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Abstract  Host and symbiont enzymes are involved in lignocellulose processing by 
termites. A brief description of the structure of the main components of the plant cell 
wall and the most relevant degrading enzymes is presented. This chapter focuses on 
the dual cellulolytic system in lower and higher termites and provides an update on 
the current research strategies through culture-dependent and culture-independent 
“-omic” approaches. Significance for biofuel production and future perspectives are 
also discussed.

Keywords  Lignocellulose digestion • Host and endosymbiont enzymes • Omics 
strategies • Biofuels

5.1  �Introduction

During the last years, research on insect cellulolytic systems has gained attention 
because of their potential application in biofuel production. Among cellulose insect 
feeders, termites constitute one of the most promising sources of novel glycosyl 
hydrolase enzymes. Cellulose digestion in termites relies on both endogenous and 
exogenous enzymes. The implication of the former, long time disregarded, begun to 
emerge less than two decades ago. Even though, the digestive process cannot be 
accomplished without the action of exogenous enzymes, produced by a variety of 
endosymbiotic microorganisms hosted in the termite gut. In lower termites, the cel-
lulolytic microbiota is composed mainly of protozoan flagellates. In contrast, higher 
termites lack such symbiotic protistan communities but have a huge diversity of 
intestinal bacteria. The increasing, available data provided by metagenomics and 
metatranscriptomics approaches will help to elucidate the insect’s machinery for 
lignocellulose degradation. Understanding these mechanisms is a crucial step toward 
the establishment of efficient enzymatic processes for the bioethanol industry.

5.2  �Cellulolytic Enzymes

5.2.1  �Lignocellulose Structure

Lignocellulose is a heterogeneous matrix of three macromolecules: cellulose, hemi-
cellulose, and lignin. This highly recalcitrant material makes up the cell wall in plants 
and therefore represents the most abundant biomass on earth (Isikgor and Becer 2015).

Cellulose, the principal component of lignocellulose, is a polysaccharide consist-
ing of hundreds to thousands glucose monomers linked in linear chains of β-1,4 
bonds. This polysaccharide is highly stable and very resistant to chemical attacks. 
Cellulose occurs in both crystalline and amorphous forms. The crystalline regions 
are packed very tightly, and consequently even very small active molecules have 
difficulty in breaking down this structure.
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On the other hand, hemicellulose is a branched chain of polymers of structurally 
heterogeneous sugars: five-carbon sugars (such as D-xylose and L-arabinose), six-
carbon sugars (frequently D-galactose, D-glucose, and D-mannose), and uronic 
acid. Because of its highly branched macromolecular structure, hemicellulose is 
relatively easy to hydrolyze to simple sugars (Bettiga et al. 2009).

Lignin is an amorphous aromatic polymer of phenolic compounds that are linked 
to each other and also covalently to hemicellulose by ester bonds. Lignin is usually 
more difficult to hydrolyze than cellulose and hemicellulose because of its cross-
linked structure.

5.2.2  �Main Lignocellulose-Degrading Enzymes

5.2.2.1  �Cellulases

Cellulases are glycosyl hydrolases (GHs) that can cleave the glycosidic bonds pres-
ent in cellulose. Indeed, the term “cellulase” encompasses all the cellulolytic 
enzymes, which include three main types: endoglucanases (1,4-β-D-glucan-4-
glucanohydrolases, EC 3.2.1.4), exoglucanases (1,4-β-D-glucan cellobiohydro-
lases, EC 3.2.1.91 and 1,4-β-D-glucan cellobiohydrolases, EC 3.2.1.74), and 
β-glucosidases (EC 3.2.1.21).

Endoglucanases cleave amorphous sites in the cellulose chain at random, pro-
ducing oligosaccharides of different lengths. Exoglucanases attack the ends of cel-
lulose fibers to liberate cello-oligosaccharides (mainly cellobiose) or glucose. 
Finally, β-glucosidases hydrolyze cellobiose and other cello-oligomers to release 
glucose monomers from the nonreducing ends. The complete hydrolysis of cellu-
lose usually requires the synergistic action of all these three types of cellulases and 
other accessory cellulolytic enzymes (Murashima et al. 2002; Tahir et al. 2005; Han 
and Chen 2010).

