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Abstract

The Cerambycidae (longhorn beetle) is a large family of Coleopterawith xylophagous feeding habits.

Cellulose digestion plays an important role in these wood-feeding insects. In this study, transcrip-

tomic technology was used to obtain one glycoside hydrolase family 45 (GH45) cellulase and

sevenGH5 cellulases fromMesosamyops, a typical longhorn beetle. Analyses of expression dynam-

ics and evolutionary relationships provided a complete description of the cellulolytic system. The

expression dynamics related to individual development indicated that endogenous GH45 and GH5

cellulases dominate cellulose digestion in M. myops. Evolutionary analyses suggested that GH45

cellulase gene is a general gene in the Coleoptera Suborder Polyphaga. Evolutionary analyses

also indicated that the GH5 cellulase group in Lamiinae longhorn beetles is closely associated

with wood feeding. This study demonstrated that there is a complex endogenous cellulolytic system

in M. myops that is dominated by cellulases belonging to two glycoside hydrolase families.
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Introduction

Cellulose is polymer comprising β(1,4)-linked D-glucose units. It is a
stable compound and a key structural component of plants. Cellulose
usually combines with lignin and other amorphous materials (e.g.
hemicellulose, pectin) which makes hydrolysis difficult [1]. Most
plant-feeding animals do not utilize cellulose with the exception of
those with specialized feeding habits such as wood-feeding insects
and ruminants [2]. In the previous studies, plant-feeding insects such
as termites and longhorn beetles were found to have the ability of util-
izing cellulose as their carbon source [3].

The enzyme cellulase plays a central role in the utilization of cellulose.
The degradation of cellulose requires three kinds of related enzymes in-
cluding endo-β-1,4-glucanase (EC 3.2.1.4), exo-β-1,4-glucanase (EC
3.2.1.91 and EC 3.2.1.74), and β-glucosidases (EC 3.2.1.21) [4].

Endo-β-1,4-glucanase, also called endocellullase, is a relatively com-
mon enzyme in animals [4] and it is the focus of this study.
Exo-β-1,4-glucanase, also called exocellulase, is rarely reported in in-
sects [4,5]. β-Glucosidase, also called cellobiase, is a widespread en-
zyme in all the current living animals, which means that it does not
limit the use of cellulose by insects [4,6].

Many wood-feeding insects such as longhorn beetles and termites
can utilize lignocellulose because of cellulases in their digestive tract
[4]. Biological sources of cellulases can contribute to cellulose diges-
tion in insects. Termites are a focal point of such research due to
their special biological characteristics and economic significance.
Many cellulase genes have been identified from termites and their
hindgut endosymbionts [7]. A dual cellulolytic system from termi-
tes depends on both endogenous and exogenous cellulases [8,9].
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The endogenous cellulolytic system is generated by the cellulase genes
of the termite genome, and the cellulases of the exogenous cellulolytic
system are encoded by digestive track endosymbionts [4]. Several cel-
lulases have also been identified from beetle species including long-
horn beetles (Cerambycidae) and leaf beetles (Chrysomelidae) [10,11].

Longhorn beetles, Cerambycidae, represent a very large family in
the Coleoptera with a characteristic larval wood-feeding habit. The
larvae of some longhorn beetles are serious pests that cause economic
damagewhen born into tree trunks [12]. The digestion mechanisms of
cellulose in longhorn beetles are not as well studied as in termites and
only limited cellulase genes have been cloned or identified from long-
horn beetle species.

