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Substituted xylan polymers constitute a major part of the 
hemicellulose fraction of plant cell walls, especially in mono-
cotyledons. Endo-1,4-β-xylanases (EC 3.2.1.8) are capable of 
hydrolyzing substituted xylan polymers into fragments of 
random size. Many herbivorous animals have evolved inti-
mate relationships with endosymbionts to exploit their en-
zyme complexes for the degradation of xylan. Here, we re-
port the first finding of a functional endo-1,4-β-xylanase 
gene from an animal. The gene (Mi-xyl1) was found in the 
obligate plant-parasitic root-knot nematode Meloidogyne in-
cognita, and encodes a protein that is classified as a member 
of glycosyl hydrolase family 5. The expression of Mi-xyl1 is 
localized in the subventral esophageal gland cells of the 
nematode. Previous studies have shown that M. incognita 
has the ability to degrade cellulose and pectic polysaccha-
rides in plant cell walls independent of endosymbionts. In-
cluding our current data on Mi-xyl1, we show that the en-
dogenous enzyme complex in root-knot nematode secretions 
targets essentially all major cell wall carbohydrates to facili-
tate a stealthy intercellular migration in the host plant. 

Additional keywords: cell-wall-degrading enzyme. 

Plant cells have an extracellular matrix known as the cell 
wall which is a highly organized composite of diverse polysac-
charides, proteins, and aromatic compounds (Cosgrove 1997). 
In current models of the cell wall, its architecture is described 
as consisting of several independent but interacting structural 
networks (Carpita and Gibeaut 1993). The primary structural 
network is made of cellulose microfibrils interlocked by het-
erogeneous polymeric glycans and xylans. This cellulose/hemi-
cellulose scaffold is embedded in a matrix of pectic polysac-
charides, which may be reinforced by covalent interactions 
with aromatic compounds such as the phenylpropanoids. An 
important function of plant cell walls is to dictate size and 
shape of the protoplasts during cell growth and differentiation. 
To further protect the cell against invading organisms, the cell 
wall may become impregnated with structural proteins and 
lignins, or covered with local deposits of callose. Alternatively, 

diffusible fragments cleaved from cell wall polysaccharides 
may act as elicitors of specific disease resistance responses to 
invading pathogens and parasites (Boudart et al. 1998). 

The proportion of hemicellulose in terrestrial plants may ex-
ceed 30% of the total dry weight (Cosgrove 1997). In type II 
cell walls of the Gramineae and related monocot families, sub-
stituted xylans form the main hemicellulose polysaccharide 
(Carpita 1996), whereas it accounts for only 5% of the primary 
cell wall in dicots and noncommelinoid monocots. Endo-1,4-
β-xylanases (EC 3.2.1.8) are capable of hydrolyzing the back-
bone polymers of substituted xylans into smaller pieces of ran-
dom size (Kulkarni et al. 1999). Presently, most of the endo-
1,4-β-xylanases belong to families 10 and 11 in the numerical 
classification of glycoside hydrolase carbohydrate-active en-
zymes (CAZy) (Henrissat and Bairoch 1996). However, the 
glycoside hydrolase families (GHFs) 5, 8, 16, 26, 43, and 62 
also include relatively poorly characterized bacterial endo-1,4-
β-xylanases. Recently, Larson and associates (2003) resolved 
the first crystallographic structure of an endo-1,4-β-xylanase 
not belonging to either GHF10 or 11. 

There currently are a few reports of plant genes encoding 
endo-1,4-β-xylanase activity, and the functions of these enzymes 
are associated with a variety of developmental processes (Banik 
et al. 1996; Bih et al. 1999; Chen and Paull 2003; Suzuki et al. 
2002). In contrast, endo-1,4-β-xylanases have been reported in 
a wide range of microorganisms that typically are associated 
with the degradation of plant cell walls (Beg et al. 2001). For 
instance, the hydrolysis of xylan polymers of plant cell walls 
in ruminants depends on enzymes from endosymbiotic bac-
teria and fungi (Wubah et al. 1993). Similarly, bacteria and 
fungi are known to contribute to the endo-1,4-β-xylanase activ-
ity in the digestive tracts of xylophagous wood-boring insects 
(Brennan et al. 2004). Some bacterial and fungal pathogens of 
plants also secrete endo-1,4-β-xylanase, suggesting that it may 
contribute to the infection process (Walton 1994). Conversely, 
there also are reports of fungal endo-1,4-β-xylanases that have 
an adverse effect on the colonization of the plant because they 
act as elicitors of a cultivar-specific local hypersensitive re-
sponse in tomato, tobacco, and pepper plants (Yano et al. 1998). 

