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Abstract. An endo-p-1,4-glucanase (EG) was purified
from the hindgut of an Australian mound-building ter-
mite, Coptotermes lacteus. The hindgut extract had a
peak separate from those for extracts obtained from the
salivary glands and the midgut based on sephacryl S-200
gel chromatography, and also demonstrated an origin dif-
ferent from the endogenous EGs of the termite itself. The
recovery was further purified by SDS-PAGE, and its N-

terminal amino acid sequence analyzed. This showed
high homology to EGs from glycoside hydrolase family
(GHF) 7. PCR-based cloning methods were applied to the
hindgut contents of C. lacteus and individual protozoan
symbionts from C. formosanus. cDNAs encoding puta-
tive EGs homologous to GHF7 members were then iden-
tified. The functionality of one of the putative proteins
was confirmed by its expression in Escherichia coli.
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Although termites are well known as xylophagous ani-
mals, until recent reports of endogenous and protozoan
cellulose genes [1-3], little had been known about cellu-
lolytic enzymes apart from chromatographic separations
of cellulolytic activities [4, 5]. Termites (order Isoptera),
which comprise seven families, are divided into two cat-
egories, one of protozoa-independent species (family Ter-
mitidae) and the other of protozoa-dependent species
(families Mastotermitidae, Kalotermitidae, Termopsidae,
Hodotermitidae, Rhinotermitidae, and Serritermitidae)
[6]. The first group do not generally harbor cellulolytic
protozoa in their guts, and thus to account for the deviat-
ing distribution of cellulase activity detected in the
midgut of this group, termite researchers have assumed

* Corresponding author.

that cellulolytic enzymes must be produced in the midgut
tissue where no cellulolytic symbionts have been identi-
fied [5, 7-9]. Still, the endogenous production of cellu-
lolytic enzymes had not been generally accepted until the
recent finding of a gene encoding an endo-p-1,4-glu-
canase (EG; EC 3.2.1.4; a type of cellulolytic enzyme
which often represents cellulase) of glycoside hydrolase
family (GHF) 9 from the protozoan-independent termite,
Nasutitermes takasagoensis [2, 4].

In the second group, composed of protozoa-dependent
species, the original proposal for protozoan cellulose di-
gestion was made by Cleveland [10], and a combined cel-
lulose digestion of endogenous and protozoan cellulases
in termites was proposed because of the simultaneous
distribution of cellulolytic activities both in secreting or-
gans (the salivary glands and midgut, which do not have
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cellulolytic symbionts), and a non-secreting organ (the
hindgut) harboring protozoan fauna [7, 11]. The endoge-
nous and protozoan enzymes have been considered to
share responsibility for cellulose digestion [8, 11-13].
Despite this historical background, only the role of
hindgut protozoan fauna has been emphasized, but gene
level demonstration had been done only for the endoge-
nous EGs (GHF9) [1] until the recent finding of a GHF45
cellulase from hindgut hypermastigote protozoa of Refi-
culitermes speratus [3]. Nakashima and Azuma [14] pu-
rified a cellulase to be placed in GHF7 from the termite,
Coptotermes formosanus, and attributed the salivary
glands as the producer of this enzyme, but we recently re-
nounced this and reattributed it to the hindgut protozoan
fauna based on identification and relocation of each cel-
lulase among different digestive organs (the salivary
glands, foregut, midgut, and hindgut) [15]. Yamaoka and
Nagatani [11] demonstrated the presence of two different
enzymes in the gut of the protozoa-inhabited termite,
R. speratus: one from the salivary glands was active
against carboxymethylcellulose (Cx-cellulase; endo-pS-
1,4-glucanase), and the other from the hindgut protozoan
fauna was active against filter paper (Cl-cellulase; cel-
lobiohydrolase), which were assumed to digest crys-
talline cellulose synergistically. Despite the identification
of cellulolytic activities in the termite digestive systems,
the exact contribution of each species of protozoa in cel-
lulose digestion largely remains to be clarified. The re-
port of cellulase genes from the hindgut protozoa of R.
speratus has partially addressed the nature of the cellu-
lolytic enzymes produced by the symbiotic protozoa [3],
however, it does not provide a general explanation for the
composition of protozoan enzymes in other protozoa-in-
habited termite species.

