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ABSTRACT B-1,4-Endoglucanases (EGases, EC 3.2.1.4)
degrade polysaccharides possessing 3-1,4-glucan backbones
such as cellulose and xyloglucan and have been found among
extremely variegated taxonomic groups. Although many ani-
mal species depend on cellulose as their main energy source,
most omnivores and herbivores are unable to produce EGases
endogenously. So far, all previously identified EGase genes
involved in the digestive system of animals originate from
symbiotic microorganisms. Here we report on the synthesis of
EGases in the esophageal glands of the cyst nematodes
Globodera rostochiensis and Heterodera glycines. From each of
the nematode species, two cDNAs were characterized and
hydrophobic cluster analysis revealed that the four catalytic
domains belong to family 5 of the glycosyl hydrolases (EC
3.2.1, 3.2.2, and 3.2.3). These domains show 37-44% overall
amino acid identity with EGases from the bacteria Erwinia
chrysanthemi, Clostridium acetobutylicum, and Bacillus subtilis.
One EGase with a bacterial type of cellulose-binding domain
was identified for each nematode species. The leucine-rich
hydrophobic core of the signal peptide and the presence of a
polyadenylated 3’ end precluded the EGases from being of
bacterial origin. Cyst nematodes are obligatory plant para-
sites and the identified EGases presumably facilitate the
intracellular migration through plant roots by partial cell wall
degradation.

The most abundant carbohydrate polymer on earth, cellulose,
is mainly produced by terrestrial plants and marine algae. This
recalcitrant polymer is used as a food source by many organ-
isms. In plants, cellulose is a main component of the cell walls,
in which it predominantly occurs in long rigid microfibrils.
These microfibrils each consist of several dozen parallelly
oriented linear chains of (1 — 4) B-linked D-glucose showing
a varying and plant species-dependent degree of crystallinity.
The cellulose microfibrils are embedded in a matrix of lignin
and hemicellulose. The latter includes either xyloglucans (type
I primary cell walls) or glucuronoarabinoxylans (type II pri-
mary cell walls) (1). To exploit the energy and carbon available
in cellulose, organisms such as fungi and bacteria produce
mixtures of synergistically acting cellulases (2, 3). Many cel-
lulases share a common basic architecture composed of a
catalytic domain linked to a cellulose binding domain by a
glycosylated, Pro/Thr/Ser-rich peptide (4). The noncatalytic
cellulose-binding domain (CBD) determines the efficiency of
degradation of insoluble cellulose (5).
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Although cellulose is a major food source for many animal
species, most omnivores and herbivores do not produce cel-
lulases themselves and live in symbiosis with cellulolytic mi-
croorganisms. For example, ruminants have highly specialized
digestive tracts where mixtures of bacteria and protozoa de-
grade cellulose under anaerobic conditions (6). In most non-
ruminant herbivous mammals and birds, cellulose digestion is
mediated by microorganisms, too. The ability of animals to
hydrolyze cellulose in the absence of microorganisms has been
the subject of various studies. However, it is often difficult to
establish whether cellulase is synthesized by an animal or by
microorganisms without isolating the corresponding genes. To
date, no animal cellulase genes have been identified and
endogenous cellulase production by animals seems excep-
tional. Indications for the existence of cellulase genes within
the animal kingdom have been obtained by measuring cellu-
lase activity in microbe-free digestive tracts of cockroaches,
higher termites, grass carps, eri silkworms, and earthworms
(7-11).

This paper describes the characterization of four cellulase
genes from obligatory plant—parasitic cyst nematodes of the
genera Globodera and Heterodera. These cellulases are thought
to play a role during intracellular migration of the larvae
through the root cortex to the vascular cylinder where they
modify selected plant cells into a multinucleate feeding cell
(12). Nematodes are equipped with a protrusible hollow stylet
through which secretions from the esophageal glands are
released. These secretions are the subject of intensive study
because of their putative roles in plant pathogenesis (13). A
mAb (MGR 48), recognizing an antigen(s) within the subven-
tral esophageal glands from the cyst nematodes Globodera
rostochiensis and Heterodera glycines (14, 15), was employed to
immunopurify endoglucanases (EGases). Evidence is provided
that both in G. rostochiensis and H. glycines EGases are
produced endogenously.

