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Abstract. Previous dogma has maintained that cellulose,
ingested by xylophagous or herbivorous animals, is di-
gested by cellulolytic symbiotes. The first evidence in
conflict with this contention involved the demonstration
of cellulolytic activities in symbiote-free secreting organs
(e.g., the salivary glands of termites) or defaunated guts.
Following these demonstrations, possible endogenous
cellulase components were purified from several cellu-

lose-digesting invertebrates, but this research did little to
change the general view concerning animal cellulose di-
gestion. Thanks to recent developments in molecular bio-
logy, the existence of cellulases of animal origin has been
firmly established. To date, cellulase genes have been re-
ported from arthropods (insects and a crayfish) and ne-
matodes. This paper describes and discusses the presence
and nature of endogenous cellulases in higher animals.
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Introduction

Cellulose is the most abundant biomass on the earth [1].
It is a polymerized form of glucose molecules with S-1,4-
linkages, consisting of composite forms of highly crystal-
lized microfibrils among amorphous matrixes, thus re-
fusing access to hydrolyzing enzymes [1]. Cellulolytic
fungi and bacteria have developed complex forms of cel-
lulase systems which actively hydrolyze cellulose fibrils
[1]. In plants, cellulases hydrolyze their cell walls at va-
rious developmental stages (e.g., bean abscission, fruit
ripening and abscission, and pedicel abscission) [2—11].
However, higher animals have not been generally re-
cognized to produce endogenous cellulases [12].

The presence of symbiotic protozoa or bacteria has been
used to explain cellulose digestion in invertebrates and
herbivorous cattle. This theory was first proposed by
Cleveland, in his work with termites, who demonstrated
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the disappearance of the viability of Reticulitermes flavi-
pes after defaunation of protozoa from the hindgut [13],
thus concluding that a hindgut protozoan fauna was re-
sponsible for the cellulose digestion of the hosts. Since
his demonstration, symbiotic cellulase production be-
came the most favored explanation for cellulose digestion
in higher animals [14, 15].

Following Cleveland’s experiments, much research was
devoted to demonstrating symbiotic cellulase production
by bacteria and fungi in addition to protozoa, which are
harbored in invertebrate digestive systems. However, few
reports were presented demonstrating symbiotic rela-
tionships between host invertebrates and intestinal micro-
organisms [16]. Termites belonging to the family Termit-
idae, which are called ‘higher termites’, generally do not
contain protozoan fauna, but many of them ingest cellu-
losic material [17]. The cellulose-digesting ability of
higher termites was interpreted as due to the acquisition
of cellulolytic bacteria in the hindgut [15], but such en-
rollment of intestinal bacteria has not been confirmed
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[16, 18]. The intestinal bacteria were proposed as to pro-
duce acetate and fix nitrogen to digest cellulose consum-
ed by the host [16, 18].

Later, the focus of research on the digestion of xylopha-
gous insects shifted from inside to outside the digestive
tract. Possible acquisitions of cellulase components by
two species of fungus-growing termites (subfamily
Macrotermitinae; Termitidae) from fungus combs grown
in termite nests were independently reported in 1978 [19,
20]. In addition, cellulase, amylase, and xylanase activ-
ities in the gut of fungus-growing termites were also con-
strued as acquired from symbiotic fungi in the nest [21].
In another fungus-growing termite, several cellulase
components were purified to homogeneity from the gut
and fungal nodules. A high similarity was demonstrated
in enzymatic character between one component from the
gut and another from the nodules [22]. However, whether
such acquired cellulase activity in fungus-growing ter-
mites meets the physiological requirements of the hosts is
controversial [18, 23, 24]. Acquisition of digestive enzy-
mes has been explored in other xylophagous arthropods
and interpreted as a general phenomenon in xylophagous
arthropods including woodwasps, isopods, cerambycid
beetles, and attine ants [25].

Apart from arthropods, several cellulase studies were
undertaken in molluscs, including snails [26—30], a sea
slug [31], a periwinkle [32], and some bivalves [33—39].
Some reported possible endogenous enzyme sources
such as the hepatopancreas [27, 32], gastric teeth [31],
and crystalline styles (needlelike structures made of
crystalline proteins forming a motor organ in the stomach
of bivalves [40]) [33, 39]. Later, a cellulolytic nitrogen-
fixing bacterium was isolated from the Deshayes gland
{a specialized bacteria-culturing organ found in the gills
of shipworms (family Teredinidae) [40]} [34—37]. Possi-
ble bacterial cellulase production was also reported in
another wood-boring bivalve species in the genus Xylo-
phaga [38]. Such symbiotic cellulase production, how-
ever, was not reported as a general phenomenon among
mollusca.

Yokoe and Yasumasu [33] investigated cellulase activity
in 74 higher animals including several vertebrates and de-
monstrated that the activities of the possible endogenous
cellulases in these animals were distributed according to
phylogenetic relationships and not according to food ha-
bits. In fact, cellulase activities in insects are observed not
only in strict xylophagous species like termites and
wood-eating cockroaches, but also in many other species
with different food habits which do not have symbiotic
relationships with cellulolytic protozoa or micro-
organisms, such as domestic omnivorous cockroaches
[41]. Recent advances in molecular biology will clarify
whether cellulase genes in invertebrates are indeed dis-
tributed according to phylogenetic development, as sup-
posed by Yokoe and Yasumasu [33].