In the present study, we purified possible protozoan EGs
from hindgut extracts of the Australian mound-building
termite, C. lacteus, analyzed their amino acid sequences,
and elucidated the major protozoan cellulolytic compo-
nent. Following the isolation of EGs, we demonstrated
expression of EG-coding genes in the hindgut contents
(containing protozoan fauna) of C. lacteus and, in addi-
tion, those from the parabasalian symbionts of the world-
wide pest species, C. formosanus, which shares a com-
mon hindgut protozoan composition of the genera
Pseudotrichonympha, Holomastigotoides, and Spirotri-
chonympha with other Coptotermes species [16—18],
employing PCR-based cloning techniques.

Materials and methods

Termites

C. lacteus workers were collected from a termite mound in
Wyong, N.S.W., Australia, and used for protein purifica-
tions. Some C. lacteus workers were preserved in absolute

Endo-f-1,4-glucanases from termite parabasalian symbionts

acetone for subsequent cDNA cloning [19] because of
limited supply and access to the collection site. C. for-
mosanus workers were collected on Iriomote Island in
Okinawa Prefecture, Japan, and used for cDNA cloning
in fresh form. Termites for fresh use were kept with their
nest materials and tissue paper or sawdust for food for
several days until they were used for the experiments.

Detection of EG activity

Enzymatic samples (crude extracts or fractions of gel
filtration, 10 pl) were incubated in 200 pl of 2% (w/v)
sodium carboxymethylcellulose [CMC; standard molec-
ular weight 250,000, degree of carboxymethyl substitu-
tion 0.7 (w/v); Aldrich] in sodium acetate buffer (0.1 M,
pH 5.5) at 37°C for 5 min. Reducing sugars were detected
with tetrazolium blue reagent (Sigma) as glucose equiva-
lents [20].

Gel filtration and SDS-PAGE

The hindgut, salivary glands, and the midgut including
the esophagus and proventriculus from 200 workers of
C. lacteus were homogenized separately in 500 pl of am-
monium acetate buffer (0.3 M, pH 5.0). Each homogenate
was centrifuged for 5 min at 9,000 g and the supernatant
was applied to a gel filtration column (HIPREP 16/60
Sephacryl S-200 High Resolution; Amersham Bio-
sciences). Samples were eluted with ammonium acetate
buffer at a flow rate of 0.5 ml/min, and the peak fractions
and its shoulders were stored separately. Shoulder frac-
tions were applied to the same column and eluted under
the same conditions. The recovered peak fraction was
added to the first recovery. The stored recovery was de-
natured with SDS-PAGE sample buffer and SDS-PAGE
was performed (0.75%, 1 mm thick, 100 mm running
length) according to the conventional method [21].

N-terminal amino acid analysis

Proteins on SDS-PAGE gels were transferred to a PVDF
membrane using a semi-dry blotting cell (Bio-Rad) ac-
cording to the method of Hirano and Watanabe [22]. Pro-
tein bands on the membrane were cut out and applied to
an N-terminal amino-acid sequencer (Beckman).

c¢DNA cloning

mRNA was extracted from the hindgut contents using the
QuickPrep micro mRNA extraction kit (Amersham Bio-
sciences). First-strand cDNA was constructed with oligo-
dT primer with (for 3’-RACE) or without an anchor se-
quence and Superscript II reverse transcriptase (Invitro-
gen) according to the manufacturer’s recommended
conditions. PCR amplification of the first-strand cDNA
was performed with a set of degenerate primers designed
from the N-terminal sequence of the purified protein with
recombinant Taq polymerase (Takara, Japan) according
to the manufacturer’s recommended buffer and substrate
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CLS' 3" anchor primer
a
{ ' ClhgtEG1 (1085bp) | PolyA-+anchor |
DA (274-892 DA
b ) 1
PCEL-FI  (467-735)  PCELRI
5' anchor primer (1-700) Pg5'-1
5' nested anchor primer (2-669) Pg5'-2 4
PgEx (39-1027) 3' anchor primer 5
[5"anchor | PgFGla (1027bp) [PolyA+anchor
c PCEL-F1  (442736) PCEL-RI
5' anchor primer (1-691) Hm5"1
5' nested anchor primer (1-667) Hm5"-2
HmEx (43-1055) 3" anchor primer 5
[S'anchor T HmEG1 (1055bn) | PolyA+anchor |

