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Abstract Termites thrive on dead plant matters with the

aid of microorganisms resident in their gut. The gut mic-

robiota comprises protists (single-celled eukaryotes),

bacteria, and archaea, most of which are unique to the

termite gut ecosystem. Although this symbiosis has long

been intriguing researchers of both basic and applied sci-

ences, its detailed mechanism remains unclear due to the

enormous complexity and the unculturability of the mic-

robiota. In the effort to overcome the difficulty, recent

advances in omics, such as metagenomics, metatranscri-

ptomics, and metaproteomics have gradually unveiled the

black box of this symbiotic system. Genomics targeting a

single species of the unculturable microbial members has

also provided a great progress in the understanding of the

symbiotic interrelationships among the gut microorgan-

isms. In this review, the symbiotic system organized by

wood-feeding termites and their gut microorganisms is

outlined, focusing on the recent achievement in omics

studies of this multilayered symbiotic system.
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Introduction

Termites (order Isoptera) are social insects phylogeneti-

cally close to cockroaches [1, 2]. They inhabit temperate to

tropical regions and play a key role in the global carbon

cycle as decomposers [3]. Most termites ingest exclusively

dead plant matters (wood, leaves, grass, and humus), and

some species are known as destructive pests of woody

buildings. As exceptions, live plants of introduced species

such as agricultural crops and plantation trees are severely

damaged by termites in some regions [4].

Nearly 3,000 species of termites have been described

(http://vsites.unb.br/ib/zoo/catalog.html) and they are con-

ventionally classified into two large groups: lower and

higher termites. The lower termites are phylogenetically

basal and comprise six families, i.e., Mastotermitidae,

Termopsidae, Hodotermitidae, Kalotermitidae, Serriter-

mitidae, and Rhinotermitidae. All of these are wood-

feeders, except the members of Hodotermitidae, which

forage mainly on dead grasses. In general, the lower ter-

mites possess a simply formed gut (Fig. 1a, c).

The higher termites are phylogenetically apical and have

evolved probably from the Rhinotermitidae [5, 6]. The

higher termites comprise only the family Termitidae,

which is divided into four subfamilies, i.e., Macrotermiti-

nae, Apicotermitinae, Termitinae, and Nasutitermitinae.

These termites include wood-feeders, litter-feeders, grass-

feeders, soil (humus)-feeders, and lichen-feeders, and they

occasionally dominate terrestrial ecosystems in tropical

and subtropical regions. The higher termites possess a

highly compartmentalized gut (Fig. 1b, d), including

highly alkaline gut segment(s), except the fungus-growing

macrotermitine termites, of which the gut is simply shaped

and resembles those of lower termites.

Although termites secrete their own digestive enzymes,

including cellulases, from the salivary gland and/or midgut

(reviewed in [7, 8]), the digestion of the recalcitrant foods

largely depends on the activities of their gut microorgan-

isms. Hence, to elucidate the mechanism of how the

termites can survive on such recalcitrant and poor-quality
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foods, detailed investigation of the gut microbial ecosystem

is essential. The gut microbiota (microbial community)

comprises all the three domains of life, Eukaryotes (pro-

tists), Bacteria, and Archaea. In lower termites, an

abundance of flagellated protists fill up the dilated portion,

or paunch, of the hindgut (Fig. 2a, b), while most of the

higher termites harbor only a small number of gut protists.

Bacteria and archaea reside in the gut of both lower and

higher termites. In general, termites harbor several hun-

dreds or more bacterial species, most of which are found

exclusively from the termite guts (reviewed in [9]). An

obstacle in the study of these gut microorganisms is that the

majority are as yet unculturable. Besides, the microbiota is

too complex to manipulate experimentally. Therefore,

conventional microbiological methods are less effective to

clarify the detailed symbiotic mechanism in the termite gut

ecosystem.

In this review, I outline the termite gut ecosystem,

focusing on the functional aspect of the symbiosis between

wood-feeding termites and their gut microorganisms and

also among the gut microorganisms. Particularly, recent

studies using various omics techniques are summarized and

future perspectives are discussed.

Lignocellulose digestion in the midgut

Hydrolysis with endogenous cellulases

Termites masticate the food materials with their mandibles

and grind them into minute pieces using a sclerotized

cuticular armature at the posterior terminus of the foregut

(gizzard) [10, 11]. In the lower termite Coptotermes for-

mosanus, the average size of the wood particles in the

foregut and midgut is approximately 20 and 10 lm,

respectively [12]. These wood particles are mixed with

endo-b-1,4-glucanase (endoglucanase) and b-glucosidase,

secreted from the salivary gland and/or midgut [7, 8].

Endoglucanases randomly cleave b-1,4 glycosidic bonds of

amorphous sites of cellulose chains, and b-glucosidases

Fig. 1 Termites and their intestinal tract. a The lower termites Coptotermes formosanus. b The interface (wood and humus)-feeding higher

termites Termes comis. c The gut of C. formosanus. d The gut of T. comis. F foregut, M midgut. Bars = 1 mm
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hydrolyze cellobiose to glucose. In C. formosanus, the

proportion of endoglucanase in the total midgut soluble

proteins is extremely high, up to 6% [12]. With these two

endogenous enzymes, termites most probably digest a part

of the cellulosic materials on the surface of the wood

particles and absorb glucose released in the midgut.