Here, we report the characterization of the first functional 
animal endo-1,4-β-xylanase gene from the southern root-knot 
nematode Meloidogyne incognita. This enzyme is classified as 
a member of GHF5. The root-knot nematodes (Meloidogyne 
spp.) are obligate endoparasites of thousands of different plant 
species, including both monocotyledons and dicotyledons 
(Williamson and Hussey 1996). These microscopic worms use 
a hollow, protrusible stylet to penetrate plant cell walls, release 
esophageal gland secretions, and withdraw nutrients from the 
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plant cell cytoplasm. The initial penetration of the root epider-
mis takes place in the elongation and differentiation zone, after 
which the nematode migrates parallel to the vascular bundle 
through the cortex toward the root tip. In the quiescent center 
and the apical initial region, the nematode makes a U-turn 
through the procambium into the vascular cylinder, where it 
establishes a feeding site (Sijmons et al. 1991). Amazingly, 
this extensive intercellular migration of the nematode does not 
inflict any detectable damage to the cells in the cortex and the 
vascular cylinder. To facilitate this stealthy invasion process, 
the nematode partially dissolves the middle lamella and the 
primary cell wall between columns of cells. Stylet secretions 
are believed to have an important role in this parasitic behavior 
and, therefore, are the subject of intense study (Davis et al. 
2000, 2004). It recently has been discovered that nematodes 
use cellulases (De Meutter et al. 1998; Gao et al. 2004; Kikuchi 
et al. 2004; Rosso et al. 1999; Smant et al. 1998; Uehara et al. 
2001; Yan et al. 2001), exo-polygalacturonases (Jaubert et al. 
2002), and pectate lyases (De Boer et al. 2002; Doyle and 
Lambert 2002; Popeijus et al. 2000) to facilitate invasion of 
the host plant. To date, plant cell wall degradation by animal 
enzymes has been studied in most detail in nematode–plant 
interactions covering both covalent and noncovalent interac-
tions between cell wall polymers (Qin et al. 2004). Nematodes 
were the first animals shown to produce cell-wall-degrading 
enzymes independent of endosymbionts. With our current 
finding of an endogenous functional endo-1,4-β-xylanase 
gene, we show that nematodes have the capacity to degrade the 
backbones of essentially all major carbohydrate polymers in 
the (hemi)cellulose and pectin networks in plant cell walls.  

RESULTS 

Identification of an endo-1,4-β-xylanase gene  
from M. incognita.  

Random sequencing of a cDNA library from M. incognita 
preparasitic second-stage juveniles (J2s) generated an expressed 
sequence tag (EST) of 740 bp with similarity to an endo-1,4-β-
xylanase of Aeromonas cavia (GenBank accession number 
AAB63573). Further extension of the cDNA sequence at the 5′ 
and 3′ ends revealed a full-length transcript, named MD0915, 
of 1,220 nucleotides (nt). The largest open reading frame present 
in MD0915 consisted of 331 amino acids. The first 21 N-ter-
minal amino acids are predicted by the SignalP set for eu-
karyotic sequences to encode a signal peptide for secretion, 
with the most likely cleavage site of the signal peptide between 
C21 and D22. The predicted molecular mass of the mature pro-
tein is 34,848 Da, with an isoelectric point of 7.69. Two 
consensus sites for N-linked glycosylation (N319 to T321 and 

N323 to T325) are present close to the carboxy terminus of the 
open reading frame. 