Figure 1. Cloning strategies for endo-f-1,4-glucanase cDNAs from the hindgut of the termites, Coptotermes lacteus [CLhgEG1 ()] and
C. formosanus [PgEGla (b) and HmEG] (c)]. The ranges amplified by PCR are designated by the arrow-headed lines and the nucleotide
numbers (5" and 3’ terminals in parentheses) including the primer sequences except the 5" end of CLAgEG1 (a). Numbers in bold charac-
ters indicate the orders in PCR amplifications of each strategy. Amplification 2 was performed by single-cell RT-PCR, while the others am-
plifications were performed on mRNA extracted from the hindgut contents by RT-PCR. Other homologues (CLhgEG2, PgEG1b-PgEG1h,
PgEG2, PgEG3, HmMEG2, and HmEG3) were also cloned by the same strategy for each host species. Details of the experimental conditions

are described in the text.

conditions. For identification of 5’- and 3’-flanking re-
gions, rapid amplification of cDNA ends (RACE) was
employed with gene-specific primers. For cloning cDNA
of EG from the hindgut of C. lacteus, a degenerate primer
was redesigned from its N-terminal amino acid sequence,
and the 3’-RACE method was directly applied to amplify
the ¢cDNA [23]. All RACE amplifications were per-
formed using the SMART RACE ¢cDNA amplification kit
(Clontech). Nested PCR was performed for RACE of the
5’-flanking regions. The cloning strategy employed is
summarized in figure 1.

Identification of protozoan species expressing

EG genes

To identify EG-expressing protozoan species, RT-PCR
based on individual protozoan cells (single-cell RT-PCR)
was employed. The hindgut contents of the workers were
suspended in a 90 % concentration of solution U [24], and
each protozoan cell was separated using a pipette with a
200-pl tip under a microscope. Subsequently, each proto-
zoan cell was ejected into 100 pl of acetone in a
0.5-ml PCR tube to be dehydrated. The acetone was dried
by heating the tube on a heating block (100 °C) for 1 min.

Ten microliters of the first-strand mixture [10 mM Tris-
HCI (pH 8.3), 50 mM KCI, 5 mM MgCl,, 1 pM of anti-
sense gene-specific primer, 0.25 pM each of dNTPs,
0.5 pl of reverse transcriptase (Superscript 11, Invitrogen)
and 0.25 pl of human placenta ribonuclease inhibitor
(Toyobo, Japan)] was added to the dried specimen and in-
cubated for 1 h at 42 °C. The reaction was stopped by
heating at 70 °C for 5 min, and following this the tube was
placed on ice. Supplemental reagent solution was added
to make 50 pl of PCR reaction mixture [10 mM Tris-HCI
(pH 8.3), 50 mM KCI, 15 mM MgCI2 and, finally, 2.5
units of recombinant Taq polymerase (Takara)]. The PCR
reaction was performed using the hot-start technique. The
single-cell RT-PCR was used to identify the origin of par-
ticular mRNAs but was inadequate for cloning full-length
c¢DNA because of the small recovery of cDNA from the
reverse transcription step.

DNA sequencing

For all PCR amplifications, the products were cloned into
a plasmid cloning vector using the pMOSBlue blunt-end
cloning kit (Amersham Biosciences), or pGEM-T plas-
mid cloning vector (Promega) with JIM109 bacterial host.
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Table 1. Primers used for the experiments.

Endo-f-1,4-glucanases from termite parabasalian symbionts

Name Design Corresponding sequence (position), side
DS 5" CAY CCN AAR TTY ACN TGG CAR 3’ ‘HPKFTWQ’ (3-9), sense
DA 5 RTT RTC RTT NGT RCA NCC RC 3" ‘CGCTNDN’ (14-20), antisense
PCEL-F1 5" TGG ATA TGG TTA CTG TGA TGC GAA CTG CGT 3’
©) ©) PgEGla (438—467), sense
©) Q) HmEG]1 (442-471), sense
PCEL-R1 5’ GAT CGT CTT CCC ACC CTG CAC ATA CAA ACG 3’ PgEGla (73—706), antisense
HmEG1 (736—707), antisense
Hm5°-1 5" CCG TTA GCG AMC CTC CTGACC CCAC3 HmEG! (698—674), antisense
©
Hm5-2 5" CGA MCC TCC TGA CCC CAC AAA STG 3’ HmEG1 (691-667), antisense
©) ©)
HhEx 5" CGA GAA GCATCC GAA GTTTGT G 3’ HmEGI1 (4-64), sense
Pg5°-1 5" CCC ATT CAA GTT ACC AGA AGC ATC C 3" PgEGla (700—675), antisense
(A) (©)
Pg5¢-2 5" CAA GTT ACC AGA AGC ATC CGCACG G 3’ PgEGla (693—-669), antisense
(©)
PgEx 5" CGA GAA GCA TCC GAA CTT TAC 3’ PgEGla (3—59), sense
CL5’ 5" GAR AAR CAY CCN AAR TTY ACN TGG CA 3’ EKHPKFTWQ (1-9), sense

