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Over the course of several million years, the eukaryotic gut symbionts of lower termites have become adapted
to a cellulolytic environment. Up to now it has been believed that they produce nutriments using their own
cellulolytic enzymes for the benefit of their termite host. However, we have now isolated two endoglucanases
with similar apparent molecular masses of approximately 36 kDa from the not yet culturable symbiotic
Archaezoa living in the hindgut of the most primitive Australian termite, Mastotermes darwiniensis. The
N-terminal sequences of these cellulases exhibited significant homology to cellulases of termite origin, which
belong to glycosyl hydrolase family 9. The corresponding genes were detected not in the mRNA pool of the
flagellates but in the salivary glands of M. darwiniensis. This showed that cellulases isolated from the flagellate
cells originated from the termite host. By use of a PCR-based approach, DNAs encoding cellulases belonging
to glycosyl hydrolase family 45 were obtained from micromanipulated nuclei of the flagellates Koruga bonita
and Deltotrichonympha nana. These results indicated that the intestinal flagellates of M. darwiniensis take up the
termite’s cellulases from gut contents. K. bonita and D. nana possess at least their own endoglucanase genes,
which are still expressed, but without significant enzyme activity in the nutritive vacuole. These findings give
the impression that the gut Archaezoa are heading toward a secondary loss of their own endoglucanases and

that they use exclusively termite cellulases.

Cellulose is the major polysaccharide component of plant
cell walls and the most abundant renewable energy source on
earth. In the biological conversion of cellulose to glucose, at
least three distinct types of glycolytic enzymes are involved.
Endoglucanases (endo-1,4-B-glucanase, EC 3.2.1.4) randomly
hydrolyze 1,4-B bonds of the cellulose chains. Cellobiohydro-
lases (exo-1,4-B-glucanase, EC 3.2.1.91) cleave cellobiosyl
units from nonreducing ends of the cellullose chains. B-Glu-
cosidases (EC 3.2.1.21) cleave glucosyl units from nonreducing
ends of cello-oligosaccharides. The diverse spectra of cellu-
lases are classified into 12 of the 57 glycosyl hydrolase families
based on amino acid sequence similarities (5).

Termites are among the most important lignocellulose-di-
gesting insects and possess a great variety of symbiotic micro-
organisms in their hindguts, including Bacteria, Archaea and
Eukarya, i.e., protozoa and yeasts (7). In the digestive tracts of
lower termites, cellulose seems to be synergistically degraded
by flagellates, bacteria, and yeasts (3, 7, 15) as well as by the
termite’s own cellulases (14, 17). Cellulases of termite origin
belong to glycosyl hydrolase family 9 (GHF9). Flagellated pro-
tozoa belonging to the Archaezoa are unique symbionts in the
phylogenetically lower termites. They are cellulolytic and pro-
duce acetate from cellulose for the benefit of their hosts (10).
Only three species of the flagellate flora have been obtained in
culture: Trichomitopsis termopsidis (19, 20) and Trichomympha
sphaerica (21) from a Zootermopsis sp. and Trichomitus
trypanoides from Reticulitermes santonensis (1) and from Re-
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ticulitermes flavipes (6). The problem of pure culture restricted
the identification and characterization of cellulases of proto-
zoan origin until Ohtoko et al. (11) obtained diverse genes of
protist cellulases of glycosyl hydrolase family 45 (GHF45) from
the termite Reticulitermes speratus by means of a culture-inde-
pendent PCR approach.

The termite Mastotermes darwiniensis is the only species of
the most primitive termite family, Mastotermitidae. It harbors
four large flagellate species in the hindgut: the hypermastigotes
Koruga bonita, Deltotrichonympha nana, and Deltotrichonym-
pha operculata and the trichomonad Mixotricha paradoxa. Two
small flagellate species also thrive in the intestine: the tri-
chomonads Metadevescovina extranea and Pentatrichomonoides
scroa (7). The flagellates themselves harbor extracellular and
intracellular prokaryotes (4, 18). None of the flagellates of
M. darwiniensis have been cultivated to date. The present study
reports on the isolation and distribution of cellulases and cel-
lulase genes from the host and its symbiotic flagellates.

MATERIALS AND METHODS

Organisms and cultures. The termite Mastotermes darwiniensis Froggatt was
obtained from the Bundesanstalt fir Materialforschung und Materialpriifung
(Berlin, Germany). The animals were fed with pine wood and cultured at 28°C
in metallic vessels containing humid vermiculite.

Isolation of the flagellates. Termites were surface sterilized in 70% ethanol
and then washed in sterile phosphate-buffered saline (PBS) buffer (5 mmol of
Na,HPO,/liter, 5 mmol of NaH,PO,/liter, and 130 mmol of NaCl/liter [pH 7.4]).
The hindgut was removed from the abdomen and dissected from the midgut. The
contents of the hindgut were suspended in sterile PBS buffer. The suspended
contents were centrifuged for 1 min at 10 X g for sedimentation of the large
flagellates as described by Berchtold and Kénig (2). The pellet was washed twice
and finally suspended in PBS buffer. The prepared mixture of the flagellate cells
was used for mRNA extraction and cellulase isolation.