5.2.2.2  �Hemicellulases

Hemicellulases are a diverse group of enzymes that catalyze the hydrolysis of hemi-
cellulose. These enzymes are important in the digestion process because they expose 
cellulose to the action of cellulases, making it accessible for depolymerization. 
Because xylan is one of the main components of hemicellulose (Timell 1967), xyla-
nases (EC 3.2.1.8) play a preponderant role in this respect. Other hemicellulolytic 
enzymes are also required to hydrolyze the hemicellulose in a synergistic way, 
including β-xylosidases (EC 3.2.1.37), β-mannanases (EC 3.2.1.78), α-L-arabinases 
(EC 3.2.1.99), α-L-arabinofuranosidases (EC 3.2.1.55), α-glucoronidases (EC 
3.2.1.131), feruloyl esterases (EC 3.2.1.73), etc.
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5.2.2.3  �Ligninases

The major lignin-degrading enzymes are laccases (E.C. 1.10.3.2) and peroxidases: 
lignin peroxidase (E.C. 1.11.1.14) and manganese peroxidase (E.C. 1.11.1.13). A 
number of less significant oxidative ligninolytic enzymes include diaryl propane 
oxygenases, versatile peroxidases, and dye-decolorizing peroxidases. In addition, 
several accessory enzymes (oxidases and reductases) act as mediators favoring the 
ligninolytic activity of the principal enzymes. They participate in H2O2 production, 
needed by the peroxidases, or catalyze phenolic products reductions. Modification or 
cleavage of lignin improves the accessibility of cellulases and hemicellulases, thus 
increasing the efficiency of lignocellulose degradation (Plácido and Capareda 2015).

5.3  �The Cellulolytic Systems of Termites

Lignocellulose degradation in termites depends on a dual system that includes activ-
ities of both the host and its intestinal symbionts. Mechanical digestion works 
together with the enzymatic action to maximize lignocellulose degradation 
(Fig. 5.1). For almost a century, the theory was accepted that cellulose digestion in 
termites was mediated only by the hindgut microbiota (Ohkuma 2003; Hongoh 
2011; Ni and Tokuda 2013). The key role of a variety of enzyme-producing symbi-
otic microorganisms (including protistans, archaea, bacteria, and fungi) is well 
documented. Nevertheless, since the first description of an endogenous cellulase (an 
endoglucanase) in the lower termite Reticulitermes speratus (Watanabe et al. 1998), 
accumulated evidence proved that host hydrolytic enzymes contribute to lignocel-
lulose processing in a non-negligible manner.

5.3.1  �Lower Termites

In lower termites, which are generally xylophages, the cellulolytic process starts in 
the foregut; the wood fragments cut by the mandibles are further triturated by the 
muscular gizzard into smaller particles (10–20 μm in diameter). The endogenous 
enzymes secreted by the salivary glands into the foregut initiate cellulose hydroly-
sis. A number of papers and reviews have signaled the salivary glands as a source of 
endoglucanases, primarily (Watanabe et al. 1997; Zhou et al. 2007; Brune 2014). 
The production of β-glucosidases in this organ has also been established for several 
termite species (Tokuda et  al. 2002; Zhang et  al. 2012a; Shimada and Maekawa 
2014). In the midgut, the high concentration of endoglucanases breaks down the 
amorphous regions of the cellulose fibers, and the synergistic action of β-glucosidases 
prevents product inhibition by reducing cellobiose accumulation (Watanabe and 
Tokuda 2010; Ni and Tokuda 2013; Brune 2014). Finally, the protistan flagellates 
housed in the hindgut produce the three principal types of cellulases (endogluca-
nases, exoglucanases, and β-glucosidases), as well as hemicellulases. Inside the 
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protozoan digestive vacuoles, these enzymes cooperate in hydrolyzing hemicellu-
lose, crystalline cellulose, and other remnants of ingestion.

