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Abstract / Abstrakt  

Abstract  

Termites are shaping the tropical and subtropical terrestrial ecosystems 

in many ways and on many levels, but their main contribution lies in their 

feeding strategy. They feed on dead plant tissues in various stages of 

decomposit ion, which is a very recalcitrant matter hard to digest. This is the 

reason why termites had established a broad range of associations with 

symbiotic microbes in their guts. Some termite species are also associated with 

microbes that grow in their nests, b ut the prevalence of these associations 

remains largely unknown. All these relationships underwent a long and delicate 

co-evolution, which is of intense scientific concern over a century, but the 

knowledge of their evolutionary ecology is still insufficien t. 

Here, I present the latest scientific progress in both, termite phylogeny 

and termite  microbial associations. Thanks to the recent studies, the cladistic 

relationships between  the termite families are solved for a sole exception of 

Rhinotermitidae + Ser ritermitidae, although the -̡taxonomy sometimes 

clades and should be updated. I present here my 

contribution to the research in the field of  termite  molecular phylogeny of family 

Kalotermitidae and subfamily Apicotermitinae (Termitidae) , and in the field of  

internal and external termite associated microbial community evolutionary 

ecology. 
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Abstrakt  

Termiti 

 jejich potravní 

 

 

 

 mikroby obývajícími 

  

. 

 oblasti 

 ohledem na jejich symbiotické mikrobiální komunity. 

 

a Serritermitidae , a taxonomii  bude 

ného výzkumu 

 Apicotermitinae, na 

 tyto  nové poznatky 

z  v souvislosti  s  

termitích symb . 
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Foreword  

 

I look at the geologi cal record as a history of the world imperfectly kept an d 

written in a changing dialect. Of this  history we possess the last volume 

alone, relating only to two or three countries. Of  this volume, only here and 

there a short chapter has been preserved, and of each page, only here and 

there a few lines.  

Charles R. Darwin (1859)  

 

Since the primeval attempts to record all life forms on Earth,  after 

Aristoteles,  Carl Linnaeus was probably the first taking this goal seriously and 

systematically in his  10 th edition of Systema Naturae  (1758) . However , 

nowadays his effort might  look romantically naïve, it was the cornerstone in  a 

way of thinking about the biological species and diversity . Later on, influenced 

by Charles Lyell and his Principles of Geology (1830), Charles Darwin realised, 

that the biodiversity known from geological record surely is just a tiny  fragment 

of all life forms  ever existed on the Earth. Thanks to his book On the Origin of 

Species (1859), the concept of biological species as stable, changeles s and 

given units, finally fell apart.  Moreover, Darwin debated on factors limiting 

otherwise indefinite number of existing life  forms  and he comes with  the theory 

that the environmental factors play ed probably minor role  in biodiversity  

compare to mutual relationships between the species.  This I see as an 

important point, as no life form, the less the Eukaryot es, is a self-standing 

island, and with growing species or individual number, the complexity of the 

system grows even more rapidly.  

Though, the numbe r of species is truly not indefinite, it is much greater 

than we have recorded so far . Moreover, the total number  estimates  of global 

biodiversity  still range widely  from a few millions up to tens of millions  (Erwin 

1982; May 1988; Chapman 2009; Mora et al . 2011; Costello et al. 2013; Locey 

& Lennon 2016; Stork 2018) . It brings me back to Carl Linnaeus, who might 

think, that his work will be completed by his follower in maybe few decades, 

but instead , he opened Pandora s box, still employing thousands of sc ientists 

around the world, even after almost 300 years of Linnaeus first attempts.  
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Actually, the only outcome common for all above mentioned studies is, that, 

thanks to insects, arthropods comprise majority of all eukaryotic diversity.  In 

respect to great number of species still not discovered, Robert May (1988)  

pointed out, that the economic progress of 20 th century horribly limit s the time 

available for global biodiversity research and for the nature conservation.  

Luckily, in 1993 international effort fo r saving global biodiversity  was 

incarnated during ratification  of Convention on Biological Diversity . Currently, 

most of the States became parties  of the convention , except for Holy See and 

USA (www.cbd.int). This convention commits the parties to protect  the natural 

heritage and prevent unnecessary destruction of natural ecosystems.  Of 

course, such effort must be supported with scientific research.  Although  it was 

shown that investing in natural conservation pays back (Balmford et al. 2002; 

Sumaila et al. 2017) , we still do not invest enough.  

During the present  massive effort s to describe all life forms on  the Earth 

using the latest molecular technology and approaches, we have to ask 

ourselves, whether the goal is only to satisfy our curiosity, or if it mi ght provide 

us more important knowledge. According to some (Vermeij & Leighton 2003) , 

global diversity actually does not mean anything without knowledge of complex 

systems the living things creat e on the local scale. And truly, just the  plain 

record of exi sting species, newly discovered or already extinct , would be 

incredibly boring without the knowledge of their function  in the ecosystem.  

Honestly, does anyone think, that the public would invest tri llions of US dollars 

into  biological research simply to ge t a really thick book with complete record 

of species existing in our epoch?  

Thus, the biological research focus es mainly on interactions , from 

metabolic pathways, over the symbiosis between host and microbiota, to  the 

whole species populations  and pest  invasions. In many experiments  or 

incidents we can clearly show, how exclusion of sole biological element 

influences the whole ecosystem in unpredict able ways ( e.g. Ripple & Beschta 

2003; Mao et al. 2005) . In my opinion, such research must be delivered to t he 

public in understandable narratives, although the benefits to public, well -hidden 

in the complexity of the ecosystems, may be sometimes hard to explain . 

In 2015, I got the opportunity to see things I was only taught  about in 

school, but I was not able t o imagine, at all. Exploitation  of natural resources 
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in irreparable way, uneducated approach to the environment and nature,  

agriculture that does not respect climatic and pedological conditions , terrible 

wasting of resources  intended for nature conservatio n and sustainable 

agriculture, poverty deepened by greed of corporations using greed of the 

leaders of the developing countries , that all together  and even more 

collaborating in concert on the doom of the richest ecosystems on our planet.  

Not only in  my opinion, the only way out of this machinery consuming our 

natural heritage is better education of the population and the new 

technologies. Partially, the education of the population in developing countries 

can be delivered by inclusion of  the local communiti es into research projects 

taking place close to their homes. Perfect example is Binatang Research Centre 

, which I had the 

honour to collaborate with.  

Finally, I participated on research of termites  (Blattodea:  Termitoidea) for 

last six years.  My work brought  me around the world to investigate not only 

termite  diversity, but mainly their different ecological strategies  and 

relationships with their outer and inner environment s. Research of termites 

gave me the  rare opportunity to work on extremely interesting organisms under 

complicated conditions together with my friends. On the following pages, I 

would like to present  part of the  knowledge I gathered during my doctoral 

studies.  
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Introduction  

 

If humanity depends so completely on these little creatures that run the 

Earth, they also provide us with an endless source of scientific exploration 

and naturalistic wonder.  

Edward O. Wilson (1987)  

1. Global biomass and its cycle  

While the humankind is currently t rying to invent technologies for 

sustainable circular economy, the nature is based on this mechanism  since ever. 

Almost all  organic matter  on the Earth is directly or indirectly derived from 

plants  tissues thanks to their ability  to incorporate the atmosph eric carbon 

during photosynthesis (Witt et al. 1961) . Most of the carbon incorporated in 

complex organic polymers of plant tissues  is latter available as a food source 

for decomposers, mostly soil-dwelling organisms or microbes (Condron et al. 

2010) . Majority of these organisms, in both measures, biomass and 

biodiversity, are bacteria and fungi. They interact with micro -fauna, meso-fauna 

and macro-fauna in highly complex food -web systems that determine the 

turnover of organic matter and associated nutrients  in the environment 

(Coleman & Wall 2007; Wardle 2002) . While majority of above -ground organic 

matter is consumed by animals, decomposition of organic matter  in the soil is 

driven primarily by the activities of bacteria and fungi  and only 10 15% can be 

directly attributed to the actions of soil fauna (Hopkins & Gregorich 2005) . 

However, the importance of fauna should not be underestimated (Evans et al. 

2011; Schowalter 2017) . 

Even the soil nutrient cycle is significantly  promoted by  the macrofauna 

(Bignell & Eggleton 2000; Condron et al. 2010; Dahlsjö et al. 2014) . 

Invertebrate decomposers of plant organic matter comprise of  Annelida 

(Dahlsjö et al. 2014) , Mollusca (Suzuki et al. 2003; Xu et al. 2001) , Nematoda 

(Smant et al. 1998) , Coleoptera (Kukor et al. 1988) , and Blattodea (Lo et al. 

2000)  including termites (Dahlsjö et al. 2014; Watanabe et al. 1998) .  

Thanks to wood -feeding strategy, termites are mainly known as pests of 

timber causing damages over $70 billion USD worldwide every year  (Bradshaw 

et al. 2016; Su 2002, 2019) . However, termites should be rather known as 
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significant drivers of nutrient cycle in the tropics as they  consume over 50% of 

global terrestrial cellulose production  and 100% in some ecosystems (Engel et 

al. 2009) . Without intensive wor k of their mandibles, the plant tissues would 

not be grinded into small particles and the decomposition by microbes would 

take much longer. Termites can feed on sound wood, grass, leaf -litter, decayed 

organic matter and even soil. On the other hand, even t ermites would not be 

able to digest the organic matter without complex symbiosis with microbial 

community. The digestion of plant tissues in termites is aid by microbes in 

concert with innate cellulases (Lo et al. 2003; Ohkuma & Brune 2011) . This 

example reveals that the fundament of nutrient cycle on Earth is based on tight 

and complex collaboration between vast number  of  different organisms.  

It is often said that t ropical rain forests host majority of animal and plant 

species on the Earth, however this in formation is mainly based on the breath -

taking life diversity in Amazon rainforest  (Haffer 1969; Smith et al. 2014) , which 

were quite well -studied  in last decades compared to , for scientists still  

impermeable and dangerous, locations of central Africa  due the unstable 

geopolitical situation from the turn of the millennium  (Reyntjens 2011) . Who 

knows, what  biological treasures might be still  hidden there? And will we be 

able to discover them before we will make them extinct?  

The massive efforts for descripti on of all living forms on the Earth started 

in 1758 thanks to Carl Linnaeus, who published the first overview of known 

species in hierarchically organized system which we are using till today.  

However, Linnaeus himself estimated the final number to  a few h undreds of 

thousand s and believed the job will be finished in next generation of his 

followers. But his followers lost this belief very soon and the estimates of 

species in all taxonomy kingdoms started to grow quickly.  