The expression of genes encoding these enzymes was

verified by RT-PCR in the salivary gland and/or midgut of

various termites [13–17] and also by transcriptome analysis

of the salivary gland of the lower termite Hodotermopsis

sjoestedti [18]. In the latter study, more than 10% of 851

expressed sequence tags (ESTs) were identified as tran-

scripts for endoglucanases and a single clone was that for a

b-glucosidase. The transcripts for these enzymes were also

found in a transcriptome analysis of the gut tissue plus the

salivary gland of the lower termite Reticulitermes flavipes

[19]. Contribution of the microbiota to lignocellulose

digestion in the foregut and midgut has never been found.

The density of microbial cells are generally low in these

gut regions [20, 21].

Glycoside hydrolases, including cellulases and hemi-

cellulases, have been classified into more than 100 families

based on the amino acid sequence similarities (http://

www.cazy.org/) [22]. According to this classification, the

endogenous endoglucanases of both lower and higher ter-

mites are members of the glycoside hydrolase family 9

(GHF9). To date, GHF9 endoglucanase genes have been

found among diverse animals, including insects, a crayfish,

an earthworm, sea squirts, clams, and snails [23]. In

insects, endogenous GHF9 endoglucanase gene homologs

have been found in the genomes or transcriptomes of

various termites and cockroaches, a cricket, a louse, an

aphid, a beetle, a honey bee, and a wasp [8]. Phylogenetic

analyses suggested that these genes found in the metazoans

share an ancient origin and that the genes have not been

acquired by recent horizontal transfers from microorgan-

isms [23, 24].

Presence of endogenous laccases

In the transcriptome analysis of the gut tissues plus salivary

gland of R. flavipes, Tartar et al. [19] discovered transcripts

for laccase homologs from the host tissues. RT-PCR and

quantitative RT-PCR analysis showed that the gene

expression of the laccase homologs was much higher in the

salivary gland and foregut than other gut segments. Lac-

case is a phenoloxidase that is involved in lignin

degradation in fungi [25] and cuticular melanization in

insects [26]. Coy et al. [27] demonstrated that these lac-

cases from R. flavipes are phylogenetically unique among

those of prokaryotic and eukaryotic origins, and that

recombinant enzymes expressed in a baculovirus-insect

Fig. 2 Microbiota in the hindgut of termites. a Phase-contrast image

of the microbiota in the gut of the lower termite Reticulitermes
speratus. b Phase-contrast image of the microbiota in the gut of the

lower termite Coptotermes formosanus. c Phase-contrast image of the

microbiota in the wood-feeding higher termite Nasutitermes

takasagoensis. d FISH (fluorescent in situ hybridization) image of

c. Texas-red signals: treponemes; 6FAM (green) signals: a novel

group (FibS2) of the phylum Fibrobacteres [72]. Amorphous yellow
colors were autofluorescence emitted from wood particles.

Bars = 100 lm in a and b and 10 lm in c and d
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system exhibited strong activity towards several phenolic

substrates, including lignin monomer sinapinic acid, while

the enzymes displayed much lower or no activity against

melanin precursors.

Lignin is a heterogeneous and amorphous phenylpropa-

noid polymer, constituting plant cell walls together with

cellulose and hemicellulose. Lignin is extremely recalcitrant

and protects cellulosic and hemicellulosic components. In a

widely accepted view, termites and other wood-feeding

insects are incapable of degrading a high-molecular-weight

core of lignin [28, 29]. However, Geib et al. [30] first

showed definitive evidence of a substantial degradation of

lignin in a lower termite, Zootermopsis angusticollis. The

authors observed significant levels of propyl side-chain

oxidation, demethylation of ring methoxyl groups, and ring

hydroxylation, which lead to depolymerization of lignin

polymers. They implied that the observed pattern of lignin

degradation by the termite is analogous to that by brown-rot

fungi, which can remove cellulose and hemicellulose

with minor modification to the lignin. Thus, termites may be

able to, at least, loosen the lignin structures and efficiently

extract cellulose and hemicellulose as energy and carbon

sources.

The novel type of endogenous laccases expressed in

the salivary gland, discovered in R. flavipes, might

account for the lignin degradation in wood-feeding ter-

mites [19, 27], though further experimental evidence is

needed to prove this hypothesis. At this point, the pos-

sibility that the endogenous laccases act for detoxification

of phenolic compounds contained in ingested plant mat-

ters [31, 32] or for the sclerotization of the cuticular

components in the foregut cannot be excluded. No con-

vincing evidence of involvement of gut microorganisms

in the degradation of lignin polymers has been obtained.

For example, no genes related to lignin degradation were

found in a metagenome analysis of the hindgut luminal

microbiota of the wood-feeding higher termite Nasutit-

ermes ephratae [33].

Lignocellulose digestion in the hindgut of lower termites

In general, the cellulose fibers in plant cell walls are

composed of amorphous and crystalline sites. The latter

cannot be broken down by endoglucanases; exoglucanases

(cellobiohydrolases or exoglucohydrolases) are required

for the reaction. In a classical view, exoglucanases act on

the termini of cellulose chains to cleave cellobiosyl units

and to loosen the crystalline structure of the cellulose

fibers. This action produces additional amorphous sites on

the cellulose fibers that endoglucanases can hydrolyze.

Therefore, exoglucanases are indispensable for complete

digestion of the cellulose fibers in plant cell walls.