The expression of cellulolytic enzymes in the termite gut varies according to the 
termite caste and developmental stages (Fujita et al. 2010; Shimada and Maekawa 
2010). Regarding the classification, Henrissat and Bairoch (1993) demonstrated 
that, despite having different substrate specificities, members of the same GH fam-
ily often have a common evolutionary origin, as revealed by their structural similari-
ties. All the endogenous endoglucanases identified so far belong to the GH 9 family 
(Teather and Wood 1982; Watanabe and Tokuda 2010; Leonardo et al. 2011; Zhang 
et al. 2012b; Scharf 2015a). On the other hand, the protistan endoglucanases cor-
respond to GHs 5, 7, and 45, which seem to belong to a core enzyme set conserved 
during symbiotic evolution (Ni and Tokuda 2013; Scharf 2015a). To date, host 
β-glucosidases were found to belong to GH 1 family (Slaytor 2000; Tokuda et al. 
2002). Concerning hemicellulases, some works have reported xylanases from the 
host (GH 11) and protist symbionts (GH 45), which were recombinant expressed 
(Sasagawa et al. 2011; Sethi et al. 2013). Several ligninolytic enzymes, such as lac-
cases, peroxidases, aldo-keto reductases, phenol oxidases, and esterases, have been 
also identified in termites (Coy et al. 2010; Chandrasekharaiah et al. 2011; Sethi 
et al. 2013).

Fig. 5.1  The digestive process of lignocellulose in termites
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In lower termites, the bacterial microbiota seems not to have a lead role in ligno-
cellulose hydrolysis. It has been stated that when wood particles enter the hindgut, 
they are immediately arrested in the food vacuoles of the flagellate protists (Brune 
2014). However, the recent discovery of a bacterial feruloyl esterase from Coptotermes 
formosanus (Rashamuse et al. 2014) opens new insights in this matter.

5.3.2  �Higher Termites

During the Eocene period (around 60 Myrs ago), the higher termites lost the endo-
symbiont flagellates and, in consequence, diverged by evolving new strategies for 
cellulose hydrolysis (Lo and Eggleton 2011; Brune 2014). The higher termites have 
different feeding habits, including organic matter of soil, wood, herbivore dung, lit-
ter, lichen, and dry grass (Konig et al. 2013). Except for the fungi-associated ter-
mites (referred later), their hindguts evolved to increased length, compartmentalization, 
and alkalinity in order to partially palliate the absence of protozoans. Lignocellulose 
digestion in higher termites is poorly studied and needs further clarification. 
Endoglucanase secretion by the salivary glands seems to be the exception rather 
than the rule (Tokuda et al. 1997; Tokuda et al. 2004). Instead, there is a consensus 
about the enzymatic production in the midgut epithelium that is much more relevant 
to cellulose processing than in lower termites (Lo et al. 2011; Brune 2014). Thus, 
the cellulose hydrolysis is performed mainly by host and bacterial endosymbiont 
endoglucanases secreted by the midgut and the hindgut, respectively (Watanabe 
et al. 1998; Tokuda et al. 2004). Both host and bacterial GH 9 endoglucanases have 
been reported, while GH 5 and 45 are considered of bacterial origin only. Concerning 
the β-glucosidases (GH 1), the organs involved vary among termite species. In 
majority of Nasutitermes sp., β-glucosidases have been detected mainly in the sali-
vary glands and midgut, whereas in other species, this activity occurs mostly in the 
hindgut (Slaytor 2000; Uchima and Arioka 2012; Wang et al. 2012; Ni and Tokuda 
2013; Rashamuse et al. 2014). Also, two xylanases (GH 10 and 11) have been iso-
lated and recombinant expressed from Nasutitermes sp. and Globitermes brachyc-
erastes bacterial symbionts, respectively (Brennan et al. 2004; Han et al. 2013). A 
less frequent, but conspicuous association, can be found in the subfamily 
Macrotermitinae, in which a basidiomycete fungus, cultivated inside the nest, con-
tributes to lignocellulose degradation (Johjima et al. 2006; Liu et al. 2013).

5.4  �Omics Approaches Applied to the Discovery of Novel 
Cellulolytic Enzymes

Since the first genomic studies, the suffix “-omics” has been used to denote large-scale 
research in different fields, including metagenomics, transcriptomics, proteomics, and 
metabolomics. The term digestome was used to describe the ensemble of endogenous 
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and symbiont genes that contribute to lignocellulose digestion in the digestive tract of 
animals, including termites (Scharf and Tartar 2008; Tartar et al. 2009).