Our understanding of the ability of animals to utilize cellulose has
evolved over time. Early studies of termites revealed that cellulose di-
gestion in insects depends on cellulases generated by intestinal sym-
bionts [13,14]. Many endogenous cellulase genes in termites,
beetles, and other insects have recently been reported. Endogenous cel-
lulase encoded by the termite genome has proven the existence of en-
dogenous cellulolytic systems in insects [15,16]. The co-existence of
endogenous and exogenous cellulases occurs in the termite Copto-
termes formosanus, indicating that some species have a dual celluloly-
tic system [8,9,17,18]. There are two types of cellulase expressed in
different parts of the digestion tract. The exogenous cellulolytic system
functions in the hindgut while the endogenous systemworks in the sal-
ivary gland and the midgut [17]. The hindgut in many termite species
is significantly enlarged with a specialized shape and it typically
houses a large number of endosymbionts including protists, fungi,
and bacteria [19]. These hindgut endosymbionts provide exogenous
cellulases for the host termites.

Endosymbionts are also found in the guts of longhorn beetles [20].
However, the digestive tract of longhorn beetle larvae differs from that
of termites. The longhorn beetle hindgut has a small volume and
simple structure compared with the termite hindgut [4,21], which sug-
gests that the digestive tract of longhorn beetles cannot accommodate
as many endosymbionts as termites. The exogenous cellulolytic system
of longhorn beetles therefore cannot contribute as much to cellulose
digestion as it can in termites.

Cellulase gene expression is a direct method for evaluating the cel-
lulolytic system in longhorn beetles. Progress in RNA sequencing tech-
nology has enabled high throughput analyses of gene expression and
such analyses have been accomplished in number of beetle species
[22,23]. The genome data obtained on the red flour beetle Tribolium
castaneum [24] also contribute to such research.

In this study, cellulases expressed in the longhorn beetle Mesosa
myops were investigated through sequencing the transcriptome of lar-
vae, pupae, and adults. A total of eight endocellulase genes from
M. myops were identified and the sequences and expression levels
were determined. The results indicated thatM. myops contains a com-
plex endogenous cellulolytic system.

Materials and Methods

Insects

Mesosa myops larvae were collected from Salix babylonica trees in
Beijing (GPS: N40.278586, E116.046411), China. Mesosa myops is
not a rare or protected species in China. Infested branches containing
larvae were taken back to the laboratory and reared within the tree
branches at 25°C with stable relative humidity in complete darkness.
A sample of the tree brancheswas dissected at 5-day intervals to observe
M. myops development. Larvae were transferred to a worm tube after

feeding was completed. Three developmental stages of the life cycle
were selected in this study: fourth instar larva (5 days following final ec-
dysis), pupa (7 days after pupation), and adult (4 days after eclosion).
Adults were fed with leaves of S. babylonica for several days before the
experiment. Six individuals were included in each group.

Laboratory methods about transcriptome

Sequencing of transcriptomes was performed using the Illumina Hiseq
2000 platform following standard protocols as provided by the
manufacturer (Illumina, San Diego, USA). Briefly, total RNA was
first isolated with an Rneasy Mini kit (Qiagen, Hilden, Germany)
and then the mRNA was purified using Sera-mag Magnetic Oligo
(dT) (Thermofisher, Wisconsin, USA). Purified mRNA was fragmen-
ted into 100–400 bp pieces with a divalent cations protocol to avoid
priming bias in the subsequent cDNA synthesizing step. Then, double-
stranded cDNA was synthesized using the SuperScript Double-
Stranded cDNA Synthesis kit (Invitrogen, Carlsbad, USA) with
random hexamer (N6) primers (Illumina). After the process of end-
repair and phosphorylation (using T4 DNA polymerase, Klenow
DNA polymerase, and T4 PNK), the 3′ ends of the cDNA fragments
were adenylated with DNA polymerase Klenow Exo-(3′–5′ exo
minus) (Illumina). Then, the Illumina Paired-end adapters were linked
to the ends of these 3′-adenylated cDNA fragments. The cDNA frag-
ment ranges within 200 ± 25 bp in length were extracted using 2%
agarose gel in TAE-buffer. Then, 15 cycles of polymerase chain reac-
tion (PCR) were performed to amplify the cDNA template using PCR
Primer PE 1.0 and PCR Primer PE 2.0 (Illumina). The cDNA library
was constructed using purified cDNA fragments (length ranges within
200 ± 25 bp). The quality of the library was validated using an Agilent
2100 Bioanalyzer with Agilent DNA 1000 chip kit (Agilent Technolo-
gies, Santa Clara, USA). Then, the library was sequenced on a flow cell
using IlluminaHiseq 2000 platformwith standard workflow compris-
ing steps of hybridization, isothermal amplification, linearization,
blocking, sequencing primer hybridization, and sequencing. The sequen-
cing data were filtered and low quality bases were removed. Finally, the
pure data were used for the subsequent analyses.

