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otic relationship between xylophagous termites and the
flagellated anaerobic protists in their hindgut is a well-
known example of symbiosis. Early studies have indicated
that the presence of the symbiotic protists is critical to ter-
mite survival on a diet of sound wood or cellulose and that
many of the protists are cellulolytic, producing acetate as an
energy source and precursor for biosynthesis in the termite
(Breznak and Brune 1994, and references therein). Re-
cently, cellulases of termite origin (endogenous cellulases),
which are secreted from the salivary glands in the case of
lower termites, have been identified and characterized
(Watanabe et al. 1997, 1998). Although a substantial
amount of cellulose ingested by termites can be degraded
by the endogenous cellulase, the cellulose not hydrolyzed in
the anterior portion of the gut then travels to the hindgut,
where it can be endocytosed and fermented by the symbi-
otic protists (Watanabe et al. 1998). The existence of this
dual system in lower termites explains their ability to
assimilate wood glucan to an extent greater than 90%
(Breznak and Brune 1994).

Cellulases of protist origin, however, have never been
analyzed at the molecular level to our knowledge until now,
because pure cultures have been very difficult to establish
and only a limited number of species have been axenically
cultured (Yamin 1978, 1980a; Odelson and Breznak
1985a; Berchtold et al. 1995). Consequently, there have
been relatively few biochemical investigations (Yamin
and Trager 1979; Yamin 1980a, 1980b; Odelson and
Breznak 1985b). Many studies on the symbiotic protists
have been restricted to their morphology. Recently,
culture-independent approaches involving PCR amplifica-
tion of a certain gene and identification of the origin of the
gene by in situ hybridization have been developed to inves-
tigate the molecular phylogeny of the symbiotic protists
(Berchtold and König 1995; Moriya et al. 1998; Ohkuma et
al. 1998, 2000). The symbiotic protists belonging to the or-
ders Hypermastidida, Trichomonadida, and Oxymonadida
have been found to represent early branching eukaryotes.

In this article, based on a culture-independent approach,
we describe the characterization of the sequences of diverse
genes of cellulase homologues, which belong to glycosyl

Abstract Diverse genes encoding cellulase homologues
belonging to glycosyl hydrolase family 45 were identified
from the symbiotic protists in the hindgut of the termite
Reticulitermes speratus through the use of consensus PCR
and the screening of a cDNA library. Fifteen full-length
cDNA clones were isolated and sequenced, which encoded
polypeptides consisting of 218–221 amino acid residues
showing up to 63% identity to known family 45 cellulases.
The cellulase sequences of the termite symbiotic protists
were phylogenetically monophyletic, showing more than
75% amino acid identity with each other. These enzymes
consist of a single catalytic domain, lacking the ancillary
domains found in most microbial cellulases. By whole-cell
in situ hybridization using oligonucleotide probes specific
for regions conserved in some of the sequences, the origin
of the genes was identified as symbiotic hypermastigote
protists. The presence of diverse cellulase homologues sug-
gests that symbiotic protists of termites may be rich reser-
voirs of novel cellulase sequences.
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Introduction

Termites maintain anaerobic microbial communities in
their guts, which are very small but highly structured mi-
croenvironments (Brune and Friedrich 2000). The symbi-
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hydrolase family 45 (GHF45), from symbiotic protists in the
hindgut of the termite Reticulitermes speratus. R. speratus is
one of the most extensively investigated termites in terms of
both its cellulolytic and xylanolytic systems and the molecu-
lar phylogeny of its symbiotic protists (Inoue et al. 1997;
Moriya et al. 1998; Ohkuma et al. 1998, 2000; Watanabe
et al. 1997, 1998; Yamaoka and Nagatani 1975, 1977).