A current scheme of the “-omics” approach to the cellulolytic systems in termites 
is illustrated in Fig. 5.2. There are two main ways to study the termite digestome. 
The first one explores genomic strategies through culture-dependent approaches, 
i.e., the isolation of microorganisms containing cellulolytic genes or the character-
ization of enzymatic extracts from cellulolytic enrichment cultures (Ben Guerrero 
et al. 2015; Butera et al. 2016). This method focuses on insect-associated microor-
ganisms and therefore does not take into account the host genome. Its potential is 
further limited by the fact that it is widely accepted that only about 1% of the gut 
microbial diversity can be cultured through conventional techniques.

The second approach seeks to overcome these constraints applying strategies 
(which include metagenomics, metatranscriptomics, metaproteomics, and metabo-
lomics) that do not require microorganism cultivation in artificial media and also 
considers the insect host. These studies can be performed independently or in com-
bination. The main strategies dealing with metagenomics are (1) biodiversity analy-
ses (symbionts); (2) functional metagenomics (through the construction of 
metagenomic libraries in fosmids or plasmids, functional screening, and selection 
of individual clones with cellulolytic activity); and (3) sequence-based analysis 
through next-generation sequencing (NGS) by Illumina, 454 pyrosequencing tech-
nologies, etc. To date, successful results in functional metagenomics and NGS 
allowed the identification of genes encoding lignocellulolytic enzymes or novel 

Fig. 5.2  Different approaches in termite digestome analysis for bioethanol production
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protein families in both host and symbionts, as well as their heterologous expres-
sion, purification, and biochemical characterization (Fig. 5.2).

In termites, near 50 articles referring to “-omics” have been referenced in 
PubMed by June 2016, at least 25 concerned metagenomics (Warnecke et al. 2007; 
He et  al. 2013; Liu et  al. 2013; Do et  al. 2014), around 18 metatranscriptomics 
(Huang et al. 2012; Sethi et al. 2013; Rajarapu et al. 2015), and 5 metaproteomics 
(Burnum et al. 2011; Sillam-Dusses et al. 2012; Bauwens et al. 2013). Several of 
them combined different approaches. Table 5.1 provides a summary of some rele-
vant “-omics” studies concerning termites.

Most metagenomic studies have been based on the identification of lignocellu-
lases from enriched lignocellulosic cultures of microorganisms (Liu et  al. 2011; 
Matteotti et al. 2011; Matteotti et al. 2012; Nimchua et al. 2012; Wang et al. 2012; 
Rashamuse et al. 2014). Other studies have targeted total gut microbiota in termites 
with different feeding habits (Warnecke et al. 2007; He et al. 2013; Liu et al. 2013). 
Many transcriptomic studies have focused on host transcriptome by employing dif-
ferent techniques, such as subtractive hybridization or cDNA macroarrays, random 
or de novo cDNA library sequencing, and cDNA oligonucleotide microarrays, to 
reveal differentially expressed genes (Warnecke et  al. 2007; Weil et  al. 2009; 
Ishikawa et al. 2010; Hojo et al. 2012; Huang et al. 2012; Husseneder et al. 2012; 
Terrapon et al. 2014). Other studies have considered symbiont metatranscriptomic 
analyses by using traditional and NGS technologies (Scharf et  al. 2005; Todaka 
et al. 2010; Rosenthal et al. 2011; Xie et al. 2012; Zhang et al. 2012b; He et al. 
2013).

In higher termites, very few proteomic studies have been published. The results 
obtained were of limited resolution or just sufficient to corroborate the presence of 
some bacterial cellulases predicted by transcriptomic or metagenomic approaches 
(Warnecke et al. 2007; Burnum et al. 2011; Ben Guerrero et al. 2015). Proteomic 
studies in lower termites were more consistent and have allowed researchers to 
identify protist cellulases previously determined by metagenomic approaches 
(Todaka et al. 2007; Sethi et al. 2013) and describe symbiont diversity (Bauwens 
et al. 2013).