Since the iconic research of Terry L. Erwin, there is no doubt that the  

planet  Earth is the world  of insects (Erwin 1982; Wilson 1987) , especially in 

terms of biodiversity and ecosystem services

insects species richness was probably by far overestimated, it s till easily exceed 

any other macroscopic organism on Earth  (Fig.1) (May 1988; Stork 2018) .  
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For a long time, the colossal diversity of insects is put in context to 

functional coevolution with angiosperm plants , and vice versa, the angiosperm 

plants success since Mesozoic is put in context to insect activity, although it is 

probably not the only reason for their dominance (Engel 2015; Grimaldi & Engel 

2005; Hu et al. 2008; Labandeira et al. 1994) . Undoubt edly, thanks to 

photosynthesis plants make up by far the majority of biomass on Earth and the 

ecosystem production depends on them (Fig.2). About 80%  of global biomass 

is estimated to plants, 10% to bacteria and the remaining 10% to all other life -

forms, including  animals (Bar-On et al. 2018) . Arthropods make up about 50% 

of the total  animal biomass ( 1Gt C of 2Gt C) and the organisms consuming 

over 50% of cellulose production  (and 100% in some ecosystems (Engel et al. 

2009) ), the termites, are estimated to ( 0.05Gt C) which is equal to 0.007% of 

total globa l biomass (Sanderson 1996) .  

The terrestrial  ecosystems are responsible for production of over 75% of 

global biomass (Bar-On et al. 2018) , but not all of these ecosystems are equally 

productive. A lthough the results of existing studies usually varies a lot  (Clark et 

al. 2001) , the primary net production of tropical forests  is estimated up to 35% 

of global terrestrial primary production (Melillo et al. 1993) . It can be compared 

only to savannas  and both reach far beyond other terrestrial ecosystems  (Field 

et  al. 1998) . Such high production of tropical forests  is based on rapid nutrient 

cycle thanks to high decomposition rates  in stable warm and humid conditions  

(Nye 1960; Vitousek & Sanford 1986) .  
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The decomposition rates in tropical forests are significantl y promoted by 

termites  whose abundance easily exceed 1000 individuals /m 2 (Bignell & 

Eggleton 2000; Eggleton et al. 1996)  and on the global scale  is comparable to 

that of ants  or humankind (Bar-On et al. 2018; Hölldobler & Wilson 1990; 

Sanderson 1996) . Termite activity in tropics is so eminent, that they are called 

ecosystem engineers  (Bignell & Eggleton 2000; Freymann et al. 2008; Holt & 

Lepage 2000; Jouquet et al. 2006, 2011; Sugimoto et al. 2000) .  

 

2. Who are termites ? 

Termites are eusocial insects inhabit ing in enormous abundances tropical 

and sub-tropical terrestrial ecosystems.  Although the adult imagoes possess 

wings and compound eyes, majority of termite individuals are  in fact blind 

unsclerotised juveniles. They feed on dead organic matter of all type s, from 

sound-wood , grass, lichens or leaf-litter, over decayed wood  and humus to 

organic patches in soil or nest material of other termites.  Adaptation of termite 

intestines to digest the most abundant organic matter on Earth, the 

lignocellulose, allowed them to occupy a huge niche. However, termites are also 

soft -bodied individuals vulnerable to desiccation and cold, therefore their 

geographical distribution  is limited  (Eggleton 2000; Roisin 2000; Engel et al. 

2009) . 

Termites used to be considered as independent order Isoptera  (Iso  the 

same, pteron - wing), but the progress in molecular phylogeny confirmed, what 
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has been intensively debated for  last hundred  years (Cleveland 1924, 1925, 

1934; Donovan et al. 2000; Kambhampati 1995, 1996; Kambhampati et al. 

1996; Kambhampati & Eggleton 2000) . From the evolutionary point of view, 

termites are eusocial cockroaches, as they evolved within  the insect order 

Blattodea in Jurassic at least  150Mya ago during the  Pangea brekup. The 

closest extant relatives of termite s are social wood -feeding cockroaches of 

genus Cryptocercus (Blattodea: Cryptocercidae) (Bourguignon et al. 2015; 

Inward et al. 2007) . The common ancestor of termites  (currently classified as 

epifamily Termitoide a) and Cryptocercus was probably wood -feeding cockroach 

living in small families inside dead logs in the warm and humid forests (Lo et al. 

2007) . The ancestor harboured plentiful microorganisms including flagellates in 

its gut, being over evolutionary times able to perform better in concert with 

their hosts, leading to the community switches  (Bourguignon et al. 2015 , 2018 ; 

Brune 2014; Ohkuma 2008) . Contrary to termites, Cryptocercus never achieved 

the ecological dominance  

Termites are often labelled  

disti nction of two different termite groups based on microbial gut communities, 

life-

phylogenetic crown group, Termitidae  

are wood -feeders or  grass-feeders hosting symbiotic flagellates in their 

Mastotermitidae and some Rhinotermitidae) and often feed on sound wood, 

which makes them pests, known as dry -wood termi tes (Kalotermitidae) or 

any flagellates in the hindgut and they mostly feed on more decayed organic 

matter, soil, sometimes also fungi or lichens. The variability in the food source 

 about  85% 

of termite generic diversity  (Kambhampati & Eggleton 2000 ; Krishna et al.  

2013 ). Their colonies can be much larger than those of  

size and number of colony members.  

As hemimetabolous insects, termites and Cryptocercus exhibit a classical 

developmental pathway leading from the egg to the winged imago (alate) 

through a number of successive immature instars, characterized by the 

progressive growth of wing rudiments (called wing, buds, or pads). While 
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Cryptocercus lives in small families, where the couple nurtures its offspring, 

termites are eusocial, and the offspring tends their parents. The eusociality is 

usually defined as a colony life -style, where  the tasks are distributed between 

castes and moreover, the reproduction is reserved for one of these castes 

(Wilson 1971) . 

In termites, the royal pair establishes their colony and raises the first 

cohort of workers and one or even more soldiers. Since the n, the workers are 

taking care about the colony tasks as foraging, cleaning, nest construction, 

brood care, and other castes care, while the royal pair reproduces only. The 

specialised defensive caste, the soldier, deals with threats of various nature, 

and often act also as food scouts. Together with the feeding specialization, the 

colony defence strategies probably led to fast diversification of various species 

in termites.  

 

3. Termite colony organization  

As termites prefer to stay unobserved , their presence in the environment 

is usually recognized thanks to constructions they build or destroy.  The majority 

of the colony life takes place in enclosed system of galleries forming more or 

less centralized nest. It can be several meters of thin tunnels inside a dea d 

branch sheltering lower hundreds of individuals, as well as a house-sized 

complex structure visible from long distances and inhabited by millions of 

termites.  Such huge nests astonish scientists for decades, as the construction 

precision and the function ality are unprecedent for such tiny blind creatures.  

 Some termites simply construct their nest as tunnels in their food source, 

e.g. dry-wood termites of family Kalotermitidae. The nest later grows into 

complex system of bigger chambers for tens of indivi duals connected with 

short narrow tunnels used as bottlenecks for effective defence of the colony. 

- are 

often released from the timber, and such sign should alert the house owner to 

take a vigorous action.  

However, many termites are dwelling in the ground substrate. Ground 

dwelling is an effective strategy how to reach new food sources or construct 

invisible but huge underground nests, from which the termites can forage 
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through the galle ry system to remote food source . Such nests are hard to 

study, but they can have decentralised structure and host millions of 

individuals, like the ones of the significant pest genus  Reticulit ermes 

(Rhinotermitidae). 

Except for dwelling, termites can also  construct novel structures from 

debris or their saliva and f aeces. These are well known in fungus -growing 

termites like Macrotermes  jeanneli (Grassé, 1937 ) (Termitidae: 

Macrotermitinae ), in cathedral termite Nasutitermes triodiae  (Froggatt, 1898)  

(Termitidae: Nasutitermitinae ), in magnetic/compass  termite Amitermes  

meridionalis (Froggatt, 1898)  (Termitidae: Termitinae) or in South American 

Nasutitermes  with their huge arboreal spherical nests (Fig.3). The structure is 

so complex that it may even have venti lation system, specialised cha mbers for 

particular tasks, like egg deposit, brood care, food storage and many 

bottlenecks for effective nest protection against intruders (Korb 2011) . All 

these nests are inhabited by millions of individuals and also by the queen, which 
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is strongly physogastric  to be able  of producing over hundred billion eggs a year  

(Nutting 1969) . Therefore, the queen is not able to move and so she  is fully 

dependent on others care and  spends her life in so -called royal chamber, well 

defended structure inside the nest.  

The ontogeny of a termite individual is based on species -specific 

ontogenetic pathways regulated by genetic, colonial and environmental factors 

to maximise the colony gains.  There are two basic ontogenetic pathways:  

¶ linear, where workers (or pseudergates ) are temporarily -specialised 

labour caste and usually later continue development into nymphs or 

soldiers;  

¶ bifurcated , where many individuals lose the ability to from wings  as 

they decide to become true workers  in the early phases of their 

development. These mostly stay sterile . 

The linear ontogeny allows for progressive (egg -to -imago direction), 

stationary (no change), and regressive (reduction of wing pads) moults  (Roisin 

1990). The workers can grow and moult in bigger worker s or they can undergo 

stationary or even regressive moults in some cases. Under certain 

circumstances, workers can even moult into reproductive individuals, so -called 

excluded from reproduction (Roisin & Korb 2011) . 

Interestingly, compared to the best -known eusocial insects, the 

holometabolous ants and bees, all termite colony members but kings and 

queens are immature individuals, and all of them but soldiers can moult into the 

next instar according to the species -specific ontogenetic pattern. This brings 

termites the unprecedent plasticity in colony organization and responsivity to 

sudden changes in their enviro nment. For example, termite colony which 

consumed all available food in the dead branch on the living tree, or got 

threatened by bigger and more aggressive rival termite colony, can switch 

majority of the colony members into adult alates and escape to many  other 

places, where the alates can start new colonies (Evans et al. 2009) . Such 

strategy does not exist in eusocial Hymenoptera, as the workers are largely 

sterile all females (Hölldobler & Wilson 1990; Wilson 1971) . 
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 On the other hand, termites can also have the bifurcated ontogeny, is 

(Roisin & Korb 2011) . Linear and 

apterous ontogenetic line (Roisin & Korb 2011) . In linear ontogene tic pathway , 

only the soldiers and functional reproductives cannot fly off  the maternal nest, 

while pseudergates /workers are still  in the general attempt to moult into alate 

imagoes and swarm (Fig.4). However, their nestmates often prevent them from 

that b y biting off the growing wings  (Roisin 1994).  

