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Abstract: For most animals, lignocellulose is a nutritionally poor food source that is highly resistant to enteric 

 degradation. Termites, however, have the unique ability to digest lignocellulose with high effi ciency, often using it as 

a sole food source. Another interesting aspect of termite biology is their symbiotic associations with prokaryotic and 

eukaryotic gut symbionts. Termite symbionts contribute to lignocellulose digestion effi ciency, but by no means are 

they responsible for 100% of lignocellulose digestion in the termite gut. The termite digestome can be defi ned as 

the pool of genes, both termite and symbiont, that contribute to lignocellulose depolymerization and digestion, as 

well as simple sugar fermentation, nutrient transport, and nutrient assimilation. A central goal of termite digestom-

ics research is to defi ne/understand the relative contributions of termite and symbiont gene products to collabora-

tive lignocellulose digestion. While effi cient microbial cellulases have already been identifi ed and are presently being 

used in industrial applications, effi cient and inexpensive pre-treatments for lignin and hemicellulose depolymerization 

are not yet well developed. In this respect, termite digestomics has already offered signifi cant insights, and can con-

tinue to identify relevant enzymes, as well as reveal how to optimally combine and utilize these enzymes for maxi-

mum synergy. The topics covered in this review are as follows: lignocellulose structure with emphasis on its potential 

for depolymerization by termite and gut endosymbiont-derived digestive enzymes; termite biology and ecology from 

the perspectives of termite nutrition, gut physiology, and lignocellulose digestion; and trends identifi ed through re-

cent termite digestomics research. © 2008 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

L
ignocellulose is a sustainable global resource with a 
great deal of relevance to renewable energy produc-
tion.1,2 It is a naturally occurring complex of plant-

derived materials that includes the β-1,4-linked sugar 
 polymers cellulose and hemicellulose, and the phenolic 

polymer lignin.3 In plants, lignocellulose provides key 
structural support for cell walls. Because it is plant-derived, 
lignocellulose is the most abundant and widespread bioen-
ergy feedstock available on Earth. However, a major limi-
tation in plant biomass utilization as a renewable energy 
source is the ineffi  ciency of industrial lignocellulose depo-
lymerization.1,2,4 Th is ineffi  ciency increases energy inputs, 
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reduces product yields, drives production costs higher, 
encourages political scepticism, and ultimately limits 
acceptance of cellulose-based renewable bioenergy.1,2 

With respect to the problem of lignocellulose recalcitrance, 
it is germane that a number of invertebrate animals, and to 
some extent, their symbiotic gut fauna, have evolved special-
ized enzymes that cooperate in lignocellulose processing.5–9 
In particular, endogenous lignocellulases encoded in marine 
and terrestrial invertebrate genomes can oft en confer high 
degrees of digestion capabilities to these organisms.9–11 
When endogenous insect lignocellulases work synergisti-
cally with symbiont-derived enzymes, this can confer 
extremely high effi  ciency in lignocellulose processing.12,13 
Termites (order Isoptera) are one of the most well recognized 
examples of an organism that subsists on lignocellulose; and 
thus, lignocellulase enzymes from termites and their gut 
symbionts have many potential bioenergy applications that 
warrant careful consideration. 

Here, we defi ne a new term, termite digestome, as the 
pool of genes, both termite and symbiont, that contribute 
to lignocellulose depolymerization and digestion, as well 
as simple sugar fermentation, nutrient transport, and 
nutrient assimilation. Due to recent advances in genomics 
and metagenomics, the mining of termite and symbiont 
genomes, or digestomics, is now an extremely approachable 
and fruitful area of science. Here, we use the more encom-
passing term digestomics rather than metagenomics, which is 
more concerned with sampling microbial genes from envi-
ronments such as the termite hindgut lumen. Th is review 
focuses on recent fi ndings of digestomics research from 
termites and their mutualistic gut fauna. 

Lignocellulose: structure, degradation 
and depolymerization 

Lignocellulose can serve as a starting material for a number 
of industrial biorefi nery processes, namely pyrolysis, gasi-
fi cation and hydrolysis.1 All three processes currently rely 
on acid and/or heat pre-treatment (= energy-intensive); 
however, energy and cost inputs into the latter process of 
hydrolysis can be greatly reduced by implementation of 
recombinant lignocellulases. It is logical to assume that 
enzymes derived from insects that feed on lignocellulose 
diets, such as termites, are relevant for this purpose. Th e 

search for termite and symbiont lignocellulases requires an 
understanding of industrial lignocellulose uses, lignocel-
lulose structure, and lignocellulose depolymerization. Th ese 
topics are overviewed in the following section.