The degenerate primers (DS and DA) were designed from the N-terminal amino acid sequence of protozoan endo-f-1,4-glucanase puri-
fied from the hindgut of Coptotermes lacteus. The letters in parentheses indicate actual bases finally confirmed in the corresponding se-
quences. Abbreviations for positions with degenerate codon positions are: Y for C+T, R for A+G, M for A+C, S for C+G, and N for
A+T+G+C. DDBJ/GenBank accession numbers for PgEGla and HmEG1 are AB071001 and AB071011, respectively.

The constructed plasmids were extracted from the host
bacterial cells using conventional alkaline mini-prep and
sequenced with an ABI377 or ABI3700 automated DNA
sequencer using BigDye Terminator techniques with ap-
propriate primers (designed for vector sequences or the
same primers as used for the PCR amplifications). All
gene-handling procedures were performed according to
textbook methods [25] unless otherwise noted.

Expression of protozoan EG ¢DNA in Escherichia coli
The region coding from the N-terminus to the stop codon
(i.e., excluding the putative signal peptide) of one proto-
zoan EG ¢cDNA was amplified by PCR using a sense
primer (HmEXx; table 1) and an anchor primer (joined at
the 3 end) following the method for 3"-RACE, and then
ligated in a Lac Z coding frame at the EcoRV site of the
pMOSBIlue plasmid vector. The construct was trans-
formed by pMOSBIlue host cells (Amersham Bio-
sciences). Expression and activity detection were per-
formed using the method described previously [2].

Sequence analysis

Homology searches of the determined sequences were per-
formed using the BLAST program [26] through the NCBI
server at http://www. ncbi.nlm.nih.gov/BLAST/. Align-
ment of the retrieved, mature-form homologues was per-
formed using CLUSTAL X (Version 1.8) for Windows (Na-
tional Center for Biotechnology Information) with Gonnet
250 pairwise parameters [27]. Phylogenic trees were con-

structed using TREE-PUZZLE tree reconstruction soft-
ware, with quartet-sampling and neighbor-joining of 1000
puzzling steps using the WAG substitution model [28].

Results

Purification of the protozoan EG and N-terminal
sequencing

Hindgut, midgut, and salivary gland extracts of C. lacteus
were applied separately to the gel filtration column. EG
activity of the hindgut formed a peak at 69.6 ml, while the
others formed peaks at 74.4 ml (salivary glands), or 72.0
and 74.4 ml (midgut), as seen in figure 2. The hindgut
peak fraction from each chromatography was stored and
applied to SDS-PAGE. Proteins on the SDS-PAGE gel
were transblotted on PVDF membrane where one band of
EG was separated from contaminations. N-terminal
amino acid sequencing was conducted for the EG band, to
give the amino acid sequence EKHPKFTWQEVTK
©OGOTNDN (©, blank positions assumed to be Cys
residues, which are undetectable using conventional
amino acid sequencers), which showed homology to
other EGs in GHF7 following BLAST X searches.

Cloning of protozoan EG cDNAs

Degenerate primers (DS for sense side and DA for the
antisense side) (table 1) were designed from the N-termi-
nal amino acid sequence of the purified hindgut EG of C.
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Figure 2. Elution profiles of endo-f-1,4-glucanase activities from the salivary gland (solid squares), the foregut and midgut (open circles),
and the hindgut (solid triangles) extracts of the termite, C. lacteus on Sephacryl S-200. Enzymatic activity of the hindgut extract and that
of the foregut and midgut extract were magnified to four and eight times the original values, respectively. Details of the experimental con-

ditions are given in the text.

