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In termite guts

Symbiotic digestion of lighocellulose

Andreas Brune

Termites are found on all continents, except Antarctica,
but are most abundant in the tropics and subtropics.
They are small insects, but the combination of their
sociality with their ability to efficiently digest lignocel-
lulose led to a tremendous evolutionary success. Today,
termites contribute up to 95% of the insect biomass in
tropical soils, and in the African savannah, their biomass
densities can surpass that of grazing mammals"% Almost
3,000 termite species have been described but, con-
trary to common belief, relatively few pose a danger to
wooden structures. Nevertheless, their economic impact
in the United States alone amounts to billions of US$ per
year?®, and termite damage in tropical agriculture is con-
siderable®. However, in general, termite activity increases
soil fertility and crop yield*® and makes important con-
tributions to ecosystem processes, particularly in arid
climates’; these are beneficial effects that are difficult to
express on a monetary basis.

All termites feed on lignocellulose, which is the
principal cell wall component of woody plants, and it is
consumed either in the form of sound wood or in dif-
ferent stages of decomposition?®. The intimate complex
of cellulose, hemicelluloses and lignin is highly recalci-
trant to enzymatic attack, and rapid mineralization of
lignocellulose by termites contrasts with its slow and
often incomplete breakdown in soil. With the removal
of 74-99% of the cellulose and 65-87% of the hemicel-
lulose components, the digestion of wood by termites
is far more efficient than that of the less lignified forage
grasses by ruminants'’.

In the nineteenth century, the American naturalist
Joseph Leidy suspected that the ability of termites to

Abstract | Their ability to degrade lignocellulose gives termites an important place in the
carbon cycle. This ability relies on their partnership with a diverse community of bacterial,
archaeal and eukaryotic gut symbionts, which break down the plant fibre and ferment the
products to acetate and variable amounts of methane, with hydrogen as a central
intermediate. In addition, termites rely on the biosynthetic capacities of their gut microbiota
as a nutritional resource. The mineralization of humus components in the guts of soil-feeding
species also contributes to nitrogen cycling in tropical soils. Lastly, the high efficiency of their
minute intestinal bioreactors makes termites promising models for the industrial conversion
of lignocellulose into microbial products and the production of biofuels.

thrive on a diet of wood was related to the conspicuous
presence of ‘parasites’ in their hindgut paunch and con-
cluded that ‘the infestation ... is so habitual and constant
that it appears to be their normal condition’ (REF. 10).
We now know that the ‘parasites’ are in fact mutualis-
tic symbionts that make essential contributions to the
digestive process and that comprise representatives from
all three domains of life!'. Whereas bacteria and archaea
are present in all termites, cellulolytic flagellates occur
exclusively in the evolutionarily basal lineages, which are
referred to as ‘lower termites’ (BOX 1).

Even 130 years after Leidy’s observations, the sub-
ject has not lost its fascination. In this Review, I mostly
cover the work of the past decade, which has greatly
illuminated the role of the termite gut microbiota in
symbiotic digestion. After outlining the different diges-
tive strategies of the major termite lineages, I explain
how termites efficiently break down lignocellulose by
combining their own mechanical and enzymatic con-
tributions with the catalytic capacities of their respec-
tive microbial partners. Focusing on the prokaryotic
symbionts, I describe the diversity of microorganisms
in the hindgut bioreactor and the functions of the major
microbial populations, which not only contribute to the
hydrolysis and subsequent fermentation of plant fibre
but which also compensate for the severe nutritional
deficits of the lignocellulosic diet.

Digestive strategies

Whereas the foregut and midgut of termites are relatively
small, the hindgut is always enlarged, forming a paunch
that houses the bulk of the symbionts (FIC. 1). However,
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Box 1 | Termite gut flagellates

All lower termites harbour flagellate protists that fill up the bulk of the hindgut paunch.
Their origin is obscure, but it is generally assumed that a common ancestor of termites
and their sister group (which are cockroaches of the family Cryptocercidae) acquired an
ancestral set of these protists, which then evolved together with their termite host.
Despite occasional losses of flagellates and their horizontal transfer among members of
different termite families, the flagellate assemblages are shaped by co-speciation and
are characteristic for each termite species!>23134,

The flagellate assemblages can be simple (three species in Coptotermes formosanus)
or quite complex (19 species in Hodotermopsis japonica), and each species seems to
have a specific role in digestion. The large (see the figure, part a) and medium-sized
(part b) flagellates are cellulolytic and xylanolytic, whereas many smaller species (part c)
do not ingest wood but probably take up soluble substrates from the hindgut fluid*?**.
It is assumed that cellulases from glycoside hydrolase family 7 (GHF7) were present in
flagellates before they became associated with termites, whereas enzymes from other
GHFs may have been acquired by lateral gene transfer from other termite gut
microbiota, either at ancestral (for example, GHF5) or more recent stages (for example,
GHF10 or GHF11) of the symbiosis*3°.

Termite gut flagellates belong to two eukaryotic phyla— the Parabasalia and the
Preaxostyla (order Oxymonadida)®®. Parabasalid flagellates (parts a—c) comprise several
lineages that convergently evolved to have huge cells with multiple flagella®**. They are
often gigantic in size and highly mobile in the viscous gut environment, which prevents
washout and helps them to compete for wood particles that are phagocytized as they
pass through the enteric valve. The presence of hydrogenosomes suggests that
hydrogen is a typical fermentation product of all parabasalid species. Oxymonadid
flagellates lack hydrogenosomes. They are either highly motile or attached to the inside
of the hindgut wall'’'?* (part d). Many of the larger species contain wood particles, but
their cellulolytic or hemicellulolytic capacities remain to be studied.

The illustrations show parabasalid flagellates of the genera Trichonympha (part a),
Calonympha (part b) and Tricercomitus (part c), and an oxymonadid flagellate of the
genus Pyrsonympha (part d).