Isolation of nuclei from the flagellates. For identification of the origin of the
sequences amplified from the flagellate cells, nuclei were isolated from single
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TABLE 1. Oligonucleotide primers

Primer Target gene (position®) Sequence (5'-3")
F45F Flagellate cellulase (61-80) ACNMGNTAYTGGGAYTGYTG
183R Flagellate cellulase (243-268) CYGCTGCYGCWGTSCCCATGAARTAG
68R Flagellate cellulase (128-151) GCTGGYYRTTYGCATTRCACGAGTTCA
FMO1F1 Flagellate cellulase (—3-22) ACTATGATTGTTGTCTTTGTGATTG
FMO1F2 Flagellate cellulase (—3-22) ACTATGTTTGTTGCCTTTGTAATTG
MdK Termite cellulase (49-71) GCNTAYGAYTAYAARGAYGTNYT
MdN Termite cellulase (49-71) GCNTAYGAYTAYAAYGAYGTNYT
231R Termite cellulase (272-298) ATGAGTATCCTGCTGGATGGTCCACAA

163R Termite cellulase (204-230)

MDO1F Termite cellulase (—2-17)
AdapdT Universal adaptor

Adapl Adaptor primer

AdapdT2 Universal adaptor

Adap2 Adaptor primer

FMI1R1 Clones 1-7 and 1-12 (541-561)
FM2R1 Clones 2-2 and 2-10 (538-558)
FMI1F2 Clones 1-7 and 1-12 (319-337)
FM1R2 Clones 1-7 and 1-12 (519-537)
FM2F2 Clones 2-2 and 2-10 (318-335)
FM2R2 Clones 2-2 and 2-10 (516-533)

CCGAACTTGACATAGTCACCAGCATCA
CAATGAGGGTCCTCCTTTG
TCCCAACACAATGGAATTGC(T),,
TCCCAACACAATGGAATTG
CGTAAGATGAACGTTCGAGTACTCA(T),,
CGTAAGATGAACGTTCGAG
TCGGAACTCACAACCTGCCTT
CCKGAACTGGMATCCTGWTTG
ACTTTCACGAGTGGCCAG
CTCAGCTGGAATCTTGGCA
CACGTTCACGAGTGGTACT
GYGGACGGAAGCTTACTG

“ Relative to ATG start codons.

cells of the hypermastigotes with the aid of a micromanipulator as described by
Frohlich and Konig (4). The isolated nuclei were directly used for nested PCR.

Isolation of cellulases from the flagellates. The flagellate cells prepared from
50 termites were suspended in 8 ml of PBS buffer and vortexed vigorously for 10
min. Cellular debris was removed by centrifugation (at 15,000 X g for 4 min at
4°C). The supernatant (crude extract) was purified by anion-exchange chroma-
tography using a Mono Q column (type HR5/5; Pharmacia, Erlangen, Germany)
in 20 mM N-methyl-piperazine buffer (pH 4.5). Proteins were eluted with an
NaCl gradient (0.0 to 1.0 M) in the same buffer. Fractions containing cellulase
activity against carboxymethyl cellulose (CMC) were pooled and concentrated
(15 wl) by using ultrafiltration (UFVSBGC25; molecular weight cutoff, 10,000;
Millipore, Schwalbach, Germany). After sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), the proteins on the gel were transferred to
polyvinylidene fluoride membranes (IPVH 10100; Millipore) with a tank blot
apparatus (Mini Trans-Blot electrophoretic transfer cell; Bio-Rad, Munich, Ger-
many) and stained with Coomassie brilliant blue. Protein bands were sequenced
from the N termini by the method of Edman degradation by ZMMK Servicela-
bor (Cologne, Germany).

Enzyme assays. Cellulase activity assays were performed by determination of
reducing sugars released from CMC (8). For detection of cellulase activity by

SDS-PAGE (0.1% SDS), the protein bands were separated in a gel containing
0.1% CMC. Following SDS-PAGE, the gel was equilibrated in 50 mM sodium
phosphate buffer (pH 7.2) for 1 h and incubated for 30 min at 37°C. Enzyme
bands were visualized by staining the gel with 0.1% Congo red for 30 min and
subsequently washing with a 1 M NaCl solution. Clear zones around the protein
bands indicated cellulase activity.

PCR with degenerate primers. Based on the N-terminal sequences of the
isolated cellulases, two degenerate oligonucleotide forward primers, MdK and
MdN (Table 1), were designed. Another degenerate oligonucleotide forward
primer, F45F (Table 1), corresponding to the consensus amino acid sequences of
most members of GHF45 (11), was synthesized. As a template for PCR, mRNA
was extracted from the mixture of the whole-flagellate cells, as well as from the
salivary glands of the termite M. darwiniensis, and purified by using an RNeasy
Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was performed with
universal adaptors (Table 1) in order to prepare cDNA strands (SuperScript
First-Strand synthesis system for reverse transcription-PCR; Invitrogen,
Karlsruhe, Germany). Rapid amplification of 3" cDNA ends (3'-RACE) was
performed to amplify the cellulase genes by using the forward primers and
adaptor primers (adapl or adap2 [Table 1]).