Animal cellulases

In this review, we discuss the nature of cellulases from in-
vertebrates, and describe their physiological and phylo-
genetic origins.

Challenges to the theory of completely symbiotic
cellulose digestion

Discrepancies with theories based on symbiotic cellulose
digestion arose from apparent contradictions between cel-
lulolytic activity and the locations — or absence — of sym-
biotes as enzyme sources. In the snail, Helix pomatia, cel-
lulase and chitinase activities were detected in sterile hepa-
topancreas [27]. In addition, both cellulase and chitinase
activity in the digestive juices (luminal fluid of the gut) in-
creased in proportion to body weight and the total protein
content of the hepatopancreas, but not in relation to in-
creases in digestive juice bacterial counts when, for exam-
ple, the snails emerge from hibernation and start eating.
The conclusion was drawn, therefore, that these enzymes
were produced endogenously [27]. Similar arguments have
also been put forward based on contradictions observed
between the presence or absence of cellulolytic activities
and gut microorganisms in earthworms [42—49]. To avoid
repetition of the same arguments, our discussions here will
mainly focus on termites and cockroaches for which re-
search has reached the genetic level.

In termites, the first putative endogenous cellulase was
demonstrated in the Japanese subterranean termite
Leucotermes (Reticulitermes) speratus [50]. A drastic
reduction in hindgut protozoa by heat exposure of these
termites did not affect cellulase activity as measured by a
decrease in the viscosity of carboxymethylcellulose
(CMC) solution. Thus cellulase activity was attributed to
the host [50]. Later, salivary gland cellulase activity
against CMC and that in hindgut protozoan fauna against
filter-paper and cotton were separated by Yamaoka and
Nagatani [51], who proposed that these two cellulases
synergistically break down native cellulose in an analogy
to the fungal cellulase system [52]. Undoubtedly, inge-
sted cellulose will come into contact with both the sali-
vary and protozoan cellulases, but whether both cellu-
lases act simultaneously in a synergistic action [52] has
yet to be clarified.

A comparative study of the Australian arboreal higher
termite Nasutitermes walkeri with the mound-building
lower (= protozoa-inhabited) termite Coptotermes lac-
teus showed that the intestinal fauna and flora play no (.
walkeri) or a relatively small (C. lacteus) role in the cel-
lulase production of these species [53]. Removal of in-
testinal bacteria and protozoa by tetracycline treatments
(assumed to eliminate protozoa indirectly by the reduc-
tion of bacteria) did not affect cellulase activities in the
guts of either species except for a 20% decrease seen in
the hindgut of C. lacteus [53]. To explain the cellulose di-
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gestion of higher termites (which make up three-quarters
of known termite species [54]), the isolation of cellulo-
lytic bacteria from the gut has been attempted, but only
cellulolytic facultative heterotrophs and inherent non-
cellulolytic spirochetes have been found [18, 23]. In
N. walkeri and the mound-building higher species N. exi-
tiosus, the majority of the cellulase activity was locat-
ed in the epithelia and the luminal contents of the mid-
gut [55].

Cockroaches are a group of insects including fossil spe-
cies from the Paleozoic period. They are taxonomically
cross-related to termites [56] and join a monophyletic
clade which includes termites [57]. It is estimated that
there are about 3500 cockroach species, of which less
than 1% are domestic omnivorous pests. Most of the
others live in the ground, or commensally in the nests of
ants, wasps, or termites of tropical rainforests, while a
few species bore into and inhabit wood [56]. Elucidation
of cellulose digestion in such cockroaches may help to
clarify its origin in termites.

In a series of experiments with the wood-eating cock-
roach Cryptocercus punctulates, Cleveland [58] conclud-
ed that this cockroach depends on hindgut protozoa for
cellulose digestion, as does the lower termite R. flavipes
[13]. On the other hand, Slaytor and his colleagues de-
monstrated that the distribution of cellulase in the gut of
the Australian wood-eating cockroach Panesthia cribrata
was limited to the fore- and midgut, and was not found in
protozoa inhabiting the hindgut [59]. P cribrata was
maintained on filter paper with tetracycline (or crystal-
line cellulose) for over 12 weeks without reduction of cel-
lulase activity [59]. During this experiment, the respira-
tory quotient value (produced CO,/consumed O,) stayed
between 0.98 and 1.03 (0.7 for starved individuals) [59],
showing that the P, cribrata cockroaches lived on the cel-
lulose, not on stored energy, similar to the other Austra-
lian wood-eating cockroaches Calolampra elegans and
Geoscapheus dilatatus [60]. A possible role for acquired
fungal cellulases was also proposed in P cribrata [15],
but was not supported by quantification of the fungal cel-
lulase in food material [61].