Lignocellulose structure

Lignocellulose is a general term referring to a natural complex 
of the three biopolymers cellulose, hemicellulose and lignin. 
Th e diff erent categories of monomeric lignocellulose building 
materials are shown in Fig. 1. Cellulose is composed of rigid, 
high molecular weight β-1,4-linked polymers of glucose that 
are held together in bundles by hemicellulose.1,2,5 Hemicel-
lulose is composed of shorter β-1,4-linked polymers of mixed 
sugars. Mannose is usually the dominant sugar present 
in hemicelluloses of soft woods fed upon by termites, with 
lesser amounts of xylose, galactose, rhamnose, arabinose, 
glucuronic acid, mannuronic acid and galacturonic acid.14 
Lignin is not a carbohydrate, but a 3-dimensional polymer 
of phenolic compounds that are linked to each other and 
to hemicellulose by ester bonds.4 Lignin is composed of the 
three ‘mono-lignol’ monomers p-coumaryl alcohol, coniferyl 
alcohol, and sinapyl alcohol combined in diff erent ratios 
depending on the plant species. 

Another noteworthy aspect of hemicellulose is its high 
degree of esterifi cation with monomers and dimers of 
phenolic acids, which are analogous to the mono-lignols 
noted above.4,14 Figure 2 provides an example of one such 
phenolic acid ester; in this case, feruloylated arabinose. 
Phenolic acid esters are derived mostly from the mono-
lignols p-coumaryl and coniferyl alcohol (i.e., coumaric acid 
and ferulic acid; see Fig. 1).

Th e three individual lignocellulose components cellulose, 
hemicellulose and lignin, respectively, compose approxi-
mately 40, 25 and 20% of lignocellulose.1 Th e remaining 15% 
consists of minor components that include proteins, terpenic 
oils, fatty acids, fatty acid esters, and inorganic components 
that include nitrogen, phosphorous and potassium.1

Lignocellulose degradation and depolymerization

Th e biologically mediated degradation of lignocellulose 
into fermentable or otherwise utilizable sugars is a complex 
process that requires a diversity of enzymes. As a fi rst step 
in the process, depolymerization of hydrophobic lignin 
polymers is extremely important to enable hemicellulose 
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degradation. Because lignin is not a carbohydrate, carbohy-
drolases such as cellulases and hemicellulases theoretically 
should play no roles in lignin degradation /depolymerization. 
It is also important to note that lignin breakdown requires 
oxygen,5,15 which is supported by evidence that termite 
guts are not completely anaerobic environments.16 Indeed, 

lignin degradation/modifi cation has been documented in 
termite guts (see later).5,15,17–22 Relevant enzymes involved 
in lignin oxidation include laccases and peroxidases, such as 
the highly eff ective forms that are known to exist in lignin 
degrading fungi.4,8,23,24 Other seemingly relevant enzymes 
could include enzymes classically considered in xenobiotic 
metabolism or defense, such as alcohol dehydrogenase, cata-
lase, superoxide dismutase, cytochrome P450, epoxide hydro-
lase, reductase, glutathione-S-transferase, esterase, etc.25–27 

However, for any of these enzymes to act upon lignin in the 
termite gut, they would likely need to be secreted into the gut 
lumen. Th is may preclude cytochrome P450s, which are not 
secreted and typically are membrane-bound.

Th e second step in the overall lignocellulose digestion 
process, hemicellulose degradation, is critically important for 
making cellulose accessible for depolymerization.14 Complete 
biodegradation of hemicellulose requires the combined 
activity of endo- and exo-β-1,4-xylanases, β-xylosidases, 
α-arabinofuranosidases, α-uronidases, and esterases such 
as acetylxylan esterase, ferulic acid esterase and p-coumaric 
acid esterase.14 Specifi c conversions accomplished by each of 
these enzymes are as follows: (i) endo-xylanases hydrolyze 

Figure 1. Monomeric building blocks of lignocellulose: carbohydrates (left) and lignin phenolics (right). 

Figure 2. Structure of feruloylated arabinose, a conjugate of 

the phenolic acid ester ferulic acid with arabinose, as occurs in 

hemicellulose. Arrow indicates the critical carboxyl-ester bond. 