MATERIALS AND METHODS

Materials. Nematodes were cultured on host plant roots and
preparasitic second stage juveniles (J2) were extracted as
described (14, 16). All reagents were of analytical grade.

Abbreviations: EGase, endoglucanase; CBD, cellulose-binding do-
main; CMC, carboxymethylcellulose; HCA, hydrophobic cluster anal-
ysis; J2, second stage juvenile.
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Purification and N-Terminal Sequencing. In homogenates
of G. rostochiensis mAb MGR48 reacted on Western blots with
four protein bands (31, 32, 39, and 49 kDa; ref. 14), whereas
in H. glycines only one protein band (49 kDa) was recognized.
From each nematode species, one protein band was selected
for purification and N-terminal sequencing. Approximately 1.0
ml of preparasitic J2 (=~2.10° J2/ml) of each G. rostochiensis
and H. glycines were homogenized in 10 mM Tris-Cl (pH 7.4)
including 3 mM Pefabloc (Boehringer Mannheim) and the
supernatant was separated by preparative continuous flow
SDS/PAGE (Bio-Rad) on a 10% denaturing polyacrylamide
gel (14). Immunoblotting with mAb MGR48 was used to
identify successive fractions containing the 39-kDa subventral
gland protein of G. rostochiensis and the 49-kDa subventral
gland protein of H. glycines. For each protein, these fractions
were pooled and subsequently purified on a MGR48 immu-
noaffinity chromatography column (17). The immunopurified
proteins (svp39 and svp49) were dialyzed in 0.1 M NH,HCO3
and lyophilized. The purified proteins were subjected to
SDS/PAGE by using a Tris—tricine buffer system and electro-
blotted on a polyvinylidene fluoride membrane (18). Blotted
protein bands were stained with Coomassie brilliant blue
R-250 and cut out for protein sequencing (ARIAD Pharma-
ceuticals, Cambridge, MA). N-terminal blocking of the pro-
teins was circumvented by o-phthalaldehyde treatment and
CNBr digestion.

cDNA Isolation and Characterization. A degenerative gene-
specific primer (HG1f) designed from the N-terminal amino
acid sequence of the 49-kDa subventral gland protein of H.
glycines (Table 1) was used in 3’ rapid amplification of cDNA
ends (3" RACE; GIBCO/BRL). Template RNA for 3' RACE
was extracted from J2 in 4 M guanidinium isothiocyanate
buffer (19) and purified on a cesium trifluoroacetate cushion
(Pharmacia). Gene-specific primers to the initial 3 RACE
products were designed and used in a 5 RACE protocol
(GIBCO/BRL). Full-length cDNA clones were obtained by
using the 5 RACE products to probe plaque lifts of a H.
glycines (J2) oligo-dT-primed cDNA library (Uni-Zap; Strate-
gene, ref. 19). Two full-length cDNAs named HG-eng-1 and
HG-eng-2 were isolated from Escherichia coli and sequenced
on an Automated Laser Fluorescent DNA sequencer (Phar-
macia).

Similarly, an oligo-dT-primed cDNA library from G. ros-
tochiensis was prepared in the vector pcDNAII (Invitrogen).
Two gene-specific primers derived from amino acid sequences
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obtained by protein sequencing were used for initial amplifi-
cations (Table 1). The 5" and 3’ ends of the library inserts were
isolated by using gene-specific primers combined with primers
derived from flanking sequences in the library vector pCD-
NAIIL. Two cDNAs, GR-eng-1 and GR-eng-2, were isolated
from a plasmid prep (Promega) of the cDNA library and
cloned into pCR2.1 (Invitrogen).

Heterologous Expression in E. coli. HG-eng-1 and HG-eng-2
were cloned into the expression vector pET-28c and pET28a,
respectively, and overexpressed and purified according to the
manufacturer (Novagen). GR-eng-I and GR-eng-2 were
cloned into pMAL-c2 expression vector by using adapter-
primers (GR4f, GR7r, and GR8r; Table 1). Overexpression
and affinity purification of the fusion proteins was done
according to the manufacturer (New England Biolabs).

Carboxymethylcellulose (CMC) Assay. CMC hydrolase ac-
tivity in both G. rostochiensis and H. glycines J2 was assayed
with a nonreducing SDS/PAGE gel overlay method (20). An
identical gel was transferred to nitrocellulose membrane and
probed with MGR48 for comparison of banding pattern (14).
A semi-quantitative CMC cup plate assay was used to deter-
mine the CMC hydrolase activity of affinity-purified heterol-
ogous fusion proteins (21).