In addition, hemicellulase is necessary for efficient

digestion of cellulose, because the cellulose fibers are

coated with hemicellulose. Hemicellulose is a collective

term of noncellulosic polysaccharides such as xylan,

mannan, and arabinose in plant cell walls. Hemicellulose

constitutes about 15–35% of plant cell walls and itself can

be an important energy and carbon source for termites.

However, endogenous exoglucanases have never been

found from termites, and endogenous hemicellulases

appear to be absent or to play relatively minor roles in

termites [34, 35]. Thus, these enzymes must be supplied by

the symbiotic microbiota for an effective extraction of

energy and carbon sources from ingested lignocellulosic

materials.

Cellulolytic activity of cultured gut protists

A strong activity of hemicellulase and cellulase against

crystalline cellulose has been detected in the hindgut

homogenates of various lower termites [14, 35, 36]. In the

hindgut of lower termites, the gut protists take up the

partially digested wood particles or fragments of ligno-

cellulosic materials into food vacuoles by phagocytosis.

The wood particles inside the protist cells can be easily

detected by autofluorescence emitted from the woody

materials. However, the detailed fate of the wood particles

remain unclear because the gut protists are resistant to

cultivation. The termite gut protists comprise two distinct

lineages of flagellates, belonging to either the phylum

Parabasalia or the order Oxymonadida in the phylum Pre-

axostyla. They are unique to termites and the wood-feeding

cockroaches Cryptocercus, and each termite species pos-

sesses a specific set of protist species. One termite species

generally harbors several morphologically identifiable

species of protists [37, 38]. A total number of the protist

cells in a single gut can reach 104 to 105 [35, 39], and they

account for more than a half of the total weight of the

termite host [40].

An essential contribution of the hindgut microbiota to

the lignocellulose digestion in lower termites has been

demonstrated by eliminating gut protists [41, 42]. How-

ever, there have been only several examples of successful

cultivation of protists from the termite gut [43]. Yamin

[44, 45] succeeded in cultivation of the parabasalid protists

Trichomitopsis termopsidis and Trichonympha sphaerica

from the gut of the termite Z. angusticollis, under the

condition that diminished coexisting bacteria by penicillin

and streptomycin. Using these cultured protists, Yamin

[45, 46] demonstrated that the protists are strictly anaero-

bic and ferment cellulose: n(C6H12O6) ? n(2H2O) ?
n(2CH3COOH ? 2CO2 ? 4H2). This is consistent with a

previous result obtained by Hungate who studied the

physiology of a mixed population of the gut protists from
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Z. angusticollis [47, 48]. The acetate generated in the fer-

mentation is considered to be the main energy and carbon

source of the termite host [47–49]. The anaerobic nature of

the protists is concordant with the fact that the central

region of the paunch in the hindgut is anoxic [50].

Odelson and Breznak [51] treated this T. termopsidis

culture with an antibiotic to eliminate methanogenic ar-

chaea, which were candidate contaminants in the culture.

Then, they acquired its putatively axenic culture. They

showed that the cultured T. termopsidis had an activity of

endoglucanase, b-glucosidase, and probably exoglucanase

because microcrystalline cellulose was degraded with the

cell extracts of T. termopsidis. In addition, hydrolysis of

xylan and starch was observed, indicating that the protist

possesses hemicellulase and amylase [52]. However, no

cultured strains of termite gut protists exist at present.

Hence, recent studies of lignocellulose digestion by gut

protists have been conducted with culture-independent

approaches.

Presence of cellulase genes in gut protists

The presence of cellulase genes in the symbiotic gut pro-

tists has been verified in several termite species.

Transcripts encoding putative endoglucanase belonging to

GHF45 were obtained by RT-PCR from the protistan

microbiota in the hindgut of the lower termite Reticulit-

ermes speratus [53]. The origins of the genes were

identified by in situ hybridization using probes specific to

mRNA of the GHF45 endoglucanase genes; the cells of the

parabasalid protists Trichonympha agilis and Teranympha

mirabilis were detected. GHF45 endoglucanase genes were

also obtained by PCR from isolated nuclei of the paraba-

salid protists Deltotrichonympha nana and Koruga bonita

present in the hindgut of the lower termite Mastotermes

darwiniensis [54]. Endoglucanase genes belonging to

GHF7 were obtained by RT-PCR from the parabasalid

protists Pseudotrichonympha grassii and Holomastigoto-

ides mirabile present in the hindgut of the termite

C. formosanus, and the functionality of one of the proteins

was verified using a recombinant enzyme expressed in

Escherichia coli [55]. In C. formosanus, an endoglucanase

gene belonging to GHF5 was additionally found by

screening a complementary DNA (cDNA) library con-

structed from the protistan gut microbiota for cellulase

activity. The source of this gene was identified as the

parabasalid protist Spirotrichonympha leidyi [56].

Transcripts encoding exoglucanase were obtained by

RT-PCR from the cells of the protist P. grassii in the

hindgut of C. formosanus [57]. The exoglucanase was

identified as a member of GHF7 and phylogenetically

related to those from fungi. A recombinant enzyme was

expressed in E. coli and a cellulase activity against

carboxymethylcellulose (CMC) was verified, though an

exoglucanase activity against crystalline cellulase has

never been successfully demonstrated using recombinant

enzymes originating from any termite gut protists.

Metatranscriptome analysis of protistan gut microbiota

To comprehensively acquire genes involved in lignocellu-

lose digestion by gut protists, metatranscriptome analyses

were performed in several lower termite species. Todaka

et al. [58] constructed a cDNA library from the entire

protistan microbiota in the gut of the termite R. speratus.