Carboxyl-esterases that hydrolyze this ester bond are considered 

critical with respect to hemicellulose degradation.
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the β-1,4-xylose linkages in the xylan backbone; (ii) 
exo-xylanases hydrolyze reduced β-1,4-xylan linkages 
releasing xylobiose; (iii) β-xylosidases act on xylobiose to 
liberate xylose and other short chain oligosaccharides; (iv) 
α-arabinofuranosidases hydrolyze terminal non-reducing 
α-arabinofuranose from arabinoxylans; (v) α-uronidases 
release α-glucuronic, -mannuronic and -galacturonic acids; 
and (vi) esterases hydrolyze phenolic ester bonds (e.g., Koseki 
et al.28), namely those associated with acetyl xylans, ferulic 
acid xylans and p-coumaric xylans.

As a third step, cellulose depolymerization requires the 
action of three primary enzymes that include endo-β-1,4-
glucanases, exo-β-1,4-glucanases, and β-glucosidases.2,5 
Specifi c conversions accomplished by each of these enzymes 
are as follows: (i) endoglucanases hydrolyze β-1,4-glycosyl 
linkages in the primary cellulose backbone releasing 
glucose, cellobiose, cellotriose or other longer oligomers; 
(ii) exoglucanases or ‘cellobiohydrolases’ target the terminal 
regions of polymeric chains to liberate either glucose or 
cellobiose; and fi nally (iii) β-glucosidases, then, hydrolyze 
cellobiose and cellotriose to liberate glucose monomers. As 
noted by Breznak & Brune5 complete or nearly complete 
hydrolysis of cellulose typically requires synergistic collabo-
ration by each of these three types of cellulases.

Clearly, biological degradation and depolymerization of 
lignocellulose are highly complex processes that involve a 
wide array of enzymes. Because of the complexity of these 
enzyme systems, it has generally been considered impractical 
to attempt to characterize lignocellulose degradation from 
termites (and other insects) by a one-dimensional approach 
involving enzyme biochemistry alone.5 In this respect, the 
powerful ‘reverse-genetics’ approach off ered by digestomics 
and metagenomics can literally allow for all relevant enzymes 
to be identifi ed from a single, carefully executed sequencing 
project. Subsequently, digestive biochemistry and physiology 
can readily be deduced from comprehensive sets of translated 
gene sequence and then specifi cally characterized through 
hypothesis-driven, functional genomics research.

Termite biology, ecology and digestive 
physiology

Historically, termites have been considered important 
insects for reasons relating equally to ecology29 and pest 

status.30 For example, termites play important ecological 
roles in the decomposition of lignocellulosic plant materials 
and global carbon cycling; however, they also cause substan-
tial economic damage to human structures and commodi-
ties on a global scale. More recently, with new emphasis 
being placed on renewable bioenergy, termites are consid-
ered as one of the most important bioreactors on the planet.8 

Based mostly on the presence or absence of cellulolytic 
protozoa in the hindgut, termites are separated into the 
two subgroups of lower and higher termites, respectively.31 
Termite cellulose digestion was long thought to rely solely on 
microbial gut symbionts.5,31,32 Evidence that began to shift  
this paradigm came from biochemical studies that identi-
fi ed cellulase activity from symbiont-free salivary gland and 
foregut extracts.33 Subsequently, endoglucanase-encoding 
genes were discovered from a termite genome, verifying that 
termites do indeed produce their own ‘endogenous’ cellu-
lases.34 More recently it has been shown that symbiotic- and 
termite-derived cellulase gene transcripts are both present 
in termites,12,35–39 supporting the contention that cellulases 
of both endosymbiont and termite origin are important to 
termite cellulose digestion; a fact that has mostly been over-
looked40,41 in recent termite gut metagenomics research. 
With respect to lignin and hemicellulose digestion, the rela-
tive roles of endogenous and symbiotic genes and proteins 
remain undefi ned; however, it is clear that cellulose, hemi-
cellulose, and lignin are all signifi cantly degraded as they 
pass through the termite gut (e.g., Breznak et al., Shuji et al., 
Katsumata et al. 5,21,22 and references therein).