50 um
the major termite lineages differ substantially in the
nature of their diet, their primary cellulolytic partners
and the microbial communities that colonize the differ-
Hydrogenosomes ent compartments of their digestive tracts.
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work of Cleveland in the early 1920s' showed the obli-
gate nature of this symbiosis. If termites are ‘cured’ of
these anaerobic protists either by starvation or by treat-
ment with hyperbaric oxygen (which are procedures that
render the entire hindgut paunch oxic)", they continue
to feed on wood but die of starvation within a few weeks.
However, they remain viable if they are switched to a
starch diet or re-inoculated with gut flagellates during
contact with untreated nestmates. More than two dec-
ades later, Hungate’s equally inspiring experiments clari-
fied that the flagellates are responsible not only for the
hydrolysis of cellulose but also for the generation of the
bulk of the fermentation products that are eventually
resorbed by the host'.

The most characteristic members of the bacterial
microbiota are spirochaetes (phylum Spirochaetes)
(FIC. 2), owing to their high abundance and eye-catch-
ing morphology and motility. They seem to be almost
completely absent from omnivorous cockroaches but
form by far the largest group of the microbiota — in
both abundance and species richness — in the hindgut
of most wood-feeding termites, where they can make
up as much as one-half of all prokaryotes'. Although
associations with flagellates are not uncommon, most
spirochaetes are free in the hindgut fluid. Their high
mobility in viscous media might enable them to main-
tain a favourable position in this dynamic environment,
and the high surface-to-volume ratio of their cells may
function to overcome the diffusion limitation of their
metabolic rates, contributing to their success in this
habitat'.

Many of the smaller bacteria and archaea are asso-
ciated with the hindgut cuticle or colonize filamentous
microorganisms that are themselves attached to the
hindgut wall**-'". However, the most prominent habi-
tats for bacteria and archaea in lower termites are the
cytoplasm and external surface of the flagellates's*". The
endosymbionts of the larger flagellates often make up a
substantial fraction of the bacterial community in the
hindgut, as illustrated by a large proportion of Elusimi-
crobia (specifically, Candidatus Endomicrobium)*-* in
Reticulitermes spp. and the clear dominance of Bacteroi-
detes (specifically, Candidatus Azobacteroides)** over
Spirochaetes in Coptotermes spp. (FIC. 2).

Dietary diversification in higher termites. Sometime
in the Eocene period (~60 million years ago), the com-
plete loss of flagellates in all higher termites meant that
new strategies for cellulose digestion were required'.
The ensuing dietary diversification was an enormous
success, both from an evolutionary and an ecological
perspective. Today, higher termites represent >80% of
all termite species and comprise a variety of different
feeding guilds. Whereas the evolutionary lower termites
are generally restricted to wood, higher termites (fam-

ily Termitidae) have greatly enlarged the scope of their
diet, which includes dry grass or other plant litter and
herbivore dung or organic matter in advanced stages
of humification®®. Substantial changes in the compo-
sition of the gut microbiota suggest that it gained new
functions in the digestive process (FIC. 2).

The hydrogen-producing
organelles of many anaerobic
protists; they share a common
origin with mitochondria but
only generate ATP by
substrate-level
phosphorylation.

Lower termites — a tripartite symbiosis. The hallmark of
termite evolution was the acquisition of cellulolytic gut
flagellates during the Late Jurassic period (~150 million
years ago), which gave a presumably omnivorous, ances-
tral cockroach the capacity to digest wood' The seminal
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Figure 1| The dual-cellulolytic systems of termites. Lignocellulose digestion in termites involves activities of both
the host and its gut microbiota; it is best investigated in lower termites**'*. In the foregut, the wood particles that are
produced by the mandibles are mixed with enzymes of the salivary glands and further comminuted by the muscular
gizzard. Any glucose that is released in the midgut is resorbed via the epithelium, whereas the partially digested wood
particles pass through the enteric valve into the voluminous hindgut paunch. They are immediately phagocytized by
cellulolytic flagellates, which hydrolyse the remaining polysaccharides using powerful cellulases and hemicellulases that
are secreted into their digestive vacuoles. The microbial fermentation products (which are mainly short-chain fatty acids)
are resorbed by the host, and the lignin-rich residues are voided as faeces. In higher termites, hindgut bacteria apparently

took over the role of the flagellates in cellulose degradation.

The earliest innovation was symbiosis with a basidio-
mycete fungus, Termitomyces spp., which is cultivated
on lignocellulosic biomass inside the nest®. Such fungus
gardens are exclusively found in members of the sub-
family Macrotermitinae, which is a relatively small (in
terms of species diversity) but highly abundant group.
The foraging workers collect plant litter that is only
incompletely digested but that is mixed with fungal
spores during a first gut passage. The lignocellulose-rich
faeces are deposited onto the fungus gardens, which are
groomed by their nestmates. The gardens provide their
keepers with both fungal biomass and preprocessed plant
fibre, which is completely digested during a second gut
passage. The specific roles of termite, fungus and intes-
tinal microbiota in the digestive process are not clear.
The bacterial communities in Macrotermes spp. and
Odontotermes spp. are dominated by the Bacteroidetes
and Firmicutes and thereby deviate substantially from the
communities of wood-feeding higher termites®”* (FIG. 2),
which probably results from their preprocessed and
fungus-rich diet®. Analysis of the microbial processes in
the gut of fungus-cultivating termites is complicated by
large differences in the composition of ingested mate-
rial not only between termite species but also among
the worker castes?®*’, which might affect the density and
community structure of the bacterial microbiota??".

In all other subfamilies of higher termites, symbiotic
digestion is independent of fungal symbionts. In this
case, dietary diversification was accompanied by exten-
sive anatomical modifications®. Whereas Macrotermi-
tinae still have the simple gut structure of lower termites,
which only have a single paunch, the more derived line-
ages show further elongation and compartmentation of
the hindgut and an increased alkalinity in its anterior
compartments (FIG. 3). In representatives of both Nasuti-
termitinae and Termitinae that have cellulose-rich diets,
the hindgut is abundantly colonized by spirochaetes and
members of the Fibrobacteres and the related candidate
phylum TG3 (REFS 32-34). However, in the dung-feeding
and humus-feeding lineages of Termitinae, which have
adopted a more nitrogen-rich diet, their abundance
decreases in favour of firmicutes*~¥, which suggests that
both host phylogeny and diet can be important deter-
minants of bacterial community structure in termite
guts.