Transcriptome data processing

All of the raw data from the three developmental stages were as-
sembled together with the software Trinity [25] using default para-
meters with the exception that minimum length of contigs was set to
200, and the parameter maximum_reads_per_graph was set to
200,000. The sequences homology was first searched against an
NCBI non-redundant (nr) protein database using BLASTx with an
E-value cut-off as 10−3 (minimum length of 20 amino acids). And
then the sequences retrieving no BLASTx hits were searched again
using BLASTn against an NCBI nr nucleotide database with cut-off
of E-value as 10−10. Functional annotation by gene ontology terms
(GO, www.geneontology.org), metabolic pathways (Kyoto Encyclo-
pedia of Genes and Genomes, KEGG) were performed using the
BLAST2GO software suite v2.3.1. Expression of the unigenes was
evaluated using the RPKM (Reads Per Kilobase of exon model per
Million mapped reads) [26] value. The cellulase genes obtained in
the transcriptome were then extracted.

Molecular evolution of the cellulases

Phylogeny analyses were used to infer the biological sources of the cel-
lulase genes. Amino acid sequences of the recorded cellulase genes in
Carbohydrate-Active enZYmes Database (CAZY, http://www.cazy.
org/) [27] were downloaded and combined into one data matrix
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with the cellulase obtained from the present research. But patent se-
quences, repeated sequences, and sequences with lengths too short
or too long were excluded in the analyses. The related cellulase
genes of another longhorn beetle, Anoplophora glabripennis [28],
were also included in the subsequent analyses. The data matrixes are
provided in Supplementary data. Amino acid sequences were aligned
with software MUSCLE [29] (gap open =−2.9; gap extension =−0.5)
and then used to construct phylogenetic trees. Data files were prepared
usingMEGA [30] and Bioedit [31] software. Tree building with neigh-
bor joining (NJ) criteriawas performed usingMEGAand tree building
with maximum likelihood (ML) criteria was performed with Garli
software [32]. The evaluation of the final NJ and ML trees was per-
formed using the bootstrap [33] method (1000 replications).

GH45 and GH5 cellulases data used for phylogenetic

tree building

All the recorded GH45members in CAZY are cellulases and a total of
218 GH45 cellulase genes were included in this analysis. All of the
genes are from the CAZY database; the amino acid sequence data
were downloaded from GenBank and their accession IDs and se-
quences are listed in Supplementary data. Some sequences have rela-
tively short lengths. GH5 is a large enzyme family including
cellulases and other enzyme types. GH5 has more entries in the
CAZY database (4353 records) than GH45. Representative cellulases
were extracted for tree building to infer the evolutionary relationships
of the newly discovered GH5 cellulase genes. A total of 80 GH5 cel-
lulase sequences were included in the final tree-building analyses.
Accession IDs and sequence data matrixes of GH45 and GH5 cellu-
lases used in tree building are given in Supplementary data. Sequences
with fewer than 200 amino acid residues were excluded. One represen-
tative sequence was selected from each series of very similar or identi-
cal sequences for the final tree building.

Results

Information of transcriptome

The transcriptome of the three developmental stages was separately se-
quenced and produced 14.7 Gbp clean data (larvae: 4.62 Gbp; pupa:
4.5 Gbp; and adult: 5.58 Gbp). All the data were combined to produce
68,180 unigenes. Transcriptome information is summarized inTable 1.