Several metabolomic studies have focused on lignocellulose digestion, paying 
special attention to lignin modifications. As mentioned earlier, termites are very 
efficient degraders of lignocellulose. However, lignin degradation constitutes one of 
the less-known aspects of the process and still needs to be clarified (Geib et al. 2008; 
Ke et al. 2011, 2013; Tokuda et al. 2014). The extent of lignin decomposition is 
actually a subject of controversy. Previous works identified gut bacteria able to 
degrade aromatic compounds, and peroxidase producers as well, suggesting that 
these bacteria could be involved in lignin modifications or degradation (Bugg et al. 
2011; Ke et al. 2012). It is possible that termites are capable of degrading only some 
functional groups, monomers, or dimers but not large lignin molecules (Ke et al. 
2011). However, no genes encoding ligninolytic enzymes have been identified in 
termite guts so far. Other metabolomic studies helped to understand the contribution 
of endogenous and symbiont microorganisms enzymes in the overall digestion pro-
cess (Scharf et al. 2011; Tokuda et al. 2014).
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Sequence surveys targeting 16S rRNA have been used in diversity analyses of 
bacteria and archaea (Wang and Qian 2009), whereas 18S rRNA screenings identi-
fied protist symbionts (Tai and Keeling 2013). Cloning-dependent and cloning-
independent approaches were performed through low- and high-throughput 
analyses, focusing on both functional and taxonomic topics (Warnecke et al. 2007; 
He et al. 2013). In general, six major bacterial phyla are represented across higher 
and lower termites: Bacteroidetes, Firmicutes, Spirochaetes, Proteobacteria, 
Fibrobacteres, and Elusimicrobia (Brune 2014). Many hundreds to more than thou-
sand species have been recorded in the different termite species investigated so far 
(Boucias et al. 2013). Interestingly, the 16S surveys revealed that lignocellulosic 
diet shifts have no short-term impacts on the microbiota composition of termites 
(Sanyika et  al. 2012; Boucias et  al. 2013). Otani et  al. (2014) suggested a core 
microbiota of 42 genera shared among 9 termite species tested. Although less 
diverse than bacteria, the number of protist taxa revealed by 18S rRNA high 
throughput sequencing was found to be higher than estimated by morphology.

The advanced “-omics” research on termites has contributed to elucidate molec-
ular and physiological issues of the host/symbiont relationships and the cellulolytic 
digestion processes mediated by the different actors involved. Further work is 
needed to better understand the functional significance of the data obtained by 
genome (and metagenome), transcriptome, and proteome sequencing.

5.5  �Potential Industrial Applications and Future Perspectives

Termites are an interesting biotechnological model for various industrial applica-
tions, including fuels, food, breweries, pulp, and paper. The termite symbiotic sys-
tem is a rich resource, promising the discovery of new genes and enzymes.

As lignocellulose is the main component of the plant cell wall, it is the most 
abundant, widespread, and renewable biofuel resource available on Earth. It is com-
posed mainly of cellulose, hemicellulose, and lignin in different proportions, 
depending on the plant taxa. The conversion of the plant biomass into bioethanol 
can be divided into three main processes: pretreatment, hydrolysis, and fermenta-
tion (Merino and Cherry 2007). The major limitation in this process is the cost of 
the hydrolysis step and the inefficiency of industrial lignocellulose pretreatments 
(Scharf 2015b; Yang and Wyman 2008). Termites, and their associated microorgan-
isms, contain enzymes that could be useful in order to remove or modify lignin and 
hemicellulose in the biomass pretreatment, then to hydrolyze cellulose into sugar 
monomers, and finally to ferment them into acetate. Thus, the study of the termite 
cellulolytic system could be a valuable tool for reducing the high costs experienced 
in the biofuel industry. Future research should increasingly focus on the character-
ization of these enzymes and on the genetic engineering work needed to make them 
more suitable for an industrial use.

5  Lignocellulose Degradation by Termites
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5.6  �Conclusion

The maintenance of a dual cellulolytic system across evolutionary time reveals that 
the combined action of both strategies is essential for termites’ survival. More 
“-omics” efforts are needed to better understand the contribution of endogenous 
(host) and exogenous (symbionts) enzymes in the digestion of lignocellulose. The 
ability of termites to degrade recalcitrant plant biomasses and their ubiquitous dis-
tribution make them an ideal biological model for the industrial processing of cel-
lulosic material. The discovery of novel enzymes, of either host or symbiont origin, 
is regarded as a major concern for biorefinery improvement.
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