Materials and methods

PCR with consensus primers and cloning of the
PCR product

A pair of degenerate oligonucleotide primers was designed:
F45F (59-ACIMGITAYTGGGAYTGYTG-39) and F45R
(59-AAIRYICCIAVICCICCICCIGG-39). These primers
corresponded to the consensus amino acid segments
(TRYWDCC, and PGGG[V/L]G[I/A/L][Y/F], respec-
tively) of most members of GHF45, and served to amplify a
fragment approximately 380bp in size coding for the con-
served catalytic domain of the GHF45 cellulases. As the
template for PCR, we used DNA extracted from the whole
population of a full-length cDNA library of the symbiotic
protists in the hindgut of R. speratus. The cDNA library was
constructed by the method of Carninci and Hayashizaki
(1999) using mRNA extracted from the mixed population of
the hindgut protists without the gut tissue as described
previously (Moriya et al. 1998). PCR was performed using
Ex-Taq DNA polymerase (Takara Shuzo, Kyoto, Japan)
according to the manufacturer’s directions; the reaction con-
ditions were 35 cycles of 94°C for 30s, 45°C for 45s, and 72°C
for 2 min. The PCR product of the appropriate size was
purified and cloned into pGEM-T (Promega, Madison, WI,
USA).

Screening of the cDNA library

The insert DNA fragments carrying the PCR products cor-
responding to GHF45 cellulase genes (clones 1, 2, 5, 8, 9,
and 25) were excised by digestion with SacII and SpeI
(Takara Shuzo). Equimolar amounts of the insert DNA
fragments were mixed and labeled with digoxigenin using a
DIG DNA labeling kit (Boehringer Mannheim, Mannheim,
Germany) and then were used as probes for plaque hybrid-
ization. Recombinant lambda phages in the cDNA library
were transferred from plaques onto Hybond N1 membranes
(Amersham, Buckinghamshire, UK). Hybridization and
detection of positive clones were performed using a DIG
nucleic acid detection kit (Boehringer Mannheim) accord-
ing to the manufacturer’s directions. The temperature for
hybridization was 37°C. Hybridization-positive clones were
purified and recovered as plasmid DNAs as described
previously (Carninci and Hayashizaki 1999).

DNA sequencing and phylogenetic analysis

DNA sequences were determined using the ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction Kit

(Perkin Elmer Japan, Tokyo, Japan) and an automatic
sequence analyzer (ABI model 377). The sequence data
were aligned using the CLUSTAL W package (Tompson
et al. 1994) and checked manually. Construction of a
neighbor-joining phylogenetic tree and bootstrap analysis
were performed using the PHYLIP ver. 3.5c package
(Felsenstein 1989). The nucleotide sequence data deter-
mined in this study will appear in the databases under
accession numbers AB045159-AB045164 for the six PCR
product clones and AB045165-AB045179 for the 15 full-
length cDNA clones.

In situ hybridization

Oligonucleotide probes, F45-D9 (59-GCTGCTGCAGCA
ATTTCAGG-39) and F45-D3 (59-ACMCCRTGGCAAG
TRAGTGA-39, where M and R represent A or C and A
or G, respectively), which were labeled with fluorescein
isothiocyanate (FITC) at the 59-end, were used for in situ
identification of the origin of the cellulase homologue
genes. Fixation of the protist cells and whole-cell hybridiza-
tion were performed as described previously (Ohkuma
et al. 1998, 2000). After hybridization, the specimen
was immunologically stained with alkaline phosphatase-
conjugated anti-FITC antibodies (Boehringer Mannheim)
as described previously (Moriya et al. 1998).

Results and discussion

Clones of the PCR product

Cellulases and other glycosyl hydrolases have been classi-
fied into more than 66 families based on protein sequence
relatedness (Henrissat and Bairoch 1993, 1996). The pres-
ence of some amino acid regions conserved in an intra-
family manner but not in an interfamily manner has made it
possible to design degenerate oligonucleotide primers for
PCR amplification of the genes encoding cellulase homo-
logues (Sheppard et al. 1994). In our attempts to amplify
cellulase genes, the combination of the degenerate primers
employed specific for glycosyl hydrolase family 45 (GHF45)
was found to be effective for amplification of fragments of
the expected size (approximately 380bp) from the cDNA
prepared from mRNA extracted from the hindgut protists
of R. speratus. The PCR products were cloned, and 38
clones were categorized into six groups on the basis of
nucleotide sequence identity (clones showing more than
98.8% identity were grouped together). These groups were
represented by clones 1, 2, 5, 8, 9, and 25, respectively,
and these groups consisted of 6, 13, 13, 2, 1, and 3 clones,
respectively. The group represented by clone 1 and that
represented by clone 2 showed relatively high nucleotide
sequence identity (more than 96%), whereas the other
groups showed less than 87% identity. The deduced
amino acid sequences of the PCR product clones showed
significant sequence similarity with members of GHF45
(see following).
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Full-length clones