At least three subfamilies of higher termites have
evolved to be true soil feeders that thrive exclusively on
the humic substances of mineral soil®. It had long been
assumed that they either hydrolyse residual polysac-
charides or degrade polyphenolic components of soil
organic matter. However, in feeding trials using radio-
labelled model compounds, Cubitermes spp. did not
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Figure 2 | Diversity of the bacterial microbiota in termite guts. Phylum-level
classification of bacterial 16S rRNA genes in the hindgut of selected termites from
different feeding groups and a closely related omnivorous cockroach (Shelfordella
lateralis'*, Reticulitermes speratus®!, Coptotermes formosanus***, Macrotermes gilvus®,
Nasutitermes takasagoensis*, and Termes comis*). The communities are very diverse and
comprise hundreds of different phylotypes, which comprise many lineages of mostly
uncultivated bacteria that exclusively occur in this habitat'®. Recent deep-sequencing
efforts indicate that the diversity is even higher than initially thought*"’3. Spirochaetes
(phylum Spirochaetes) are absent in cockroaches (part a) but are a characteristic element
of the termite gut microbiota in most wood-feeding termites. A notable exception is

C. formosanus, in which the bacterial community is dominated by Bacteroidetes that
colonize the cytoplasm of its largest gut flagellate?. Although the bacterial gut microbiota
of lower termite species (part b) is shaped by the specific symbionts of their gut flagellates,
the differences among higher termites (part c) may reflect functional adaptations of the
community to different diets. The bacterial community in the gut of fungus-feeding
termites is most similar to that of omnivorous cockroaches, whereas wood-feeding
species harbour large proportions of Fibrobacteres and members of the TG3 phylum,
and humus-feeding species are characterized by an abundance of Firmicutes.

mineralize polyphenols but efficiently digested peptidic

Endoglucanases

Cellulases that randomly
hydrolyse p-1,4-glycosidic
bonds within the amorphous
regions of cellulose. This
generates additional chain
ends, which increases the
activity of exoglucanasesin a
synergistic manner.

B-glucosidases

Enzymes that hydrolyse
cellobiose and the oligomeric
degradation products of
cellulose (such as cellotriose
and cellotetraose).

or other nitrogenous residues of humic substances (such
as chitin and peptidoglycan)*®*, which are derived from
microbial biomass but which are generally protected
from degradation by covalent linkage to polyphenols
and an intimate association with clay minerals**!. The
ability to mobilize such recalcitrant humus constituents
is accompanied by an even more pronounced elonga-
tion and extreme alkalization (to >pH 12) of the anterior
hindgut®.

Lignocellulose degradation

The glycosidic bonds of the cellulose microfibrils are only
accessible to cellulases from the chain ends or in the less-
ordered, amorphous regions. A network of hemicelluloses
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that connects the microfibrils hinders access of the
enzymes to the crystalline core. The recalcitrance of plant
fibres to degradation is further increased by lignifica-
tion, in which the interfibrillar space is filled with a non-
hydrolysable phenolic resin that is formed by free-radical
polymerization of phenylpropanoid precursors®*. As a
consequence, lignocellulose digestion requires not only
efficient cellulases and a wide range of other glycoside
hydrolases that break down the associated cell wall com-
ponents but also a mechanism that overcomes the barrier
that is imposed by the lignin matrix. In termites, this is
accomplished by a dual system that combines activities of
both the host and its intestinal symbionts (FIC. 1).

Host activities in foregut and midgut. Leidy recognized
the termite as “a powerful mill that reduces the ligneous
food to a pulpy condition, adapted to the more delicate
constitution of its occupants” (REF. 10). Comminution
of the ingested wood to small fragments (of 10-20 pm
in diameter) by the mandibles and the gizzard is a pre-
requisite for phagocytosis by the gut flagellates, and the
enlarged surface area increases the efficiency of enzymatic
digestion®*. The hydrolysis of cellulose is initiated by
endoglucanases that are secreted by the salivary glands (in
lower termites) or the midgut epithelium (in higher ter-
mites)*>*. The high enzyme concentrations in the midgut
enable the rapid breakdown of the amorphous regions
of the cellulose fibres that are exposed by the grind-
ing process, and the synergistic action of p-glucosidases
prevents product inhibition by cleaving the resulting
oligosaccharides to glucose®*. It is now firmly estab-
lished that endoglucanases of glycoside hydrolase family
(GHF) 9 were present in insects long before termites
developed their wood-feeding habit*’, which puts an
end to the long-lasting dogma that cellulase activities in
animals are always contributed by microbial symbionts.

Symbiont activities in the hindgut. Hungate observed
in the 1940s that the digestion of sawdust by fore-
gut and midgut extracts of lower termites (such as
Zootermopsis spp.) was incomplete, and only the cel-
lulose component was partially degraded. However,
hindgut extracts also attacked the hemicelluloses and
completely hydrolysed even crystalline cellulose’. This
is accomplished by the dense assemblage of flagellates
that are housed in the hindgut, which have diverse sets
of powerful glycoside hydrolases in their digestive vacu-
oles. The flagellates of lower termites and Cryptocercus
punctulatus have been shown to produce not only
cellobiohydrolases (which are exoglucanases), endoglu-
canases and p-glucosidases from various GHFs but also
numerous other glycoside hydrolases that are required
for hemicellulose digestion (such as xylanases, arabino-
sidases, mannosidases and arabinofuranosidases).
Although representative enzymes have been purified and
their genes have been heterologously expressed, most of
these enzymes have been identified by metatranscriptome
analysis of the hindgut contents'2*#,

The bacterial microbiota of lower termites seems to
have no major role in fibre digestion. This is plausible as
all wood particles that enter the hindgut are immediately
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Figure 3| Increasing gut compartmentation in higher termites. The guts of lower termites are relatively short and
resemble those of cockroaches and fungus-cultivating higher termites (such as Macrotermitinae) in both morphology® and
physicochemical conditions®!*. In other higher termites, the hindgut is longer and more compartmentalized. The pH
sharply increases in the mixed segment (which is an anatomical innovation of these lineages)®. Alkalinity in the anterior
hindgut of soil feeders matches the highest values that have been reported for biological systems*. The dilated
compartments are always anoxic and accumulate hydrogen (with exceptions’#!?%). Oxygen and hydrogen partial
pressures (P), intestinal pH and apparent redox potential (E,) were measured using microsensors along the central axis of
agarose-embedded guts in Reticulitermes flavipes®, Nasutitermes corniger’® and Cubitermes spp.****’. The arrowhead
indicates the position of the enteric valve (P2). C, crop; M, midgut; ms, mixed segment; P1-P5, proctodeal segments.