Th e termite gut (Fig. 3), particularly the anaerobic fermen-
tation chamber of the hindgut, is a rich source of microbial 
diversity. Micro-organisms from diverse taxa, including 
bacteria/spirochetes and protists are present in the termite 
gut.5 In lower termites such as R. fl avipes, eukaryotic symbi-
onts are considered to contribute signifi cantly to cellulose 
degradation while bacteria are considered important to 
acetogenesis, methanogenesis, nitrogen economy, O2 physi-
ology, and monosaccharide fermentation. In higher termites, 
many cellulolytic bacteria have been identifi ed. Spirochetes, 
which are very diffi  cult to culture, are found in large numbers 
in the termite hindgut. Spirochetes play roles in acetogenesis 
and nitrogen fi xation in the lower termite hindgut,42,43 and 
also occur as cytoplasmic symbionts of hindgut protists.45,46
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Worker termites compose the majority of individuals in 
termite colonies and also perform the overwhelming majority 
of feeding and lignocellulose digestion. Th e worker termite 
gut is composed of three main regions: foregut, midgut and 
hindgut.5,31 Th e foregut region consists of the oesophagus, 
crop and attached salivary glands. Th e salivary glands secrete 
endogenous endoglucanases and other relevant enzymes into 
the digestive tract. Th e midgut is a slender tubular region that 
secretes a peritrophic membrane around food materials, and 
presumably is a location where some lignocellulose degrada-
tion/depolymerization occurs. Th e midgut of higher termites 
is also known to secrete endoglucanases.44 Analogous to the 
vertebrate kidney, malpighian tubules connect at the junc-
tion of the midgut and hindgut, and participate in waste 
excretion and nitrogen recycling. Th e hindgut consists of a 
fermentation chamber or ‘paunch’ that is generally anaerobic, 
but does possess a micro-oxic zone around its periphery.16,42 
Th e hindgut houses the majority of gut symbionts, and is the 
location where most cellulose degradation, as well as fermen-
tation occurs. In terms of where nutrient assimilation takes 
place, there are no clear answers at the present time.

Termite digestive genomics research

To date, there have been three examples of digestive 
genomics research in termites. Th is work includes symbiont 

metagenomic sequencing the Japanese termite Reticulitermes 
speratus,40 termite/symbiont digestome sequencing in the 
US termite Reticulitermes fl avipes,35,36,39,47 and symbiont 
metagenome sequencing in an undescribed Nasutitermes 
species from Costa Rica.41

Reticulitermes speratus metagenomics

R. speratus is a lower termite, meaning they possess cellu-
lolytic protists in their digestive tracts, and that workers 
are temporally arrested juveniles (e.g., Zhou et al.48). A fi rst 
example of termite digestive genomics research was reported 
by Todaka et al.40 who sequenced 910 clones from an ‘envi-
ronmental’ cDNA library prepared from pooled hindgut 
symbiont samples of R. speratus. Th ese 910 sequences clus-
tered into 580 tentative genes that were annotated based on 
homology to known sequences in public databases. Cellu-
lases containing motifs from ten glycosyl hydrolase (GH) 
families (3, 5, 7, 8, 10, 11, 26, 43, 45 and 62) were identifi ed, 
with GHF7 being the best represented (Table 1). No lignase-
coding genes were identifi ed. Of the nine GHF7 members 
identifi ed, three encoded cellobiohydrolases/exoglucanases 
and six encoded endoglucanases. Additionally, the GHF7 
fi ndings were verifi ed by N-terminal sequencing of domi-
nant ~45 kDa proteins from symbiont protein extracts. 
Th ese proteomic results revealed sequence motifs present 

Figure 3. Morphology and features of the R. fl avipes gut. (A & B) Drawing and photo showing different regions of the 

termite gut, O (oesophagus); C (crop); G (gastric cecum); MG (midgut); T (Malpighian tubules); HG (hindgut). Shown in 

(C) is the external morphology of a worker termite, in which arrows denote the highly visible fermentation chamber of the 

hindgut. Drawing in A is modifi ed from Wood & Johnson.36 Gut photo by JA Smith. Termite photo by ME Scharf. 
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in GHF7 gene sequences that were identifi ed from library 
sequencing, leading the authors to conclude that GHF7 
carbohydrolases are major expressed proteins by the symbi-
otic protistan system of R. speratus, and that they are likely 
active against crystalline cellulose.

In a broader context, with ten GHFs (glycosyl hydrolase 
families) being represented, these R. speratus results provide 
a glimpse into the diversity of hindgut symbiotic protist 
cellulases, with GHF7 being the most diverse. A number of 
xylanolytic enzymes were also identifi ed in this study, but 
did not receive additional attention. Th us, protistan symbi-
onts of R. speratus clearly confer strong cellulolytic and 
some xylanolytic capabilities. However, no apparent lignase-
coding genes were identifi ed from these studies, supporting 
the hypothesis that lignases are termite-derived, or at least 
not derived from gut endosymbionts.