(A)
ATG stop
s Gopp | | Poly(A) 3°
F45F > < Adapl
5 nested primer <€ 68R
FMO1F1/FMO1F2 > < Adap2
®
ATG stop
5 Gopp | Poly(A) 3’
MdK/MdN> < Adap2
5’ nested primer »———— <€ 163R
MDO1F > < Adap2

FIG. 1. RACE-PCR strategies for amplification of full-length cDNAs of cellulase genes of the flagellates (A) and of the termite M. darwiniensis

(B) according to the Invitrogen RACE-PCR instruction manual.
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Amplification of full-length cDNAs. The PCR strategy for the amplification of
the full-length cDNAs of cellulase genes is shown in Fig. 1. Gene-specific primers
and nested primers were designed from the internal sequences of the DNA
fragments amplified by degenerate PCR in order to amplify the 5'-end cDNAs.
The 5'-end cDNAs of cellulase genes in the termite M. darwinienis were obtained
by 5'-RACE (GeneRacer kit; Invitrogen) using primer 231R and nested primer
163R (Table 1) in combination with adaptor primers (GeneRacer 5’ primer and
GeneRacer 5’ nested primer; Invitrogen). The 5’-end cDNAs of cellulase genes
in flagellates were amplified by using the same method with primer 183R and
nested primer 68R (Table 1). Based on the 5'-end cDNA sequences of cellulase
genes, the specific primer MDO1F (Table 1) was designed to amplify the full-
length ¢cDNAs of termite cellulases, and two specific primers, FMO1F1 and
FMO1F2 (Table 1), were constructed to amplify the full-length cDNAs of flagel-
late cellulases by 3’-RACE with adaptor primer adap2. The PCR products were
purified and cloned into pCR2.1 (Original TA Cloning kit; Invitrogen) for se-
quencing. DNA sequencing was carried out by Genterprise (Mainz, Germany).

Gene sequence analysis. The following software and databases were used for
the alignment and phylogenetic analysis of nucleotide and amino acid sequences:
(i) BLASTN/BLASTP (http://www.ncbi.nlm.gov/BLAST) and CLUSTAL W
(alignment of nucleotide and amino acid sequences) (13), (ii) ExPasy-ProtParam
Tool and SignalP (prediction of physicochemical parameters of a protein se-
quence and signal peptide cleavage site; available at http://www.expasy.org
/tools/), and (iii) PHYLIP (version 3.5c; phylogenetic tree and bootstrap analysis).

The following sequences were used for phylogenetic analysis of members of
GHF45 (with EMBL accession numbers given in parentheses): clones 1-12, 1-7,
2-10, and 2-2 from the flagellates of the termite M. darwiniensis (AJ494857,
AJ494858, AJ494859, and AJ494860, respectively), representative clones 2-6,
7-50, 7-10, and 45-6 from the protists of the termite R. speratus (BAA98036,
BAA98041, BAA98043, and BAA98048, respectively), EGV of the fungus Hu-
micola insolens (P43316), egl4 of the fungus Humicola grisea (BAAT74957),
Kfam1 of the fungus Fusarium oxysporum (P45699), EGI of the fungus Ustilago
maydis (P54424), EGB of the bacterium Pseudomonas fluorescens (P18126), and
endoglucanases of the fungus Alternaria alternata (AAF05700) and the beetle
Phaedon cochleariae (CAAT76931). For phylogenetic analysis, only those align-
ment positions which could be unambiguously aligned were used. A total of 207
amino acid characters were used for construction of phylogenetic trees.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this paper are available at the EMBL nucleotide sequence database under
accession numbers AJ494857 to AJ494860 for the four full-length cDNA clones
derived from the hindgut flagellates and AJ511339 to AJ511343 for the five
full-length ¢cDNA clones derived from the salivary glands of the termite M.
darwiniensis.

RESULTS AND DISCUSSION

Isolation of cellulases from the flagellates. The cellulases of
the large flagellates were isolated by ion-exchange chromatog-
raphy. The crude extract of the flagellate cells from 50 termites
suspended in 8 ml of PBS buffer was subjected to chromatog-
raphy on a Mono-Q column. Figure 2 shows the elution profile
of the flagellate extract after separation by column chromatog-
raphy. Most proteins were found in the exclusion volume.
Fractions with cellulase activity appeared between NaCl con-
centrations of 0.20 to 0.36 M. These fractions (4 ml) were
pooled and concentrated to 15 pl. SDS-PAGE of the concen-
trated fractions revealed two close protein bands (Cel I and
Cel II; molecular masses, ~36 kDa) with cellulolytic activity
(Fig. 3a). It was also found that the extract of the salivary
glands of the termite M. darwiniensis had a cellulase activity
with a similar molecular mass (Fig. 3a). The N’ termini of the
two bands, Cel I and Cel II, were sequenced. At the N’ termini
of Cel I and Cel II, respectively, 15 and 19 amino acid residues
were identified. BLAST analysis of the partial sequences indi-
cated significant homology among Cel I, Cel II, and termite
endoglucanases, which belong to GHF9 (Fig. 3b).

Cloning of cellulase cDNAs of the flagellates. Two forward
degenerate primers, MdK and MdN, were designed from the
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FIG. 2. Elution profile of the separated cell extract from flagellates
on a Mono-Q column. Fractions containing cellulase activity against
CMC appeared between NaCl concentrations of 0.20 and 0.36 M. The
dashed line represents the NaCl gradient used to elute the column.
Protein was determined by UV absorbance of the fractions at 280 nm.