lacteus. First-strand cDNAs were synthesized with oligo-
dT primers with or without an anchor sequence from
mRNA extracted from the hindgut contents from C. lac-
teus, which had been dehydrated and preserved in
absolute acetone, and from that of freshly collected C.
Jormosanus. The first-strand cDNAs were applied for
PCR amplifications to isolate target cDNA. The overall
PCR strategies for cloning are summarized in figure 1.
From the hindgut contents of C. lacteus, two cDNAs
(CLhgEGl  GenBank accession ABO089800 and
CLhgEG2 AB089801, 1031 and 1085 bp, respectively)
were obtained (fig. 1a). From C. formosanus, although
the N-terminal coding region of the intended cDNA was
not amplified by the designed degenerate primers, a par-
tial sequence of protozoan EG cDNA [corresponding to
bases 274—892 of PgEG1a with the antisense primer se-
quence (DA, 20 bp, table 1) at both ends] was obtained
(fig. 1b). From this partial sequence, a sense primer
(PCEL-F1) and an antisense primer (PCEL-R1) were de-
signed (table 1). Using these primers, two different
groups of partial cDNAs were identified from the proto-
zoa, Pseudotrichonympha grassii and Holomastigotoides
mirabile (PgEGs and HmEGs, respectively) by single-
cell RT-PCR (fig. la, b). The amplification of HmEGs
from H. mirabile was apparently due to the unexpected
similarity of PCEL-F1 and PCEL-R1 in the correspond-
ing sequences (table 1). From these partial sequences,

antisense primers for 5’-RACE (Pg5’-1 and Hm5’-1) and
for nested amplifications (Pg5’-2 and Hm5’-2) were de-
signed (table 1). By the 5-RACEs and the nested PCR
amplifications which followed, 5" regions of PgEGs and
HmEGs were obtained (fig. 1b, c¢). The obtained DNA
sequences of the 5" regions encoded a putative N-termi-
nal amino acid sequence homologous to that of the puri-
fied EG from the hindgut of C. lacteus. We designed
sense primers (PgEx and HmEx) from the DNA se-
quences of the putative N-terminal coding regions (table
1) and conducted 3° RACEs with these. Ten different
cDNAs were identified for PgEGs and three for HmEGs.
These sequences were aligned with the 5’-RACE se-
quences. As a result, PgEGla (GenBank accession
AB071001), HmEG1 (AB071011), HmEG2 (AB071012),
and HmEG3 (AB071013) were identified with their re-
gion spanning from the putative start codons to down-
stream of the stop codons, while for the other cDNAs
(PgEG1b-PgEG1h, AB071002-AB071010), the 5'-
RACE did not reach either to the putative start codons or
to the following signal-peptide-coding regions.

Origin of hindgut EGs

The single-cell RT-PCR method elucidated the origin of
the cloned EG cDNAs in additions to clarifying their nu-
cleotide sequences. Each protozoan cell from the
hindgut of C. formosanus was carefully separated with a
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Figure 3. Multiple alignments of amino acid sequences of protozoan endo-p-1,4-glucanases and fungal cellulases from GHF7. Shaded
characters indicate the coincidence of the majority of the amino acids in each column. The alignment methods are described in the text.
CBH and EG in the abbreviated names refer to cellobiohydrases (EC 3.2.1.91) and endo-f-1,4-glucanases (EC 3.2.1.4), respectively.
Closed wedges indicate important catalytic residues for GHF7 members corresponding to Glu212, Asp214, and Glu217 of TrCBH1. The
GenBank accession numbers are 059843 (AaCBHI from Aspergillus aculeatus), Q92400 (AbCBH2 from Agaricus bisporus), Q00328
(CcCBHI from Cochliobolus carbonum), Q00548 (CpCBHI1 from Cryphonectria parasitica), P13860 (PcCBH1 from Phanerochaete
chrysosporium), P00725 [TrCBH1 from Trichoderma reesei (= Hypocrea jecorina)], BAA22589 (AoEG from Aspergillus oryzae), P46237
(FoEGC from Fusarium oxysporum), Q12622 (HgEG1 from Humicola grisea), P56680 (HiEG1 from H. insolens), Q12714 (TIEG1 from
T. longibrachiatum), PO7981 (TrEG1 from Trichoderma reesei, BAB64553, BAB64561, BAB64562 (PgEGI, PgEG2, PgEG3, respec-
tively, from the hindgut protozoa, Pseudotrichonympha grassii of the termite, C. formosanus), BAB64563, BAB64564, BAB64565
(HmEG1, HmEG2, HmEG3, respectively, from the hindgut protozoa, Holomastigotoides mirabile of C. formosanus), BAB089800,
BABO089801 (CLhgEG1, CLhgEG2, respectively, from the hindgut contents of the termite, C. lacteus).
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pipette while keeping record of the species with a digital
camera. RT-PCR was performed for each single proto-
zoan cell, priming the first-strand cDNA with PCEL-F1,
and amplifying with PCEL-F1 and PCEL-R1 (table 1,
fig. 1b, c¢). The PCR products were then cloned and se-
quenced. All PeEG and HmEG homologues were ampli-
fied from P grassii and H. mirabile, respectively. No
cross-contamination or exceptions occurred, as verified
by our recordings of our careful preparation of the pro-
tozoa. No amplification was obtained using background
Solution U as a control sample. We could not obtain
fresh samples of C. lacteus to perform the single-cell
protozoan RT-PCR.