MD0915 encodes a protein that belongs  
to glycosyl hydrolase family 5. 

Similarity searches in nonredundant protein databases 
showed that the largest open reading frame encoded by 
MD0915 is significantly similar to members of two GHFs 
(Table 1). The first group (i) of matches (Bit Scores ranging 
from 169 to 146, with E values ranging from e–41 to e–21) are 
the (putative) endo-β-1,4-xylanases of various bacterial ori-
gins, which all are classified as members of the GHF 5 in the 
CAZy database of glycoside hydrolases (Henrissat and Bairoch 
1996). The second group (ii) of matches (Bit Scores ranging 
from 197 to 152, with E values ranging from e–49 to e–6) repre-
sents hypothetical protein sequences from genome sequencing 
projects on various bacteria that are annotated as possible xylan-
degrading enzymes from the GHF 30. However, these latter 
sequences have not been included in the CAZy classification. 
The level of significance of the matches from groups i and ii 
are overlapping, which suggested that the protein encoded by 
MD0915 could be a member of either GHF5 or GHF30. The 
inferred protein structure of both GHF5 and GHF30 members 
is an eightfold β-α barrel indicating their ancient ancestry. The 
variety of enzyme activities in GHF5 (i) includes cellulase (EC 
3.2.1.4), endo-1,4-β-xylanase, and a wide range of enzymes 
with other substrates. The annotation in the second group (ii) 
of matches derives from one consensus build on five protein 
sequences (NCBI conserved domain database accession num-
ber COG5520). A closer look at the alignment underlying this 
consensus revealed that three out of five proteins (GenBank 
accession numbers AAK76863, AAK76864, and CAB13698) 
actually are classified in CAZy as putative endo-1,4-β-xylanase 
members of GHF5, and not of GHF30. Consistent with the 
original definition of COG5520, the remaining two protein 
sequences (GenBank accession numbers AAK23733 and 
AAL23246) underlying the consensus are classified as putative 
glycosylceramidase members of GHF30. The significance of 
the similarities between the open reading frame in MD0915 
and GenBank accessions numbers AAK76863, AAK76864, 
and CAB13698 range from e–49 to e–33 in BLAST-P2 searches, 
whereas the level of significance of the matches with 
AAK23733 and AAL23246 are in the range of e–9 to e–5. Based 
on this finding, we conclude that the sequences that match 
MD0915 belong to two distinct functional groups: the endo-
1,4-β-xylanases in GHF5 and, more distantly, the glycosylce-
ramidases in GHF30. Consequently, MD0915 encodes a pro-
tein that is classified as a putative endo-1,4-β-xylanase member 
of GHF5 and, therefore, is named Mi-xyl1. 

Table 1. Summary of BLAST-P2 search using Mi-XYL1 as query in nr protein databases of GenBank 

Accession no.a Source organism Score (bits)b ID/simc Annotationd CAZye 

Group i      
AAL16415 Pectobacterium chrysanthemi 169 33/52 Endo-xylanase GHF5 
AAM40172 Xanthomonas campestris pv. campestris 157 31/50 Xylanase GHF5 
AAB63573 Aeromonas punctata 152 33/51 Xylanase D GHF5 
BAB39494 Ruminococcus albus 146 32/49 XynC GHF5 
AAN07016 Bacillus subtilis 146 31/51 YnF GHF5 

Group ii      
AAK76864 Clostridium acetobutylicum 197 37/52 Possible xylan degrading domain (GHF30-like) nd 
ZP_00312042 C. thermocellum 152 31/51 COG5520: O-Glycosyl hydrolase (GHF30-like) nd 
AAK76863 C. acetobutylicum 152 31/49 Possible xylan degrading domain (GHF30-like) nd 

a Primary GenPept accession number (acc. no.) of the hits.  
b  Bit score of the hits in BLAST-P.  
c Percentage of identity (ID) and similarity (sim). 
d Primary annotation. 
e Classification in glycoside hydrolase carbohydrate-active enzymes (CAZy); GHF = glycoside hydrolase family; nd = not determined. 
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Mi-xyl-1 encodes a functional endo-1,4-β-xylanase.  
Mi-xyl1 was expressed as a translational fusion-protein with 