Reticulitermes fl avipes digestomics

A second digestive genomics example from lower termites 
comes from the targeted sequencing of a ‘polyphenic’ 
cDNA library35,36 prepared from whole R. fl avipes termites 
of multiple castes.49 Th e goal of this work was not specifi -
cally to identify lignocellulases, but to use cDNA arrays to 
identify diff erentially expressed genes among diff erent caste 
phenotypes. Because the library included symbiont genes, 
cDNA arrays revealed both endogenous and symbiont-
derived cellulase genes specifi cally expressed in the worker 
caste.35,36 Several dozen ESTs were identifi ed encoding 
cellulolytic enzymes. Th ese ESTs were assembled into four 
contiguous partial open reading frame (ORF) sequences. 
Full-length sequences for these genes were subsequently 
obtained by aligning contiguous expressed sequence tag 
(EST) sequences, primer walking, and 5’ rapid amplifi cation 
of cDNA ends (RACE).39 Most likely, the abundance of these 
four cellulases and the ability to identify them using an 
array-based approach underscores their overall abundance 
and relative importance to cellulose depolymerization.

Two of the R. fl avipes cellulase genes have signifi cant 
translated homology to endoglucanases, while two share 
signifi cant homology with exoglucanases and xylanases. 
One of the endoglucanases (named Cell-1), a glycosyl hydro-
lase family 9 (GHF9) member, has signifi cant homology to 
cellulases identifi ed from termite, cockroach, and bivalve 

genomes.39 Alternatively, the other three cellulases (named 
Cell-2, -3 and -4) are all GHF7 members and have strong 
homology to endoglucanases (Cell-2) and exoglucanases 
(Cell-3 and -4) identifi ed previously from termite gut 
symbionts.12,40,50,51 Th e endogenous and symbiotic origins 
for these four genes were further validated by defaunation 
studies in which UV light was used to eliminate termite 
hindgut symbionts.38 Following UV treatment, no reduction 
in the endogenous Cell-1 transcript levels occurred; however, 
transcript abundance for the symbiotic Cell-2, Cell-3 and 
Cell-4 genes all declined signifi cantly, confi rming their 
symbiotic origins. Additionally, knowledge of these genes 
and corresponding proteins enabled a novel line of research 
into prototype cellulase inhibitors and RNA interference for 
termite control.52,53 

Based on sequencing results and examinations of cellulase 
activity across the gut, it was concluded that the four genes, 
each having diff erent amino acid compositions, likely play 
collaborative or synergistic roles in cellulose digestion.39,52 
Th e existence of such a collaborative system, in which host 
and symbiont enzyme systems complement each other, is in 
contrast to previous conclusions of a ‘dual’ system in which 
symbionts work independently of the host.12,40,54 

In an eff ort to better understand collaborative lignocellu-
lose digestion, more comprehensive sequencing eff orts have 
now been completed in R. fl avipes.47 For this purpose, over 
11 000 ESTs were sequenced from the termite gut transcrip-
tome and the gut symbiont meta-transcriptome (Genbank 
Accession numbers FL634956-FL640828 and FL641015-
FL645753).47 Th e combined R. fl avipes sequencing eff orts 
have identifi ed GHF members from 28 families (Table 1), 
distinct host/symbiont profi les, and several endogenous 
termite lignase candidates.47 Th e putative termite lignases 
identifi ed include laccases, peroxidases, alcohol dehydro-
genases, glutathione peroxidases, glutathione transferases, 
esterases/carboxylesterases, and epoxide hydrolases.47 

Th ese fi ndings, identifying apparent R. fl avipes-derived 
lignase genes, support previous fi ndings that the R. fl avipes 
gut can metabolize the phenylpropanoids benzoate and 
cinnamate as rapidly as cellulose.15 Our identifi cation of 
candidate lignase genes also agrees with earlier biochem-
ical fi ndings showing various degrees of modifi cation of 
lignin, mono-lignol, and/or phenolic compounds in the 
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guts of diverse termites, including R. fl avipes.5,17–22 Finally, 
numerous genes encoding antioxidant enzymes (e.g., super-
oxide dismutase, catalase, alcohol dehydrogenase, glutath-
ione transferase) were also identifi ed from the R. fl avipes 
gut digestome.47 Because lignin degradation is known to 
result in free radical generation,5 the expression of diverse 
antioxidant enzymes in the R. fl avipes gut provides further 
evidence of lignin degradation capabilities.