Sequence comparison of protozoan EG cDNAs

Cloned cDNAs from P, grassii and H. mirabile encoded
PgEG1 (328 amino acids on PgEG1la), HmEG1, HmEG?2,
and HmEG3 (326 amino acids on each), and part of
PgEGI1 (from the putative N terminal to the putative C
terminal, 318 amino acids on PeEG1b—PgEG1h). The pu-
tative amino-acid sequences encoded on the isolated
cDNAs showed over 99 % identity in nucleotides within
species except for CLhgEGl and CLhgEG2, and
61-62% between protozoan species. The putative pro-
teins encoded by each cDNA had 1 amino acid substitu-
tion between each other, except for HmEG3, which had
13 substitutions against HnEG1 and 14 against HmEG2.
The cDNAs obtained from the hindgut content of C. lac-

TrCBH1

CpCBH1

AaCBH1
PcCBH1

0.1
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teus (CLhgEGI and CLhgEG2) encoded 307 and 303
amino acids, respectively, corresponding from down-
stream of the N-terminal region used to design the de-
generate primer (CL5’; table 1, fig. 1a) to downstream of
the putative C terminal and stop codon. CLhgEGI1
showed 76.9%, 88.6—89.9%, and 69.1-69.9% identity
at the amino acid level to CLhgEG2, HmEGs, and
PgEGs, respectively, while CLhgEG2 showed 68.9 % and
77.8—79.8% identity at the amino-acid level to PgEGs
and HmEGs, respectively. By BLAST X homology
searches, PgEGs, HmEGs, and CLhgEGs showed high
homology to EGs and endo-f-1,4-glucanasecellobiohy-
drases (CBH; E.C. 3.2.1.91) both from GHF7 (fig. 3).
The PgEGs, HmEGs and CLhgEGs encoded only puta-
tive catalytic domains. No other domains homologous to
linkers or cellulose-binding domains of multi-domain
cellulases were encoded. Specifically, the PgEGs,
HmEGs and CL hindgut EGs showed 32—-39 % identity in
amino acid sequence to TrEG1 (=Cel7B), and 37-43%
identity to TrCBH1 (= Cel7A) from Trichoderma reesei,
whose crystal structures have been firmly elucidated
[29—31]. The protozoan and hindgut EGs lacked all of
the loop forming regions and many of the shift loop-
forming regions covering the catalytic clefts of TrCBHI
and TrEG1, respectively [29-31] (fig. 3). Phylogenetic
analysis of protozoan EGs and CLhgEGs with other
members of GHF7 showed that protozoan EGs, fungal
EGs, and CBHs form distinctive clades (fig. 4).

HIEG1
HgEG1

PgEG1
PgEG2

CLhgEG2

HmMEG1 HMEG3 CLhgEG1
HmEG2

Figure 4. Phylogenetic relationships between protozoan endo-f-1,4-glucanases and GHF 7 members. The tree was constructed by the
maximum-likelihood method with 282 aligned amino acid positions, corresponding to the putative catalytic domains of 12 fungal genes (6
endo-f-1,4-glucanase and 6 cellobiohydrolase genes) in GenBank and putative protozoan endo-f-1,4-glucanases. Numbers at the internal
branches indicate the percent occurrence of a group in 1000 quartet puzzling steps. The scale bar indicates the number of substitutions per
position as given by TREE-PUZZLE [28]. The GenBank (protein) accession numbers are given in the legend to figure 3.
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Figure 5. Expression of endo-f-1,4-glucanase in Escherichia coli.
PgEGI cDNA from the hindgut protozoa, Pseudotrichonympha
grassii of the termite C. formosanus was ligated into pMOSBlue
and transformed into E. coli. The control (C) was transformed non-
inserted pMOSBIue. The halo seen in the image on the right was
made by the enzymatic degradation of CMC in agarose. The exper-
imental conditions are described in the text.