Purification and character of animal cellulases

The research mentioned above includes mostly quantita-
tive analyses of cellulolytic activities in cellulose-digesting
animals and thus there are methodological limitations to
separating or identifying symbiotic and endogenous cellu-
lases. Qualitative studies using electrophoresis or liquid-
chromatography, and the characterization of isolated com-
ponents appear more persuasive than simple quantitative
studies to identify the origins of the cellulases [22, 25].

Purification has revealed functional differences among
cellulolytic components. Isolated components are gen-
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erally classified by their hydrolyzing functions into endo-
-B-1,4-glucanase (EG, EC 3.2.1.4; randomly hydrolyzing
the middle of cellulose chains), exo-f-1,4-cellobiohy-
drase (CBH, EC 3.2.1.91; hydrolyzing the non-reducing
end of cellulose chains by cellobiose units), and S-gluco-
sidase (EC 3.2.1.21; hydrolyzing cellobiose or longer
chains from the non-reducing end by glucose units) [1,
62]. Two different systems have been proposed for the ac-
tion of these components. One is the synergistic action of
free components (EG, CBH, and S-glucosidase), while
the other involves cellulosomes binding different compo-
nents into a large structure [1, 63, 64]. For termites and
cockroaches, Slaytor [23] proposed a unique system that
lacks CBH components, while Martin [25] proposed the
enrollment of CBH acquired from fungi in many xylo-
phagous species. In this review, we mainly focus on the
purification of endogenous components.

From the cockroach clade (cockroaches + termites [57]),
five EG components have been purified to homogeneity.
Two components (53.6 and 48.8 kDa) were isolated from
the wood-eating cockroach P cribrata [65], another two
(41 and 42 kDa) from the lower termite R. speratus [66],
and one more (47 kDa) from the Japanese arboreal higher
termite N. takasagoensis [67].

In another insect taxon, Coleoptera, which is less related to
termites and cockroaches, two S-glucosidase components
(57 and 70 kDa) and a CBH component (25 kDa) were
purified from larvae of the xylophagous beetle Ergates
faber [68]. Aside from insects, two cellulolytic compo-
nents (30 and 40 kDa; possibly EG or CBH) were purified
from crayfish. These cleave -1,3 glycosidic bonds in ad-
dition to -1,4 glycosidic bonds of cellulose [69].

Apart from arthropods, several cellulolytic components
have been purified to homogeneity from molluscs. In
snails, which are one of the earliest animals reported as
being cellulolytic, an EG and a CBH (23 kDa) component
were purified from the digestive juice of H. pomatia [28]
and Achatina fulica [30], respectively. A cellulase see-
ming to be an EG component (44 kDa) was purified from
the gastric teeth of the sea slug Dolabella auriclularia
[31]. The purification of various other EG components
(51 kDa on SDS-PAGE, which separates into six different
31-kDa components on the DISC-PAGE) from this spe-
cies has also been reported [70]. An EG component was
also purified from the marine perivinkle Littorina sp.
[32]. Recently, the purification of a low-molecular-mass
EG (19.702 kDa; predicted from amino acid sequence)
was reported in the blue mussel, Mytilus edulis [39].

EG components sometimes act differently from their no-
menclature. Cellulolytic enzymes which can hydrolyze
CMC are referred to as ‘endoglucanases’, since the num-
ber of open-ended cellulose terminals is considered limit-
ed on CMC by the frequent substitution of carboxymethyl
groups on some of the glucose residues, which prevents
the enzyme from attacking from the chain ends to the
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inside [71]. Many animal EG components have been
identified according to this rule as EG, even though many
cut out cellobiose units when they attack cellooligomers
similarly to CBHs [28, 31, 65—67]. This quality of animal
EG components may help them to digest native-form cel-
lulose in food whose surface area is limited compared to
that of CMC. In addition, many xylophagous inverte-
brates possess grinding or crunching organs, such as the
mandibles of insects, the crystalline styles and sacs of
bivalves, and the radula teeth of herbivorous molluscs,
which can break down food material into fine particles
[29, 72]. In termites, ingested wood is ground to less than
50 pm in Coptotermes formosanus [73] or into two size
ranges (10—30 and 100-300 mm) in N. takasagoensis
[74]. These grinding and crunching organs may also aid
digestion by widening the surface areas of the food debris
into substrates which the cellulase components can then
easily attack.

Cloning of animal cellulase cDNAs

Although nearly a century has passed since the first cel-
lulase research began with snails [75], the structures of
animal cellulases remained unknown until the earliest re-
ports in 1998, when endogenous animal cellulase cDNAs
were finally cloned from two nematodes and a termite
[76, 77].