In Situ Hybridization. Digoxigenin-11-UTP-labeled RNA
probes were transcribed from the nucleotide 273—-447 region of
the HG-eng-2 cDNA. J2 of H. glycines were fixed overnight in
2% paraformaldehyde, cut into sections, and permeabilized as
described (14). The J2 sections were then hybridized with sense
or antisense riboprobe. Following digestion with RNAse A and
stringency washings, bound riboprobe was detected by alkaline
phosphatase staining (Genius kit, Boehringer Mannheim).
The stained J2 were examined with differential interference
contrast microscopy.

Production of Antisera. For the subcutaneous immunization
of BALB/c mice, partially purified fusion proteins were mixed
1:1 with Freund’s complete adjuvant (17). All four antisera
raised against the fusion proteins were assayed with immuno-
fluorescence microscopy and Western blotting for binding to
nematode esophageal gland proteins (14, 16).

Hydrophobic Cluster Analysis (HCA). HCA plots were
made by using the program HCA-PLOT V3.0 (Doriane, Le
Chesnay, France). In these plots, the amino acid sequence of
the proteins is drawn on a duplicated helical net using the
standard one-letter code except for Pro, Gly, Thr, and Ser,
which are represented by stars, diamonds, squares, and pointed

Table 1. Partial amino acid sequences of purified nematode secretory proteins and deduced oligonucleotide primers
used to amplify and clone EGase genes from G. rostochiensis and H. glycines

Nematode/primer* Protein/DNA Sequence
Amino acid sequence
H. glycines svp49 (N terminal) ASAVAPPFGQLSVSGSNLVGANKQPVQLISNSLFEL

G. rostochiensis
G. rostochiensis

svp39 (N terminal)
svp39 (internal)

LTATPPPYGQLSVSGTKLVGSMGQPVQLIGNSLFWPQFQGQYWNA
PTATYNLAVAVIEAAISQGMYVIVDTHSTEAHAD
DNA sequence of deduced oligonucleotide primer#

HG1f svp49 5'-GCIGTIGCICCICCITTYGGICA-3’

GR1f svp39 (N terminal) 5'-ACIGCIACICCICCICCITAYGGNCA-3'

GR2f 5'-CAGTGAAGGCRCTCAAATGCAATTGG-3'

GR3f 5'-CTTCCGTGTCTTCCTCCTCCATTG-3’

GR4f 5'-TGGGATCCACTGCCACGCCTCCCCCA-3’

HG2r 5'-ATAGCCGCCCTCGTCCAC-3’

GR5r svp39 (internal) 5'-TGCCARTCIACDATNACRTACTKCC-3'

GROr 5'-CCAATTGCATTTGAGYGCCTTCACTG-3'

GR7r 5'-GGAAGCTTGCGCAACCACTTTTTTATCATCATC-3’
GRS8r 5'-GGAAGCTTCGCAACAATTTTATCGTCAATAAATT-3’
pCDNASf pCDNAII 5'-GGTGACACTATAGAATACTCAAGCTATGCA-3’
pCDNA3r pCDNAII 5'-GACGGCCAGTGAATTGTAATACGACTCACT-3’

*The forward (f) or reverse (r) orientation of the oligonucleotide primers is indicated in their names.

TThe single character amino acid code is used.

-Inosine, K=G+T,N=A+C+G+T,R=A+G,Y=C+T; underlining indicates endonuclease restriction site.
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stars, respectively. Clusters of hydrophobic residues (V, I, L, F,
W, M, and Y) are automatically drawn on the bidimensional
helical representation. Analysis of the plots was performed as
described in Results (22).

RESULTS

mAb MGR48 was used to immunopurify the subventral gland
secretory proteins svp39 and svp49 from G. rostochiensis (14)
and H. glycines, respectively. Five to ten micrograms of these
proteins was used for amino acid sequencing (Table 1). Two
sequences (one N terminal and one internal) were determined
for the G. rostochiensis protein svp39. An N-terminal amino
acid sequence was obtained with svp49 purified from H.
glycines. The amino acid sequences presented in Table 1 were
used to design gene-specific PCR primers.