sequestered into the food vacuoles of the flagellates.
Although free wood particles are abundant in the flagel-
late-free hindgut of wood-feeding higher termites, older
work reported only low cellulase activities in the hindgut
fluid. This apparent contradiction was resolved by more
recent work on several Nasutitermes spp., which discov-
ered substantial cellulase activities targeting crystalline
cellulose in the particulate fraction of the hindgut con-
tent*; these activities remained undetected when only
the clarified supernatant was tested.

The presence of cellulolytic bacteria in the hind-
gut paunch of Nasutitermes spp. was substantiated by
metagenomic analyses of the paunch contents, which
identified many genes encoding glycoside hydrolases
that are relevant to the degradation of plant fibre**¥.
Many putative cellulases, xylanases and other glycoside
hydrolases were tentatively assigned to Fibrobacteres,
which, although also present in other termite lineages,
are most abundant in wood-feeding higher termites®>*.

A major role of Fibrobacteres in cellulose degradation
in the hindgut of Nasutitermes spp. is supported by the
identification of numerous homologues of Fibrobacter
succinogenes genes in the metagenomes, encoding
proteins putatively involved in binding to cellulose***’.
E succinogenes is one of the most important bacteria
in the rumen, but lacks both soluble cellulases and

the scaffoldin proteins and dockerin domains typical
of clostridial cellulosomes. This is consistent with the
absence of the corresponding genes in the metagen-
omes and the relatively low recovery of endoglucanases
in the metaproteomic analyses of the hindgut fluid of
Nasutitermes spp.>**.

The situation differs fundamentally in the dung-
teeding Amitermes wheeleri, in which the gut micro-
biota contains few Fibrobacteres and is dominated by
Clostridiales¥. Metagenomic analysis of the hindgut
contents identified cohesin and dockerin genes that were
most similar to components of clostridial cellulosomes®.
The near total absence of such genes in the metagenomes
of Nasutitermes spp. hindguts highlights the funda-
mental differences between these termites with respect
to their cellulolytic partners. In the fungus-cultivating
Odontotermes yunnanensis, in which the gut microbiota
is dominated by Bacteroidetes, cellulases and hemicel-
lulases seem to be strongly underrepresented. Instead,
metagenomic analysis showed that there was an abun-
dance of debranching and oligosaccharide-degrading
enzymes and an overrepresentation of genes with func-
tions involved in the digestion of fungal cell walls and the
metabolism of monoaromatic compounds®, which cor-
roborates the important role of the fungal partner in the
preprocessing of lignocellulose in the fungus garden®.
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Fenton reactions
Iron-mediated reactions in
which hydroxyl radicals are
formed (Fe?* + H,0, —
Fe**+ HO. + HO). These
non-selectively oxidize many
organic compounds.

Advantage of a dual-cellulolytic system. The relative
contributions of the two consecutive systems to cellulose
digestion vary between termite species*. An abundance
of wood particles in the hindgut indicates that fibre
digestion by host enzymes is always far from complete.
This is most probably due to the absence of cellobio-
hydrolases and hemicellulolytic activities and the short
residence time of the digesta (<30 min) in the tubular
midgut. The complete breakdown of the wood particles
by the more potent cellulose-digesting and hemicellu-
lose-digesting enzymes of the gut flagellates (or bacte-
rial symbionts in higher termites) is facilitated by the
increased residence time of the digesta in the volumi-
nous hindgut, which is further extended by the segrega-
tion of wood particles into the digestive vacuoles of the
gut flagellates' (and, presumably, by sorting processes at
the enteric valve in higher termites®).

The maintenance of this dual strategy over a long
evolutionary time indicates that both systems fulfil
essential functions. It has been suggested that a resorp-
tion of glucose in the midgut is necessitated by the
inability of termites to use the products of their hind-
gut microbiota (mainly acetate) for gluconeogenesis®'.
Conversely, the inevitable energy loss that is caused by
the microbial fermentations might be more than bal-
anced by the nutritional value of their microbial biomass
(see below).

Overcoming the lignin barrier. Whereas Macrotermitinae
benefit from the lignin-degrading capacity of their fun-
gal partner, all other termites must overcome the lignin
barrier during gut passage. The possibility of discovering
new principles of lignin degradation in termite guts has
stimulated research for several decades'; however, the
subject remains controversial, not least because of many
methodological pitfalls. Older reports claiming that
there is a substantial decrease in lignin content between
ingested wood and faeces must be regarded with cau-
tion'. Also, more recent studies found that there were
only small differences in the mass of lignin or its spec-
troscopic properties® >, and the lack of convincing evi-
dence for a substantial degradation of core lignin during
gut passage is consistent with the fact that lignin is the
major constituent of the faeces of wood-feeding termites.

However, the question of whether lignin is efficiently
degraded does not touch the heart of the matter. Any
structural modifications that improve the accessibility
of polysaccharides to glycoside hydrolases will increase
the efficiency of digestion. Several studies have reported
modifications to both aromatic ring substituents and
side chains of lignin during gut passage in lower™-*
and higher termites”, whereas the linkages between
the aromatic units were found to be conserved and the
original aromatic properties retained*>*>*. It is possible
that such modifications are caused by endogenous enzymes,
such as the phenol-oxidizing laccases that are secreted
by the salivary glands of Reticulitermes flavipes®*.
Carboxyl esterases that are expressed in the midgut
might increase the digestibility of plant fibre by cleav-
ing the linkages that ‘pointweld’ the lignin matrix to the
hemicellulose chains®".
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Furthermore, non-enzymatic processes might help
to unlock the crosslinks between the fibre fraction and
lignin. Lignocellulose degradation by brown-rot fungi
involves Fenton reactions that chemically oxidize lignin
and depolymerize cellulose — a strategy so powerful
that the fungus requires neither exoglucanases nor endo-
glucanases that have cellulose-binding domains®. In
termites, such an iron-mediated production of hydroxyl
radicals would be feasible in the slightly acidic foregut,
which contains substantial concentrations of reac-
tive (that is, ferrous) iron®-. By contrast, the strongly
increased pH in the anterior hindgut of many higher
termites should promote autoxidative processes, which
have been shown to cleave lignin-carbohydrate com-
plexes during alkaline pulping and might also be respon-
sible for modifications of humic acids in the extremely
alkaline gut compartments of soil feeders®<.