N'-terminal amino acid sequences obtained by protein se-
quencing of Cel I and Cel II, respectively, in order to amplify
the corresponding genes of GHF9 from archaezoal DNA. In
addition, a PCR-based approach using conserved cellulase se-
quences (family specific) was also applied to amplify protozoal
cellulase genes. According to the hydrophobic cluster analysis-
based cellulase family classification of Henrissat and Bairoch
(5), it was possible to design degenerate oligodeoxyribonucle-
otides that encoded amino acid sequences conserved in an
intrafamily (but not interfamily) manner for PCR amplification
of the genes coding for specific cellulase family members (12).
Since cultivation of the symbiotic protists in the hindguts of
termites is difficult, the cloning strategy could be an efficient
way to identify genes responsible for lignocellulose degrada-
tion in symbiotic protists (11). By using 3'-RACE with the
degenerate primer F45F, specific for GHF45, and the universal
adaptor primer adapl, ca. 600-bp fragments (3'-cDNA se-
quences excluding adaptor regions) were amplified from the
cDNA derived from the mRNA of the large flagellate cell
fraction (from 50 termites). With the degenerate primers MdK
and MdN, no PCR products were obtained from the same
flagellate templates (Fig. 4).

The five identified cDNA clones with inserts of 600 bp am-
plified from the whole flagellate cells were sequenced. Se-
quencing revealed that the inserts contained the coding se-
quences for cellulases belonging to GHF45. These five clones
showed 89 to 99% and 95 to 100% identities at the nucleotide
and amino acid levels, respectively. Based on the cDNA se-
quences, the gene-specific reverse primer 183R and the nested
primer 68R were synthesized (Table 1) for the amplification of
5'-cDNA sequences by using nested 5'-RACE. A 190-bp PCR
fragment amplified from the whole flagellate cells was cloned
and sequenced. Each of five identified clones contained the
putative ATG start codon at the 5’ end. The five clones were
divided into two groups on the basis of amino acid sequence
identity (100% identity). Two gene-specific forward primers,
FMO01F1 and FMO1F2 (containing the ATG start codon), cor-
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a
(kDa) 1
66—
Cel 1 &=
Cel I
29~
20~
b Cellulase N-terminal Sequence
Cell AYDYKDVLTKXLLFYE
Celll AYDYNDVLTKSLLFYEAQR
RsEG AYDYKTVLS NSLLFYEAQR
CfEG AYDYKTVLKNSLLFYEAQR
MEG AYDYKQVLRDSLLFYEAQR

FIG. 3. SDS-PAGE and amino acid sequences of cellulases. (a)
Zymogram of enriched cellulases. Lane 1, enriched cellulases from
flagellate cell lysate obtained by anion-exchange chromatography; lane
2, activity test of enriched cellulases from flagellate cell lysate obtained
by anion-exchange chromatography; lane 3, activity test of cellulases
from flagellate cell lysate; lane 4, activity test of cellulases from the
salivary glands of M. darwiniensis. Dashed box indicates a not yet
characterized additional cellulolytic activity of the salivary gland ex-
tract. (b) Comparison of the N-terminal partial sequences of isolated
cellulases from flagellate cells (Cel I and Cel II) with the known
termite endoglucanases of GHF9. Rs EG, cellulase from R. speratus
(accession number BAA31326); Cf EG, cellulase from Coptotermes
formosanus (accession number BAB40696); Nw EG, cellulase from
Nasutitermes walkeri (accession number BAA33709); X, unidentified
amino acid. Variable amino acid positions are shaded.

responding to the two groups of N’-terminal amino acid se-
quences, were designed for amplification of the full-length
cDNAs of cellulase genes of the flagellates by using 3'-RACE.

With primer FMO1F1 or FMO1F2, a PCR product of ca. 670
bp (excluding the adaptor region) was amplified from cDNA
derived from the whole flagellate cells. The four identified
cDNA clones (clones 1-7 and 1-12 with primer FMO01F1; clones
2-2 and 2-10 with primer FMO1F2) were sequenced. The
clones shared 79.7 to 93.6% identity at the nucleotide levels.
Each of the clones revealed a complete open reading frame
(OREF) of 657 bp, or 660 bp when a stop codon was observed
about 15 bp upstream of the poly(A) tail. The ORFs were
translated into proteins encoding 219 to 220 amino acids, with
remarkable similarity to known cellulases from GHF45. The
conserved sequence motif (T-R-Y-W-D-C-C) of most mem-

(bp) 1 2 3 4 5 6

4268

2027
1375

83
564

FIG. 4. Amplification of cellulase genes by 3'-RACE. Lanes 1 to 3,
mRNAs extracted from whole flagellate cells with primers F45F, MdK,
and MdN, respectively; lanes 4 to 6, mRNAs extracted from the sali-
vary glands of M. darwiniensis with primers F45F, MdK, and MdN,
respectively.

bers of GHF45 was present in the translated amino acid se-
quences of these clones. The deduced cellulase proteins had
molecular masses of 23.3 = (0.1 kDa and contained putative
signal peptides of 11 amino acids. Similarly, the cellulases of
the protists from R. speratus have putative signal peptides of 12
to 15 amino acids (11).