Cloning of Two EGases from H. glycines. PCR products from
3’ RACE using forward primer HG1f (Table 1) and 5’ RACE
using reverse primer HG2r were used for screening of a cDNA
library from preparasitic J2 of H. glycines. A large cDNA clone
obtained (HG-eng-1) comprised 1,615 bp with an ORF of 1,428
bp, encoding a putative 49,800 Da protein (HG-ENG-1). A
smaller cDNA clone comprised 1,191 bp (HG-eng-2) with a
957-bp ORF encoding a putative 34,700 Da protein (HG-
ENG-2). A predicted amino acid segment nearly identical to
the N-terminal sequence of the purified svp49 protein was
identified downstream of the alanines at the positions 108 and
121 in HG-eng-1 and HG-eng-2, respectively. The regions
between the putative ATG start codons (positions 60 and 64
in HG-eng-1 and HG-eng-2, respectively) and the N termini
were identified as signal peptides (23). In HG-ENG-1, the
most likely cleavage site was between amino acids Ser-Leu at
the amino acid positions 26 and 27 and between Val-Asp at
positions 16 and 17 in HG-ENG-2.

Cloning of Two EGases from G. rostochiensis. Two primers
(GR1f and GR5r; Table 1) were designed from the N-terminal
and internal amino acid sequences obtained by protein se-
quencing of svp39. By using these primers, a 300-bp DNA
fragment was amplified from a cDNA library. Based on its
sequence, two additional gene-specific primers (GR2f and

Proc. Natl. Acad. Sci. USA 95 (1998)

GRér) were synthesized in opposite orientation. In theory, use
of these primers should have resulted in two overlapping DNA
fragments when combined with either a reverse (pCDNA3r) or
a forward (pCDNAJSf) primer specific for the flanking region
in the vector pPCDNAII. However, two products of 1,450 and
1,200 bp were amplified by using GR2f and pCDNA3r. In the
opposite orientation, primers GR6r and pCDNASf only re-
sulted in a single 250-bp PCR fragment. Three additional
oligonucleotide primers (Table 1) were synthesized with two
cDNAs, 1,546 bp (GR-eng-1) and 1,300 bp (GR-eng-2) that
were isolated. No putative ATG start codon at the 5" end was
observed in GR-eng-1; therefore, it is presumably not present
in the cDNA library as a full-length mRNA. The largest ORFs
in these two cDNA fragments were 1,414 bp and 1,179 bp,
respectively, encoding two putative precursor proteins of
49,700 Da (GR-ENG-1) and 42,000 Da (GR-ENG-2). In both
clones, a peptide sequence nearly identical to the N-terminal
protein sequence of purified svp39 was present. Upstream of
this amino acid sequence, a signal peptide was predicted for
both proteins (23). The most likely cleavage site was between
amino acids Ala and Leu at positions 17 and 18 in GR-ENG-1
and at Ala and Leu at positions 24 and 25. These predictions
correspond to the results of the N-terminal amino acid se-
quence obtained by protein sequencing of the svp39 protein.

Sequence Comparison. The two cDNA clones of G. ros-
tochiensis shared a high degree of similarity at their 5’ ends
(95% identity in the first 884 nucleotides). The two cDNA
clones isolated from H. glycines were less similar at their 5’ ends
(79% identity in the first 873 nucleotides). The four encoded
proteins were compared with sequences currently available in
protein databases by using the FASTA search method (24). The
search result showed that the nematode proteins shared an
overall identity of 37-44% with B-1,4-endoglucanases of var-
ious bacterial origins including Erwinia chrysanthemi, C. ace-
tobutylicum, and B. subtilis (Swiss-Prot accession nos. P07103,
P15704, and P07983, respectively).

Fig. 14 presents the global architecture of the four nema-
tode EGase precursor proteins with the amino acid positions
of the functional domains. In HG-ENG-1 and GR-ENG-1,
C-terminal extensions of 96 and 97 amino acid residues, which

GR-eng-1
GR-eng-2
HG-eng-1
HG-eng-2
signal catalytic domain linker celtulose-binding domain
B 43 VTKE---«---- SSWONBYSASVTVRNDTSSTVSQWEVYLTLBEGGTHVAQVWNAQH THEFU