Bifurcated ontogenetic pathway, on the other hand, implies the presence 

of true workers, characterized by early and irreversible deviation from the egg -

to -imago pathway (Fig.5) (Watson et al. 1977) . The bifurcated ontogenetic 

pathway occurs in Mastotermes , Hodotermitidae, some Rhinotermitidae (all 

Rhinotermitinae, Coptoterme s, Heterotermes  and Reticulitermes ) and all 

Termitidae (Roisin & Korb 2011 ) 

The linear ontogeny seems to be ancestral based on similarity t o 

cockroach ontogeny and the bifurcated ontogeny evolved in several basal 

groups including Mastotermes , the sister group to all remaining termites. In 

spite of controversial opinions on the evolution of termite castes, all we can 

confirm are repeated switc hes between both systems (Legendre et al. 2008 ; 

Miller 1969;  Noirot & Pasteels 1987; Shellman-Reeve 1997 ). 
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For purposes of this thesis, workers are functional caste irrespectively of 

their ontogenetic origin . They consume the organic matter and proce ss it in 

their guts, so their bodies are darker than those of larvae. We could compare 

workers to the guts of the whole colony, as workers  process the food  and share 

either the regurgitate from both ends of digestive tube (proctodaeal or 

stomodaeal trophal laxis), or larvae and reproductives (rarely soldiers) by high 

(Noirot & Noirot - Timothée 1969;  Sillam-Dussès et al. 2012;  Scheffrahn et al. 

2017) . Apart  of the crucial nutri tion  function, workers are also responsible for 

nest constructing, nest cleaning, b rood care and sometimes even for active 

defence.  

The workers can also moult into pre -soldiers and subsequently into 

soldiers. Soldiers are specialised individuals devoted to colony protection, 

possessing sclerotized cuticle and mandibles adapted to fight  against the  

colony enemies. The diversity of soldier caste is the most diversified of all, and 

the usual source of characters for the species determination. Except for 

apparent enlarged mandibles (but reduced in Nasutitermitinae)  and sclerotized 

head, soldiers also often posses s defensive glands secreting repellent, 

poisonous or anti -healing liquids to poison  or repeal the  opponent s. Soldier is 

a juvenile but terminal  instar  (Roisin & Korb 2011 ), which can  moult again and 

can reproduce in Archotermopsidae  only (Thorne 1997 ; Thorne et al . 2003 ).  

Nymphs are individuals with distinct wing pads progressing on the way to 

the alate imagoes. They are nutritionally independent in linear systems, while 

fully dependent in bifurcated, surviving on cannibalism when i solated from 

workers (Grassé 1984). 
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4. Termites as tropical ecosystem engineers  

Termites move vast amounts of matter and run the soil bioturbation. They 

maintain the environment heterogeneity, bring the dead plant material back 

into the cycle, and locally a re able to consume up to 100% of organic matter 

production (Bignell & Eggleton 2000; Dahlsjö et al. 2014; Evans et al. 2011; 

Fox-Dobbs et al. 2010; Freymann et al. 2008; Holt & Lepage 2000; Rouland -

Lefèvre 2000) . The termite -related decomposition of lignoc ellulose prevents 

deposits, as the woody materials disappear before it could fossilise et 

al. 2019; Engel et al. 2009) . Termites are also important CO2 and methane 

producers (Sugimoto et al. 2000) , virtually warming up the Global 

temperatures.  Termites have also been shown to mitigate the droughts of the 

tropical forests due the ongoing climate change (Ashton et al. 2019) .  

As termites feed usually on dead plant tissues, they should not be referred 

as herbivores, but rather as saprophages (Bignell 2016; Cornaby 1977; 

Franzluebbers 2014; Siebers et al. 2015) , however, they might act like 

herbivores when collecting leaf -litter, grass or feeding on lichens (Krishna et al. 

2013) . Termites are able to dissimilate a major proportion of the cellulose (74

99%) and hemicellulose (65 87%) components of lignocellulose they ingest  

(Ohkuma 2003). Such effectivity attracted attention of applied research, but no 

applicable outcome reached the br oader usage, so far (Auer et al. 2017; Fujita 

& Watanabe 2010) , in spite of ambitious current efforts  (Marynowska et al. 

2020) . There is no evidence of termite feeding specializing on to p articular plant 

taxa, as termites focus rather  on the stage of decom position , which is mirrored 

in their digestive system  (Donovan et al. 2001a; Noirot 1995, 2001; Sands 

1998) . Based on food particles, mandible and gut anatomy, Donovan (2001) 

classified termites  into following ecological feeding groups.  

¶ Group I  termites feeding on sound or slightly  rotten wood or grass, 

which is reflected in relatively simple digestive tract  and wood -feeding 

type of mandibles .  
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¶ Group II  termites feeding on wood, grass, microepiphytes or l eaf-litter , 

having more complex digestive tract  and wood -feeding type of mandibles . 

All wood -  

Sometimes a special feeding Group IIa for fungus -growing 

Macrotermitinae may be considered.  

¶ Group III  termit es feeding on  highly decayed wood, humus and other 

more or less decomposed organic matter , having soil-feeding type of 

mandibles and more complex digestive tract.  

¶ Group IV  termites feeding on soil with  relatively high inorganic content , 

having soil-feeding type of mandibles and extremely long and intricate 

digestive tract.  

 

Although  classification allows for  quick identification of feeding 

group, measurements of stable isotopes in termite body  content di stinguished  

only between two feeding groups of termites, merging Group I with Group II 

into wood -feeders and Group III with Group IV into soil -feeders (Bourguignon 

et al. 2011) . While wood -feeding strategy is widespread a cross termite  

phylogeny, soil-feeders occur in family Termitidae, only.  On the other hand, as 

family Termitidae make up over 75% of termite species diversity (Krishna et al. 

2013)  and soil feeding is their major strategy, it is estimated that over 60% of 

all termite species are actually soil -feeders (Brauman et al. 2000; Kambhampat i 

& Eggleton 2000; Krishna et al. 2013) .  

Termites thrive on the  organic matter  in tropical forests  and other tropical 

and subtropical terrestrial ecosystems,  and play dominant role in  the 

decomposing cascade returning the nutrients from dead plant  matter  into soil , 

making them available to  the new  plant  growth  (Fig.6) (Bourguignon et al. 

2011; Coventry et al. 1988; Liu et al. 2015; Swift 1977) . These ecosystem 

services are of prime importance at the natural sites, but also at crop -fields 

(Black & Okwakol 1997; Evans et al. 2011; Jouquet et al. 2011; Kaiser et al. 

2017) . Although lignocellulose is truly abundant matter, its decomposition is a 

difficult task. The biopolymer structure made of sugars (cellulose, 

hemicelluloses) embedded into an amorphous lignin  matrix made the plant 

matter resistant and recalcitrant  to the digest ion (Cragg et al. 2015; 
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Zimmermann & Brown 1971) . There are, of course, many other organisms 

ingesting  similar material  as termites do (e.g. free-living fungi and bacteria, 

earthworms,  many beetles, some moths  or some cockroaches), but termites 

surely digest more of organic matter  than all others combined (Hérault et al. 

2010) . This efficiency probably led to termination of coal production since  

Tertiary (Engel et al. 2009)  as only a lit tle of  organic matter  is left for 

carbonization. 

 Termites  dominate the macrofauna diversity of tropical soils and  play a 

role equivalent to earthworms  (Eggleton et al. 1995) . They search for patches 

of decayed organic matter in soil and use the remaining nutritional value to 

prosper. Contrary to earthworms, termites are more effective thanks to their 

mass activities, and so occupy most of the niche. Often, soil -feeding termites 

feed on nests of other termites or ants, because the faeces of wood -feeding 

termites used for nest construction are still more nutritionally valuable food 

compared to the bare soil (Bourguignon et al. 2013) . 

Except for the  involvement in organic matter decomposition, termites 

serve to the ecosystems also other ways. Termites alter bo th the chemical and 

physical structures of the habitat  not only  through decomposition of organic 

matter (Bignell & Eggleton 2000; Donovan et al. 2001b) , but also through  

bioturbation (Jouquet et al. 2011) , soil-atmosphere gas exchange  (Galbally et 

al. 2010 ) and formation of  soil bio-structures  (Decaëns et al. 2002) . 
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Bioturbation is done by massive movement of soil  counted in tons per hectare 

and year (Whitford & Eldridge 2013)  from place to another  and the tunnels 

termites leave behind allow both, water and  air, to efficiently penetrate the soil. 

Moreover, as termites are vulnerable to desiccation, they fully depend on 

constant moisture in their environment. Therefore , they also transport a 

massive amount of water, often from very deep sources ( over 30m), like the 

desert termite Psammotermes  hybostoma  Desneux, 1902  (Rhinotermitidae) 

(Grassé 1984). Worth to mention  again, many termites construct huge epigeal 

nests, which may be of a small house size, and are common especially in 

tropical grasslands . Especially in arid areas, these mound s are sought -after  

habitat for  plants (Fig.7) as the mounds concentrate organic nutrients and 

moisture  (Bonachela et al. 2015) . This way, termites are creating oasis for many 

plant and animal species during the dry seasons.  In a global scale termites help 

to mitigate the impacts of global climate change on their ecosystems (Ashton 

et al. 2019; Bonachela et al. 2015) . 
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Termite digestion and symbioses  

The obvious efficiency in degrading lignocellulosic or humic matter, 

together w ith the high level of biodiversity within the guts and among the 

termites,  may serve to provide new strains of microorganisms  and alternative 

concepts for a technical treatment of  recalcitrant xenobiotics bound to 

organic soil matter.  

Andreas Brune (1998)  

 

 

1. Digestive tract  

Termite digestion is one of the main reasons of their evolutionary success 

as it allowed them to dominate the niche of dead plant matter decomposers. 

As termites are eusocial insects, the tasks in the colony are divided between 

specialised individuals. Compared to soldiers, in which the defensive gland may 

occupy more than 1/3 of body weight (Waller & La Face 1987), the majority of 

worker bodies is filled by gut. This fact intuitively leads to suggestion that 

digestion is a task of worker s, but it is only partially true. Although termite 

soldiers cannot chew the feeding substrate due to the defensive modifications 

of mandibles, they often participate at the colony stomach, digesting the 

particular food provided by workers. The full depende nce of soldier upon the 

worker nutrition evolved repeatedly in the so-called -

evolved repeatedly in several soil -feeding taxa  (Scheffrahn et al. 2017) .  

Termite gut consists, similarly to all other insects, of three main parts: 

foregut (stomodeum), midgut (mesenteron) and hindgut (proctodeum), differing 

in embryologic origins (Chapman et al. 2013) . The least derived intestines of 

wood -feeding termites are similar to that of cockroaches of genus Cryptocercus 

which is closely relat ed to them and also feed on dead wood (Bourguignon et 

al. et al. 2019; Inward et al. 2007) , but the new feeding niches of 

family Termitidae caused adaption of whole digestive system to new 

substrates. The food is chewed and processed by the mandibles, masticated 

with the digestive enzymes from the la bial gland and swallowed. The worker 

mandibles are more robust, with richer dentition and large molar plate in wood -

feeders, while having fewer long teeth and barely some molar plate in soil 
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feeders (Donovan et al. 2000 ; Ahmad 1950) . The food goes to a sim ple crop 

and proventriculus, where it is further grinded into micro particles ( 20 ; 

Brune & Ohkuma 2011) . While the armature of proventriculus is well sclerotized 

(Donovan et al. 2000) , 

which may be due to softer and breakable food properties.  The proventriculus 

enters the midgut by the esophageal valva.  