Finally, it cannot be ignored that mechanical grinding
by the mandibles and the gizzard increases the digest-
ibility of lignocellulose®. Ball-milling of wood to a fine
powder cleaves aryl ether linkages, particularly the com-
mon B-O-4 structures, and liberates phenolic hydroxyl
groups®%, which leads to a substantial decrease in the
molecular weight of lignin and facilitates enzymatic
digestion®.

The hindgut microbial bioreactor

The introduction of microsensors in termite gut research
fundamentally changed the concept of the hindgut bio-
reactor’’. Termite hindguts are not simple anoxic fer-
menters that are analogous to the mammalian rumen
but are structured microenvironments that fundamen-
tally differ in the prevailing physicochemical conditions
and the microbial processes that they accommodate
(FIG. 4).

Fermentative processes. The microbiota converts wood
fibres to short-chain fatty acids, which accumulate in
the hindgut fluid and are eventually resorbed by the
host. In the lower termites, the bulk of the fermenta-
tion products is attributed to the flagellates. The few
termite gut flagellates that are studied in axenic culture
convert cellulose to acetate, H, and CO2 (REFS 11,14). Itis
not known whether the same products are formed by all
parabasalid species (particularly those that ferment the
pentose units of hemicelluloses), and the metabolism of
the oxymonadid flagellates is entirely unclear.

The flagellates are probably also responsible for the
production of lactate, which accounts for 10% of the res-
piratory electron flow”"”2. It does not accumulate but is
rapidly converted to acetate by bacteria that are located
in the gut periphery in an oxygen-dependent process.
Furthermore, formate is formed in the hindgut of many
termite species. Depending on the termite species, it
either accumulates, is oxidized to CO2 or is reduced to
acetate, presumably by homoacetogenic bacteria”™”2.
Little is known about the fermentation processes in the
flagellate-free higher termites. The products that are
detected in their gut fluid are essentially the same as
in lower termites® "7, and all species that have been
investigated emit at least some hydrogen”".
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Figure 4 | Major microbial processes in the hindgut

of lower termites. The fermentation of wood
polysaccharides by the gut flagellates yields acetate and
other short-chain fatty acids, which are resorbed by the
host. Hydrogen is an important intermediate that drives
the reduction of CO,, which yields additional acetate (via
homoacetogenesis) and some methane'. Although H,
may strongly accumulate at the gut centre, most of it is
consumed before it can escape from the gut'*’% The high
surface-to-volume ratio of the microlitre-sized hindgut
compartment causes an enormous influx of oxygen across
the gut wall. Its efficient removal by the gut microbiota
within fractions of a millimetre results in steep gradients in
the hindgut periphery'’°. Oxygen is consumed by both
microaerobic and anaerobic bacteria and methanogenic
archaea that use acetate, lactate or hydrogen as the
electron donor’!72100104,

Hydrogen is a key metabolite and strongly accumu-
lates in the hindgut paunches of most lower termites'>”
and of all higher termites®>”>”* that have been investi-
gated so far. Hydrogen turnover in lower termites is
up to threefold higher than in the rumen (per volume
unit)”, but its production and consumption by the gut
microbiota are typically closely coupled. The hydrogen
emission rates of termites rarely exceed those of meth-
ane production”™. A notable exception is Coptotermes
formosanus, in which a substantial fraction of the hydro-
gen that is formed in the primary fermentations (0.75 H,
per glucose unit) was found to escape from the gut™.

Reductive acetogenesis. Reductive acetogenesis from H,
and CO, is the major hydrogen sink in wood-feeding
termites™'*. In situ rates in lower termites account for
about 25% of the respiratory electron flow’”2. There
is substantial evidence that the process is catalysed by
spirochaetes. Termite gut spirochaetes are represented
by two immensely diverse but monophyletic clades
in the genus Treponema’’®. Treponema primitia, which
was the first spirochaete to be isolated from termite
guts, was also the first homoacetogenic member of
the phylum to be identified”-*!. Formyltetrahydrofolate
synthase (FTHFS) and other marker genes for the
Wood-Ljungdahl pathway of T. primitia cluster with
many homologues obtained from the guts of both lower
termites*** and higher termites***’. In addition, hom-
ologues of [FeFe]-hydrogenases, which are widely dis-
tributed in both lower and higher termites, have been
assigned to spirochaetes™5%%

Spirochaetes are mostly absent in omnivorous cock-
roaches, in which firmicutes seem to catalyse reductive
acetogenesis®, and might have lost their importance
in reductive acetogenesis in the humivorous lineages
of higher termites®*”. Termite gut spirochaetes prob-
ably also have a role in primary fermentations. Non-
homoacetogenic Treponema spp. that were isolated from
lower termites have the capacity to use cellobiose®*’!.
In the hindgut metagenomes of Nasutitermes spp. and
Amitermes spp., an abundance of glycoside hydrolases
that putatively target oligosaccharides has been assigned
to spirochaetes®?, which indicates that they have an
important role in processing the oligomeric products of
fibre digestion.