Nasutitermes metagenomics

A third digestive genomics study was recently reported by 
Warnecke et al.41 As stated by the authors, this metagenomic 
study ‘illustrates how complex a 1-µl environment can be’ 
and that bacterial symbionts of higher termites can reveal 
previously unknown enzymes and illuminate strategies for 
conversion of cellulose to biofuels.41 

Th is study represents the most robust digestive genomics 
eff ort in a termite, and indeed, one of the most comprehen-
sive metagenomic screens conducted in any organism to 
date. Th e termite studied in this research was a termite from 
the genus Nasutitermes collected from arboreal nests in 
Costa Rica; it is an undescribed species that is phylogeneti-
cally close to N. ephratae and N. corniger. Higher termites, 
such as the Nasutitermes, lack protozoan symbionts in their 
digestive tracts, but instead secrete their own endogenous 
cellulases and host cellulolytic symbiotic bacteria.37,44,55–58 

Th e Nasutitermes study used a combination of novel 
 pyrosequencing and traditional Sanger sequencing on 
whole-metagenome shotgun libraries. Th e libraries were 
prepared from symbiont genomic DNA samples isolated 
from the anterior ‘P3’ region of the hindgut lumen. Th is 
research also included a phylogenetic survey based on 16S 
rDNA sequence, proteome sequencing, and functional 
expression of recombinant enzymes. Th e 16S sequence 
survey revealed an unexpectedly broad diversity of bacteria 
that included 12 phyla and 216 phylotypes. Th e dominant 
taxa were from the genus Treponema and phylum Fibrobac-
teres, suggesting that these two taxa were the source of the 
majority of genomic DNA that was analyzed. It is not clear 
at this time if all termites harbour such bacterial symbiont 
diversity.

Th e Nasutitermes metagenomic sequencing can be 
summarized as follows. Two genomic shotgun libraries, one 

small insert library (2–4 kb inserts) and one large fosmid 
library (~32 kb inserts), were sequenced by conventional 
Sanger protocols. In combination, these two libraries 
produced 105 084 reads containing 71.38 Mb of sequence. 
A second approach involved isolation of 15 fosmid library 
clones for full sequencing using novel pyrosequencing 
technology. Pyrosequencing yielded 3 million reads of 
~100 bp, or 30 million base pairs of DNA. A third and fi nal 
approach involved pooling and shearing of the fosmid DNA, 
subcloning it into pUC vector, and end-sequencing 7680 
clones; this latter procedure assisted with the assembly of 
pyrosequencing contigs into fosmid fragments (7 complete 
and 8 partial). 

From this sequence pool, no potential lignases were 
 identifi ed, further supporting the hypothesis that lignin 
degradation and/or depolymerization are not conferred by 
hindgut endosymbiota. Th is sequence dataset, however, did 
reveal over 200 genes or gene fragments involved in cellulose 
and/or hemicellulose hydrolysis from 45 glycosyl hydro-
lase families (GHFs) (Table 1). Interestingly, the protistan 
symbiont GH family 7 noted above for Reticulitermes was 
absent from the Nasutitermes dataset. Also interestingly, 
GH family 9, the family represented mostly by endogenous 
animal endoglucanases, had 9 representatives in the Nasu-
titermes bacterial symbiont dataset; they are apparently 
Fibrobacter-derived. Approximately half of the GHFs identi-
fi ed from the Nasutitermes hindgut metagenome were from 
at least ten distinct families; the most prevalent of these 
groups were as follows: GHF3 (69 members), GHF94 (68), 
GHF5 (56), GHF 23 (52), GHF13 (48), GHF10 (46), GHF31 
(26), GHF2 (23), GHF1 (22). However, hindgut proteomic 
analyses revealed that only a fraction of this diversity may be 
translated and secreted into the gut lumen, suggesting that 
many of these genes may be repressed or weakly expressed, 
and therefore may have limited signifi cance in cellulose 
digestion.

Many other noteworthy fi ndings were also revealed by the 
Nasutitermes metagenomic dataset, such as identifi cation 
of 31 putative proteins with carbohydrate binding func-
tions, 159 iron-only hydrogenases, 14–37 variants of all but 
one component (formate dehydrogenase) of the Ljungdahl 
CO2-reductive acetogenesis pathway, novel ferredoxin 
oxidoreductases and membrane proteins, a rich diversity 
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of genes encoding nitrogen fi xation homologs from many 
diff erent categories, and fi nally, about 1500 genes encoding 
apparent chemotaxis and chemosensation functions. Th is 
latter category of genes is predicted to be involved in gut 
re- colonization aft er molting (via trophallactic transfer of 
symbionts from donors to recipients), and/or aft er regular 
peristaltic mixing and redistribution of gut contents. 