A mixture of the DNAs of the six representative clones was
used in screening to detect full-length cDNA. In the hybrid-
ization under low-stringency conditions, positive signals
from approximately 0.2% of the plaques in the cDNA
library were observed, suggesting that the GHF45 cellulase
homologues were moderately expressed genes. Thirty-three
positive clones were isolated and the partial nucleotide
sequences of these were determined. The clones showing
more than 99% nucleotide sequence identity were grouped
together to obtain 15 groups. Four groups, represented by
clones 2-54, 2-6, 7-25, and 6-32, consisted of multiple clones
(6, 4, 4, and 3 clones, respectively), and five groups,
represented by clones 1-14, 1-16, 4-44, 7-50, and 8-44,
consisted of 2 clones each. The other 6 clones (6-47, 7-10,
8-16, 8-38, 45-6, and B1-1) were unique sequences. The
complete nucleotide sequence was determined in the case
of each of these 15 representative clones.

An open reading frame encoding a polypeptide consist-
ing of 218 to 221 amino acid residues was found in the case
of each clone. It is unlikely that the coding region would
extend upstream from the first ATG in the cDNAs because
there are in-frame stop codons within 21bp upstream of the
ATG in 4 of the 15 representative clones. In all the 15
clones, the first 12 to 15 amino acid residues was a stretch of
hydrophobic amino acids, seemingly a signal sequence.
These observations suggested that the isolated cDNA
clones probably encode the entire sequences of the GHF45
cellulase homologues.

The sequences of the PCR product clones were com-
pared with those of the cDNA clones. The deduced amino
acid sequences of PCR product clones 5, 8, and 25 were
identical to those of cDNA clones 2-6, 8-44, and 45-6,
respectively, and the percent nucleotide sequence identity
was found to be 97.3%, 99.4%, and 97.9%, respectively.
The sequences of the PCR product clones in the other three
groups were not identical to any of the cDNA clones. How-
ever, the deduced amino acid sequences of PCR product
clones 1, 2, and 9 showed relatively high amino acid
sequence identity compared to the sequence of cDNA clone
4-44, that is, 96.4% in each instance, although the percent
nucleotide sequence identities was less than 89% in each
instance.

To identify the origin of the sequences, whole-cell in situ
hybridization experiments were performed. Two probes,
one corresponding to the conserved nucleotide sequence of
clones 2-6 and 4-44 (D9 probe; see Fig. 1) and the other
corresponding to that of clones 7-25, 7-10, B1-1, and 1-16
(D3 probe; data not shown), gave significant signals from
the cells of the large hypermastigote protists Trichonympha
agilis and Teranympha mirabilis in both cases. Very weak
signals could be detected for the other protist species. With-
out the addition of the probe, no significant signal was
observed from either of these protists (data not shown),
indicating that the detected signal was attributable to the
probes. The results suggested that these genes for the cellu-
lase homologues originated from either of these protist spe-
cies. The use of sequence-specific probes may be necessary

to distinguish the origin of the cellulase homologues in
assays of these two protist species.