In the two plant-parasitic cyst nematodes Globodera ro-
stochiensis and Heterodera glycines, proteins produced
in the subventral esophageal glands were surveyed in the
course of a phytopathological study of these species [78,
79]. From amino acid sequences of uncharacterized pro-
teins (svp39 from G. rostochiensis and svp49 from H.
glycines), four different EG cDNAs (HG-eng-1, 1615 bp
encoding a 49.8-kDa protein; HG-eng-2, 1191 bp encod-
ing a 34.7 kDa protein; GR-eng-1, 1546 bp encoding a
49.7-kDa protein, and GR-eng-2, 1300 bp encoding a 42-
kDa protein) were cloned from cDNA libraries of these
species with the aid of degenerate and gene-specific rapid
amplification of cDNA ends (RACE) amplifications
[76]. Accompanied by a putative signal peptide (16—27
amino acids), one EG catalytic domain (300—307 amino
acids) was encoded for each cDNA from the nematodes
[76, 80]. Following the catalytic domains, HG-eng-1 and
GR-eng-1 encoded cellulose-binding domains (CBDs)
(98 and 96 amino acids, respectively) which were joined
to the catalytic domains by linkers (51 and 50 amino
acids, respectively) of Pro/Thr/Ser-rich amino acid se-
quences. HG-eng-2 encoded only a putative signal pep-
tide and a catalytic domain, while GR-eng-2 had an addi-
tional sequence following after the catalytic domain
which corresponded to the linker of HG-eng-1, but had
no connecting CBD [76]. Recently, another EG-encoding
cDNA, MI-engl (1668 bp), which encoded a protein (506
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amino acids) including a putative catalytic domain and a
CBD, was isolated from the root-knot nematode Meloi-
dogyne incognita [81], and its precise properties were re-
ported [82]. The putative catalytic domain of MI-engl
shared 52.5% identity with those of HG-engl and HG-
eng? [81].

From the phytophagous beetle Phaedon cochleariae, a
putative EG cDNA was isolated from a gut cDNA library
by random sequencing followed by RACE amplifications
[83]. This putative EG ¢cDNA encoded 242 amino acids
including a putative leader peptide consisting of 21 amino
acids, and contained about 10% of the cDNAs identified
from the larval-gut cDNA library of this species [83].
From termites and cockroaches, 19 different EG cDNAs
have been isolated to date [57, 77, 84]. From the termite
R. speratus, fragments of EG cDNA were isolated from a
recombinant phage cDNA library using a mouse antise-
rum raised against one of its EG components; then, fol-
lowing RACE amplifications, two 1466 bp cDNAs
(RsEG and RsEG?2) were identified [77, 84]. Each cDNA
encoded an EG consisting of 448 amino acids including a
putative leader peptide (16 amino acid residues), and en-
coded a single catalytic domain [77, 84]. From another
termite, N. takasagoensis, a fragment (95 bp) of EG
cDNA was amplified by a degenerate PCR based on the
N-terminal amino acid sequence (33 peptides) of the pu-
rified EG component [84]. A ¢cDNA (1685 bp, NtEG
cDNA) including a complete open reading frame was
then obtained by additional gene-specific RACE amplifi-
cations [84]. The NtEG cDNA encoded 448 amino acids
consisting of a signal peptide (16 amino acids) and a
single catalytic domain, which showed 78.3% identity
with the amino acid sequence of RSEG [77, 84]. From N.
walkeri, another EG ¢cDNA (NwEG cDNA, 1585 bp,
98.0% and 97.8% identical to NtEG at nucleotide and
amino acid levels, respectively) was cloned using the
same gene-specific primers designed for NtEG. From the
wood-eating cockroach P cribrata, an EG cDNA frag-
ment (96 bp) was amplified by a degenerate PCR based
on the N-terminal amino acid sequence of a purified EG
component, following which, two full-length cDNAs
(PcEGI cDNA, 1415 bp, and PcEG2 cDNA, 1437 bp)
were cloned by RACE amplifications [57]. These showed
63—-69% identity with amino acid sequences of EGs
from the termites R. speratus and N. takasagoensis [57].
From the hepatopancreas of the Australian yabby Cherax
quadricarinatus (a freshwater crayfish), a putative EG
cDNA was identified by degenerate PCR based on the
conserved amino acid sequences among EGs from the
termite R. speratus, the slime mold Dictyostelium discoi-
deum, and the kidney bean Phaseolus vulgaris, followed
by additional RACE amplifications [85]. The EG encod-
ed by the cDNA from C. quadricarinatus consisted of
469 amino acids including a putative signal peptide of 24
amino acids [85]. From another four cockroach and three
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termite species in addition to R. sepratus, N. takasagoen-
sis, N. walkeri, and P cribrata, 14 different fragments
(~1000 bp) were isolated by degenerate RT-PCR based on
conserved amino acid sequences among EGs from R.
speratus, N. takasagoensis, N. walkeri, and C. quardrica-
rinatus [57].