Expression of the protozoan EG

To confirm the functionality of the protozoan EGs, one of
the obtained EG ¢cDNAs (HmEG3) was sub-cloned to a
pMOSBIue cloning vector and the expression of a func-
tional EG was confirmed by the formation of halos on an
activity-stained CMC-LB plate (fig. 5). The control,
transformed pMOSBIlue without insert, did not create any
recognizable halos (fig. 5).

Discussion

There have been several descriptions of Holomastigo-
toides sp. in Coptotermes [17, 18, 32]. In C. formosanus,
‘Holomastigotoides hartmanni’ was originally identified
as a solo Holomastigotoides species by Koizumi [18]. Re-
cently, phylogenic analyses of the hypermastigotes in C.
formosanus were performed by Ohkuma et al. [33], in
which Holomastigotoides sp. was described as H.
mirabile. Although the name H. hartmanni is still sup-
ported by many researchers, we have followed Ohkuma’s
description in order to avoid possible confusion on DNA
databases.

The gel filtration using Sephacryl S-200 distinguished
EGs from the salivary glands, the midgut, and the hindgut
of C. lacteus. The simultaneous presence of endogenous
and protozoan cellulase activities was first proposed by
Yamaoka and Nagatani [11] based on their investigations
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of the salivary glands and hindgut of R. speratus from the
family Rhinotermitidae of which Coptotermes species
are members. Following this report, endogenous and pro-
tozoan activities were also identified in the digestive sys-
tem of C. lacteus and chromatographically separated us-
ing a Superose 6B molecular sieving column [7]. Our
present results coincide with these earlier studies.

In addition to the peak at the same fraction as that
from the salivary gland extract, the C. lacteus midgut ex-
tract had a second active peak at a higher molecular
weight, which was assumed to be an aggregate form of
the protein present in the first peak (fig. 2). In termites,
all known endogenous EG genes encode proteins con-
sisting of 448 amino acids and their expression in
the salivary glands and/or midgut has been established
[1,2,4,15].

Homologues to the termite endogenous EG genes have
also been found in cockroaches, including omnivorous
species, and a crayfish, which are evolutionarily cross-re-
lated to termites and to insects, respectively [4, 34].

The esophagus and proventriculus (foregut) included in
the midgut extract are unlikely to be origins of EG activ-
ity, since no secretory cells or stable symbionts have ever
been reported in these organs in insects as far as we know,
and the foregut is generally considered a non-secreting
organ [35]. Since the salivary glands are connected to the
esophagus through the salivary canals, enzymes pro-
duced by both the salivary glands and midgut would con-
tribute to the activity from the extract of foregut and
midgut [15].

The purified hindgut EG and CLhgEGs from C. lacteus
showed high homology to PgEGs and HmEGs, consisting
of 315 and 318 amino acids, respectively. Therefore, the
hindgut EGs of C. lacteus are expected to have similar
molecular weights, and, thus, would be lower in molecu-
lar weight than the termite endogenous EGs with 432
amino acids without signal peptides [1, 2, 15], although
the hindgut EG of C. lacteus was eluted earlier than those
from its salivary glands and midgut from Sephacryl
S-200 (fig. 2). This might again be explained by molecu-
lar clustering due to the experimental conditions.