Emerging trends from termite digestomics

Although termite gut digestomics is a relatively new area 
of research, a cursory comparison of existing genomic 
datasets reveals some important trends. First, the protistan 
symbiont glycosyl hydrolase family (GHF) 7 identifi ed in 
both R. speratus and R. fl avipes was conspicuously absent 
from the Nasutitermes hindgut bacterial metagenome 
dataset. Th is provides convincing evidence supporting that 
GHF7 is truly a termite protistan-affi  liated GHF. 12,40,50,51 
Second, eight total GH families were identifi ed from the 
two Reticulitermes species that are not represented in the 
Nasutitermes hindgut metagenome data set (families 7, 30, 
37, 47, 62, 70, 76 and 85; Table 1). Th ere are 34 GH families 
identifi ed thus far that are represented in Nasutitermes and 
absent in Reticulitermes (Table 1). Th e most noteworthy of 
these  Nasutitermes-specifi c GHFs are the GHF94 members, 
of which 68 distinct genes or gene fragments were identifi ed 
(Table 1). Th ese GHF94 members are classifi ed as cellobiose 
and cellodextrin phosphorylases; they presumably act intra-
cellularly on substrates aft er transport into bacterial 
cytoplasm.41 

It is also interesting that GHF9, the family composed 
mostly of endogenous animal endoglucanases, including 
many from Reticulitermes and a number of other higher 
and lower termites, had nine apparent fi brobacter-derived 
members in the Nasutitermes hindgut metagenome. Th e 
identifi cation of bacterial GHF9 members in Nasutitermes 
bacterial symbionts is in agreement with recent analyses 
suggesting ancient origins for GHF9 endoglucanases.10 
With time and further functional analyses, the signifi cance 
of these various asymmetrically distributed GH families 
among higher and lower termites will undoubtedly be more 
clearly resolved. Th ese kinds of comparative genomics 
 investigations will be an important direction for future 
termite digestomics research.

Also, as discussed above, lignin must fi rst be degraded 
and/or at least partially depolymerized before cellulose 
and hemicellulose digestion can occur. In this respect, it 
bears re-emphasizing that no lignases have been identi-
fi ed from any of the R. fl avipes, R. speratus, or Nasuti-
termes symbiont datasets. Th is paucity of lignases within 
symbiont sequence pools is contrasted by recent sequences 
obtained from a R. fl avipes gut tissue library, which reveal 
a number of likely termite-derived lignases; in particular, 
laccases and  peroxidases.47 Both laccases and peroxidases 
from fungi play well-documented roles in lignin degrada-
tion;4,8,23 and some are even produced by fungal cultivars of 
higher termites.24 Because termite guts are not completely 
anoxic, but actually contain well-defi ned micro-oxic 
zones,16 this supports that signifi cant lignin degradation 
can take place in the termite gut,15,21 and suggests legitimate 
roles for recently identifi ed lignase gene candidates in the 
 Reticulitermes gut.47 

Th us, from termite digestomics research, a clearer picture of 
collaborative lignocellulose digestion is now emerging 
(Fig. 4). Perhaps most importantly, from R. fl avipes 
sequencing work47 and recent unpublished functional 
studies, a trend is emerging suggesting collaboration among 
termite-derived genes expressed in the salivary gland/foregut 
and midgut, and symbiont genes expressed in the hindgut. 
Specifi cally, in relation to individual gut regions, there is 
now evidence implicating: (i) lignases, GHF1 β-glucosi-
dases, GHF9 endoglucanases, and GHF43 β-xylosidases in 
the foregut/salivary gland; (ii) apparent feruloyl esterases in 
the midgut; and (iii) a rich diversity of at least 17 symbiont-
derived GHFs in the hindgut (i.e., GHF 2, 3, 5, 7, 10, 11, 16, 
20, 26, 30, 42, 45, 47, 53, 77 and 92). Of the various symbiont 
GHFs, family 7 exoglucanases are undeniably the most 
diverse (see Fig. 4 and Todaka et al. and Tartar et al.40,47). 
Together, these enzyme systems provide the basis for a dual or 
collaborative system that, without question, must be far more 
effi  cient than host-derived enzymes working alone.12,39,54 

Conclusions

An underlying goal of termite digestomics research is to 
defi ne collaborative lignocellulose digestion; i.e., to defi ne 
how termite and symbiont systems complement one another 
to achieve effi  cient lignocellulose digestion. Th e GHF9 and 
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Table 1. Summary of glycosyl hydrolase families (GHF) identified to date from different symbiont 
metagenomes / transcriptomes and termite genomes. Numbers indicate the number of genes identified 
within each GHF. Solid circles (•) denote undeterminable numbers. Dashes (–) indicate missing GHF 
members. R. flavipes sequences are deposited in the Genbank database under accession numbers 
FL634956-FL640828 and FL641015-FL645753.