Structural character of amino acid sequences
of animal EGs

As mentioned above, cellulolytic enzymes are usually
classified into EG, CBH, and S-glucosidase based on
IUB-MB enzyme nomenclature (http://www.expasy.ch/
enzyme/) which does not reflect the structural features of
the enzyme molecules and, thus, conceals their phyloge-
netic relationships [86]. To compensate for this problem,
Henrissat et al. [80] advocated the classification of cel-
lulolytic enzymes by hydrophobic cluster analysis of
amino acid sequences, which reflects structural similari-
ties in the grouping [87]. They later broadened the appli-
cation of their method to include all O-glycoside hydro-
lases (EC 3.2.-.-) by directly comparing amino acid se-
quences in addition to hydrophobic clustering, and then
classified them into 78 families made up, to date, of ten
clans [groups of families sharing a structural resem-
blance (http://afmb.cnrsmrs.fr/~pedro/CAZY/ghf . html)]
[88, 89]. Therefore, the cloning and sequencing of cellu-
lolytic enzyme precursors from animals can be used not
only to clarify their primary structure and possible cat-
alytic functions, but also to help elucidate their phylo-
genetic origins.

The catalytic domains of five EGs from the cyst nemato-
des H. glycines and G. rostochiensis and the root-knot ne-
matode M. incognita were all placed in the glycoside hy-
drolase family (GHF)5 by hydrophobic cluster analysis
[76, 82] or homology in amino-acid sequence [81]. GHFS5
members share a general motif of an (a/f); barrel struc-
ture [88]. The three-dimensional structure of one member
was investigated by X-ray crystallography of CelCCA
from the gram-positive bacterium Clostridium celluloly-
ticum [90]. GHF5 members generally conserve seven re-
sidues which correspond to Arg79, His122, Asnl69,
Glul70 (assumed as a proton donor of the catalytic cen-
ter, which pulls away a proton from a water molecule and
gives it to the non-reducing side of the -1,4 glycosidic
bond being catalyzed), His254, Tyr256, and Glu307 (as-
sumed as a nucleophile of the catalytic center, which at-
tracts an OH residue from the water molecule and gives it
to the anomeric carbon at the reducing side of the -1,4
glycosidic bond being catalyzed) of CelCCA [90].
Among these residues, the catalytic domains of five ne-
matode EGs preserved those corresponding to Arg79,
His122, Asn169, Glul70 and Glu307 of CelCCA (fig. 1).
In contrast, Caenorhabditis elegans, for which the entire
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genomic sequence is known [91], does not possess any
cellulase genes [82, 92]. Since the nematode EGs showed
the highest homology to bacterial GHF5 members, a pos-
sible ancient horizontal gene transfer from prokaryotes
has been advocated [92].

EG coded by cDNA from the beetle P cochleariae
(PcEG) was placed in GHF45 because of its similarity in
amino acid sequence [83]. The three-dimensional struc-
ture of GHF45 EG was investigated in EG V from the
fungus Humicola insolens, which is composed of six
barrels, three a helixes, and inter-domain regions con-
necting these structural units [93]. The nucleophile and
proton donor of matured EG V are Aspl10 and Aspl21,
respectively, and are thought to be critical for activity.
However, only the nucleophile Asp residue was preserv-
ed as Asp26 in matured PcEG (fig. 2).

EG cDNAs isolated from termites, cockroaches, and
crayfish were all placed in GHF9 by amino acid homo-
logy with other GHF9 members (fig. 3) [57, 77, 84]. The
three-dimensional structure of GHF9 was investigated in
the catalytic domain (E4-68) of endo/exocellulase E4
from the fungus Thermomonospora fiusca by X-ray
crystallography [94]. The catalytic center of the E4-68
bound a cellopentaose residue, and cleaved it into cello-
tetraose plus glucose or cellotriose plus cellobiose, with
an inversion of the configuration at the anomeric carbon.
The preservation and substitution of amino acid residues
among the catalytic centers of E4-68 and animal EGs in
GHF9 for which complete protein sequences are known
are listed in table 1. Among the 18 amino acid residues lo-
cated beside the cellohexaose bound by the catalytic cen-
ter of E4-68 [94], all residues positioned next to Glec (glu-
cose) (—4) and Glc (—3) except for Asp261 are substitut-
ed in animal GHF9 EGs (table 1). The other amino acid
residues positioned beside Glc(—2) to Glc(+2) [94] are
well preserved except for substitutions of Phe205 to Tyr
in PcEG1, His376 to Ser in PcEG1 and PcEG2, and to Thr
in RSEG, RSEG2, PcEG1, and PcEG2, to Phe in NtEG
and NwEG, or 11e388 to Thr in CqEG (table 1). The
nucleophile Asp55, co-nucleophile Asp58, and the proton
donor Glu424 [94] are preserved in all animal GHF9 EGs
listed in table 1 (fig. 3).