Cellulase genes in M. myops
A total of eight cellulase genes from the entire transcriptome of
M. myops were found, including six complete and two incomplete
cDNA sequences (Table 2). One cellulase (CGH45A, complete

cDNA sequence, 235 aa long) belongs to the GH45 and the remaining
seven enzymes belong to the GH5. The lengths of the GH5 cellulases
range from 317 to 327 aa predicted from the six complete sequences.
All of the identified cellulase genes were submitted to GenBank and
Accession IDs are listed in Table 2.

Expression dynamics of the cellulases genes

Expression levels varied significantly among the identified cellulase
genes. The expression level of CGH45A, the only GH45 cellulase
gene, was the greatest determined by the RPKM values. The RPKM
value of CGH45A in larvae was 3913.4, indicating that this gene pro-
duced nearly 0.4% of the total mRNA, a relatively high expression
level for a single gene. The expression level of CGH45A in larvae is
relatively high among all of the unigenes (Fig. 1).

Expressions of GH5 cellulase genes in larvae were lower than that
of the GH45 gene. However, the absolute expression intensities of sev-
eral GH5 cellulase genes are greater than most of the other genes iden-
tified (Fig. 1). Expressions of the four GH5 cellulases (CGH5D,
CGH5B, CGH5A, and CGH5C) were relatively high (RPKM> 500)
in the larval stage (Fig. 1) compared with other stages. The high ex-
pression of the cellulase genes meets the requirement for cellulose di-
gestion in the larvae.

Most cellulase genes show a declining trend of expression along
with the insect development. There are two major expression patterns
of the cellulase genes in this study (Fig. 2). Six cellulase genes follow
pattern A (Fig. 2A) in which expression levels are down-regulated dur-
ing development. Cellulases with pattern A have the highest expres-
sion in larvae and the lowest expression in adults. The remaining
two cellulase genes follow pattern B (Fig. 2B), with low expression
in larvae but high expression in adults.

Evolutionary analyses of M. myops cellulases

Understanding the evolution of cellulase genes is an important part in the
study of cellulolytic systems. Phylogenetic analyses with available cellu-
lases (including the cellulases yielded in this study and representatives of
available cellulases obtained from public databases) were performed.

There are 216 GH45 cellulase gene records collected in CAZY
(http://www.cazy.org/), a specific database for glycoside hydrolase.
Among these, 194 were obtained from Eukaryota, including insects,
fungi, nematodes, plants, and others. The GH45 cellulase genes
(CGH45A) obtained in this study clustered with the GH45 cellulase
genes found in other Coleoptera. The available GH45 cellulase mem-
bers in the Coleoptera formed awell-supported linage in the phylogen-
etic tree (Fig. 3, GH45 tree). This relationship suggests that the GH45
cellulase may be universal in Coleoptera. Because of limited data

Table 1. Annotation summary for M. myops transcriptome

assembly

Number of unigenes 68,180
Pure data (total) 14.7G
Average length of unigenes 1084 bp
Unigenes with BLASTP Hits (threshold of 10−5) 43,264 (63.5%)
Average length of CDS with blast hits 228 aaa

Number of larval expressing unigenes 33,026
Number of pupal expressing unigenes 34,082
Number of adult expressing unigenes 53,052
Number of unigenes with GO assignments 27,678 (40.6%)
Number of unigenes with KEGG assignments 17,730 (26.0%)
Number of unigenes with Pfam assignments 11,301 (16.6%)

aAmino acid.

Table 2. Cellulase genes identified in transcriptome of M. myops

Cellulasea Length
(bp)

Amino
acid length

Organism Accession
ID

CGH5A 1182 327 Ditylenchus destructor KP875552
CGH5B 1102 321 Ditylenchus destructor KP875553
CGH45A 811 235 Apriona germari KP875551
CGH5C 1394 324 Rotylenchulus reniformis KP875554
CGH5D 1069 324 Ditylenchus destructor KP875556
CGH5E 985 323 Ditylenchus destructor KP875555
CGH5F 1013 317 Ditylenchus destructor KP875557
CGH5G 212 70b Rotylenchulus reniformis KP875558

aEach cellulase was named by the Glycosyl hydrolase family it belongs.
bThe sequence is not complete.