In order to identify the origin of the sequences, two sets of
primers, set I, corresponding to the conserved sequences of
clones 1-7 and 1-12 (primers FM01F1 and FM1R1 and nested
primers FM1F2 and FM1R2 [Table 1]), and set II, correspond-
ing to the conserved sequences of clones 2-2 and 2-10 (primers
FMO01F2 and FM2R1 and nested primers FM2F2 and FM2R2
[Table 1]), were used for nested PCR with nuclei isolated from
the hypermastigotes (the whole product amplified from the
first PCR was purified as the template for nested PCR). The
PCR products should be 219 and 216 bp long, respectively. Set
I resulted in a PCR product of 219 bp from the nuclei of K.
bonita. No PCR product was amplified from the nuclei of D.
nana or D. operculata (Fig. 5). With primers of set II, a PCR
product of 216 bp was obtained from the nuclei of D. nana, and
no product was obtained from K. bonita or D. operculata. The
results suggested that clones 1-7 and 1-12 originated from the

(bp)
1031

400
300

200

FIG. 5. Nested PCR with the nuclei of the flagellates. Lane 1,
primer set I and five nuclei of K. bonita; lane 2, primer set II and five
nuclei of K. bonita; lane 3, primer set I and five nuclei of D. nana; lane
4, primer set II and five nuclei of D. nana; lane 5, primer set I and five
nuclei of D. operculata; lane 6, primer set 1I and five nuclei of D.
operculata.
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hypermastigote K. bonita and that clones 2-2 and 2-10 origi-
nated from the hypermastigote D. nana. Furthermore, the cel-
lulase genes of the hypermastigotes could be transcribed and
expressed in vivo according to Fig. 4. The 219-bp PCR product
from K. bonita showed sequence similarities of 97% to clone
1-12 and 94% to clone 1-7. The 216-bp sequence amplified
from D. nana shared 97% identity with clone 2-10 and 96%
identity with clone 2-2. By using nuclei for PCR, we did not
obtain any DNA product from D. operculata. In view of the
similarity between Deltotrichonympha spp., we propose that the
cellulase gene of D. operculata was present, but this gene could
not be cloned with the clone-specific primers of set I or set II.
Amplification of cellulase genes of M. darwiniensis. Due to
the significant homology of the N'-terminal sequences of Cel I,
Cel II, and termite endoglucanases, the degenerate forward
primers MdK and MdN were used for amplification of cellu-
lase genes with cDNAs derived from the salivary glands of M.
darwiniensis. It is known that cDNAs of the endoglucanases
from M. darwiniensis have been amplified only from salivary
gland tissue (14). With the forward primer MdK or MdN and
the universal adaptor primer adap2, a PCR fragment of ca.
1,400 bp (3" cDNA sequences excluding the adaptor region)
was amplified by 3'-RACE. The cDNA sequences of five iso-
lated clones showed a nucleotide sequence similarity of more
than 99% in 811 bp with the known partial cDNA sequences of
salivary cellulases from M. darwiniensis (EMBL accession num-
bers AAF63724 and AAF63725). The PCR strategy for full-
length cDNAs of the cellulases of M. darwiniensis was the same
as that used for the intestinal flagellates. The gene-specific
reverse primer 231R and the nested primer 163R were de-
signed for amplification of the 5" cDNA by 5’ nested RACE.
The 5'-RACE PCR fragment of 270 bp was cloned and se-
quenced. The cDNA clones represented two groups of N'-
terminal sequences of salivary cellulases (excluding the signal
peptides), with a difference of 1 in 77 deduced amino acids;
these were similar to the N'-terminal sequences of the isolated
cellulases Cel I and Cel II, even in variable regions. In subse-
quent 3'-RACE, the gene-specific forward primer MdOLF,
constructed on the basis of the 5" cDNA sequences (containing
the ATG start codon), resulted in a PCR product of ca. 1,450
bp (excluding the adaptor region). The five clones identified
were sequenced and divided into three groups based on nucle-
otide sequence similarity. Clones Md13 and Md5, containing a
coding region of 1,344 bp, formed one group with more than
99% amino acid sequence identity. In the second group, clones
Md6 and Md11 had ORFs of 1,341 and 1,347 bp, respectively,
that shared more than 99% amino acid sequence identity and
showed an average of 87% amino acid sequence similarity to
clones Md13 and MdS. Clone Mdl, with a coding region of
1,341 bp, fell into a third group; it showed a mean amino acid
sequence similarity of 98% to clones Md6 and Md11, with a
sequence difference only at the C’ terminus, and a mean amino
acid sequence identity of 89% with clones Md13 and Md5. The
predicted amino acid sequence indicated that the molecular
masses were 49.1 = 0.5 kDa. Each of the cellulase proteins
contained a leader peptide consisting of 16 amino acids.
Comparisons of amino acid sequences. Database searches
revealed that the full-length cDNAs cloned from the hindgut
flagellates of the termite M. darwiniensis exhibited a high de-
gree of amino acid sequence similarity to cellulases belonging
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to GHF45. The alignment with homologous sequences is
shown in Fig. 6. The four deduced amino acid sequences share
more than 84% identity with each other and display 50 to 58%
identity to four representative sequences from the symbiotic
protists in the hindgut of the termite R. speratus, 47 to 57%
identity to two sequences (EGV and egl4) from Humicola spp.,
46 to 51% identity to Kfaml of F. oxysporum, 44 to 45%
identity to the endoglucanase of P. cochleariae, 38 to 42%
identity to the endoglucanase of 4. alternata, 37 to 40% iden-
tity to EGI of U. maydis, and 34 to 38% identity to EGB of P.
fluorescens. 1t is also noted that the endoglucanases of flagel-
late origin reported in this study appear to consist only of a
single catalytic domain and contain neither a cellulose-binding
domain nor a spacer sequence, like the amino acid sequences
from the hindgut protists of R. speratus (11).