Comparisons of amino acid sequences

The amino acid sequences identified in this study clearly
belonged to GHF45 as determined on the basis of sequence
similarity. In particular, they shared significant similarity
with the catalytic domain of members of GHF45. Figure 2
shows the sequence alignment of representative members
of GHF45, Table 1 shows the percent amino acid identity
among members of GHF45, and Fig. 3A shows the phyloge-
netic relationship among members of this family. In the
phylogenetic tree (Fig. 3A), all the sequences from the
symbiotic protists formed a monophyletic lineage, which
was supported statistically (bootstrap value, 98%). The
deduced amino acid sequences of the GHF45 cellulase
homologues from the symbiotic protists showed 57.4% to
63.2% identity to three sequences from Humicola (H.
insolens EGV [Davies et al. 1993] and H. grisea egl3 and
egl4 [Takashima et al. 1999]), and showed 53.4%–56.2%
identity to Fusarium oxysporum Kfam1 (Sheppard et al.
1994), 40.5%–42.9% identity to Ustilago maydis EGI
(Schauwecker et al. 1995) and 35.6%–38.5% identity to
Pseudomonas fluorescens EGB (Gilbert et al. 1990). Com-
paring the deduced amino acid sequences of GHF45 cellu-
lase homologues from the symbiotic protists, they showed
more than 75% identity with each other. The monophylety
of the cellulase homologue sequences of the termite sym-
biotic protists suggests their recent diversification within the
protistan taxa.

The phylogenetic relationship among the GHF45 cellu-
lase homologues from the symbiotic protists as inferred
from the deduced amino acid sequences is shown in Fig. 3B.
Three sequence clusters were found in the phylogenetic
tree. The first group consisted of 7-25, 7-10, B1-1, 1-16, and
1-14. The sequences within this group showed more than
90% amino acid identity; especially, the sequences of the
clones 7-10 and B1-1 showed 98.6% identity. The second
group consisted of 8-44, 7-50, and 6-47 sharing 93.2%–

Fig. 1. Whole-cell in situ hybridization with the F45-D9 probe specific
for the clones 2-6 and 4-44. The photograph is a phase-contrast image
showing stained symbiotic protists in the gut. Two large hyper-
mastigote protists, Teranympha mirabilis (Tm) and Trichonympha
agilis (Ta), were detected. Bar 100 µm
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Fig. 2. An alignment of amino
acid sequences of the cellulase
homologues from the symbiotic
protists of the termite and
representative members of
GHF45. Only the region of the
catalytic domain is shown for the
four reference sequences (the
database accession numbers and
corresponding amino acid
positions in this alignment are
indicated in the following
parentheses): Hi, Humicola
insolens (P43316; 1–203); Fo,
Fusarium oxysporum (P45699;
19–223); Um, Ustilago maydis
(P54424; 27–238), Pf,
Pseudomonas fluorescens
(P18126; 269–502). Gaps needed
for optimal alignment are
indicated by hyphens. In the case
of P. fluorescens, there are three
large insertions between the two
double-underlined amino acid
residues (SSYNAPGDPG,
ACKQQLGY
NASLSQYKSCVLN, and FGSR
GLT), which are deleted from the
alignment. The conserved regions
used as the basis for designing the
PCR primers are underlined in
the alignment. Asterisks below the
aligned sequences indicate amino
acids identical in all the se-
quences. Colons and dots below
the aligned sequences denote a
strongly or weakly conserved
substitution, respectively, at the
indicated amino acid position.
Two aspartate residues in the
active sites of the enzymes are
highlighted by asterisks above the
aligned sequences. Putative N-
glycosylation sites (N-X-S/T) in
one or more sequences of the
termite symbiotic protists are
denoted by dots above the aligned
sequences. Numbers on the right
side above the aligned sequences
denote the amino acid positions
of the sequence of clone 2-54
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94.5% amino acid identity. The third group consisted of
2-54, 2-6, 8-16, 4-44, 6-32, and 8-38, sharing more than
88.1% amino acid identity. The sequences of two clones, 2-
6 and 8-16, were completely identical, and the sequences of
the clones 2-6 and 4-44 showed 97.3% identity. The cluster-
ing of the first group and that of the second group were
statistically supported by the results of bootstrap analysis
(100% in both cases), whereas that of the third group was
not. The percent amino acid identity between members of
different clusters was less than 87%. The sequence of clone
45-6 alone formed a lineage distinct from the three other
groups, sharing less than 84% amino acid identity with
them.