The result demonstrated that H. mirabile and P grassii
(both from Hypermastigida) of C. formosanus have genes
encoding GHF7 members, as is expected for the hindgut
fauna of C. lacteus, which, like other Coptotermes
species, harbors Holomastigotoides and Pseudotricho-
nympha [16, 17]. Possible prokaryote origins (externally
attached spirochaeta, secondary bacterial or archeal in-
tracellular symbionts) of the hindgut cellulases are un-
likely since our experimental methodology recovered
poly-(A)-tailed mRNA specific to eukaryotes. The nega-
tive result for the RT-PCR amplification of the back-
ground Solution U, which possibly contained those mi-
croorganisms except protozoa, also supports this conclu-
sion. In another protozoon, Trichonympha sphaerica
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(Hypermastigida) from the hindgut of Zootermopsis sp.,
cellulose digestion in the protozoon was concluded as be-
ing independent of its endosymbiotic bacteria [36]. The
fact that no GHF7 members have ever been reported out-
side the Fungi further suggests that prokaryote origins for
these genes are unlikely. The phylogenetic analysis of
GHF7 members also supports the protozoan origin of
PgEGs, HmEGs, and CLhgEGs, since a unique clade for
them was recovered (fig. 4). We could not find GHF45
members or their cDNA in the hindguts of either C. lac-
teus or C. formosanus. This might be explained by the dif-
ference in protozoan fauna between Coptotermes and
Reticulitermes termites. Many of the isolated GHF45
cDNAs were unidentified in terms of their origin, but
some of them were attributed to Teranympha mirabilis
and Trichonympha agili of R. speratus [3], which are ab-
sent in the hindgut of Coptotermes [16, 17].

GHF 7 consists of both EGs and CBHs [37] (http:afmb.
cnrsmrs.fr/~pedro/CAZY/ghf. html). The three-dimen-
sional structure of GHF7 has been elucidated for CBH1
and EGI from 7. reesei [29-31]. CBHI1 from T. reesei
has a B sandwich structure consisting of two large anti-
parallel B sheets opposite to each other [29-31]. Our
comparison of amino-acid sequences suggests that this
overall structure of CBHI1 seems to be conserved among
GHF7 members including the protozoan EGs (fig. 3).
CBHI1 and EGI from 7. reesei are retention-type cellu-
lases having two glutamate residues, one acting as a nu-
cleophile and the other as a Bronsted acid/base catalyst,
and one aspartic acid residue, which acts as a nucle-
ophile supporter at the catalytic center (corresponding to
Glu212, Glu217 and Asp214 of TrCBHI, respectively;
fig. 3) [29—31]. These three residues are conserved in all
protozoan (hindgut) EGs cloned in the present study and
in the other GHF7 members compared with them (Fig.
3). These structural similarities and homologies of the
protozoan EGs to other GHF7 members reported previ-
ously suggest that these putative proteins are functional
and, furthermore, the functionality of one protozoan EG
(HmEG3) was experimentally confirmed (fig. 5). The
high homology between the N terminals of the putative
proteins coded on the protozoan EG cDNAs from C. for-
mosanus and the purified protozoan EG from C. lacteus
also supports this conclusion.

The catalytic domain of CBH1 from 7. reesei forms a tun-
nel-like structure comprised of two anti-parallel 3 sheets
with loop-forming residues stitching the sheets together
at both sides, and thus access to substrate cellulose chains
is limited to the terminals [29]. However, in EG1 from T.
reesei, less than half of the loop-forming amino acid
residues are conserved in the sequence [30]. The stitching
function of the missing residues is substituted by shift-
loop-forming regions which form a more open structure
at the catalytic center, thus allowing this enzyme to ran-
domly access the middle of cellulose chains [30, 38]. This
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open versus closed structural difference in the catalytic
centers determines the enzyme affinity to either crys-
talline or amorphous cellulose, respectively, since in
crystalline cellulose, the only parts accessible to the en-
zymes are at the ends of the chains, while amorphous cel-
lulose, like CMC, allows access to the middle of the
chains if a cellulase has an open-form catalytic center
[39]. In the termite protozoan EGs examined here, many
of the amino acid residues corresponding to both the
loop-forming and shift-loop-forming regions of CBH1/
EG1 are absent or substituted (fig. 3), although there
should be some residues which hold two S sheets together
to form a catalytic cleft. Therefore, these protozoan en-
zymes would be randomly accessible to amorphous-form
cellulose chains, as EGs usually are. This is also sup-
ported by the activities, against CMC as a specific sub-
strate for EGs [40], of purified hindgut cellulase of C.
lacteus and HmEG3 (a homologue of HmEG1, HmEG?2,
PgEGs, and CLhgEGs) expressed in E. coli. We previ-
ously demonstrated that the detectable amount of en-
dogenous EGs stored in the midgut of C. formosanus
does not flow into the hindgut and the crude extracts of
the midgut and the hindgut hydrolyze crystalline cellu-
lose independently [14]. Here, we conclude that the
hindgut protozoa of Coptotermes termites produce EGs
(‘Cx-cellulase’ [11]) by themselves.
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