Endogenous cellulolytic enzyme systems in the longhorn beetle 743
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available, further studies with additional species are needed to confirm
the potential universal presence of GH45 cellulases in Coleoptera.

Most of the GH45 cellulases were found in fungi. However, phyl-
ogeny analyses revealed polyphyletic linages of fungal cellulase. The
Coleoptera GH45 cellulase linage was clustered with the linage of
yeast (belong to Fungi) cellulases. This result indicated the complexity
of GH45 cellulase origination in fungi. The cellulases of the symbiotic
protists of termites formed awell-supported branch as well as theMol-
lusca cellulases and the nematode cellulases. These results suggested
that GH45 cellulases are widespread in different animal groups, indi-
cating the generic importance of this enzyme for a diversity of wood-
feeding animals. No endogenous GH45 cellulase was found in termite
genomes. However, large amount of exogenous GH45 cellulase oc-
curs in termite symbiotic protists. The presence of GH45 cellulase is
a good indicator of the wood-feeding habit and cellulose utilization
in animals, especially in Coleoptera. Almost all of the insects, GH45
cellulases recorded in CAZY have been identified from species in the
Coleoptera superfamilies Chrysomeloidea and Curculionoidea (ex-
cepting one Collembola species). More detailed studies covering a

wider range of Coleoptera groups will be needed to determine if the
GH45 cellulase is a characteristic cellulase in Coleoptera.

The ML tree of the GH5 cellulases indicates that the GH5 cellulase
tree is more complex than the GH45 tree (Figs. 3 and 4). Most of the
GH5 cellulases were identified from bacteria and fungi. However, the
fungal GH5 cellulases formed series branches that were mixed with
other branches (Fig. 4). All of the arthropod GH5 cellulases are derived
from insects, specifically from longhorn beetles (CZAY and GenBank).
The seven GH5 cellulases identified in this study together with the GH5
cellulases obtained from other longhorn beetle species [5,10,28,34] were
included in the tree building. The phylogeny relationship (Fig. 4) sup-
ports the hypothesis that GH5 cellulases are endogenous in longhorn
beetles. The beetle GH5 cellulases form a well-supported branch (boot-
strap support = 100) and this result shows that longhorn beetles contain
a series of actively expressed GH5 cellulase genes. The beetle branch, to-
gether with twowell-supported branches formed by nematode and some
bacterial cellulases, generates a large andwell-supported branch (Fig. 4).

Discussion

Based on the expression analysis and evolutionary analysis, we reach
the conclusion that there are two cellulose digestion systems in longhorn

Figure 1. Relative expression intensity of the cellulase genes ofM.myops All

of the recorded unigenes are shown according to its expression intensities

(with the format of logarithm of RPKM value) and the cellulases are marked

to show their relative level. Horizontal axis: category axis for all the genes

found in transcriptome; vertical axis: logarithm of RPKM value.

Figure 2. Cellulase gene expression dynamics in the three main

developmental stages of M. myops (A) The up-regulated cellulases during

development. (B) The down-regulated cellulases during development.
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beetles. One system is represented by GH45 cellulase, which is wide-
spread and characteristic to Coleoptera. The other system is represented
by the GH5 cellulases. According to the expression characteristics and

evolutionary relationships, we believe that these cellulases are products
of endogenous genes. The expressions ofmost cellulase genes parallel to
demands, especially in the larvae, for cellulose digestion in M. myops.