 The midgut is the primary source of dig estive enzymes in insects 

(Chapman et al. 2013) , however, in termites it is usually a simple tube, but still 

able to 

termites  

(Tokuda et al. 1997, 2002, 2009) .  Otherwise,  the midgut is rather  constant 

across termites with the exception of caeca, which is noticeably present in 

(Noirot & Noirot -Timothée 1969) . 

Some group-defining characters origina te from in situ  configuration and 

coiling of the gut as noted by Sands (1995, 1998) . The midgut ends by the 

Termitidae. However, this gut part, the mixed segment, is of complica ted 

structure in advanced Termitidae, in which it is formed by groups -specific way 

of midgut / hindgut overlaps, at the place of Malpighian tubules junction . 

(Bignell 2011; Donovan et al. 2000; Noirot & Noirot -Timothée 1969) . The close 

proximity of posteri or hindgut  to mixed segment  is associated with extremely 

high pH in P1 in subfamily Termitinae  and the coiling of the whole gut is cause 

of extremely various pH values  (Bignell 2011; Brune & Kühl 1996) . Moreover, 

the Malpighian tubules attached at the junc tion of midgut with hindgut reduced 

or fewer in Termitidae 

(Donovan et al. 2000) . 

  



Evolutionary Ecology of Termites   Termite digestion and symbioses  

33  

 

The hindgut has 5 segments labelled as P1 -P5 (Fig.8). The P1 is short and 

e, but is variable in length and 

 The P2 is of great size variation in 

termites and is known as enteric valve (Donovan et al. 2000; Noirot & Noirot -

Timothée 1969) . The enteric valve is highly variable across the Termitidae and 

its function is somewhat obscure. In soil -feeders it is especially complicated and 

taxon -specific (Bourguignon et al. 2013) and probably helps to separate clay 

particles, which have abundant soil organic matter associated with them, from 

silica (sand) particles, which are inert. The enteric valve may ensure that clay 

particles bounded to organic matter  stay in the hindgut longer than silica 

particles (Bignell 2011; Donovan 2002) . The structure of enteric valve is of 

special importance in soil-feeding soldierless species taxonomy (Bourguignon 

et al. 2013)  or feeding group identification (Donovan et al. 2001a) . 

The P3 (paunch) part is always dilated as the fermentation takes place 

there and, moreover, it is inhabited by the richest community of ba cteria and 

also flagellates in  the case of  . Sometimes the P3 segment 

bears diverticulum distinctly different from those of enteric valve. The P4 (colon) 

segment is always of considerable length as it coils in the loop of  midgut  and 

continu

makes only a single coil, but in remaining Termitidae the colon may be extended 

and forming extra loops. P5 is the rectum which is of general organization and 

constant in all termites. Howev er, important variations occur, which seem 

related both to the phylogenetic position and the biology of the species  (Noirot 

& Noirot -Timothée 1977) . 

In general, advanced Termitidae exhibit more complex gut morphology 

All the changes in concert with the 

acquisition of new symbiotic partner s led to more effective digestion of the 

new feeding substrates (Brune & Ohkuma 2011; Eggleton 2011; Ohkuma & 

Brune 2011) . 
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2. Symbioses 

Termites are not able to digest organic matter b y themselves. Although 

their activity significantly promotes the organic matter turnover, the main part 

of digestion and matter breakdown must be actually done by symbiotic 

organisms  protists, bacteria and fungi (Breznak 2000; Brune 2014; Brune & 

Ohkuma 2011; Inoue et al. 2000; Rouland -Lefèvre 2000; Schuurman 2005).  

Microbial communities inhabiting the hindgut of termites are reaching densities 

up to 10 11cells/mL (Ohkuma & Brune 2011) . So-

all families except Termitidae esta blished symbiotic relationship with  cellulolytic 

flagellates  (Watanabe & Tokuda 2009) . This symbiosis is so tight that removal 

of flagellates from the intestines of termite  leads to its  death (Cleveland 1924). 

The relationship established  roughly 180Mya ag o (Bourguignon et al. 2015; 

Brune 2014; Ohkuma 2008)  and the flagellates are  transferred vertically 

among the nestmates by the  proctodeal  trophallaxis , coprophagy or by 

consuming dead nestmates, which are the main drivers shaping the flagellates 

community structure (Abdul Rahman et al. 2015; Noda et al. 2007) . Worth to 

mention that during the ecdysis of termite individual, which happen several 

times in its lifetime, the individual loose the whole symbiotic community, as the 

hindgut with Malpighian tubules a re of ectoderm origin, so it is removed during 

ecdysis completely (Chapman et al. 2013) . Therefore, the vertical transfer of 

the symbiotic communities via proctodeal trophallaxis is crucial for the survival.  

2.1.  Flagellates  

The species richness of flagellates in termite gut is much richer than 

thought a decade ago (Gile et al. 2011, 2013; Ohkuma & Brune 2011; Radek 

et al. 2014, 2018; Tai et al. 2015) . Majority of termite flagellates belong to 

phylum Parabasalia (Hypermastigida and Trichomonadida) and the rest t o 

phylum Preaxostyla  (Oxymonadida), seemed to be represented by 3 orders  so 

far (Brune & Dietrich 2015; Noda et al. 2012) . Interestingly, the number of 

flagellate species inhabiting gut of single termite species is decreasing in from 

basal to more lately d

horizontal transfer of symbiotic flagellates we might hypothesize, that better 

specialised flagellates of termite gut outcompeted the less successful ones 

(Noda et al. 2012; Radek et al. 2018) . 
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Although t he function of the symbiotic flagellates is described as 

cellulolytic (Watanabe & Tokuda 2009) , the flagellates  also harbour their own 

symbionts  of not well studied contribution to the digestive processes   bacteria 

and archaea (Noda et al. 2003, 2005) . These prokaryotes may be extra - or intra -

cellular, but always in tight connection and specific to flagellate host (Dolan 

2001; Hongoh 2011; Waidele et al. 2017) . Among described functions of these 

prokaryotes belongs motion  (Dolan 2001; Wenzel et al. 2003) , hydrogen 

utilization  (Inoue et al. 2007)  and nitrogen fixation  (Hongoh et al. 2008) . In spite 

of our limited knowledge of this complex nutritional network between termites, 

symbiotic flagellates and their symbiotic prokaryotes , I may only hypothesize 

about  the evolutionary drivers and functionality of such relationship. 

60Mya ago, when Termitidae evolved (Bourguignon et al. 2015, 2017) . 

2.2.  Bacteria  

vary, but the evolution of bacterial communities in the gut of termite ancestor 

of family Termitidae led to their crucial digestive function  (Brune & Dietrich 

2015; Brune & Ohkuma 2011) . Prokaryotes participate on the carbon, nitrogen 

and energy requirements of termites . Acetogenesis by  hindgut prokaryotes 

supports up to 1/3 of the respiratory requirement and N2 -fixing and uric acid-

degrading microbes can have a significant impact on termite N economy  

(Breznak 2000). 

 Although the bacterial communities in termite gut were of scientific 

concern for a long time, only minor fraction could be cultivated and further 

studied. The major progress into the s tudies was brought  in the beginning of 

our millennium by methods of next -generation  sequencing (NGS), allowing 

parallel sequencing of the whole bacterial community  (Ohkuma & Brune 2011) . 

Particularly the gene for 16S rRNA of the prokaryotic small ribosomal  subunit  

is used for the description of the community.  

Interestingly, some bacterial clades  inhabiting intestines  of Termitidae are 

not inhabiting any other environment on Earth and evolved together with  the 

family Termitidae  and its feeding strategies , where they reached outstanding 

prosperity and diversity  (Ohkuma & Brune 2011) . Moreover, thanks to NGS it 
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is possible not only to compare bacterial communities between  Termitidae 

species (Otani et al. 2014)  or populations of the species  (Reid et al. 2014) , but  

also easily compare the bacterial communities between  different parts of single 

gut (Köhler et al. 2012; Tokuda et al. 2000)  or between  castes of a single 

species (Otani et al. 2014)  and so observe the different importance for 

digestion of organic subs trate in workers or for the digestion of nutrient rich 

substrate delivered by workers to other castes.   

In total, phyla Spirochaetes, Bacteroidetes, Firmicutes, Elusimicrobia and 

Candidate phylum Termite Group 3  (TG3) represent  together 80% of the 

bacterial community in the guts (Hongoh 2011; Hongoh et al. 2005)  and its 

exact proportion mirror the feeding habits and gut anatomy  of the host  

(Mikaelyan et al. 2017) . 

Spirochaetes are the most typical and most abundant inhabitants of 

termite hindgut, present in  all termite species (Hongoh 2011) . Their proportion 

in bacterial community may reach easily over 50% in wood -feeding termites , 

while their abundance decrease with other feeding substrates (Brune 2014; 

Dietrich et al. 2014; Hongoh et al. 2006; Köhler et al . 2012; Makonde et al. 

2013; Paster et al. 1996) . They play a role in symbiosis with flagellates of 

(Inoue et al. 2007) , but can be found attached to wooden 

particles (Mikaelyan et al. 2014)  or gut wall (Tokuda et al. 2001) . Spirochaetes 

participate on fermentation, hydrogen production and reductive acetogenesis . 

Another highly abundant  bacterial phylum of termite hindgut are 

Bacteroidetes, prospering mainly in fungus growing and soil -feeding  

termites , but also as symbionts of prot

(Dietrich et al. 2014; Noda et al. 2005, 2009; Otani et al. 2014) . Together with 

Firmicutes make up major share of bacterial community of fungus -growing 

termites (Otani et al. 2016) . 

Former TG1 group, currently Elusimicrobia, are phylum prospering in the 

contrast to previous phyla are less abundant and diverse among Termitidae 

(Abdul Rahman et al. 2015) . Some of them are termite specific, but in  general 

may be found in other insect  intestines  (Colman et al. 2012)  and elsewhere 

(Herlemann et al. 2007) . Fibrobacteres and TG3 are probably the  substantial 
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part of the hindgut microbiota in wood -feeding Termitidae, often found in 

association with woode n particles (Mikaelyan et al. 2014) . 

2.3.  Archaea 

Even though brief, the overview of termite intestinal digestive symbionts 

would not be complete without mentioning Archaea. Surprisingly, these 

prokaryotes were not classified as independent kingdom till the 197 7, although 

they are very different from bacteria (Woese & Fox 1977) .  In termite guts they 

represent rarely up to 10% of prokaryotes and they are responsible mainly for 

methanogenesis, living attached to the hindgut wall or to other members of 

the gut com munity (He et al. 2013; Tholen & Brune 2000) . 