Figure 7 shows an unrooted phylogenetic tree based on the
amino acid sequences of members of GHF45. In the tree, the
four sequences from the hindgut flagellates of the termite M.
darwiniensis form a monophyletic clade, suggesting that the
hindgut protists containing the sequences share the latest com-
mon ancestor with each other. This is in agreement with the
phylogenetic analysis of these flagellates using SSU ribosomal
DNA sequences that showed that the large hindgut flagellates
have a close evolutionary relationship (4). The four sequences
are divided into two subgroups with a bootstrap value of 100%.
In one group, clones 1-7 and 1-12 show 96.9% amino acid
identity. In another group, clones 2-2 and 2-10 share 93.2%
amino acid identity. The tree shows the close phylogenetic
relationship of cellulases from the hindgut flagellates in M.
darwiniensis and the hindgut protists in R. speratus. However,
the bootstrap value is not high in this region.

Origin of the cellulases isolated from the intestinal flagel-
lates. Due to the lack of pure cultures, it is difficult to separate
and identify the cellulases of the hindgut flagellates. By iso-
electric focusing, the cellulase activity in the cell extract of the
flagellates was mainly found in a band at a pH value of about
3.5, while most proteins focused in a pH range between 4.5 and
6.0 (data not shown). Thus, by using ion-exchange chromatog-
raphy, two endoglucanases were isolated from the flagellate
cell extract prepared from 50 termites, and these were then
subjected to protein sequencing. BLAST analysis of the 15 to
19 amino acid residues at the N’ termini indicated that the
isolated cellulases have a high similarity to GHF9. With the
degenerate primer MdK or MdN, based on the N-terminal
sequences of the cellulases isolated from flagellate cells, no
corresponding gene was found in the flagellate cells. However,
by using these primers, ca. 1,300 bp of cellulase genes (exclud-
ing the adaptor region and 3’ untranslated region) was ampli-
fied from the salivary glands of M. darwiniensis. The cloned
full-length cDNAs showed derived N-terminal sequences sim-
ilar to those of the isolated cellulases Cel I and Cel II, even in
variable regions. Therefore, we confidently propose that the
cellulases isolated from the nutritive vacuole of the flagellates
originated from the termite M. darwiniensis. No corresponding
gene could be found in the flagellate cells. Probably the cellu-
lases are secreted from the salivary glands of M. darwiniensis.
During the mechanical grinding of wood particles by the ter-
mites, the cellulases are attached to the wood particles or
mixed with them; then the attached cellulases or the mixture
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1~12 MIVVFVIGALCKDYSGNGO-—-TTRYWDCOKPSCSWSKKAQV--SHVVNSCTATGSHDT T -——-VDLKSGCD-GGPSYVCVDQ
1-7 MIVVFVIGALCKDYSGSGK~~TTRYWDCOKPSCSWSKKAQV—-—-SHVVNSCTASGQHDTT ~—~~-VDLKSGCD-GGPSYVCVDQ
2-10 MEVAFVIGALCKDYSGNGQO-~TTRYWDCOKPSCSWSKKAQV--SHVVNSCNANGQHDST -~ ~~VDLKSGCD-GGPSYACTDQ
2=-2 MFVAFVIGALCKDFSGNGQ--TTRYWDCOKPSCSWSKKAQV~~SHVVNSCNANNQHDST ———--VDLKSGCD~GGPSYACADQ
2-6 MLVEVESLLASVLFGDSGK--TTRYWDCOKGSCGWEAKADV——-SKPIDTCAKDGTTRVASN--DTVKSGCD-GGDGYMCYDQ
7-50 MLVFILALILSV-FGDSGR--TTRYWDCOKASCAWEKKAAV—--TQPVDTCGKDGT TRVASN~-DTVKSACD-GGEGYMCYDQ
7-10 MLLYILTFIGLS-LADSGK--TTRYWDCOKGSCGWEKKANV--DKPIDTCAKDGTTRVASN~~DTVKSGCD-GGTGFMCYDQ
45-6 MLLLILSVVATV-LGLDGR--TTRYWDCOKGSCGWDGKASYV--SKPVDTCAKDGTTRVAT-~--SAKSACDSGGTAYMCYDQ
Fo @ -—-—-—-———————— SGH--9TRYWDCOKPSCSWSGKAAV--NAPALTCDKNDNPI SN----TNAVNGCEGGGSAYACTNY
Hi ADGR~-4TRYWDCOKPSCGWAKKAPV-~NQPVFSCNANFQRITD—-—-—-FDAKSGCEPGGVAY SCADQ
Hg e SGR~--TTRYWDCOKPSCAWPGKGP~——-APVRTCDRWDNPLFDG-—-GNTRSGCDAGGGAYMCSDQ
Aa = e EAV--TTRFWDCOKPSCGWNGKAQF~-SRPVESCTADDKPTDI ————— AAGTGCN-SGSAFQCSNQ
Pc  —--—-——————————— SGYGTTTRYWDCOKPSCAWKENINT PTMTPVQTCAIDGNTVVN~~~~ASVQSGCI -GGSSYMCSNQ
Un ~=————————————— AGM-—-ATRYWDCOLASASWEGKAPV--YAPVDACKADGVTLIDSKKDPSGQSGCN-GGNKFMCSCM
Pf W e NGY--ATRYWDCOKPHCGWSANVPS-LVSPLQSCSANNTRLSD----V3SVGSSCD-GGGGYMCWDK