408 Q8- AVEVTYAI TNSWGS:GASVNVTI KNNGTTPI NGWTL KWT MR NQTI TNMWSASF CLOCL
380 GSASI SV--VPSNTWNGGGAVNFES KNI GSVPLCGVVFSVSLESGTILGGS WNMES HR-ENG1
375 - --SVTV-.-VSTNTWNGGGAVNFEVKNTGSTTLCGVKFSVTLPAGT T VAGS WNMNA GRENG-1

91 TSEGNSHTFTGVSWNSTIiPP- GGTASSHFI ASGSG- - -

EPTHCTI NGAPGDEGSE THEFU

463 VA‘SIGTTLSVTNAGVNGT{‘AANGGTQSFGFNI NYSGVLSKPTGFTVNGTEG:- - TVK CLOCL

434 AGEGQ- - -
426 AGSNE- - -

YSLPSW- VRI:IEAGKSSKDAGLTFNGKD- - - KETAKI VTITKKE HR-ENG-1
YTLPSY- | NE KAKEANKDAG:MTL NGSG- - - KEEAKVLSTTAL- - - §G GRENG-1

FiG. 1.  (A) Global architecture of the four nematode B-1,4-endoglucanase precursor proteins. The amino acid positions of the functional
domains are indicated above. (B) Sequence alignment of the C-terminal cellulose binding domains of G. rostochiensis ENG-1 and H. glycines ENG-1
with two representatives of the bacterial type of cellulose binding domains [Thermomonospora fusca EGase E-5 (THEFU), GenBank accession
no. L01577, and Clostridium cellulovorans EGase D (CLOCL), GenBank accession no. M37434]. Residues conserved in all four cellulose binding

domains are shaded.
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are missing in HG-ENG-2 and GR-ENG-2, respectively, show
significant similarity to type II CBD (25). The alignment of
these C-terminal extensions with two representatives of this
bacterial type of cellulose binding domain is illustrated in Fig.
1B.

EGase Activity Assays. Fusion proteins of the predicted
sizes, 54 kDa for HG-ENG-1 and 38 kDa for HG-ENG-2,
expressed in E. coli were recognized by mAb MGR48 on
Western blots. Similarly, fusion proteins of the predicted sizes,
90 kDa for GR-ENG-1 and 82 kDa for GR-ENG-2, expressed
in E. coli were recognized on Western blots by a mixture of
subventral gland protein-specific mAbs (14) (Fig. 24).

Applying affinity-purified preparations of the four recom-
binant ENG proteins in a CMC plate assay showed significant
hydrolytic activity (Fig. 2B). Similarly, homogenates of both
nematode species were analyzed in a PAGE gel overlay on an
agarose bed containing CMC (Fig. 3B). In G. rostochiensis
homogenate, a distinct band of approximately 50 kDa showed
CMC hydrolase activity, whereas in H. glycines, a slightly
smaller protein hydrolyzed CMC. Both apparent CMC hydro-
lases aligned with one of the subventral gland specific antigens
(=49 kDa) recognized by MGR48. No CMCase activity was
detected for svp39 in G. rostochiensis homogenates. This is
presumably caused by the detrimental effects of SDS. When
compared with a standard SDS/PAGE (14), the SDS concen-
tration in the electrophoresis buffer and polyacrylamide gels
was significantly reduced. This may account for the minor
differences in the reaction pattern of MGR48 on Western blot
(Fig. 34).

Localization of EGase Transcripts and Protein. EGase
transcripts were detected by whole-mount in situ hybridization
in the subventral gland cells of H. glycines. Antisense RNA
probes transcribed from the HG-eng-2 cDNA bound specifi-
cally within the subventral glands of preparasitic J2s of H.
glycines (Fig. 4 A and B). The transcripts were abundant within
the subventral gland cell lobe, but were not detected in gland
extensions and ampullae.

Antisera raised against the four recombinant ENG proteins
bound specifically on Western blots to the purified recombi-
nant proteins that were used as immunogens and the subven-
tral gland proteins in nematode homogenates (data not
shown). Immunofluorescence microscopy revealed a clear
binding of these antisera to the subventral glands of prepara-