2.4.  External symbioses  

Although all termites benefit from the crucial symbiosis with gut 

microbiota, some adopted also digestive symbionts from outer environment  

ectosymbionts. This phenomenon is know n in termite s of sub -families 

Macrotermitinae and Sphaerotermitinae, the first one well known, the later 

waiting to be explored. Sphaerotermitinae are known to create bacterial 

gardens in their underground nest, where they grow bacteria on imported 

organic matter, whi ch is probably later consumed by the workers (Garnier-Sillam 

et al. 1989) , but further investigation is needed.  

In contrast  to Sphaerotermitinae,  the relationship of Macrotermitinae, the 

fungus growing termites, with the fungi of Basidiomycota genus  Termitomyces  

(Agaricomycetes: Lyophyllaceae) is quite well studied  (Aanen et al. 2002, 2009; 

Aanen & Eggleton 2005; Otani et al. 2014; Rouland et al. 1992; Rouland -

Lefèvre 2000) . The termites are constructing complex epigeal or underground 

nests with intricate ventilation system, to maintain the inner conditions 

favourable and stable for their fungal gardens  (Korb 2011) . They are moving 

enormous amounts of organic matter into their nests as a feeding substrate 

for their fungus. This system is similar to that of Atta  (Hymenoptera: 

Formicidae), but the ants developed their agriculture system  by approximately 

20Mya latter than termites et al. 2019; Hölldobler & Wilson 2010) . 

Termite workers are foraging for dead plant matter which they immediately 

consume and fully overeat return to the nest, where they defecate the pre -

digested matter into the fungal garden combs. This product is  inoculated by 

the fungus, which later profits on  the continuous supply of lignocellulose in very 
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stable and protected environment  of the nest . Once the fungi grow enough, it 

produces the  sexual reproductive  fruiting body of mushroom  (basidiocarp) 

above th e nest , which is still connected to the fungal gardens by its pseudorhiza 

(Fig.9).  

Termites, in return,  consume the asexual spores (nodules) of the fungus 

produced in the nest and also the matter in the fungal garden after 

Termitomyces degraded it  enough, so they can digest the  leftovers of  

lignocellulose degraded by the fungus (Poulsen et al. 2014; Poulsen 2015; 

Rouland-Lefèvre 2000; Um et al. 2013) . Worth to mention, Macrotermes  

(Termitidae: Macrotermitinae ) nutrient income originate mainly from the 

degraded organic matter in fungal gardens, but the other genera of 

Macrotermitinae feed rather on the nodules of the fungus (Hyodo et al. 2003) . 

 

 

¶ Termitomyces is an additional protein -rich food source (mainly the 

fungal nodules); 

¶ Termitomyces has a role in lignin degradation, which facilitates 

the access to cellulose;  

¶ Termitomyces decreases the C/N ratio of foraged products by 

metabolising carbohydrates;  

¶ Termitomyces provisions cellulases  and xylanases to work 

synergistically and/or complementarily with endogenous termite 

 

(Bignell 2000) . 
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Interestingly, g enus Termitomyces  comprise of more than 30 species  (Kirk 

et al. 2001; Mossebo et al. 2017) , but Macrotermitinae  comprise of 

approximately 370 species (Krishna et al. 2013) . Therefore, after logical 

consideration, one species of Termitomyces  is used by more species of 

Macrotermitinae. On the other hand, the termites are not always using the 

same species of Termitomyces either (Nobre et al. 2011) , but the colony is  

always maintaining only one fungal strain for its life -time  (Aanen et al. 2009) . 

In contrast to  alates of  Atta  ants, which are taking the inoculum of the 

symbiotic fungus from their original nest along  with  them for the  nuptial fight 

(vertical transmission) (Chapela et al. 1994; Mikheyev et al. 2010) , termites 

must usually acquire new fungus for each colony from the environment 

(horizontal transmission) (Nobre et al. 2011) . It explains the partial 

synchronization between  the basidiocarps of Termitomyces growth and the 

swarms of Macrotermitinae  (Johnson et al. 1981) . The first worker of the fresh 

royal pair must collect not only organic matter, but also the inoculum of fungal 

symbiont in its gut, to bring it into initial f ungal garden. Nevertheless, there are 

two known cases of vertical transmission of the symbiotic fungus  among 

termites . The male alates of Macrotermes bel licosus Smeathman, 1781  and 

the female alates of all Microtermes  (Termitidae: Macrotermitinae)  are taking 

the inoculum of Termitomyces along with them from the original nest. 

strain, as the switches are quite common even for vertically transmitting 

species (Korb & Aanen 2003) .  
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Termite Evolution and Taxonomy  

Formerly, self-standing  insect order Isoptera  (Hexapoda: Insecta) included 

all termites which are 

However , termites evolved  as an inner group of cockroaches (order Blattodea)  

from a social wood -feeding roach approximately 170Mya ago  and since that 

time  they reached of double species diversity than the remaining cockroaches 

(Bell et al. 2016; Bourguignon et al. et al. 2019; Krishna et al.  

2013) . Therefore, currently living termites  are included in epifamily Termitoidea  

(Blattodea)  which is categorized into nine families (Krishna et al. 2013; Lo et al. 

2000; Xiao et al. 2012)  (the order follows evolut ionary divergence in time  

according to Bourguignon et al. (2015 ) and et al. (2019) :  

Mastotermitidae, Stolotermitidae, Archotermopsidae, Hodotermitidae , 

Kalotermitidae, Stylotermitidae, Rhinotermitidae , Serritermitidae,  and 

Termitidae. 

The species of 

termites.  

Thanks to the latest progress in molecular phylogeny, the evolutionary 

history of termites and cockroac hes was reconstructed in formerly 

unimaginable precision (Bourguignon et al. 2015, 2016a, 2 et al. 

2019) . The sister clade of all termites  comprises of  cockroaches of  genus 

Cryptocercus Scudder, 1862 (Blattodea: Cryptocercidae), which live in small 

families and feed on the dead wood  (Inward et al. 2007) . Except for feeding on 

recalcitrant wood matter,  Cryptocercus species share 

also (i) an obligate, rich and unique hypermastigid and oxymonadid fauna in the  

hindgut , (ii) horizontal transfer of these symbiotic flagellates through 

proctodeal trophallaxis , (iii) the long lasting biparental care of offspring  or (iv) 

vibroacoustic alarm communication  (Cleveland 1934; Klass et al. 2008; Stiblik 

et al. unpublished; Thorne 1990) . Therefore, there is truly  no doubt about 

existence of a common ancestor of Cryptocercus (Fig.10) and termites  in their 

evolutionary history . 
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gradually. The taxonomy also uses the terms Euisoptera, which is a 

monophyletic clade within Termitoidea (formerly Isoptera) comprising all 

families except for Mastotermitidae, or term Neoisoptera, which is a 

monophyletic clade sister to Kalotermitidae comprised of Stylotermitidae + 

Rhinotermitidae+ Serritermitidae+ Termitidae (Fig.11) (Bourguignon et al. 2015) . 

Euisoptera are characterized by absence of some cockroach characters 

still present in Mastotermitidae, like absence of symbiotic Blattab acterium 

(Flavobacteriia: Flavobacteriales: Blattabacteriaceae ), absence of oothe ca and 

loss of ovipositor and anal lobe on the hindwing  (Engel et al. 2009; Krishna et 

al. 2013) . Neoisoptera are defined as termites with  fontanelle  on their heads. 

The fontanelle is a n important  structure in termite systematics and biology and 

it serve as  the opening to the frontal gland, which produces defensive 

secretions and is therefore highly developed in soldiers. Its function in imagoes 

is unknown. The fontanelle occurs on the fron s with its position varying from 

above, between, and below the eyes (Krishna et al. 2013) . 

For further introduction into  living termite families  and their cladistic 

relationships, I will rely on the recent phylogenetical studies using 

full-mitochondrial genomes and transcriptomes presented by Thomas 

Bourguignon and his coll aborators (Bourguignon et al. 2015, 2016a, 2017; 

et al. 2019) . The extinct families known only from the fossil record are 

off  the topic in this thesis. For relevant information check Krishna et al. (2013) . 
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1. Mastotermitidae  

Family Mastotermit idae is a sister  clade to all  other living termite families 

as it diverged approximately 150Mya ago (Bourguignon et al. 2015) . Recently, 

this family is represented only by one species Mastotermes darwiniensis  

Froggatt, 1897 , inhabiting Australian region of  the Earth  (Krishna et al. 2013) , 

where they feed on sound wood and became a significant pest (Howick et al. 

1975) .  

The main features differing Mastotermitidae from other termites are 

presence of anal lobe in the hind wing, rudiment of female ovipositor, and laying 

eggs in ootheca, which is exceptional among termites.  Moreover, 

M. dawrwiniensis  is the only termite species having Blattabacterium  in the gut, 

which is characteristic common with cockroaches (Krishna et al. 2013; Lo & 

Eggleton 2011) . Abdomen of  workers is brightly white as there are deposits of 

fat. The number of antennomeres is often over 20, which is a primitive feature 

compared to most of the termites with lower number of antennae fragments.  

Mastotermes are relatively large termites with size  over 1cm in all castes  

(except from young larvae, of course)  and over 3cm in alate  imagoes. The 

colonies usually comprise of several thousands of individuals and several 

reproductives  (Howick et al. 1975) . Moreover, they create complex nest, use 

chemical alarm communication, and  their ontogeny is of bifurcated type, which 

is usually considered as advanced feature  (Delattre et al. 2015; Goodisman & 

Crozier 2002, 2003; Howick et al. 1975) . Interestingly, M. dawrwiniensis  has 

very special sperm possessing ove r 100 flagella, a feature exceptional among 

all animals (Baccetti & Dallai 1978) . Fig.12 presents a sole soldier, while the 

Fig.13 shows the soldier compared to workers.  

  



Evolutionary Ecology of Termites   Termite Evolution and Taxonomy  

46  

 

 



Evolutionary Ecology of Termites   Termite Evolution and Taxonomy  

47  

 

2. Stolotermitidae   

Together with Archotermopsidae and Hodotermitidae, Stolotermitid ae 

make up a monophyletic clade within Euisoptera sister to all other Euisoptera 

families (Fig.11) (Bourguignon et al. et al. 2019) . The clade 

Stolotermitidae + Archotermopsidae + Hodotermitidae diverged approximately 

130Mya ago and the recent findings suggest sister position of Stolotermitidae 

to Archotermopsidae + Hodotermtiidae. Moreover, the Archotermopsid ae are 

probably paraphyletic with Hodotermitidae nested in.  