:**:**** _* : :* .* '* : *
1-12 APWAVNSSYFMGTAAAALS————— GGSESDLCCRCEFELT FTS———-GQPNGKKMLVQVTNTGSDLS-GNQFDLLI PGGGVGI
1-7 APWAVNSSYFMGTAAAALS——~—— GGSESDLCCRCFELTFTS———-GQSNGKKMLVQIT TNTGSDLS~-GNQFDLLIPGGGVGI
2-10  APWAVNSSYFMGTAAAALS-——--— GGSESDLCCKCFELTFTS———-GTPNGKKMLVQITNTGSDLS-GNQFDLLIPGGGVGI
2=-2 APWAVNSSYFMGTAAAAL S~~~ GASEADLCCKCFELT FTS~~~—-GTPNGKKMLVQITNTGSDLS-GNQFDLLT PGGGVGT
2-6 TPWGVNDSYALGFAAAATIS—-—-——- GG-EKAACCNCYELTFTS—--—--GPVNGKKMTVQVTNTGGDLG-SNQFDLAT PGGGVGL
7-50 APWAVNDSVAYGFAAAACC-——-—— GG-ESGACCNCYELTFTS----GPVNGKKMVVQVTNTGGDLG-SNQFDLAT PGGGVGT
7-10 TPWQVSDSLSYGFAAAACC————— GG-ESGACCGCYELTFTS———-GPVNGKKMIVQITNTGGDLG-SNQFDLAT PGGGVGI
45-6 TPRAVNDSYATGFAAAAVS————— GG-EKAACCTCYELTFTS———-GPVNGKKMTVQVTNTGGDLG-SNQFDIATPGGGVGL
Fo SPWAVNDELAYGEFAATKIS-———— GGSEASWCCACYALTFTT~~~=-GPVKGKKMIVQSTNTGGDLG~DNHFDLMMPGGGVGT
Hi TPWAVNDDFALGFAATSTIA————— GSNEAGWCCACYELTFTS—~—~-GPVAGKKMVVQSTSTGGDLG-SNHFDLNT PGGGVGI
Hg SPWAVSDDLAYGWAAVNIA-———— GSNERQWCCACYELTFTS~-—-GPVAGKRMIVQASNTGGDLG-NNHEFDIAMPGGGVGT
Aa QPWAINDTLSYGYAGVYITPDLTHGGIEDAWCCACYQINETS~~~~EPLIGKSMIVQASNTAY DVTNANRESLAVPGGNTTS
Pc OAFVVNSTLAFGFAAGSFT————~ GGVDNNLCCSCMLLTFQG————— QLAGKQFLVQITNTGGDLG-STSSIWPFPGGGVGT
Um QPFDDETDPTLAFGFGAFT~~——~ TGQESDTDCACFYAE FEHDAQGKAMKRNKL I FQVTNVGGDVQ~SONEFDFQT PGGGLGA
Pf IPFAVSPTLAYGYAATSS~—————— G——-~DVCGRCYQLOFTGSPGSAALAGKTMIVOATNIGYDVS-GGQFDILVPGGGVGA
. * * : . . * . * . . * %k .
1-12 FD-GCSRQYP-GGNYDWGQRYGGVTSKAGCAKI PAELKAGCEERFDY IG--DNPSVSFKSVHCPDTITSKTNCRRNDDN
1-7 FD-GCSRQYP-GGNYDWGQRYGGVTSKAGCAKI PAELKAGCEFRFDY IG--DNPSVSFKSVHCPDTITSKTNCRRNDDQ
2-10 FD-GCTRQYP-G-SYDWGQRYGGVTSRDGCSKLPSALOSGEFQFREDYIA--DNPSVSFKSTHCPDTIVSKPTCRRNDDS
2-2 FD-GCTRQYP-G-SYDWGORYGGVTSRDGCSKLPSTLOTGCQOFREDYIG~-DNPSVSFKSTHCPDSIVGKTNSRRNDDA
2-6 YN-GCTAQSG-APADGHRGSRYGGVSSRSECSQLPSGLOAGCOWREDWEFONADNPSMNENVVSCPSELTAKTNCRRN-——
7-50 YN-GCTQQSG-APADGHWGSRYGGVSSRSECSQLPSGLOAGCOWRFDWEONADNPSINEFNQVTCPGELTAKTNCKRT ———
7-10 YN-GCTAQSG-APSDGHGSRYGGVSSRSECSQLPSGLOAGCOWRFDWFONADNPSINFSNVKCPSETI IAKTNCNRV ———
45-6 YN-GCTSQSG-APADGWGSRYGGVSSRSECSQLPSGLOAGCOWRFDWFONADNPSTITEFNEVSCPGDLT SKTNCRRQ———
Fo FD-GCTSEFGKALG———GAQYGGISSRSECDSYPELLKDGCHWRFDWFENADNPDETFEQVQCPKALLDISGCKRDDDS
Hi FD-GCTPQFG—GLP——-GQRYGGISSRNECDRFPDALKPGCYWRFDWFKNADNPSESFROQVOCPAELVARTGCRRNDDG
Hg FN-ACTDQYG-APPNGWGQORYGGISQRHECDAFPEKLKPGCYWRFDWCVSLEPP-LSLSLPPGTGQTMGRS~C——————
Aa TN-ACAQQYG-VSQSVEFGENMAGVKST DDCONLPENLRAGCEWRFDWEKNASFPSANFKRVVCPSEITAKTNCIRNDDK
Pc FTQGCHDQWT - PRGAAGGDQYGGVYSVEQCSDLPEVLQPGCRFRFEFLENVSNPQVSFQOVOCPRETIVAISNCAL—~-—
Um FPKGCPAQWG-VEASLWGDQYGGVKSATECSKLPKPLOEGCKWRESEWGDNPYLKGSPKRVKCPKSLI DRSGCQRKDDN
Pf FN-ACSAQWG-VSNAELGAQYGGFLALNRCDSVETQLQOGCTWFAEWFEAADN PSLKYKEVPCPAELTTRSGMNRSTILN
* * * * * e Kk