GHF No. 
Nasutitermes 
(symbiont) 1*

R. speratus 
(symbiont) 2

R. fl avipes 
(symbiont) 3*

R. fl avipes 
(endogenous) 4*

GHF 1 22 – – 2

GHF 2 23 – 1 1

GHF 3 69 1 10 2

GHF 4 14 – – –

GHF 5 56 3 11 2

GHF 7 – • 35 10

GHF 8 5 9 1 1

GHF 9 9 – – 2

GHF 10 46 • 1 1

GHF 11 14 • 10 5

GHF 13 48 – – 10

GHF 16 1 – 3 3

GHF 18 17 – 5 8

GHF 20 15 – 3 4

GHF 23 52 – – –

GHF 25 1 – – –

GHF 26 15 • 5 1

GHF 27 4 – – 1

GHF 28 6 – – –

GHF 30 – – 1 3

GHF 31 26 – – –

GHF 35 3 – – –

GHF 36 5 – – –

GHF 37 – – – 1

GHF 38 11 – – 2

GHF 39 3 – – –

GHF 42 24 – 1 –

GHF 43 16 • – 1

GHF 44 6 – – –

GHF 45 4 2 4 1

GHF 47 – – 1 –

GHF 51 18 – – –

GHF 52 3 – – –

GHF 53 12 – 1 1

GHF 57 17 – – –

GHF 58 1 – – –

GHF 62 – • – –

GHF 65 6 – – –
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7 families, in which the termite genome contributes GHF9 
endoglucanases and protistan symbionts contribute GHF7 
exoglucanases, are one example of apparent enzymatic 
collaboration. Another example is with lignin degradation, 
which is apparently accomplished with enzymes derived 
from the termite genome. Attaining functional knowledge 
on such enzyme collaboration will lead to two important 
outcomes. First, it will lead to identifi cation of industrially 
relevant enzymes; and second, it will reveal how to combine 
recombinant enzymes for maximum effi  ciency in indus-
trial lignocellulose processing. For example, while suitable 
and effi  cient cellulases have been identifi ed and are already 
used in industrial applications, effi  cient and inexpensive 
pre-treatments for lignin and hemicellulose depolymeri-
zation are not yet well developed. In this respect, termite 
digestomics has already off ered signifi cant insights. Also, as 
demonstrated by the identifi cation of potential new lignases 
from a termite genome,47 there is now strong rationale for a 
termite genome project, or other transcriptomic sequencing 
projects that specifi cally target symbiont-free termite gut 
or salivary gland tissues. From the perspective of defi ning 

collaborative lignocellulose digestion, continued transcrip-
tomic and metagenomic sequencing from both symbionts 
and their termite hosts will also be extremely important. 
Developing such a holistic understanding of termite diges-
tomics will not only provide a quantum leap in our under-
standing of the fascinating phenomenon of termite/symbiont 
co-evolution, it will also meet the ever-important need for 
refi nement in industrial lignocellulose processing.
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Table 1. Continued
GHF 67 10 – – –

GHF 70 – – – 1

GHF 74 7 – – –

GHF 76 – – – 1

GHF 77 14 – 1 –

GHF 85 – – – 1

GHF 88 9 – – –

GHF 91 1 – – –

GHF 92 2 – 1 –

GHF 94 68 – – –

GHF 95 12 – – –

GHF 98 1 – – –

GHF 103 3 – – –

GHF 106 2 – – –

GHF 109 3 – – –

1 Warnecke et al.43 (Nasutitermes symbiont metagenomic sequencing).

2 Todaka et al.42 (R. speratus symbiont cDNA library).
3 Tartar et al.47 (R. fl avipes symbiont cDNA library).
4 Tartar et al.47 (R. fl avipes normalized gut cDNA library).

* GHF identities were assigned using the CAZy (carbohydrate-active enzymes) database and nomenclature system (http://www.cazy.org/).
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