Since R. speratus harbors more than ten species of para-

basalid and oximonad protists [59], the prepared library

consisted of transcripts from heterogeneous strains of

multiple protist species. Of 910 sequenced ESTs, nearly

10% were transcripts for enzymes involved in lignocellu-

lose degradation. About half of them were homologs of

GHF7 exoglucanase genes. The remaining comprised

transcripts for endoglucanases (GHF5, 7, 45), xylanases

(GHF8 and 11), GHF3 b-glucosidases, GHF43 arabino-

sidases, a GHF62 a-arabinofranosidase, and a GHF26

endo-1,4-b-mannanase. None of transcripts for enzymes

involved in lignin degradation (i.e., lignin peroxidase,

manganese peroxidase, and laccase) were found [58].

An abundance of transcripts for enzymes involved in

lignocellulose degradation was consistent in metatran-

scriptome analyses of the protistan microbiota in the gut of

the wood-feeding cockroach Cryptocercus punctulatus and

lower termites belonging to different families: M. dar-

winiensis (family Mastotermitidae), H. sjoestedti (family

Termopsidae), and Neotermes Koshunensis (family Kalot-

ermitidae). In these termite and cockroach species, about

10% of approx. 1,000 sequenced ESTs for each were

identified as transcripts for cellulolytic or hemicellulolytic

enzymes [60], as in R. speratus (family Rhinotermitidae)

[58]. The dominance of transcripts for GHF7 exoglucan-

ases and the repertoires of GHFs were also consistent in

these termite and cockroach species, though the frequency

of the GHFs varied [60].

Tartar et al. [19] reported a metatranscriptome analysis

of the microbiota in the hindgut of R. flavipes, which was

performed simultaneously with the transcriptome analysis

of the host gut tissues as mentioned above. Among 3,511

gene transcripts from the gut microbiota, various GHFs

were identified, most of which are shared by the protistan

gut microbiota of the above termite and cockroach species.

The dominance of transcripts for GHF7 exoglucanases was

also consistent. The authors suggested, based on the

sequence similarities, that a substantial portion of the

detected gene transcripts for cellulolytic and hemicellulo-

lytic enzymes probably derived from prokaryotic gut

symbionts. However, as the authors noted, the genes may
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be possessed by the gut protists because they might have

been horizontally transferred from bacteria as strongly

suggested in GHF5 endoglucanases of gut protists [56, 60].

The abundant transcripts for GHF7 exoglucanases and

GHF10 or 11 xylanases in the protistan gut microbiota

indicate that hemicellulose and crystalline cellulose are

digested by the protistan gut microbiota. There has been no

evidence that the endogenous endoglucanases and b-glu-

cosidases secreted from the salivary gland and/or midgut of

termites participate in the digestive process in the hindgut

[14]. This dual digestive system for lignocellulose has

realized the most efficient natural bioreactor which can

degrade 65–99% of cellulose and hemicellulose contained

in plant cell walls [28].

The direct contribution of prokaryotic gut microbiota to

the hydrolysis of lignocellulose in lower termites is

unclear. Although numerous bacterial strains that are

capable of degrading cellulose, hemicellulose, and/or lig-

nin monomers and dimers have been isolated from the gut

of various lower termites [61], the evidence for their sig-

nificant contribution has never been obtained thus far.

Lignocellulose digestion in the hindgut of wood-feeding

higher termites

Alkaline gut segments and cellulase activity of bacteria

The higher termites generally lack the cellulolytic gut

protists, and their gut microbiota comprises mostly bacteria

and archaea. In most higher termites, after the partial

digestion in the midgut, ingested food passes through a gut

region called the mixed segment, which consists of both

midgut (mesodermal) and hindgut (ectodermal) compo-

nents (Fig. 1d) [11]. From this mixed segment, pH is

elevated possibly by K? secretion [20], and in the extreme

anterior region of the hindgut, designated the P1 (procto-

deal) section, pH reaches 10–12 [50, 62]. In wood-feeding

higher termites, pH reaches 10 in P1 and steeply down to 7

in the following P3 section [50], while pH reaches 12 in P1

and still around 10 in the P3 section in soil-feeding termites

[62]. Oxygen content is also steeply shifted in the P1 and

P3 sections; anoxic in the central region of these two

sections while aerobic in the midgut, P4, and P5 sections

[50].

The function of the alkaline P1 section is still unclear,

but there is agreement that it likely promotes the solubili-

zation of lignocellulose and humus, which facilitates the

degradation of those recalcitrant materials in the following

gut sections [20]. In addition, the P1 section may play a

significant role in the degradation of allochthonous

microorganisms and the precipitation of tannins [62, 63]. In

the proctodeal part of the mixed segment, bacteria densely

colonize on its epithelium, though their role in the gut

ecosystem is unknown. In the P1 section, bacterial cells

exist only sparsely [64, 65].

It had long been believed that the degradation of lig-

nocellulose in wood-feeding higher termites rely solely on

their endogenous cellulases secreted in the midgut. Indeed,

the endogenous cellulolytic activity in the midgut of the

wood-feeding higher termite Nasutitermes walkeri theo-

retically meets the metabolic requirements of the termite,

while almost no cellulase activity was detected in the

hindgut [66]. Nevertheless, Tokuda and coworkers [36, 67]

showed the first convincing evidence of the cellulolytic

activity attributable to the bacterial microbiota in the

hindgut of the wood-feeding higher termites Nasutitermes

takasagoensis and N. walkeri. They succeeded in detecting

the cellulase activity by using detergent to solubilize pellet

extracts. The cellulase activity in the hindgut against

crystalline cellulose is about a half of that in the midgut per

individual termite [67].