HG-ENG GR-ENG

A 1 2 3 4 kDa 5 6 7
105
82
. 49
— — — 33

FiG. 2. Detection of recombinant nematode EGases in E. coli
lysates on Western blot (4) and CMC hydrolysis assays (B). (4)
Immunodetection was done with subventral gland specific mAbs (17).
Lanes: 1, HG-ENG-1 produced from pET28c; 2, pET28c control; 3,
HG-ENG-2 produced from pET28a; 4, pET28a control; 5, GR-ENG-1
from vector pMAL-c2; 6, GR-ENG-2 from vector pMAL-c2; 7,
pPMAL-c2 control. (B) Detection of CMCase activity (halo) in affinity-
purified heterologous cyst nematode EGases that correspond to lanes
above.
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FiG. 3. Comparative nonreducing SDS/PAGE of nematode ho-
mogenates following either Western blotting (4) or CMC overlay (B).
(A) mAb MGR48 reacting with subventral gland protein of H. glycines
(lane 1) and G. rostochiensis (lane 2). (B) Congo red stained agarose
bed containing CMC showing hydrolysis activity (halo) by specific
proteins of H. glycines (lane 1) and G. rostochiensis (lane 2).

sitic J2 of the two cyst nematode species (shown for H. glycines
only, Fig. 4 C and D).

HCA. For further characterization, HCA plots of the cata-
lytic domains of four nematode EGases were compared with
various other cellulases. The nematode EGases showed the
highest similarity to cellulases from the glycosyl hydrolase
family 5 (26-28). Fig. 5 shows the HCA plots of HG-ENG-1
and GR-ENG-1 together with two representatives of glycosyl
hydrolase family 5, namely the EGases of B. subtilis (Swiss-Prot
accession no. P07983) and EGase A of C. cellulolyticum

F1G. 4. Localization of EGase transcripts and proteins within cyst
nematodes. (4 and B) Anterior sections of preparasitic J2 of H. glycines
hybridized with digoxigenin-labeled RNA probes transcribed from the
HG-eng-2 cDNA. (4) No staining is observed with the sense probe.
(B) Specific binding of the antisense probe to the posterior region of
the subventral gland cells (g). The gland extensions (e) remain
unstained. n, nucleolus of dorsal gland; m, metacorpal pump chamber.
(C and D) Immunofluorescence of H. glycines using antiserum raised
against recombinant nematode HG-ENG2. (C) No specific labeling
with the preimmune serum. (D) Intense labeling of subventral glands
with HG-ENG-2-specific immune serum. (Bar = 20 pum.)
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FiG. 5. Hydrophobic cluster analysis of the N-terminal catalytic domains of (4) HG-ENG-1, (B) GR-ENG-1, (C) EGase of B. subtilis
(Swiss—Prot accession no. P07983), and (D) EGase A of C. cellulolyticum (Swiss—Prot accession no. P17901). The assignment of the secondary
structure in C. cellulolyticumm EGase A is according to Ducros et al. (29). The correspondence between the g strands in C. cellulolyticum EGase
A and the equivalent strands in the other sequences is shown. The two catalytic residues in family 5 glycosyl hydrolases are shown as white letters

in solid circles.

(Swiss-Prot accession no. P17901). The latter, whose three-
dimensional structure has been determined (29), was used to
identify the catalytic machinery and the secondary structure
elements constituting the (o/B)s barrel structure in the corre-
sponding nematode EGases. Thus, the acid/base and the
nucleophilic residue can be assigned to Glu-160 and Glu-249
in HG-ENG-1, Glu-149 and Glu-238 in HG-ENG-2, and
Glu-153 and Glu-243 in both GR-ENG-1 and GR-ENG-2 (see
also Fig. 14).

DISCUSSION

Cyst Nematodes Produce f-1,4-Endoglucanases Endoge-
nously. Several lines of evidence demonstrate the endogenous
origin of the four B-1,4-endoglucanase genes isolated from G.
rostochiensis and H. glycines. First, the leucine-rich hydropho-
bic core (h-region) of the signal peptides (23) and the poly-
adenylated 3’ cDNA ends show that the nematode EGases are
of eukaryotic origin and do not originate from bacterial
symbionts. Second, contributions from eukaryotic symbionts
can be precluded because detailed electron microscopy studies
have shown that mAb MGR48 antigens, now identified as
EGases, are localized within the secretory granules of the
nematode’s subventral glands and no eukaryotic symbionts
were observed in these glands (14, 15, 30). Third, the nematode
origin of the isolated EGase cDNAs was confirmed by specific
binding within the subventral gland of antisera raised to all
four active recombinant EGases and of an antisense riboprobe
synthesized from the HG-eng-2.