All known animal EGs, except for HG-engl and GR-
engl from plant-parasitic nematodes, have consisted only
of catalytic domains [57, 77, 83—85]. However, many
fungal cellulase components active against crystalline
cellulose consist not only of catalytic domains, but also
CBDs and linkers of a Pro/Thr/Ser-rich residue, which
hinge catalytic domains and CBDs [1, 95]. Although the
large production of EGs generally seen in termites and
cockroaches could perhaps compensate for the low ac-
tivity of EGs on crystalline cellulose [23], an underlying
mechanism for the efficient degradation of crystalline
cellulose by insect cellulases that do not include CBDs
has yet to be clarified.
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GR-engl 1 LTATPPPYGQLSYSGTKLYDSSGOPYQLIGNSLFWHQFQA--QYWNAETYKALKCN--WN 56
GR-e2n2 1 LTATPPPYGOLSYSGTKLYGSNGOPYOL IGNSLFWHQFQG--QYWNADTYKALKCN--WN 56
HG-engl 1 -TAYAPPFGQLSYSGTNLYGANGOPYQL IGNSLFWHAWYP --GFUNADTYKALKCN--WN 55
HG-eng? 1 --AAAPPF GALSYKGTNLYGSNGKP YGL IGNSLFWHOWYP --GF¥NAGTYKALKCN--WIN 54
WI-engl 1 ----APPYGALSYKGSQLYGSNGQP YOLYGMSLFWSSCGEGEVFYNKATYNSLKCS--IIN 54
Ce|CCh 1 -AYDASLIPNLOIPQKHIPNNDG MNFVKGLRLGWNLGNTFDAFNGTHITNELDYETSWS 58
* + % 3
GR-engl 57 —mmmmmmmmm e ANVYRAAYGYDL----ERGYMSDP TTAYNGAVAY IEAAISQGLY 9B
GR-egnZ 57 -m--mmmmmmoo - ANYYRAAYGYDL----ERGYMSDP TSAYNLAVAY IEAAT SQGMY 96
HG-engl §f -----mmmmm oo ANVIRGAMGYD-----EGGYLSDANTAYNLMVAYTEAATSNGIY 94
HG-eng2 85 ----mmemmmmmoe SNYYRTAMGYE-—--- GGGYLSDANTAYRLTAAVIEAAIAQGIY a3
HI-engl 55 —mmmmmmmoo - SHYYRAAMGYEYSGCQRPGYLDAPNVELGKYEAYYKAATELDNY 98
Cel|CCh 59 GIKTTKOMIDAIKQKGFNTYRIPYSHHP --HYSGSDYKISDYWMNRY GEY YNYCIDNKMY 116
LI ; % * *
4
GR-engl 87 VIVDWHSH-------------- ESHVDKAIEFFTKIAKAYGS YPHYLYETFNEPLOG-- 140
GR-egnZ 37 YIVDWHSH--------------EAHADKAVEF FTKIAKAYGS-YPHYLYE TFNEPLQG—~ 140
HG-engl 85 YIVDWHAH-------------- NEHPDEAYKFFTRIAQAYGS-YPHILYEDFNEPLS--- 137
HG-eng? 84 VIVDWHAH== === == ~omom e EPNADKATEFFTKIAKAYGS-HPHLLYE TFNEPLD--- 13B
HIl-enzl 99 YILDFHDHNA----—--———-- GHYRGAIEFFTYFAQNYGSKYPNI IYETFREPLO--- 143
CelCCA 17 VILNTHHDVDKVKGYFPSSQYMASSKKYITSVWAQIAARFANYDEHLIFEGMNEPRLVGH 176
* X%k
P
169,170
GR-engl 141 -YSWTDILYPYHKKY TAATRALDSKNYIILGTPTHCADYD IASONPIKEYKN--LMYTFH 197
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HG-eng2 252 SYVNWSITDKS-EACAALTGGTSAANVGTSSRUTO----SGNMYASQHKKKSTGYKC- 303
Wl-engl 258 SNLNWAISNKA-EGASALTSGTSASGYGNDDRLTA----SGYLYKKY IKSKNTGYSCN 308
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Figure 1. Multiple alignments of catalytic domains of endo-f-1,4-glucanase components in the glycoside hydrolase family 5. Alignment
of endo-p-1,4-glucanase components from the bacterium Clostridium cellulolyticum (CelCCA [AAA23222] (numbers in brackets are the
protein i.d. of GenBank/DDBJ or Swissprot) and the plant-parasitic nematodes Globodera rastochiensis (GR-engl [AAC48325.1] and GR-
eng2 [AAC48341.1)), Heterodera glycines (HG-engl [AAC48327.1] and HG-eng2 [AAC48326.1]), and Meloidogyne incognita (MI-engl
[AAD45868.1]). The alignments were achieved using the computer program CLUSTAL X (1.8) for Windows (National Center for Bio-
technology Information, Bethesda, Md) with Gonnet 250 pairwise parameters in matured-form amino acid sequences. ‘p’ and ‘n’ under the
columns indicate proton donor and nucleophile residues of the catalytic center, respectively. The N terminal of matured MI-engl was pre-
dicted using the SignalP V2.0.b2 server (http://www.cbs.dtu.dk/services/SignalP-2.0/, Center for Biological Sequence Analysis Depart-
ment of Biotechnology, The Technical University of Denmark). The underlined columns were realigned manually. The numbers under the
columns indicate the amino acid number in CelCCA. Asterisks under columns indicate complete coincidence of the amino acid residues
in the columns.