Metagenome and metaproteome analysis of the hindgut

luminal microbiota

To reveal the comprehensive functions of the bacterial gut

microbiota, Warnecke et al. [33] performed metagenome

and metaproteome analysis of the bacterial microbiota in

the luminal fluid of the P3 section in the hindgut of the

wood-feeding higher termite Nasutitermes ephratae. About

71 Mb of sequence data were generated and assembled into

numerous contigs. Because the bacterial diversity in the

hindgut of termites is enormously high, it was impossible

to connect the sequence fragments into large contigs and

very difficult to identify the taxonomic origin of the frag-

ments. Therefore, only 9% of all contigs were classified

beyond phylum level even with a composition-based phy-

logenetic classifier.

Nevertheless, the authors successfully identified bacte-

rial groups which are putatively involved in the hydrolysis

of lignocellulose: the genus Treponema in the phylum

Spirochaetes and an uncultured lineage belonging to the

phylum Fibrobacteres. The genus Treponema is the pre-

dominant bacterial group in wood-feeding lower and

higher termites [68–72], and the cluster in the Fibrobac-

teres is dominant in wood-feeding higher termites and

present as minorities in lower termites (Fig. 2c, d) [69, 72].

This is indicative that the bacterial microbiota in the gut of

both lower and higher termites plays substantial roles in the

hydrolysis of lignocellulose.

More than 700 glycoside hydrolase catalytic domains

corresponding to 45 different GHFs were obtained in

this metagenome analysis [33]. Among them, more than

100 gene modules were identified as the catalytic domains

of GHF5 cellulases, GHF94 cellobiose/cellodextrin
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phosphorylases, GHF51 endoglucanase/arabinofur-

anosidases, and GHF8, 9, 44, 45, and 74 endoglucanases.

About 100 gene modules corresponded to the catalytic

domains of GHF10, 11, 26, and 43 xylanases. Catalytic

modules corresponding to several potential pentosidases

were also identified, including abundant GHF1 and 3 b-

glucosidases. Various GHFs putatively involved in the

hydrolysis of alpha carbohydrate and chitin were further

identified.

The accompanying metaproteome analysis using a

three-dimensional LC-MS/MS system verified at least

GHF5 cellulases and GHF10 xylanases are expressed in the

P3 luminal fluid. Functional genomic screens also con-

firmed the cellulase activities of GHF5 gene products

against solubilized and crystalline cellulose [33]. Burnum

et al. [73] further reported a comprehensive metaproteome

analysis of the P3 luminal fluid of N. ephratae (or corni-

ger). They obtained 886 proteins, 36 of which were

identified as glycoside hydrolases classified into 15 dif-

ferent GHFs.

Fermentation and hydrogen production

Cellulose and hemicellulose are depolymerized into

monomers in the hindgut of termites by protists and/or

bacteria. The gut protists anaerobically ferment the

monomeric carbohydrates and produce acetate, H2, and

CO2, and the acetate is absorbed by the termite host as the

main energy and carbon source. However, the molecular

mechanism of the glycolysis and fermentation process

remains unclear due to the difficulty in cultivation of the

gut protists. The sequencing efforts in the metatranscrip-

tome analyses of the protistan gut microbiota mentioned

above were too small to depict detailed metabolic pathways

including the glycolysis and fermentation process. Hence,

only fragmental data are available at present about this

topic.

Hydrogen production by gut protists

H2 is emitted by gut protists and bacteria as an end product

of fermentation [47]. The partial pressure of H2 in the

paunch of lower termites is very high; the values were

15–30 kPa in the lower termite Reticulitermes santonensis

and 30–72 kPa in the lower termite Zootermopsis nevad-

ensis [74], and 2–5 kPa in R. flavipes [75]. These values

were measured using agarose-embedded guts with micro-

electrodes. However, since the hydrogen emission from

the embedded guts was 30- to 50-fold higher than in live

termites, actual values in vivo might be much lower [74].

This discrepancy was possibly caused by the damages to

the H2-consuming bacteria and a limited concentration of

O2 that was available to oxidize H2 compared to live ter-

mites [74].

Inoue et al. [76] identified two genes encoding iron-only

hydrogenases (Fe-hydrogenase) during their ongoing

metatranscriptome analysis of the protistan microbiota in

the gut of C. formosanus. The source of the two

Fe-hydrogenases was identified as the cells of the protist

P. grassii by in situ hybridization analysis. It has been

demonstrated that P. grassii possesses both GHF7 endo- and

exoglucanase [55, 57] and is indispensable for the degra-

dation of wood particles ingested by the termite host [39].

The two Fe-hydrogenases were expressed heterolo-

gously in E. coli, and one exhibited a strong H2 production

activity and retain about a half of its activity even under a

high H2 partial pressure comparable to that in the hindgut

of termites [76]. The other Fe-hydrogenase was phyloge-

netically distinct and showed a weaker H2 production

activity. These two recombinant enzymes showed different

characteristics in optimum pH and Km values. When the

cells of P. grassii were ruptured and fractionated by cen-

trifugation, the hydrogen production was observed mainly

in the fraction of hydrogenosomes, which are known as H2-

producing organelles in certain anaerobic protists. On the

other hand, a strong H2-uptake activity was observed in the

fraction of intracellularly symbiotic bacteria, implying

interspecies H2 transfer between the endosymbiotic bacte-

ria and their protist host [76].