Methanogenesis. Although the density of bacteria in
termite guts typically exceeds that of archaea by almost
two orders of magnitude, most termites emit substan-
tial amounts of methane'*2. All methanogens that have
been isolated from termite guts belong to the genus
Methanobrevibacter (order Methanobacteriales)!>%,
Lower termites seem to be almost exclusively colonized
by members of this genus, which are either attached to
the gut wall or associated with flagellates'®"”. The meth-
anogenic communities in higher termites are much
more diverse and include hitherto uncultured members
of the orders Methanomicrobiales, Methanosarcinales
and the recently discovered Methanoplasmatales's**%.
The increased diversity may be related to the availabil-
ity of additional methanogenic substrates. Although all
Methanobrevibacter species that have been isolated from
termites have a hydrogenotrophic metabolism and grow
only poorly (if at all) on formate, methanogenesis in
Cubitermes spp. is strongly stimulated by formate”, and
enrichment cultures of Methanoplasmatales obligately
require methanol®. Aceticlastic methanogens seem to
be absent from the termite gut'*~

Although methanogens typically out-compete homo-
acetogens for hydrogen for thermodynamic reasons,
reductive acetogenesis predominates over methanogen-
esis in most wood-feeding termites. The explanation for
this phenomenon seems to lie in the spatial organiza-
tion of the responsible populations'**2. Although the
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homoacetogens (that is, highly motile spirochaetes) are
able to colonize the hydrogen-rich lumen, the metha-
nogens are typically attached to the hindgut wall, which
places them downstream in the hydrogen gradient and
precludes direct competition with the homoacetogens. It
is not clear why methanogens replace homoacetogens as
the major hydrogen sink in most fungus-cultivating and
humivorous termites. Although methanogenesis is also
strongly limited by hydrogen in these species, a cross-
epithelial transfer of hydrogen and other methanogenic
substrates from the anterior to the posterior compart-
ments” may favour populations that are located in the
periphery of the gut.

The discovery of methanogenesis in termites by
Breznak in 1974 has triggered numerous studies con-
cerning its implications for the global greenhouse
budget'**2. Although the counter-gradients of methane
and oxygen in the periphery of the hindgut provide
seemingly ideal conditions for aerobic methane oxida-
tion, there is no evidence for the presence of methano-
trophic bacteria or their activities®. However, except for
mounds that have a well-developed ventilation system?”,
methane oxidation in the nest material or the surround-
ing soil may strongly mitigate the production of methane
by its inhabitants’. Current estimates attribute <3% of
the global methane source strength to termites, and large
uncertainties arise from unaccounted differences in the
emission rates among species, their regional biomass and
alack of scaling factors to correct for reoxidation within
the mounds®.

The oxygen status of termite guts. Owing to the high
surface-to-volume-ratio of the microlitre-sized hindgut
compartments, the influx of oxygen across the gut wall is
enormous”. Efficient consumption of oxygen by the gut
microbiota gives rise to steep oxygen gradients in the
periphery of the paunch, which maintains anoxia of
the luminal contents and poises the redox potential
at values low enough to enable methanogenesis and
reductive acetogenesis'’. The microbial communities
that colonize the hindgut wall of Reticulitermes spp.
differ from those in the lumen®*®. Microaerophiles,
such as Stenoxybacter acetivorans®'® and Diplosphaera
colotermitum'', are autochthonous members of the
termite gut microbiota. They possess high-affinity cbb.-
type terminal oxidases as specific adaptations to hypoxic
conditions and can contribute up to 5% of the acetate
oxidation rate of intact guts'®. Furthermore, higher
termites harbour bacterial lineages that have a clear
preference for this habitat™.

Anaerobic, fermenting bacteria that have been
isolated from termite guts reduce oxygen at astonish-
ingly high rates, which shifts their metabolism towards
increased acetate production'® — a phenomenon that
is also relevant in situ’'. Even notoriously oxygen-
sensitive methanogens and homoacetogens are capable
of hydrogen-dependent oxygen reduction'>'®®. The ability
of Methanobrevibacter species to remain metabolically
active as long as the oxygen flux does not exceed their
capacity for oxygen removal'® might be the metabolic
basis for their survival in the hindgut periphery®>. The
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flagellates, which are attached to the hindgut wall of
many termite species, might also substantially contribute
to oxygen reduction'®.

Lastly, the termite itself might also facilitate the colo-
nization of the hindgut periphery by a generally oxygen-
sensitive microbial community. Whereas many other
insects practice a regular, discontinuous gas exchange,
Zootermopsis nevadensis reportedly maintains a continu-
ous hypoxia in its tracheal system by partially opening
or closing its spiracles in response to environmental
changes'® — a behaviour that might function to prevent
strong temporal fluctuations of oxygen partial pressure
that would damage the more oxygen-sensitive among
the symbionts in the microbial biofilm attached to the
hindgut wall.

Microbial processes in humivorous species. The strong
mineralization of nitrogen in the gut of soil-feeding ter-
mites indicates that a large proportion of their substrates
is derived from peptides and other nitrogenous humus
components. It has been estimated that nitrogen-rich
humus constituents substantially contribute (20-40%) to
the dietary carbon that is oxidized by Cubitermes spp.'®,
which is consistent with the unusual nitrogen isotope
ratios of soil-feeding termites'””, the depletion of pep-
tides in soil organic matter during gut transit* and the
high ammonia concentrations in the posterior hindgut
(which are up to 130 mM)'%.

Decreasing fibre and increasing nitrogen contents dur-
ing the humification of lignocellulose are consistent with
an underrepresentation of functions in cellulose digestion
and nitrogen fixation in the hindgut metagenome of a
dung-feeding Amitermes sp. (relative to the wood-feeding
N. corniger)¥. Information on humivorous termites
is limited, but both Termes spp. (which are wood-soil
interface feeders) and Cubitermes spp. (which are true
soil feeders) harbour bacterial communities that funda-
mentally differ from those of other termites; they lack
many lineages that are typical of wood-feeding higher
termites and contain only a few spirochaetes®*. The
highly alkaline anterior gut regions are mostly colonized
by firmicutes, including several lineages of Clostridiales
that also occur in the alkaline gut compartment of wood
feeders®”, which indicates that both the physicochemi-
cal conditions and the availability of substrates affect
microbial community structure in termite guts.