Stolotermitidae is a small family comprised of ten living species of two 

genera, Porotermes  and Stolotermes  inhabiting southern hemisphere in Africa, 

Australia, and South America.  They can be recognized thanks to dorsoventrally 

flattened heads of soldiers  with (coloured or not) rudimental eyes , well-

developed teeth  and prolonged labrum . Although Porotermes  adamsoni 

(Froggat, 1897) (Fig.14) attacks also living trees, the remaining species of 

Stolote rmitidae rather feed on damp wood in which they establish small 

colonies of a few hundred individuals. Their ontogeny framework is of linear 

type. Species of Stolotermitidae are currently rather endemic to specific 

biotopes of southern hemisphere , which is actually unique among all termites,  

as they are the only family with a distribution that is  of a classic austral 

disjunction (Grimaldi & Engel 2005) . 

 

3. Archotermopsidae  

Compared to Stolotermitidae, Archotermopsidae inhabit rather northern 

hemisphere of the  Earth, as their distribution is Nearcit, Palearctic and oriental. 

We recognize six species in three genera: Archotermopsis , Hodotermopsis , and 

Zootermopsis . Their colonies are very small reaching up to lower hundreds of 

individuals. Their ontogeny is line ar which they share with Stolotermitidae, but 

is in contrast to Hodotermitidae (Roisin & Korb 2011) . 

Typically, the soldiers have two marginal teeth on right mandible and three 

marginal teeth on the left one. Not flattened head of soldiers bear two visible  

rudimental eyes and the labrum is diminished compare to Stolotermitidae 

(Fig.15) (Krishna et al. 2013) .  
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4. Hodotermitidae  

Hodotermitidae position in termite phylogeny is surely very close to 

Archotermopsidae  (Bourguignon et al. 2015; Engel et al. 2009) , however recent 

study explaining in detail relationships among termite families not belonging to 

Neoisoptera is waiting to be published. Nevertheless, according to 

Bourguignon et al. (2015) Hodotermitidae are sister to genus Zootermopsis  

and nested within Ar cotermopsidae making it paraphyletic taxon  (Fig.11). 

Hodotermitidae comprise of 21 living species in three genera: 

Anacanthotermes , Hodotermes , and Microhodotermes , which inhabit 

Ethiopian, Oriental, and Palearctic region. They prefer arid biotopes and fee d 

on grass. Their underground nests are complex and huge structures  dwelled in 

soft sandy ground  inhabited by several tens of thousands of individuals, which 

is in sharp contrast to their closest living relatives.  Hodotermitidae caste 

system include true w orkers and soldiers in apterous lineage of  ontogeny  

starting after 2 nd moult  and therefore their ontogenetic framework fits the 

bifurcated type , what is also in contrast to their closest relatives.  Interestingly, 

there is sexual dimor phism among workers an d of Hodotermes , while all 

workers and soldiers are males in Anacanthotermes  (Roisin & Korb 2011) . 

Moreover, Hodotermitidae feed on grass which they collect from the open 

termites and termites are well -adapted to it. The workers have bit sclerotized 

cuticle, which is visible in their dark colouration. This is surely to protect their 

soft bodies against desiccation while moving in open space. Moreover, workers 

and soldiers possess eyes for better orientation in open space  (Fig.16). 

Their ecology also influenced their defensive strategies. Beside workers 

foraging irregularly, soldiers are guarding the entrances to the underground 

nest ready to fight the intruder. Interestingly, Hodoter mitidae lack any 

vibroacoustic or chemical alarm communication, feature present in all other 

termites. Most probably, the vibroacoustic signals would not spread in soft 

ground anyway and the chemical alarm is useless in open space of savannahs  

(Stiblik et al. unpublished). 
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5. Kalotermitidae  

Kalotermitidae are recognized as monophyletic taxon for a long time 

(Krishna 1961) and novel analyses confirmed their position a sister group to 

Neoisoptera (Fig.11) (Bourguignon et al. et al. 2019; Inward et al. 

2007) . They comprise of approximately 450 species in 21 genera which makes 

them to most diverse termite Family, except from Neisoptera. The most diverse 

genera are Cryptotermes , Glyptotermes  and Neotermes  together com prising 

majority of Kalotermitidae species.  

Although Kalotermitidae phylogeny seemed to be of genera forming 

monophyletic clades (Thompson et al. 2000) , this has been recently put in 

question  (Cintulová 2018) . Therefore, the efforts for new reliable 

Kalotermitidae phylogeny are currently running (Stiblik et al. in press). 

Kalotermitidae are well -known as dry -wood termites causing considerable 

economic damages to wooden structures and goods. On the other hand, only 
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handful of Kalotermitidae species are pests , but thanks to their biology are 

usually widespread and invasive, like Cryptotermes brevis  (Walker, 1853) (Su & 

Scheffrahn 2000) . Compared to other termites, Kalotermitidae lives  and feed 

exclusively in the dead wood and  try to  avoid soil, as they are spe cialist on dead 

branches on living trees.  They perfectly fit into definition of so -called one-piece 

nesters (Abe 1987) , thus termites feeding and living in a sole piece of wood. 

This strategy led to their diversification and spread across the Globe. Among 

other termites, Kalotermitidae alate imagoes are good fliers able to overcome 

long distances  and find the suitable and solitary food source in the canopy .  

Moreover, their colonies established in a single branch allowed them to travel 

for much longer dista nces drifting over the ocean.  

They are slowly dwelling in the sound wood creating system of galleries 

with bigger chambers connected by short narrow tunnels, perfect for colony 

protection. The sound wood they consume ensure them sufficient protection, 

but in case of intrusion the soldiers guard the bottlenecks in the gallery system 

with their massive mandibles and sclerotized heads. Some termites, like 

Eucryptotermes  (Fig.17) or Cryptotermes  possess phragmotic head with only 

short mandibles, so they can eff ectively plug the bottleneck site and prevent 

any intruder to pass by.  Moreover, it has been shown, that Kalotermitidae are 

able to actively avoid a clash with other insects dwelling in the wood, like 

subterranean termites or ants (Evans et al. 2009) .  

Kalotermitidae exhibit typical linear ontogeny, as their 

workers/preudergates are totipotent individuals able to moult into soldiers  or 

became neotenics or alate imagoes  (Legendre et al. 2008) . Workers and 

soldiers are usually quite uniform with few exceptions like Neotermes cubanus  

(Snyder, 1922), where two different soldier castes may be found (Fig.1 8). The 

colonies usually comprise of few hundreds of individuals, but it strongly 

depends on the size of the food source. Once the food source is consumed, 

the pseudergates moult into alates and leave the nest to search for a new food 

source. 
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6. Stylotermitidae  

Two minor termite families  remain to be introduced and for both the 

cladistic position  is debated for longer time. At first, I focus on Stylotermitidae, 

which is an understudied family with  a single living genus Stylotermes  

comprising about 45 speci es (Krishna et al. 2013) . However, most of these 

species were described in China in seventies and eighties of past century and 

revision of the material seems mor e than complicated and therefore , there are 

strong concerns about validity of these specie descriptions. Moreover, not 

more than 10 different species o f Stylotermitidae were significantly collected 

in past decade, although there were candid efforts by me and my colleagues to 

do so. 

Family Stylotermitidae belongs to Neoisoptera thanks to the presence of 

Neoisoptera synapomorphy, the fontanelle on the head of soldiers  and 

imagoes. Even for experienced termitologist is quite easy to misidentify 

Stylotermes  wit h members of Kalotermitidae, as the workers and soldiers look 

very similar. But, Stylotermes  soldiers have smooth narrow mandibles  with 

sharp inner edge and no teeth, which is not common in Kalotermitidae, plus 

there is the fontanelle on the head of Stylot ermes (Fig.19). 

In recent studies, Stylotermitidae seems to be a sister clade to all other 

Neoisoptera et al. 2019; Engel et al. 2009)  and the appearence and 

biology similar to Kalotermitidae support this position. However, 

Stylotermitidae are recently included in only one cladistic study using molecular 

phylogenetic methods et al. 2019)  and future studies with more 

material of Stylotermitidae could move with their current position.  

 Biology of Stylotermitidae is similar to that of Kalotermitidae, as both 

creates rather small colonies on living trees. The specialization of Stylotermes  

focused on the border line between dead and fresh wood. Therefore, it may be 

found inside the thin range between the living tissues of the tree and the dead 

parts, like the places where the dead branch breaks  off  from the rest of the 

tree, in particular. 
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7. Serrite rmitidae  

Family Serritermitidae is the second species poorest family among 

termites  living only in South America. It comprise s of only three species in two 

genera: Glossotermes and Serritermes (Krishna et al. 2013) . The family 

Serritermitidae is remarkable  for its soldier defense through frontal gland 

dehiscence et al. 2010) . The known 

species share an unusual linear ontogeny resulting in all -male pseudergates 

(Barbosa & Constantino 2017; Bourguignon et al. 2009) . While Glossotermes  

is feeding on rotten red wood and making colonies of thousands  of  individuals, 

Serritermes is a minute termite  of few hundreds individuals per colony  with  

unique strategy   termites  (Fig.20). Serritermes serrifer (Hagen 

and Bates, 18 58) is a specialised nest inquiline of genera Cornitermes 

(Termitidae: Syntermitinae) living  there in shaded part of hard  nest wall, feeding 

on grass leftovers,  dwelling its own galleries  completely separate d from 

Cornitermes host species  (Sillam-Dussès et  al. 2020) . 

In molecular phylogenetic studies Serritermes + Glossotermes always 

make up a monophyletic clade (Bourguignon et al. et al. 2019; Lo 

et al. 2004) . While traditional cladistic study suggested Serritermitidae as sister 

clade to Termit idae (Engel et al. 2009)  and molecular phylogenetic methods  

based on few selected genes as a sister clade to Rhinotermitidae + Termitidae 

(Legendre et al. 2008) , the most recent studies based on termite 

full-mitochondrial genomes and transcriptomes  nested Serritermitidae among 

paraphyletic Rhinotermitidae  (Bourguignon et al. et al. 2019)  

(Fig.11 & Fig.21). According to analysis of whole mitochondrial genomes 

Serritermitidae would be a sister clade to genus Termitogeton  (Fig.11) 

(Bourguignon et al. 2015; Lo et al. 2004) , but transcriptome based phylogeny 

placed Serritermitidae as sister group of subfamily Rhinotermitinae  et 

al. 2019)  (Fig.21), however, the relationships between Rhinotermitidae 

subfamilies also differ in these molecular studies  and therefore we will focus 

on Rhinotermitidae phylogeny next.  
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8. Rhinotermitidae  

Family Rhinotermitidae was surely the most tangled riddle in termite 

phylogeny investigated  intensively in last  several decades (Donovan et al. 

2000; Eggleton 2001; Kambhampati et al. 1996; Kambhampati & Eggleton 

2000; Lo et al. 2004; Th orne & Carpenter 1992) . It comprise s of over 300 

species in 12 genera. Their position was uncertain and their monophyly started 

to be questioned, as they actually lack any solid synapomorphy (Kambhampati 

& Eggleton 2000) . However, thanks to modern molecula r and computing 

techniques, we can be pretty sure, that Rhin otermitidae are paraphyletic group 

comprised of  several monophyletic clades  and with Serritermitidae nested 

within  (Bourguignon et al. et al. 2019; Wang et al. 2019) .  