Hydrogen production by gut bacteria

Whereas the majority of termite gut bacteria are as yet

unculturable, numerous bacterial strains have been isolated

under aerobic or anaerobic conditions [61]. One of the

anaerobic isolates, Treponema azotonutricum, ferments

maltose to acetate, ethanol, CO2, and H2 [77]. In the me-

tagenome analysis of the P3 luminal fluid of N. ephratae,

gene modules coding for 159 diverse, putative Fe-

hydrogenases were identified, the majority of which were

binned to the genus Treponema by the composition-based

classifier [33]. Thus, treponemes appear to be a dominant

source for H2 in the hindgut of wood-feeding higher

termites, while the gut protists are the predominant

H2-producers in lower termites.

Acetogenesis and methanogenesis from H2 and CO2

In general, accumulated end products, especially H2, sup-

press fermentation process. Therefore, the generated H2 in

the termite hindgut should be rapidly removed to keep its

concentration low. Actually, the amount of emitted H2

from live termites is considerably smaller than the potential

H2 production in the hindgut [74, 76]. It has been
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demonstrated with ample evidence that acetogenic and

methanogenic prokaryotes are the major H2 sinks in termite

guts.

Reductive acetogenesis by gut bacteria

Acetogenesis from H2 plus CO2 in the termite gut was

discovered by Breznak and Switzer [78]. This is called

reductive acetogenesis: 4H2 ? 2CO2 ? CH3COOH ?

2H2O. The reductive acetogenesis occurs in the gut of

various lower and higher termites [78], and it accounts for

about one-quarter of all the acetates produced in the

hindgut [74]. Several anaerobic bacteria showing the

activity of the reductive acetogenesis have been isolated

from termite guts [79, 80]. Among them, an axenic culti-

vation and its detailed physiological study of the

homoacetogen Treponema primitia [77, 81, 82], isolated

from Z. angusticollis, provided important information on

the termite gut ecosystem, because treponemes dominate

the bacterial microbiota in the gut of various wood-feeding

lower and higher termites [68–72].

The reductive acetogenesis needs the Wood-Ljungdahl

pathway for the synthesis of acetyl-CoA and acetate from

H2 plus CO2. A key enzyme involved in this pathway is

formyl tetrahydrofolate synthetase (FTHFS), and the

FTHFS genes have been detected by PCR from the gut of

various lower termites. The origins of the majority of these

FTHFS genes were estimated to be treponemes [83–85]. In

the metagenome analysis of the higher termite N. ephratae

[33], 14–37 variants of all, except formate dehydrogenase,

of the proteins related to the Wood-Ljungdahl pathway

were obtained. Phylogenetic analysis of the FTHFS genes

revealed that most of these derived from treponemes. Thus,

the reductive acetogenesis in the gut of wood-feeding

lower and higher termites is mainly attributable to

treponemes.

Strains ZAS-1 and ZAS-2 of T. primitia were the first

Treponema isolates from the termite gut [77, 81, 82].

They can grow on H2 plus CO2 as the sole energy and

carbon source. They also grow on various mono- and

disaccharides such as glucose, arabinose, xylose, maltose,

and cellobiose, which are components of plant materials.

Interestingly, strain ZAS-2 is capable of mixotrophic

growth, i.e., the simultaneous utilization of organic

substrates and H2 for energy. The mixotrophy of homo-

acetogens is a common trait, and they can generate more

energy by mixotrophy than from H2 plus CO2 alone. This

might be one reason why the H2-dependent reductive

acetogenesis outcompetes the H2-dependent methanogen-

esis in the gut of wood-feeding termites. Otherwise, the

outcompetition might be due to the difference in their

specific localizations in the hindgut [21]. The H2 concen-

tration is highest in the central region of the hindgut and

outwardly lower in gradients [75]. Since treponemes are

generally found in the gut luminal fluid or attached onto the

cell surface of gut protists, they can utilize much more H2

than methanogens, the majority of which colonize the gut

epithelium [74].

Methanogenesis by archaea

Methanogenic archaea are common in the hindgut of lower

and higher termites, and they generate methane from H2

plus CO2: 4H2 ? CO2 ? CH4 ? 2H2O. Thus, methano-

gens compete with acetogens for H2. In wood-feeding

termites, homoacetogens generally outcompete methano-

gens in number and the activities; the rate of methane

emission is only 10% of that of the reductive acetogenesis

in the gut of lower termites [74]. Methanogens are local-

ized on the epithelium of the hindgut [74] and/or inside

the cells of certain protist species [86, 87]. Methanobrev-

ibacters have been detected in many lower and higher

termites [88–90], and three strains have been isolated

from the lower termite R. flavipes: Methanobrevibacter

cuticularis, Methanobrevibacter curvatus [91], and Met-

hanobrevibacter filiformis [92]. The detailed ecology of

methanogens in termite guts has recently been reviewed

elsewhere [93–95].