What Kind of 8-1,4-Endoglucanases Are Produced by Cyst
Nematodes? HCA of the catalytic domain allowed the assign-
ment of the acid/base and nucleophilic residues involved in
catalysis and revealed that all four EGases belong to the family
5 glycosyl hydrolases, the most numerous family to date. This
family includes EGases, mannases, and f3-1,3-exoglucanases

from aerobic and anaerobic bacteria and fungi (26-28). The
substrate specificities of family 5 members can be relatively
broad and, apart from pB-1,4-endoglucanase activity, GR-
ENG-1 and -2 and HG-ENG-1 and -2 may have other glycosyl
hydrolase activities as well. In two of the four EGases, namely
GR- and HG-ENG-1, CBDs were identified. Hence, both cyst
nematodes could also have the ability to degrade crystalline
cellulose.

The EGases from G. rostochiensis and H. glycines show an
intriguing homology with those from bacteria. The catalytic
domains of the nematode EGases show 37-44% overall amino
acid identity with EGases from E. chrysanthemi, C. acetobu-
tylicum, and B. subtilis. In addition, the CBDs show significant
sequence similarity to type II CBDs. Type II CBDs have only
been encountered in bacteria (ref. 25; Prosite: PCDOC00485).
The close relatedness of the four nematode EGases to those of
bacteria raises the question whether nematodes have acquired
their cellulases by horizontal gene transfer from a prokaryote.
However, too few sequence data are currently available for
plant parasitic nematodes to make a firm statement about
possible differences in molar G+C content of nematode
EGase genes (31) as compared with the hosting nematode
chromosome.

Between the catalytic domains and the CBDs, linker se-
quences of 51 and 50 amino acid residues are present in
HG-ENG-1 and GR-ENG-1, respectively. In HG-ENG-1 the
linker consists almost completely of an imperfect (SGSS)i»
repeat. A similar amino acid repeat of unknown function has
been identified from Dictyostelium discoideum (GenBank ac-
cession no. U66523). In general, these Gly/Ser-rich regions in
proteins may allow flexibility between two functional domains
(32). At the C-terminal extension of GR-ENG-2, a sequence
[PAAAKK(S)PPAK]; was found with high similarity to parts
of H1 histones of tomato involved in the protein-DNA inter-
action (33). Nematode EGases are functional outside the plant



Biochemistry: Smant et al.

cell and it is hard to give a biological interpretation for this
observation.

Putative Biological Functions of 3-1,4-Endoglucanases Pro-
duced by Nematodes. The intracellular migration of cyst
nematodes within roots was thought to be facilitated by
mechanical means only (34). Our present findings indicate that
intracellular migration in host roots by G. rostochiensis and H.
glycines involves a combination of mechanical force and en-
zymatic softening of plant cell walls. Recently we showed that
the secretory proteins of the subventral glands, now identified
as EGases, are expressed solely in the mobile stages of G.
rostochiensis, namely in preparasitic and parasitic J2 and in
adult males (15). Both cyst nematode species produce an
EGase with a CBD, which could allow for the degradation of
crystalline cellulose within the plant cell wall. The two nem-
atode EGases lacking a CBD could enable hydrolysis of soluble
polysaccharide fragments, which are products of the initial
degradation of crystalline cellulose. These latter EGases could
also be involved in the hydrolysis of xyloglucan, a polysaccha-
ride interconnecting crystalline cellulose microfibrils in type I
primary cell walls (35, 36). However, the recombinant nema-
tode EGases did not show activity in a plate assay with
tamarind xyloglucan (data not shown). In our view the enzy-
matic characteristics of the EGases described allow the nem-
atode to weaken the mechanical strength of the cellulose
microfibril network. It is likely that cyst nematodes produce
other cell wall degrading enzymes to attack the plant cell wall
in concert with cellulases, e.g., pectinases and proteases.

Distribution of Endogenous EGases Among Members of the
Phylum Nematoda. The mAb MGR48 employed to immuno-
purify the EGases from G. rostochiensis and H. glycines rec-
ognizes also proteins from the cyst nematodes Globodera
pallida, Globodera tabacum, and Heterodera schachtii (14). In
addition, cellulase activities have been detected in homoge-
nates and secretions of a range of plant-parasitic and fungi-
vorous nematodes (37-42). In view of these results, it is
assumed that the ability to produce cellulases endogenously is
widely distributed within the phylum Nematoda.
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