Animal cellulase genes

As already mentioned, there have been several reports on
the cDNA cloning of cellulases from higher animals, but
few on the genomic structure and sequences of their cel-
lulase genes. Only reports on plant-parasitic nematodes
and the higher termite N. takasagoensis have covered the
entire genomic structure of their cellulase genes.

Two EG genes from each of two plant-parasitic nemato-
des, G. rostochiensis and H. glycines (GR-engl, 2492 bp
and GR-eng2, 2388 bp; HG-engl, 2151 bp and HG-eng?2,
2324 bp, respectively) were isolated from recombinant

phage genomic DNA libraries by probing the EG cDNAs
[92]. These four genes had seven introns at exactly corre-
sponding positions in the catalytic domain coding re-
gions. Additionally, GR- and HG-eng2 had one additional
intron at corresponding positions in the putative CBD
coding regions. An entire NtEG gene was isolated from
the higher termite N. takasaogensis by combining PCR
amplification of genomic DNA with sets of primers de-
signed from NtEG cDNA sequences. A complete 13,005-
bp gene including ten exons separated by nine introns was
then identified. In R. speratus, three introns of RsEG
were identified interrupting exons at the corresponding
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Figure 2. Multiple alignments of catalytic domains of endo-p-1,4-glucanase components in the glycoside hydrolase family 45. Alignment
of endo-f-1,4-glucanase components from the fungus Humicola insolens (EGV [P43316]) and the beetle Phaedon cochleariae (PcEG
[CAA76931.1]). The alignment was accomplished by the same method described in the legend to Figure 1. ‘p’ and ‘n’ under the columns
indicate proton donor and nucleophile residues of the catalytic center, respectively. Asterisks under columns indicate complete coincidence

of the amino acid residues in the columns.

positions and phases of NtEG [84]. Other corresponding
introns of RsEG and RsEG?2 have also been identified
from the genomic DNA of R. speratus (data unpublish-
ed); however, no positional correlations were identified
between the introns from these termite EG genes and
those from other known EG genes in GHF9 [84].

In addition to the presence of introns, these animal cellu-
lase genes maintain other qualities shared with other
known eukaryotic genes. They all have TATA boxes in
their upstream regions, polyadenylation and cleavage sig-
nals (GATAAA) in appropriate sites, and their exon/in-
tron borders follow the eukaryote GT/AG rule except for
four minor cases in the nematode EG genes (GC instead
of GU at the 5" end) [84, 92]. Other cis regulatory ele-
ments generally found in eukaryotic genes have also been
found in these EG genes, such as a consensus core bind-
ing site sequence and a repressor/enhancer element se-
quence from nematode EG genes [92], and a CCAAT pro-
moter sequence in the upstream region of NtEG [84].

The structure of the EG genes from these nematodes and
this termite demonstrate well their eukaryotic and endo-
genous origins. The presence of corresponding introns
among all four nematode EG genes and the complete ab-
sence of EG genes in other nematodes including C. ele-
gans [91] imply that a possible ancestral EG gene among
the four EG genes existed before the divergence of these
plant parasitic nematodes [92]. Thus, an ancient horizon-
tal transfer [96] is suggested as a possible explanation for
the acquisition of EG genes by the cyst nematodes [92].
Highly homologous GHF9 EG precursors, which form a
monophyletic clade among other GHF9 members, have
been isolated from termites, cockroaches, and the cray-
fish C. quadricarinatus [57, 77, 84, 85], pointing to an
inheritance and divergence of an ancestral EG gene
through radiation from a common arthropod progenitor.
However, the evidence is insufficient to establish these
hypotheses as firm theories. Further investigations of EG
genes from other animals and/or elucidation of other

Table 1. Preservation and substitution of amino acid residues at the catalytic sites of endo/exocellulase E4 from Thermomonospora fusca
among endo-pf-1,4-glucanases from animals.

Glucose residue Glc(—4) Gle(-3) Gle(-2) Gle(-1) Gle(+1) Gle(+2)
protein  accession

E4-68 AAB42155.1 D261 D262 W209 W256 Y318 F205 W260 R317 D55 D58 W313 HI125 H376 R378 Y420 E424 W128 I388
RsEG BAA31326.1 N G G H Y
RSEG2 BAA34050.1 N G G H Y
NtEG  BAA33708.1 S A G H F
NwEG BAA33709.1 S A G H F
PcEG1 AAF80584.1 Q Y P M Y S Y
PcEG2 AAF80585.1 Q N S M S Y
CqEG  AAD38027.1 H T