A monophyletic  clade among Rhinotermitidae are forming : Reticulitermes  

+ Heterotermes  + Coptotermes . This clade diverged approximately 70Mya ago  

(Bourguignon et al. et al. 2019; Legendre et al. 2008; Lo et al. 

2004; Ohkuma et al. 2004)  and recently was doubt ed rarely (Legendre et al. 

2008) .  It is  usually considered as a more advanced clade of Rhinotermitidae 

and also as a sister clade to family Term itidae et al. 2019; Engel et al. 

2009; Lo et al. 2004; Ohkuma et al. 2004) . While Reticulitermes forms a 

monophyletic clade sister to Heterotermes  + Coptotermes as it was suggested 

many times, Heterotermes is probably paraphyletic with Coptotermes nested 

inside (Bourguignon et al. et al. 2019)  (Fig.21), which is a novel 

finding compared to previ ous studies (Engel et al. 2009; Lo et al. 2004) . The 

position of remaining genera of Rhinotermitidae is of continuous discussion. 

Although , the subfamily Rhinotermitinae was suggested as a monophyletic 

clade comprising of  Schedorhinotermes  + Dolichorhinote rmes + Rhinotermes + 

Parrhinotermes  (Wang et al. 2019) , there is still debated exact position of  

Psammotermes , Prorhinotermes , Termitogeton and the inner Serritermitidae 

inside Rhinotermitidae. The need of Rhinotermit idae taxonomical status 

reconsideration  is obvious. 

In general, Rhinotermitidae are called subterranean termites, as they 

usually construct nests in the ground and forage for food elsewhere , however, 

e.g. Prorhinotemes  focus on wood -pieces in separated sites, like mangroves. 

Otherwise,  many species of this family  focus on sound wood and  are causing 

considerable damages on wooden structures across the world as they also 
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tend to be invasive and spread by humans (Chouvenc et al. 2011; Evans et al. 

2019; Su 2002; Su & Scheffrahn 2000; Vargo & Husse neder 2009) . They bet 

on huge numbers and often synchronize their swarms, which is an incredible 

spectacle of millions alate imagoes covering the sky . Their ontogeny is  linear in 

Prorhinotermes  and Termitogeton  (Hanus et al. 2006; Parmentier & Roisin 

2003) , but other genera exhibit  bifurcated  ontogeny often with polymorphic 

soldier castes.  The soldiers always possess fontanelle, which is connected to 

frontal gland , the reservoir of defensive secretion. In Coptotermes , this 

reservoir occupy over 1/3 of whole  body weight (Waller & La Face 1987). There 

are also many modifications in soldier morphology in Rhinotermitidae. While 

some species bet on extremely big fontanelle and sharp cutting mandibles 

(Fig.22), others try to deliver the toxic frontal gland secreti on via specialised 

prolonged labrum or attach to the opponent by piercing mandibles and extend 

the time -span for toxins delivery (Fig.23).  

The colonies are well hidden underground, often with decentralized 

structure and several reproductives. These system s may be inhabited by many 

millions of individuals (Lee et al. 2019; Patel et al. 2020) . Often, they can 

survive in very arid conditions as they can effectively reach the water sources 

from underground. In particular, desert termite Psammotermes hybostoma  

Desneux, 1902 can dwell in depths over 30m to ensure water supply to its 

colony (Grassé 1984). 

matter and the digestion is aid by symbiotic flagellates, however, the 

biodiversity of flag ellates Rhinotermitidae  gut is the lowest observed among 

(Noda et al. 2012; Radek et al. 2018) .  
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9. Termitidae  

Family Termitidae comprise more than 75% of all termite species diversity 

and about  85% of all termite genera (Kambhampati & Eggleton 2000; Krishna 

et al. 2013) , so the numbers are over 2000 of species in about 240 genera. 

Their raise to ecological dominance started approximately 60 -50Mya ago in 

Africa (Bourguignon et al. et al. 2019) .  

Except for the species diversity, family Termitidae reveals the highest  

ecological diversity  occupying many new niches . 

It may be thanks to the novelty of constructing nests from organic matter , soil, 

feces and saliva, which opened  the new feeding niches, as 

the nest  material usually go  first  through the gut (Eggleton & Tayasu 2001)  

and so Termitidae adopted to thrive on plant and fungal material in any 

decomposition stage, including degraded detritus  in soil or fungal  nodules. 

While all other families of  belong into  feeding Group I., 

Termitidae represent the other 3 feeding groups (Donovan et al. 2001a) .  

Moreover, their gut is no more inhabited by flagellat es, but they adopted new 

bacterial communities to aid their digestion.  

The ontoge netical pathway  is always bifurcated , rigid and uniform . The 

caste system and sexual polymorphism is the most advanced in this family  

(Noirot & Pasteels 1987; Roisin 2000) . The workers are strictly apterous and  

different from the larvae and nymphs. Neotenic reproductives are  very rare and 

the death of king or queen usually inevitably leads to colony extinction. The 

distribution of Termitidae is more dependent on warm and humid climate of 

tropical regions, as they usually do not prosper in colder climates (Eggleton 

2000) .  

Last but not least, the variability of defensive strategies mirrored in the 

morphology of soldier caste, including its complete loss, also helped termites 

to d ominate new niches.  

Nowadays , species of Termitidae are categorized into 8 subfamiles: 

Sphaerotermitinae, Macrotermitinae, Foraminitermitinae, Apicotermitinae, 

Termitinae, Cubitermitinae, Syntermtinae and Nasutitermitinae .  
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9.1.  Sphaerotermitinae and Macroter mitinae  

Although the full mitochondrial genome s-based phylogeny suggested 

Macrotermitinae as sister clade to all remaining Termitidae  (Fig.11)  

(Bourguignon et al. 2015, 2017) , the latest transcriptome based phylogeny put 

them as sister to Sphaerotermitina e in separate clade (Fig.21) et al. 

2019) .  This is actually in agreement with a known fact that both of these 

subfamilies are gardeners  and wood -feeders. As Macrotermitinae are the 

notoriously known fungus -growers, Sphaerotermitinae grow bacterial 

communities in their gardens  (Garnier-Sillam et al. 1989) . Both of these cases 

are a nice example how termites dealt with the loss of symbiotic flagellates 

from their gut and the comparison reveals which strategy was more successful. 

While Sphaerotermitinae comprise of sole species Sphaerotermes 

sphaerothorax  (Sjöstedt, 1911)  endemic to central Africa , Macrotermitinae 

includes over 350 species in 12 genera (Krishna et al. 2013)  and spread over 

Africa and Asia. 

Sphaerotermes sphaerothorax  lives in Congo basin and creates unique 

underground nests. It is a spherical bald structure placed in bigger underground 

chamber with only 2 exits located opposite each other. Moreover, the centre 

of nest is hollow and serves as colony toilet. The whole underground nest is 

literally hanging underground on the tree roots sourcing nutrients from the 

colony toilet (Fig.24).  

Macrotermitinae are the only subfamily having both, multiple soldier and 

worker castes, although not always all present. They forage over long distances 

to collect material into their ne sts and the workers are usually accompanied by 

minor soldiers, while major soldiers are guarding the nest. Some even forage in 

open space, like Macrotermes carbonarius  (Hagen, 1858). They may be of small 

size (Microtermes  or Ancistrotermes ) , but some of t he biggest termites also 

belong into the subfamily ( Acanthotermes  or Macrotermes ). 

The nest may be inhabited by millions of individuals what places high 

demand on the queen, which is extremely physogastric any laying tens of eggs 

per minute (Fig.25). 

  



Evolutionary Ecology of Termites   Termite Evolution and Taxonomy  

62  

 

 

 



Evolutionary Ecology of Termites   Termite Evolution and Taxonomy  

63  

 

9.2.  Foraminitermitinae  

The position of subfamily Foraminitermitinae is uncertain in every 

phylogenetical study conducted so far (Bourguignon et al. 

et al. 2019; Engel et al. 2009; Inward et al. 2007) , however, nowadays it seems 

that this sure ly monophyletic clade comprised of 3 genera with 10 species is a 

sister clade to all other Termitidae except from the Macrotermitinae + 

Sphaerotermitinae  clade. Foraminitermitinae inhabit central Africa and 

south -east Asia 

Interestingly, they are true soil -feeders, which makes them the first 

termites inventing this feeding strategy among living  termite  species 

approximately 50Mya ago et al. 2019) . Little is known about their 

biology, as the species are of minute size  and hard to find and observe. 

Although the soldiers (Fig.26) may superficially resembles that of  Apicotermes , 

the close relationship was excluded thanks to position  of fontanelle (Krishna 

1963) . 
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9.3.  Apicotermitinae  

The Apicotermitinae are a subfamily of soil -feeding termites that play an 

important role in soil  processes like bioturbation and organic matter cycling in 

tropical rainforests and savannas (Bourguignon et al. 2013, 2016b; Jones & 

Eggleton 2011) . Several lineages of Apicotermitinae are characterized by the 

absence of the soldier caste . These are the members of monophyletic  

Astalotermes -group and paraphyletic Adaiphrotermes -group in Africa and the  

Anoplotermes -group in the Neotropics (Sands 1972), all  very abundant and 

locally making up more than 30% of the termite species diversity (Dahlsjö et al. 

2015, 2020; Eggleton et al. 1995, 2002) . Soldiered species comprise of  the 

African Apicotermes -group and the Orie ntal Speculitermes-group however, the 

species of Speculitermes-group are tending to lose soldiers as Indotermes  

(Fig.27) reveals extremely low proportion of soldiers (roughly 1 to 1000 

workers) and to  find soldier of Euhamitermes (Fig.28) is almost impossi ble. 

The Apicotermitinae are one of the most diverse subfamilies of 

Termitidae, and probably the most understudied,  because they include many 

soldierless species that can only be distinguished morphologically by  tedious 

dissections of the worker digestive tract (Bourguignon et al. 2013; Noirot 

2001; Sands 1972)  or, in the close future, using molecular bar -coding. 

Over 200  species in 52 genera of Apicotermitinae have been  described, 

with diversity hotspots located in Africa and South America (Bourguignon et al. 

2016b; Constantini et al. 2020; Krishna et al. 2013) , but  many species are still 

awaiting formal description . Therefore, also the phylogeny and historical 

biogeography remained unclear and the results of the latest progress are 

presented later in this thesis.  
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9.4.  Syntermitinae  

The subfamily Syntermitinae is exclusively neotropical group of wood or 

soil-feeding termites. It comprise of about 100 species in 15 genera and they 

are easily recognisable thanks to functional biting mandibles and conspicuous 

frontal pore  (Krishna et al. 2013)  (Fig.29).  Moreover, they are one of the rare 

(Fougeyrollas 

et al. 2015; Myles 1999) . They may be of a considerable size and their presence 

is often obvious thanks to epigeal mounds, but many dwell complex 

underground nests  as well. During the nest construction, they move enormous 

amounts of soil and organic matter and creates oasis in arid South -American 

Cerrado (Fig.7). In this respect, Syntermitinae are of similar ecological 

importance as Macrotermitinae, which never reached Neotropics.  