Nitrogen metabolism

Wood-feeding termites can digest recalcitrant lignocellu-

losic materials with the aid of the gut microbiota. However,

the termites must overcome another problem: nitrogen

deficiency in the food dead wood. It has been suggested

that the gut microbiota contribute to the solution of this

problem in four ways [21]: (i) by removal of carbon in the

form of CO2 or CH4 to decrease the C/N ratio of ingested

food; (ii) by fixation of nitrogen from the atmosphere; (iii)

by recycling nitrogen; (iv) by upgrading poor-quality

nitrogenous compounds (e.g., NH3) to nutritionally valu-

able compounds such as vitamins and amino acids.

Nitrogen fixation

Nitrogen fixation is a prokaryotic activity requiring high

energy: N2 ? 8H? ? 8e- ? 16ATP ? 2NH3 ? H2 ?

16ADP ? 16 Pi. Nitrogen fixation in termites was dis-

covered in 1973 [96, 97]. Since then, the N2-fixing activity

has been reported from various lower and higher termites

and is particularly prominent in wood-feeding termites [98]

(reviewed in [21]). Genes encoding nitrogenase (nifH) have

been detected by PCR and RT-PCR from the gut of diverse

termites. Phylogenetic analysis showed that the nifH genes

from the termite guts constituted several monophyletic

1318 Y. Hongoh

123



clusters, some of which are not closely related to those of

known described species [98–100]. In the metagenome

analysis of the hindgut microbiota of N. ephratae, 12 nifH

homologues and 31–100 homologues of other nitrogenase

components were identified. Although the nifH genes could

not be assigned to a specific taxon in this metagenomic

study, at least one variant of each of the other genes were

binned to the genus Treponema or the phylum Fibrobac-

teres [33].

The involvement of treponemes in nitrogen fixation has

been demonstrated by the successful isolation of Trepo-

nema azotonutricum strain ZAS-9 from the gut of Z.

angusticollis [101]. T. azotonutricum grows by heterotro-

phy, fermenting mono- and disaccharides such as glucose,

fructose, xylose, maltose, and cellobiose, which are com-

ponents of plant materials [77]. Thus, the treponemes in

termite guts are likely responsible for cellulolysis, fer-

mentation, H2 production, H2-dependent acetogenesis, and

nitrogen fixation.

Nitrogen fixation, recycling, and upgrade by bacterial

endosymbionts of gut protists

One of the prominent features of the microbiota in lower

termites is the cellular association of prokaryotes with the

gut protists. Most protists in termite guts harbor prokary-

otes intracellularly or on their cell surface. To date,

bacteria belonging to the phyla Bacteroidetes [102–107],

Spirochaetes [107–110], and Synergistetes [106] have been

documented as ectosymbionts (Fig. 3a–c) and those

belonging to the phyla Bacteroidetes [111, 112], Elusimi-

crobia [113–116] (formerly Termite Group 1 [71, 117]),

Firmicutes [118], and Proteobacteria [119] as endos-

ymbionts. Their diversity, localization, and host specificity

have been reviewed in detail elsewhere [9, 94, 120, 121]; I

here focus on their functions.

One intrinsic defeat in metagenome and metatranscrip-

tome analysis is that these provide only poor information

on the functions of and interrelationships among the indi-

vidual members of the microbiota. In order to estimate the

functions of an unculturable endosymbiotic bacterium of a

termite gut protist, Hongoh et al. [122, 123] attempted to

acquire the complete genome sequence of the endosymbi-

ont. Two species of unculturable endosymbionts were

targeted: phylotype Rs-D17 belonging to the candidate

class ‘‘Endomicrobia’’ in the phylum Elusimicrobia (or

Termite Group 1) [71] (Fig. 3d–f) and phylotype CfPt1-2

belonging to the order Bacteroidales in the phylum Bac-

teroidetes [111] (Fig. 3g, h).

Rs-D17 is a specific endosymbiont of the unculturable,

parabasalid protist Trichonympha agilis present in the gut

of R. speratus [114]. Because T. agilis appeared to com-

prise heterogeneous strains in a single gut, a single T.

agilis cell was physically isolated using a micromanipu-

lator. The T. agilis cell was ruptured with detergent, and

prokaryotic cells that leaked out from its posterior part,

where the density of Rs-D17 is high, were collected by

micromanipulation. Several hundred cells of Rs-D17

were subjected to the isothermal whole genome amplifi-

cation (WGA) using phi29 DNA polymerase. With this

method, the whole Rs-D17 genomes were amplified more

than 10 million-fold without cultivation of the bacterium

[122].

As a result, a complete circular 1.1 Mb chromosome

with almost no variation was successfully reconstructed. It

contains 761 putative protein coding sequences (CDS) and

additional 121 pseudogenes. The small genome size and

abundant pseudogenes suggested that the genome has been

experiencing a reductive evolution as in many known

intracellular symbionts of insects. The pseudogenes

derived from genes involved in functions such as DNA

replication/repair, lipopolysaccharide biosynthesis, trans-

port, and defense mechanisms. For instance, the gene

encoding the chromosome replication initiation factor

DnaA has been pseudogenized. In contrast, the genes

required for biosynthesis of amino acids and cofactors are

abundantly retained. Because the genes encoding gluta-

mine synthetase GlnA and ammonium transporter AmtB

have been pseudogenized, it is likely that Rs-D17 requires

glutamine from the host cytoplasm and upgrades it to

various compounds. The predicted pathways suggest that

glucose-6-phosphate and hexuronates are the major energy

and carbon sources for Rs-D17 [122].