Nitrate that is ingested by soil-feeding termites is
microbially reduced to both N, and ammonia'®. The
reoxidation of ammonia in the posterior hindgut of
Cubitermes spp. might stimulate nitrogen cycling, which
would explain the substantial N,O emissions of soil-feeding
termites'®. The hindgut of Cubitermes spp. is densely
colonized by several deep-branching lineages of Plancto-
mycetes'’, and the archaeal community comprises uncul-
tured crenarchaeotes'''; however, their involvement in the
oxidation of ammonia has not been studied. Nevertheless,
mounds of soil-feeding termites have been identified as
hot spots of N,O emission in the African savannah'?,
which highlights the fact that methanogenesis might
not be the only microbial process in termite guts that
substantially contributes to greenhouse-gas production.
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Figure 5| Nitrogen cycling in lower termites. The low nitrogen content and poor nutritional value of their wood diet
forced termites to develop an efficient system for conserving and upgrading dietary nitrogen. Whereas the lignin-rich
residues of wood digestion are voided as faeces, the nutrient-rich microbial biomass that is produced in the hindgut is
passed on to nestmates via proctodeal trophallaxis'. It is digested by salivary enzymes in the foregut and the midgut'*?
and amino acids and vitamins are resorbed by the host. The major waste product of nitrogen metabolism is uric acid™. It is
formed in the fat body and secreted into the hindgut via the Malpighian tubules, where it is rapidly mineralized by the gut
microbiota. The assimilation of ammonia into new microbial biomass completes the nitrogen cycle. Dinitrogen fixation by
hindgut bacteria introduces additional nitrogen into the system**. The bacterial symbionts of the flagellates seem to have

important roles in nitrogen fixation, the assimilation of ammonia and the synthesis of amino acids and vitamins

18,20

activities that benefit the host cell either directly (for endosymbionts) or after phagocytosis (for ectosymbionts).

The nutritional role of the gut microbiota

The termite gut microbiota not only makes essential
contributions to the digestion of plant fibre but also has
important roles in nutrition. Lignocellulose is notori-
ously low in nitrogen and contains only negligible
amounts of amino acids and vitamins. Gut bacteria
efficiently recycle the nitrogenous waste products of the
termite, assimilate ammonia into nutritionally valuable
microbial biomass and amend the nitrogen budget by
dinitrogen fixation'>**,

Recycling and upgrading of nitrogen. The major waste
product of nitrogen metabolism in most terrestrial
insects is uric acid. It is secreted into the hindgut via the
Malpighian tubules and typically voided with the faeces.
However, in termites, uricolytic hindgut bacteria convert
uric acid nitrogen to ammonia, which is subsequently
assimilated into microbial cells'"'. Since the enteric
valve prevents the reflux of hindgut contents to the
midgut, termites practice proctodeal trophallaxis to access
the nutritionally valuable microbial biomass, which is
digested by the enzymes that are produced by the sali-
vary glands and midgut'”. The resorption of amino acids
and vitamins by the midgut epithelium completes the
nitrogen cycle (FIC. 5).

The establishment of proctodeal trophallaxis in
the common ancestor of termites and wood-feeding
cockroaches (family Cryptocercidae) is considered to
have been a prerequisite for the evolution of symbiotic

digestion, as it ensures that freshly molted individuals are
consistently colonized with the same set of symbionts'2.
However, proctodeal trophallaxis also has an impor-
tant role in nutrition. This is highlighted by the fate of
Blattabacterium cuenoti, which is a fat-body endosymbi-
ont that is present in (and co-evolves with) all cockroach
lineages'2. It is essential for the development of cock-
roaches as it presumably recycles urea (but not uric acid),
assimilates ammonia and provides essential amino acids
to its host'*. However, B. cuenoti experienced a progres-
sive gene loss in its biosynthetic pathways in Cryptocercus
punctulatus and its sister group, which is the most
primitive termite Mastotermes darwiniensis''>""°, and
has entirely disappeared in all other termites. Its func-
tions were apparently no longer required after procto-
deal trophallaxis was established, which led to relaxed
selection and progressive genome erosion''.

Nitrogen fixation. The fixation of atmospheric N, in ter-
mite guts was independently discovered by Benemann
and Breznak in 1973 (REFS 11, 14). Its importance dif-
fers among termite lineages, but species that feed on
intact wood can acquire 30-60% of their nitrogen via
this pathway'*!”. Numerous strains of nitrogen-fixing
bacteria have been isolated from termite guts, but the
most important diazotrophs among the gut microbiota
remain uncultivated. The diversity of nifH genes in ter-
mite guts indicates that the capacity for nitrogen fixation
is present among Spirochaetes, Clostridia, Bacteroidetes
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Box 2 | Termites and biofuels

Although the industrial fermentation of sugar-rich and starch-rich crops to ethanol
is well established, the production of so-called second-generation biofuels from
agricultural wastes is still inefficient®. A better understanding of lignocellulose
digestion by termites may help to overcome challenges in the conversion of lignified
plant cell walls into soluble sugars.

Models for technical processes

The strategies that termites use for the breakdown of lignified plant cell walls resemble
technical processes much more closely than those found in other environments.
Mandibles and gizzards are powerful mechanical mills, the midgut is an enzymatic
reaction chamber with a permeation filter (the peritrophic membrane) for product
recovery and the hindgut paunch is an anaerobic digester that converts polymers to
microbial products. The consecutive gut compartments of higher termites form
sequential reactors that use the same alkaline pretreatment of lignocellulose as the
paper industry®*3’.

However, other properties of the digestive system are more difficult to mimic. In
particular, the minute size of the hindgut bioreactor cannot be scaled up without loss of
its intrinsic properties’. It creates a delicate balance between the influx and removal
of oxygen, which enables oxidative processes and anaerobic fermentations to occur in
close juxtaposition. Interactions between the gut lumen, periphery and epithelium do
not require radial mixing; diffusion alone suffices as a means of metabolite transport.
Understanding the basis for the suppression of methanogenesis in the wood-feeding
species may hold the key to increasing the yields of hydrogen or other valuable
products in technical fermentations of plant biomass.