The phylogenetic position is still questioned, although it seems , that 

subfamily Syntermitinae is a monophyletic clade surely nested within 

paraphyletic Termitinae and proba bly sister to cosmotropical wood -feeding 

Microcerotermes -group (Bourguignon et al. et al. 2019) . 

Therefore, Syntermitinae are either independent case of soil -feeding strategy 

evolution, or the wood -feeding strategy was reacquired et al. 2019) . 
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9.5.  Nasutitermitinae  

This subfamily, although very various in morpholo gy and nesting or 

feeding habits, is very easily recognized by soldiers greatly reduced mandibles 

and distinctly prolonged head  into narrow nasus  (Fig.30). Thank to this 

adaptation, the soldiers are able to spray toxic and repellent product of frontal 

gland over a long distance.  The workers are quite uniform with age -dependent 

size, but the soldiers may be di - or even tri -morphic (Krishna et al. 2013) . It is 

also quite common that the soldiers are considerably smaller than workers. 

Despite to reduced mandib les, the labial gland is sometimes well -developed 

and its function is debated (Constantino & Costa -Leonardo 1997) . 

The subfamily Nasutitermitinae  is cosmotropical , very abundant and 

super-species-rich encompassing about 600 living species in 77 genera (Krishna 

et al. 2013) . The species feed on full range of organic matter from wood to soil 

and some even on lichens and micro-epiphytes (Fig.31). They nest in the 

underground, in typical spherical or variously shaped arboreal nests (Fig.3), or 

as inquilines of other termites. Some species are foraging in open space , and 

thus their coloration is unusually black.  Also in this case the original feeding 

strategy at the time of clade divergence was probably soil -feeding, and the 

wood -feeding was reacquired et al. 2019) . 

Nasutitermitinae probably originated in Africa about 30Mya ago, but is  

still uncertain (Bourguignon et al. 2017) . Despite its huge diversity, 

Nasutitermitinae monophyly is widely agreed (Bourguignon et al. 2015, 2017; 

et al. 2019; Engel et al. 2009; Inward et al. 2007; Legendre et al. 2008; 

Miura et al. 2000)  and the recent studies agree on quite close kinship with 

Termitinae genera Cephalotermes and Neocapritermes . Otherwise, the position 

among paraphyletic Termitinae is highly uncertain.  
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9.6.  Cubitermitinae  

Cubitermitinae are exclusively true soil -feeders endemic to  Sub-Saharan 

Africa and encompassing over 150 species categorized into 26 genera (Krishna 

et al. 2013) . They form a monophyletic clade within Termitinae and diverged 

approximate ly 25 -30Mya ago (Bourguignon et al. et al. 2019) . 

labrum and typical workers with distinct diverticulum on P3 hindgut segment 

(Fig.32). They prosper in both, arid savannahs and rain forest, and their 

-  

They dominate  the soils of Congo basin  with surprisingly high population  

and species of genus Cubitermes are some of the most studied soil -feeding 

Termitidae. The focus on this group may be due to their high abundance and 

conspicuous mounds, compared to the  belowground nests of  soldierless 

soil-feeders. The ecological effects of Cubitermitinae are mainly seen in the 

old-growth lowland forests of Africa where the ir abundance and biomass reach 

maximum. They have been shown to increase pH in acidic soils, as well as the 

content of organic carbon and water. . 
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9.7.  Termitinae  

Phylogeny of subfamily Termitinae is one of the most debated topi cs 

among termitologists. The group is surely paraphyletic as the monophyletic 

subfamilies Syntermitinae, Nasutitermitinae and Cubitermitinae are nested 

within , so the taxonomy  definitely  deserves revision. But first, reliable cladistic 

analyses based on multi -omics approach must be conducted, as the latest 

results still differ considerably  (Bourguignon et al. et al. 

2019) . However, the subfamily  comprise of more than 630 species in 61genera 

and the morphological variability of soldiers is the greatest among termites , so 

there is no wonder they were found paraphyletic  (Deligne et al. 1981; Krishna 

et al. 2013) . 

 Although the common ancestor of Termitinae was probably soil -feeder, 

the swap to wood -feeding is quite common within the subfamily.  As a perfect 

example may serve Microcerotermes  or Amitermes , which are clearly unrelated 

genera feeding on sound wood and having cosmotropical distribution 

(Bourguignon et al. et al. 2019; Krishna et al. 2013) . 

Interestingly, it may be due to soldier caste morphological diversity and 

incredible variability of defensive strategies  that all the 61 genera were put in 

one paraphyletic group. It is a strange coincidence that the soldiers of 

Termitinae usually have long and slender mandibles, which tend to evolution of 

snapping mandibles. Snapping mandibles allow to  accumulate elastic energy, 

that can be release when triggered in. Moreover, compared to other types of 

mandibles, the snapping can be done repeatedly in seconds. It may be so 

powerful, that the opponent is smashed or thrown away. Snapping mandibles 

may be either symmetrical or asymmetrical with slightly different defensive 

capabilities . While the snapping of symmetrical 

mandibles provides a hit by both to the sides, asymmetrical snapping mandibles 

deliver a forward blow from the left mandible only , but it is the fastest 

movement in animal kingdom (unpublished data).  

The evolution of Term itinae defensive strategies reached obscure 

mechanisms, where e.g. termite soldier can snap and cut within a single 

movement (Fig.34), or the defenders use explosive bac kpacks on the basis of 

fusion exothermic reaction  (Fig.35) et al. 2012, 2014) . 
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Aims of the thesis  

¶ Bring new insights in the evolution of termites with unresolved phylogeny.  

 

¶ Search for patterns in co -evolution of termites with gut microbes.  

 

¶ Test whether there are environmental microbes associated to termite 

activities and dig estion.  

 

¶ Describe the externally associated microbial communities.  
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Publications  

The following pages introduce my research in already accepted and 

published scientific publications  research articles. The first publication  of the 

list  brings the annotat ed full mitochondrial genome of Cryptotermes havilandi 

Sjöstedt, 1900 (Kalotermitidae) and so it contribute to resolving phylogeny of 

Kalotermitidae, as recently this family showed up as unexpectedly tangled  

riddle in termite taxonomy  (Cintulová 2018) . Although in general the phylogeny 

of termites might seemed resolved (Bourguignon et al. et al. 

2019)  the detailed look into the termite families discover several unresolved 

nodes and taxonomical questions. Thus , my article bringing the whole  

annotated  mitochondrial genome is an important shard for reliable 

Kalotermitidae phylogen y. 

Apart of  the increased pressure for highly accurate phylogenetic topology 

of Kalotermitidae , also the evolutionary history of subfamily Apicotermitinae 

provides hidden knowledge to be investigated.  Therefore, I joined research 

activities searching for t he relevant dated phylogeny of these interesting soil -

feeding termites, as it is presented in the second article.    

The third  publication focus on metagenome -assembled genomes (MAG) of 

fied 

bacterial clades specific to termites. T he evolution of termite gut symbionts is 

. This paper is an 

important con tribution to future  analyses of termite or other s insect gut  

The fourth and fifth  articles focus on non-random relationships of termites 

with environmental microbes, fungi and bacteria, respectively. Symbiosis of 

termites with external microbes is known f or a long tim e as termites of 

subfamily Macrotermitinae create fungi gardens inside their nests and they 

actively grow fungus Termitomyces which is specific to termite nests (Krishna 

et al. 2013; Mossebo et al. 2017; Rouland -Lefèvre 2000) . For a long time,  other 

termite relationship with environmental microbes was not known except for 

anecdotal mention of  Sphaerotermes sphaerothorax  creating bacterial gardens 

inside their nests  (Garnier-Sillam et al. 1989) . Therefore, it was motivating to 

search for more sy mbiotic relationships between termites and microbes  from 



Evolutionary Ecology of Termites   Publications 

75  

 

the environment . The search was successful as for  three species of neotropic 

termites Coptotermes testaceus , Heterotermes tenuis  and Nasutitermes 

octopilis  were discovered tight relationships with bo th, fungi and bacteria.  

List  of articles presented  in this thesis : 

1. Complete mitochondrial genome of the dry -wood termite Cryptotermes  

havilandi 

Authors:  Petr Stibl ik, Pierre Dieudonné  

Journal:  Mitochondrial DNA Part B  

Status:  Accepted manuscript  

 

2. Molecular phylogeny and historical biogeography of Apicotermitinae 

(Blattodea: Termitidae)  

Authors:  Johanna Romero Arias, Arthur Boom, Menglin Wang, Crystal 

Petr Stiblik , Thomas Bourguignon and 

Yves Roisin 

Status:  Submitted manuscript  

 

3. Phylogenomic analysis of 589 metagenome -assembled genomes 

encompassing all major prokaryotic lineages from the gut of higher 

termites  

Authors:  Vincent Hervé, Pengfei Liu, Carsten Dietrich, David Sillam-Dussès, 

Petr  Stiblik  

Journal: PeerJ 

Status:  Published 

DOI:  doi.org/10.7717/peerj.8614  

 

4. Termites host specific fungal communities that differ from those in their 

ambient environmen ts  

Authors : Petr Stiblik

Votýpková, Amrita Chakraborty, Iñaki Odriozola Larrañaga, David 

Sillam-Dussès, Nathan Lo, Thomas Bourguignon, Petr Baldrian , 

 and  

Journal:  Fungal Ecology 

Status:  Published 

DOI:  doi.org/10.1016/j.funeco.2020.100991  

 

5. Termites are associated with external species -specific bacterial 

communities  

Authors:  Petr Stiblik

Votýp ková, Amrita Chakraborty, Iñaki Odriozola Larrañaga, David 

Sillam-Dussès, Nathan Lo, Thomas Bourguignon, Petr Baldrian , 

 and  

Journal:  Applied and Environmental Microbiology  

Status:  Accepted manuscript  

DOI:  doi.org/10.1128/AEM.02042 -20  

https://doi.org/10.7717/peerj.8614
https://doi.org/10.1016/j.funeco.2020.100991
https://doi.org/10.1128/AEM.02042-20
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1. Complete mitochondrial genome of the dry -wood termite 

Cryptotermes havilandi  
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2. Molecular phylogeny and historical biogeography of 

Apicotermitinae (Blattodea: Termitidae)  
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3. Phylogenomic analysis of 589 metagenome -assembled 

genomes encompassing all major prokaryotic lineages from 

the gut of higher termites  
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