Figure 3. Maximum likelihood tree of GH45 cellulose genes Each cellulase is marked with the Accession ID and the name of organism. The data matrix is provided

in appendix as Supplementary data. The tree is evaluated with bootstrap method and the support value is marked on the branch when it exceeds 50.
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The origin of GH45 cellulase genes in Coleoptera is unclear. GH45
cellulase genes are common in some coleopteran linages, such as

Chrysomelinae and Curculionidae.More studies on awider taxonom-
ic range of beetles will be needed to determine if GH45 cellulase is
common in the Polyphaga. Phylogeny analyses across different species
suggest that GH45 genes may be generated by endogenous genes.
CAZY has recorded more than 40 GH45 cellulases from 32 Coleop-
tera species (in addition to the GH45 cellulase identified in this study).
These GH45 cellulases form a monophyletic branch in the phylogen-
etic trees, indicating that these genes have a common ancestor gene
which might render Coleoptera the ability to use cellulose for growth
and metabolism. Horizontal gene transfer is one possible explanation
for gene origination in organisms [35]. However, the probability is
quite low that the horizontal transfer of one gene happens independ-
ently in most of the Coleoptera species. The widespread existence of
GH45 cellulase gene in two Coleoptera superfamilies (suborder Poly-
phaga) suggested that it might have originated in the Polyphaga. An
alternative explanation is that GH45 genes originated from common
ancestor of Polyphaga.

CAZY currently has 4230 records of GH5. These include the ac-
tivities of different enzymes, such as β-mannosidase (EC 3.2.1.25),
chitosanase (EC 3.2.1.132), endo-β-1,4-glucanase (endocellulase,
EC 3.2.1.4), and others. GH5 cellulase genes are widespread in differ-
ent taxonomic groups and have been recorded in most currently living
groups, including Archaea, Bacteria, and Eukaryota. GH5 cellulases
from longhorn beetles form a monophyletic branch in the phylogenet-
ic tree, indicating that the GH5 cellulases share a common ancestor.
Several Lamiinae longhorn beetles contain relatively large numbers
of GH5 cellulase copies [28,36]. This situation is special and has sel-
dom been reported in insects.

Cellulases have a major influence on the evolution of plant-feeding
insect species [37] and the present study supports this conclusion.
However, only three GH5 cellulases were found previously in Coleop-
tera species (Cerambycidae) prior to this study. The expansion of GH5
cellulases in longhorn beetles, including M. myops, is therefore a ra-
ther unique phenomenon in insects. Recently, GH5 cellulases have
also been identified, using transcriptomic methods, in the Cerambycid
species A. glabripennis [28] and Apriona japonica [36]. It is well
known that longhorn beetle larvae can ingest wood materials and
therefore cellulose is the main carbon source for their metabolism
and growth. Cellulose digestion is essential for longhorn beetle larvae
compared with other plant-feeding animals because longhorn beetles
utilize cellulose as their main carbon source. Cellulase helps to dissolve
the cell walls, which improves the digestive efficiency [7]. TheGH5 cel-
lulase genes enable insects to utilize cellulose and enable longhorn bee-
tle to adapt to awood-feeding habit. The following questions are to be
answered by future research. How has wood feeding evolved in other
beetle species? How do the GH5 cellulases specifically function in the
digestion tract of longhorn beetles? Why have longhorn beetles
evolved numerous GH5 cellulase genes?

Most plant-feeding animals do not use cellulose as their main car-
bon source and the wood-feeding habit is clearly a special case among
herbivores. One reason involves the stability of the cellulose molecule
and the metabolic difficulty of releasing glucose from its molecular
chains. Many plant-feeding animals could use limited amounts of cel-
lulose with the aid of symbionts such as those found in ruminants [2].
However, most animals cannot use cellulose as a main food because
they are unable to process adequate amounts of cellulose required to
meet carbohydrate requirements. Details on how wood-feeding spe-
cies such as termites and longhorn beetle larvae obtain sufficient car-
bohydrates remain inadequately understood.