Sources of novel enzymes

Although termites probably cannot be directly used in the processing of agricultural
wastes, they are a promising reservoir of microbial symbionts and enzymes that

have biotechnological potential. Most research has been done on the endogenous
endoglucanases of termites. They have been heterologously expressed, and their
thermostability and catalytic properties have been improved by genetic engineering®*.
Transgenic enzymes with proper glycosylation and catalytic activities that are superior
to those of endoglucanases from bacteria or fungi have been produced in eukaryotic
expression systems. In addition, some cellulases from gut flagellates have been
expressed in different hosts*; however, they may require codon optimization to avoid
premature polyadenylation'*®. Except for a few xylanases, enzymes of bacterial origin
have only been poorly investigated.

and possibly Fibrobacteres®?**!'”18, but only a subset of
these homologues seems to be expressed''*'?’. Inferences
regarding nitrogenase activity from transcriptional pro-
files have to be made with particular caution as nitro-
genase activity in bacteria and archaea is subject to
complex regulation also at the post-translational level'*.
As nitrogenase activity in most diazotrophs is switched
off in the presence of a readily utilizable nitrogen source,
it is also not clear whether the active populations in ter-
mite guts are adapted to higher ammonia concentrations
(which are in the millimolar range, even in wood-feeding
termites)® or colonize nitrogen-poor microhabitats.

In several lower termites, the bulk of the nitrogen-
fixing activity has been ascribed to the bacterial
symbionts of their gut flagellates. The most important
diazotroph in the gut of Coptotermes formosanus (and
the first member of the Bacteroidetes to be shown
to possess nif genes) is Candidatus Azobacteroides
pseudotrichonymphae®, which is an abundant endo-
symbiont of Pseudotrichonympha species'?. Ectosymbi-
otic Bacteroidetes that are associated with other gut flag-
ellates even possess a second paralogue of nifH, which is
preferentially expressed over the conventional variant'®.
It was discovered in the dry-wood termite Neotermes
koshunensis and is part of an operon that encodes an
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alternative nitrogenase lacking molybdenum and vana-
dium cofactors'”. However, the evolutionary origin of
the diverse nitrogenase genes in termite gut symbionts
remains unclear"®!2,

Nutrition drives co-speciation of flagellates and their
symbionts. There is increasing evidence that the fre-
quent associations of gut flagellates with bacterial sym-
bionts have a nutritional basis® (FIG. 5). Although little is
known about their physiology, the phagocytosis of bacte-
rial cells (or the need for heat-killed bacteria in axenic
cultures)'*'* suggests that the nutritional requirements
of termite gut flagellates are quite complex. Despite a
considerable reduction in genome size, the endosym-
bionts Candidatus Endomicrobium trichonymphae'*
and Candidatus Azobacteroides pseudotrichonymphae®
conspicuously retained the capacity to synthesize most
amino acids and various cofactors. The provision of such
essential nutrients to the host cell would explain the gen-
eral specificity of such symbioses??**!>>12¢ and the strict
co-speciation of the partners'?>'?125,

The individual lineages of flagellate symbionts are
typically embedded in larger clusters of putatively free-
living relatives, which suggests that the symbionts were
recruited from the gut microbiota long after the flagel-
lates had established their symbiosis with termites'>>'.
Flagellates of the genus Trichonympha, which were prob-
ably already present in the common ancestor of termites
and Cryptocercus spp.'**'*!, were independently colo-
nized at least twice by endosymbionts that subsequently
co-evolved with their flagellate host'2*'?7.

It is also possible that the proximity of bacteria and
archaea in the biofilms of the gut wall or their attach-
ment to larger, filamentous prokaryotes'>'® facilitates
the cross-feeding of nutrients among prokaryotic cells,
but such interactions are more difficult to map. Cryptic
interdependencies among keystone species might also
explain why disturbance of the gut microbiota by anti-
biotic treatment can have long-term consequences for
the fitness of a termite colony'*.

Conclusions

Joseph Leidy correctly assumed that the microorganisms
in the hindgut of termites are not parasites but contrib-
ute to the well-being of their host™. It is now clear that
they are not only an essential component of the dual-
cellulolytic system but also have an important role in
nutrition. Although fundamental changes in the diges-
tive strategies of termites seem to have caused major
shifts in the gut microbiota, the evolutionary patterns
in microbial community structure and the underlying
ecological drivers are just emerging. The nitrogen trans-
formation processes in the guts of humivorous species
are an entirely novel aspect of the digestive symbioses in
termite guts. Although their nature is still in the dark,
they deserve attention because of their potential impact
on nitrogen metabolism in tropical soils.

The mechanisms underlying the efficient digestion of
lignocellulose and humus, which are highly relevant to
applied research, remain poorly understood. Their unique
gut conditions and an abundance of digestive enzymes
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provided by both the symbionts and the host make ter-
mites a ‘treasure trove’ for biotechnological applications,
particularly the industrial conversion of lignified plant
fibres to biofuels and other valuable chemicals (BOX 2).

Recent progress in our understanding of symbiotic
digestion was driven by the introduction of high-
throughput sequencing techniques. They provide suf-
ficient resolution and sampling depth to illuminate the
distribution patterns of microbial lineages across the wide
range of host species and their highly different microhab-
itats, enabling the distinction between phylogenetic and
environmental drivers of community structure. Large-
scale metagenomic and metatranscriptomic studies will
facilitate the identification of key functions in the intes-
tinal processes of different feeding guilds, and single-cell
sequencing approaches will help to pinpoint the informa-
tion to individual taxa. Nevertheless, the relevance of such
findings should be corroborated by further investigation
of the key activities of the microbiota in vivo.

Another important goal on the agenda of termite gut
microbiologists should be the isolation of key members
of the gut microbiota. Many of the microbial lineages
that are unique to the gut microbiota of termites do not
have any cultured representatives. Despite progress in
metagenomics, it remains impossible to reliably predict
the functional and catalytic characteristics of many puta-
tive gene products on the basis of sequence annotations,
let alone those with functions that are still unknown
even in the most intensively studied model organisms.
Any representative of the gut microbiota that is brought
into pure culture will be an invaluable asset for ecophysi-
ological studies, enabling us to characterize phenotypic
properties that are not evident from its genome but that
help to explain important functions in the gut micro-
ecosystem. The successful enrichment and isolation of
novel gut microorganisms by selective substrates®'* or
unconventional cultivation strategies’'* highlights the
potential of efforts based on a rational design.
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