FIG. 6. Alignment of amino acid sequences of endoglucanases from the symbiotic flagellates of the termite M. darwiniensis with homologous
cellulases of GHF45. Only the region of the catalytic domain is shown for the seven reference sequences. Reference sequences (with the
corresponding amino acid positions in the alignment given in parentheses) are as follows: Fo, F. oxysporum (amino acids 21 to 225); Hi, H. insolens
(amino acids 1 to 205); Hg, H. grisea (amino acids 22 to 219); Aa, A. alternata (amino acids 21 to 239); Pc, P. cochleariae (amino acids 37 to 242);
Um, U. maydis (amino acids 26 to 240); Pf, P. fluorescens (amino acids 268 to 504). For optimal alignment, three short segments in the amino acid
sequences of P. fluorescens were deleted and are indicated by a triangle between two underlined amino acid residues (SSYNAPGDP, AACKQQL
GYNASLSQYKSCVL, and FGSRGLT). The conserved region for the PCR primer design is boxed. The putative 11-amino-acid signal peptide

of the flagellate cellulases is italicized. Amino acid identity
and dots, respectively.

is indicated by asterisks. Strongly or weakly conserved changes are indicated by colons

moves to the hindgut, where it is endocytosed by the flagel-
lates.

It has been shown that the endoglucanases of the termite
Coptotermes formosanus are restricted to the salivary glands,
the foregut, and the midgut (9). But according to our work, the

main endoglucanase activity found in cells of the hindgut
flagellates of M. darwiniensis is likely to originate from the
termite cellulases. It has also been found that 40% of the
endoglucanase activity of M. darwiniensis is present in the
hindgut and that most (ca. 84%) of the cellulase activity of the
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FIG. 7. Unrooted phylogenetic tree of GHF45 members based on the amino acid sequence alignment of the catalytic domains (shown in Fig.
6) without putative signal sequences. All gaps in the alignment were omitted, leaving 207 amino acid positions for phylogenetic analysis. Bootstrap
values (100 replicates) are indicated at their respective branching points. Bar, 0.20 amino acid substitution.

whole hindgut is present in the flagellate extract (16). This
implies that a certain amount of termite cellulases, secreted
from the salivary glands, moves into the hindgut and enters the
flagellate cells. They may be involved in the digestion of cel-
lulose in the flagellate cells. The flagellates’ own cellulases
could not be detected by an enzyme essay on SDS-PAGE gels.
Thus, we assume that the endoglucanases of termite origin play
an important role in cellulose degradation in the flagellates.

It is conceivable that in the course of about 300 million
years, the symbiosis between the termite and initially free-
living Archaezoa affected the enzymatic equipment of both
organisms, such that the excess of termite cellulases led to a
disuse of the flagellates’ own enzymes. The lack of selection
pressure in the hindgut possibly directed the mutation and
inactivation of cellulolytic enzymes, from which the corre-
sponding genes are still expressed. The production of an inac-
tive enzyme may result in a complete loss of the corresponding
genes. This means that the symbiotic Archaezoa are progress-
ing to a state devoid of their own cellulolytic activities, as was
probably the case before the existence of cellulose-containing
plants. Presently, the symbiotic gut Archaezoa of the primitive
Australian termite M. darwiniensis owe their endocellulolytic
activity to their host.
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