The CfPt1-2 bacterium is a specific endosymbiont of the

unculturable, parabasalid protist Pseudotrichonympha

grassii [111, 112], which is indispensable gut symbiont for

the wood digestion in C. formosanus as already mentioned

above. Using the same method, a complete circular 1.1 Mb

chromosome without variation was successfully recon-

structed, which contains 758 CDSs and 21 pseudogenes

[123]. The most striking feature of this bacterium, pre-

dicted from the genome sequence, was its ability to fix

dinitrogen. The predicted pathways suggest that the fixed

nitrogen, in the form of NH3, is assimilated initially by the

action of glutamine synthetase and is then used for the

biosynthesis of diverse amino acids and cofactors. This

bacterium also possesses a gene encoding an ammonium

transporter and a gene cluster encoding urease and a urea

transporter. The ability to import and assimilate ammo-

nium and urea implies that CfPt1-2 not only fixes

atmospheric nitrogen but also recycles the putative nitro-

gen waste products of the host protist. CfPt1-2 possesses

genes for importing and utilizing monosaccharides derived

from lignocellulose, i.e., glucose, xylose, and hexuronates,
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which are likely to be the major energy and carbon sources

[123]. The predicted function of CfPt1-2 is outlined in

Fig. 4.

The profile of the cluster of orthologous groups of

proteins and the general features of the CfPt1-2 genome

differ greatly from those of known Bacteroidales bacteria,

but are strikingly similar to those of Rs-D17 [123]. The

functional similarity of CfPt1-2 and Rs-D17 implies that

the primary role of the endosymbionts of cellulolytic gut

protists is efficient and stable biosynthesis of amino acids

and cofactors, which are critically deficient in woody

materials. The processes of nitrogen fixation and biosyn-

thesis of amino acids and cofactors conducted by the

endosymbionts are considered to be much more stable and

efficient than those conducted by free-swimming gut bac-

teria. The endosymbionts can utilize ample carbon and

energy sources without competition and their genomes

have been reduced, streamlined, and specialized for the

nitrogen metabolism. Actually, the genome size of CfPt1-2

is smaller than one-third of the N2-fixer T. azotonutricum

[77]. The ability of CfPt1-2 to couple nitrogen fixation

directly to cellulolysis probably facilitates highly efficient

Fig. 3 Cellular symbiosis between gut protists and bacteria. a Phase-

contrast image of the anterior region of the parabasalid protist

Trichonympha agilis from the termite Reticulitermes speratus. b FISH

(fluorescent in situ hybridization) image of a. Hair-like treponeme

cells were specifically detected with 6FAM-labeled probes (green).

c FISH image of a. Bristle-like Bacteroidales cells were specifically

detected with a Texas red-labeled probe. d Phase-contrast image of T.
agilis. e FISH image of d. Rs-D17 cells were specifically detected

with a Texas red-labeled probe. Other bacterial cells were detected

with a 6FAM-labeled probe (green). f Transmission electron micro-

graph of Rs-D17. g Phase-contrast image of the parabasalid protist

Pseudotrichonympha grassii from the termite Coptotermes formos-
anus. h FISH image of a P. grassii cell. CfPt1-2 cells were

specifically detected with a 6FAM-labeled probe (green).

Bars = 20 lm in a–e; 0.5 lm in e; 50 lm in g; 10 lm in h. Panels
a–c, d–f, and g–h were originally published in [107], [122], and

[123], respectively, and slightly modified
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growth of the host cellulolytic protist, the termite, and the

termite colony, without the limitation of nitrogen deficiency.

Conclusions

Termites have evolved a sophisticated, multilayered sym-

biotic system by harboring a complex gut microbiota. In

this system, termites ingest woody materials and masticate

and degrade them into fine particles by means of their

mandibles, gizzard, and endogenous endoglucanase and

b-glucosidase, which are secreted from the salivary gland

and/or midgut. The discovery of these endogenous cellu-

lases has raised a question: do termites really need the gut

microbiota for their survival? Yes, they do. The necessity

of the gut microbiota for the digestion of woody materials

has been demonstrated in numerous studies. However, the

complexity and formidable unculturability of the gut mic-

robiota have hampered the clarification of the molecular

mechanism of this symbiotic system. Recently, innovative

technologies in omics sciences have been applied; me-

tagenome analysis of the bacterial gut microbiota of a

wood-feeding higher termite and metatranscriptome

analyses of the protistan gut microbiota have revealed

the presence of diverse glycoside hydrolase genes in both

the bacterial and protistan microbiota. In the former

analysis, bacterial genes required for fermentation,

reductive acetogenesis, and nitrogen fixation were also

identified. These functions have been recognized as

essential bacterial activities in this symbiotic system, by

the long-term efforts in cultivation of the fastidious

microorganisms and in ecological, physiological, and

biochemical studies of the whole insects and cultured gut

symbionts. Furthermore, genomics targeting an uncul-

turable, single bacterial species has succeeded by using

isothermal whole genome amplification from only sev-

eral hundred cells. The functional analysis of the

complete genome sequences acquired from intracellular

symbionts of gut protists revealed that the endos-

ymbionts play crucial roles in the nitrogen metabolism,

i.e., nitrogen fixation, recycling, and upgrade. Further

investigations using both meta- and single-species-tar-

geting genomics, transcriptomics, and proteomics will

greatly promote the understanding of this highly evolved,

complex symbiotic system.
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