Characteristics of the amino acid sequences

In H. insolens EGV, a member of GHF45, two aspartate
residues (Asp10 and Asp121), which have been shown to be
important for catalytic activity, are positioned next to a
tyrosine residue (Tyr 8) in the active site groove (Davies et
al. 1993). These amino acid residues and their sequence
context are conserved in all the sequences identified from
the termite symbiotic protists. This observation suggests
a similar mechanism of catalysis, probably as an
endoglucanase because all the known members of GHF45
are exclusively endoglucanase. The amino acid regions used
for the design of the PCR primers were completely con-

Fig. 3A,B. The phylogenetic relationship among members of GHF45.
A The unrooted tree was inferred by the neighbor-joining method
based on the amino acid sequence alignment of the catalytic domains
without putative signal sequences (216 positions). The amino acid se-
quence of clone 8-16 is identical to that of clone 2-6. In addition to the
16 sequences included in the alignment shown in Fig. 2, two sequences
from the termite symbiotic protists, clones 4-44 and B1-1, and two

sequences of Humicola grisea, egl3 and egl4 (database accession
numbers, AB003107 and AB003108, respectively), were added for the
phylogenetic analysis. Bar shows 0.20 substitutions per site. B
Magnification of the termite symbiotic protists cluster found in A.
Arrow indicates the node connecting the other reference sequences.
Bar shows 0.10 substitutions per site. Bootstrap values above 500 from
1000 resamplings are shown for each node in A and B

served, suggesting that these primers would be useful to
amplify any yet-unknown members of GHF45.

The polypeptides encoded by the ORFs characterized in
the present study, consisting of 218–221 amino acid resi-
dues, are rather small compared to other members of
GHF45, e.g., 376, 393, and 511 amino acid residues in the
case of F. oxysporum, U. maydis, and P. fluorescens, respec-
tively. In addition to the catalytic core, many cellulases
contain a cellulose-binding domain (CBD) located either
on the N-terminal side or the C-terminal side of the cata-
lytic core. CBDs are often separated from the catalytic core
by a flexible spacer sequence enriched in proline and hy-
droxy amino acids. The presence of a CBD apparently en-
hances the enzymatic activity of the catalytic core against
crystalline cellulose (Tomme et al. 1995). In the sequences
from the termite symbiotic protists, there was no counter-
part for either CBD or the spacer. Interestingly, the termite
endogenous cellulases, which belong to GHF9, also have
neither CBD nor the spacer sequence (Watanabe et al.
1998; Tokuda et al. 1999).

The presence of putative signal sequences in the N-
terminal parts was found to be a common feature of GHF45
cellulases. Except for the cellulase homologues of the sym-
biotic protists, all known members of this family are se-
creted extracellularly. In the case of the termite symbiotic
protists, however, the cellulase activity is considered to be
displayed inside the cells, associated with so-called food
vacuoles, because wood components are endocytosed and
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decomposed within this organelle. In the symbiotic protist
T. agilis, which was found to be one of the origins of the
GHF45 cellulase homologues, ingestion and digestion of
cellulose within the cells have been characterized
(Yamaoka and Nagatani 1977). Presumably, the cellulases
identified in this study are localized within the food vacu-
oles, although no candidate sequence corresponding to a
region involved in protein sorting within the cells was found
in the cellulase homologues of the symbiotic protists.

Conclusions

In this study, we have identified diverse genes encoding
cellulase homologues belonging to GHF45 from the symbi-
otic protists of the termite Reticulitermes speratus. Because
cultivation of the symbiotic protists is difficult, the PCR-
based approach using degenerate primers specific for
regions of conserved amino acid residues is thought to be
an efficient way to identify genes responsible for ligno-
cellulose decomposition in these symbiotic protists. Al-
though the catalytic activity of these cellulases, the exact
origins of the protist species involved, and the cellular local-
ization of these cellulases remain to be clarified, the pres-
ence of diverse cellulase-homologous genes indicates that
the termite symbiotic protistan community is a rich reser-
voir of novel cellulase sequences.
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