The amino acid residues from E4-68 (catalytic domain of endo/exocellulase E4) show hydrogen bonding to the glucose residues designat-
ed, except for W128 and 138 which lie beside Glc(+2), but show no particular hydrogen bonding [93]. Only substituted amino acids are dis-
played. Empty boxes indicate identical amino acids to E 4-68 are located at corresponding positions in each protein. Amino acids are de-
signated in single-character notations. Accessions are the GenBank/DDBJ protein i.d. number of each protein. Protein sequences were ali-
gned using Clustal X 1.8 for Windows (National Center for Biotechnology Information (Bethesda, MD) with Gonnet 250 pairwise
parameters.
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Figure 3. Multiple alignments of catalytic domains of endo-f-1,4-glucanase components in the glycoside hydrolase family 9. Alignment
of endo--1,4-glucanase components from the bacterium Thermomonospora fusca (E4-68; catalytic domain of E4 [part of AAB42155.1]),
the crayfish Cherax quadricarinatus (CQEG [AAD38027.1]), and the termites Reticulitermes speratus (RSEG [BAA31326.1] and RsEG2
[BAA34050.1]), Nasutitermes takasagoensis (NtEG [BAA33708.1]), Nasutitermes walkeri (NWEG [BAA33709.1]), Panesthia cribrata
(PcEG1 [AAF80584.1] and PcEG2 [AAF80585.1]). The alignment was accomplished by the procedure described in the legend to

[ I

figure 1. ‘p’, ‘n’ and ‘(n)’ under the columns indicate proton donor, nucleophile and co-nucleophile residues of the catalytic center, re-
spectively. Asterisks under columns indicate complete coincidence of the amino acid residues in the columns.
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genes in animals maintaining EG genes are required to
compare the genomic structure and GC contents and
to complete the molecular phylogenetic analysis of EG
genes.

Expression sites of animal EG genes

The organs producing endogenous cellulase components
have been surmised on the basis of the distribution of cel-
lulolytic activities in the digestive systems. This method
is useful as an approach to locate the conceivable endo-
genous production of cellulolytic components, but is in-
sufficient to identify their origins. Simple measurements
of cellulolytic activities in particular excreting organs
cannot discriminate authentic endogenous activities from
production by intracellular endosymbionts.
Immunohistochemical observation using an antiserum
raised against purified cellulolytic components can pro-
vide reasonable accuracy [66]. However, ideally, a com-
bination of molecular methods would be most desirable
to meet today’s requirements.

Whereas in the above-mentioned research, the presence
of each EG gene in the host genome was confirmed by
isolation of the gene or its fragment and/or by southern
blotting, their expression has been localized primarily by
RT-PCR and in situ hybridization [76, 77, 84, 85]. In
plant-parasitic nematodes, in addition to the cloning of
EG cDNAs by degenerate PCR from N-terminal amino
acid sequences, expression in the subventral glands was
confirmed by in situ hybridization [76]. Expression of a
putative EG gene (CqEG) in the crayfish C. quadricari-
natus was located in the hepatopancreas by site-specific
cDNA cloning using degenerate RT-PCR and in situ hy-
bridization with gene-specific probes [85]. For higher
and lower termites, contrasting expression sites have been
clarified. In the higher termite N. takasagoensis, expres-
sion of the EG gene (NtEG) was located in midgut co-
lumnar cells by in situ hybridization and additional RT-
PCR using tissue-specific templates and gene-specific
primers [84]. On the other hand, in the lower termite R.
speratus, localization of antigenic EG proteins was con-
firmed in the salivary glands by immunohistochemistry,
and the EG gene expression was confirmed by tissue spe-
cific RT-PCR with gene-specific primers [66, 77, 84].
The midgut and hepatopancreas are phylogenetically ho-
mologous organs of arthropods [40], and it is therefore
understandable that the higher termite and the crayfish
express similar EGs in those tissues. However, the ex-
pression of EGs in the salivary glands of lower termites
(R. speratus, Neotermes koshunensis, Hodotermopsis ja-
ponica and Mastotermes darwiniensis) [57] implies a
dynamic convergence of EG expression sites and the
digestive mechanism in the course of termite divergence.
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Conclusion

The historical debate concerning the presence of endoge-
nous cellulase in higher animals has been settled by
molecular evidence. There is no doubt that a cellulase is
a protein that can be potentially produced in any life form
providing there is a corresponding gene encoding it.
However, this conclusion does not answer the queries,
‘Why do some animals have endogenous cellulases and
others not?’ or “Why isn’t cellulase a common enzyme in
animals like amylase or proteinase?’

We believe that further investigations into animal cellu-
lose digestion can eventually answer these questions. To
illustrate this, two recent findings of new members in
GHF45 and GHF5 are noteworthy. Members of GHF45,
one of which was found in the beetle Phaedon cochlea-
riae [83], were recently also found in hindgut protozoa of
the termite R. speratus [97]. These protozoa are consider-
ed among of the most ancient forms of eukaryotes [98,
99]. Members of GHFS5, which had previously been iso-
lated only in fungi, bacteria, and plant-parasitic nemato-
des [76, 81, 92], have also recently been isolated in the
plant Arabidopsis thaliana (GenBank accession num-
bers: AL161572, AC006234, AC007357, AL391147,
ABO013389, AL391150, ABO016878, AB024038,
AB024038, AL162351, AC064879, ACO011708 and
ACO011708 from the Arabidopsis genome project [100]).
At this stage, these findings can only imply dynamic in-
terchanges of ancestral genes among different organisms,
but as more diverse cellulases come under molecular in-
vestigation, we will more precisely understand their ori-
gins and roles in animals.
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