Cellulase activity is a key factor for effective cellulose digestion. In
most longhorn beetles, the larva is the main life stage utilizing cellulose

Figure 4. Maximum likelihood tree of GH5 cellulose genes Each cellulase is

marked with the Accession ID and the name of organism. The data matrix is

provided in appendix as Supplementary data. The tree is evaluated with

bootstrap method and the support value is marked on the branch when it

exceeds 50.
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for nutrition. The expression of cellulase must be adequate to meet the
requirements for cellulose digestion in larvalM. myops. Transcription
is the first step of gene expression and genes with greater production of
mRNA usually have more final enzyme product. Furthermore, expres-
sion dynamics of the digestive enzymes should be correlated with the
physiological requirements determined by the feeding habits. Mesosa
myops larvae feed only on wood and the larva is the main feeding
stage. Mesosa myops adults have relatively limited feeding require-
ments and their nutritional needs are met by leaf feeding. Larvae of
longhorn beetles must depend on cellulases for conversion of cellulose
into carbohydrates. From the habit characteristics, expression dynam-
ics information, and expression levels, we conclude that the cellulases
with Pattern A (Fig. 2A) are the dominant enzymes responsible for cel-
lulose digestion (CGH45A,CGH5D,CGH5B,CGH5A, andCGH5C)
in larvae ofM.myops and the cellulases that follow Pattern B (CGH5F)
are the dominant cellulases in adults.

The digestion of cellulose in some termites such as C. formosanus
and Reticulitermes flavipes depends on hindgut enzymes produced by
symbiotes [18,38,39]. At the same time, endogenous cellulases of the
GH9 family are expressed in the foregut and midgut. The termites ap-
pear to have a dual cellulolytic system formed by both endogenous and
exogenous cellulases. Similarly, the longhorn beetleM.myops also has
dual cellulolytic system, but the detailed situation differs from that of
the termites. Both of the two cellulolytic systems are endogenous in
M. myops but they are evolutionarily distinctive. The first system has
GH45 cellulase which might be common in Coleoptera. The second
system includes a group of GH5 cellulases. In termites, the endogen-
ous cellulase genes are mainly expressed in the salivary gland and the
midgut, while the exogenous cellulolytic system exists in the hindgut.
In longhorn beetles, the action mode of GH45 andGH5 cellulases and
their spatial distribution in the digestive tract are still not clear.

There are at least two ways for endogenous cellulase to evolve.
These are horizontal gene transfer and natural selection on advanta-
geous mutations. It is difficult to identify a starting point for cellulase
genes in insect linages such as Coleoptera and Isoptera based on our
current knowledge. Irrespective of their origin, cellulase genes might
be widespread endogenous genes in Coleoptera and might have con-
tributed to the extreme diversity of Coleoptera, especially for the
groups feeding on plant material.

This study raises several issues that need to be addressed by future
study. What is the origin of GH45 cellulase? What is its role in the
feeding habit differentiation among beetles? From the evolutionary
and physiological perspectives, what are the roles of GH5 cellulases
in the development of longhorn beetles wood-feeding habits? Informa-
tion on the genomes and transcriptomes of a variety of other Coleop-
tera species will help to answer these questions.

Several cellulase genes are active in the wood-feeding longhorn
beetleM.myops. We completed the characterization of one GH45 cel-
lulase and seven GH5 cellulases from the transcriptome ofM. myops.
A dual endogenous cellulolytic system which includes a GH45 cellu-
lase and a group of GH5 cellulases was characterized. The informa-
tion about the active GH5 cellulase group could be valuable for the
understanding of the wood-feeding habit in other longhorn beetle spe-
cies. Phylogenetic and evolutionary analyses of the two kinds of cellu-
lase indicated that both of the two systems are endogenous. The high
expression levels and expression dynamics of these cellulase genes sug-
gest that GH45 and GH5 cellulases are functional digestive enzymes
that dominate cellulose digestion in M. myops. GH45 cellulases are
likely to be common cellulases in Coleoptera. GH5 cellulases appear
to be characteristic enzymes in longhorn beetles and they may play
a role in the evolution of the wood-feeding habit in Coleoptera.

The results of this study provide an example of the complexity of cel-
lulose digestion in wood-feeding insects.
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Supplementary data is available at ABBS online.
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