhance the breakdown of complex
polysaccharides, have integrated into termgpecific clusters, enriching the functiain

diversity of the gut microbiota.

Figure35: CBM9 cluster 1cophylogeny analysis between CAZyme family and termite host tree

The integration of these genes through HGT has significantly expanded the enzymatic
capabilities of termite gut bacteria, enabling them to exploit diverse and nutpealr

substrates effectively.
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