the maltose binding protein (MBP) malE (approximately 40 
kDa) in the periplasm of Escherichia coli. The recombinant 
protein appeared on a Western blot as a single band of approxi-
mately 75 kDa (Fig. 1A and B), which is in agreement with the 
sum of the predicted molecular weight of the mature Mi-
XYL1 and the maltose binding protein. Lysates of E. coli ex-
pressing the MBP::Mi-XYL1 fusion protein tested positive in 
a cup plate assay with birch wood xylan (Fig. 1C). A potential 
effect of the pH on the activity of MBP::Mi-XYL1 was assessed 
by measuring the amount of reducing sugars released from 
birch wood xylan per unit of time within a pH range from 3.6 

to 9. The highest amount of reducing sugars at 30ºC with an 
enzyme/substrate ratio of 1:10 was detected at pH 8.0, thus re-
vealing the optimum pH for Mi-XYL1 activity (Fig. 1D). Lys-
ates of bacteria producing the MBP protein from the expres-
sion vector pMAL-p2 alone did not produce a halo in the cup 
plate assays or any detectable level of reducing sugars. 

GHF5 cellulases and endoxylanases differ  
in β-sheets β1 and β3. 

All cellulase genes that have been found in M. incognita to 
date also belong to GHF5 (Rosso et al. 1999), and we expected 
to find sequence similarities between the nematode endoxy-
lanase members and cellulase members of GHF5. Surprisingly, 
the sequence alignments of Mi-XYL1 and Mi-ENG-1 (Gen-
Bank accession number AAD45686), or any other nematode 
cellulase in GHF5, did not reveal any statistically significant 
similarities. Hydrophobic cluster analysis subsequently was 
used to compare the folding patterns of two functional cellulase 
members of GHF5 (Mi-ENG-1 in M. incognita and endogluca-
nase Z in Pectobacterium chrysanthemi, GenBank accession 
number AAB53151), the best-matching functional endo-1,4-β-
xylanase in GHF5 (P. chrysanthemi, GenBank accession num-
ber AAB53151), and Mi-XYL1 (Fig. 2). The alignment of the 
hydrophobic cluster analysis (HCA) plots was aided by the 
crystallographic data of the cellulase and the endoxylanase 
from P. chrysanthemi (Protein Data Base [PDB] accessions 
1EGZ and 1NOF). The alignment showed that the overall eight-
fold β-α barrel architecture is conserved in all four protein 
sequences, which facilitated the identification of two putative 
active site glutamic acids in the Mi-XYL1 sequence (E158 and 
E246) flanking β-sheets β4 and β7. An asparagine residue di-
rectly amino terminal to the putative acid catalyst (E158) which 
is conserved in most members, including the other putative 
endoxylanases in GHF5, is replaced by serine (S157) in Mi-
XYL1. Several independent clones of MD0915 were analyzed 
at this position to eliminate the possibility of a sequencing 
error. An alignment of all (putative) endoxylanase members of 
GHF5 showed that a histidine residue at the carboxy flank in 
the β3-sheet, which is highly conserved in most cellulase mem-
bers of GHF5, is present only in two endoxylanases of GHF5 
(GenBank accessions numbers CAE11246 and CAB13698 
from Bacillus spp.). The conserved histidine in the β3-sheet of 
most GHF5 members is replaced with a tryptophan in GHF5 
endoxylanases, and resembles at this position GHF10 endoxy-
lanases. The β3-sheet in Mi-XYL1, however, includes neither 
a histidine nor a tryptophan. Furthermore, there is almost an 
absolute conservation in the amino acid motif (G38F39G40G41 in 
Mi-XYL1) that makes up the first β-sheet in the endoxylanase 
members of the GHF5, which is absent in the cellulase mem-
bers in this family. 

Mi-xyl1 represents an evolutionary outgroup  
among GHF5 endoxylanases.  

A phylogenetic analysis of all endoxylanase members of 
GHF5 (Fig. 3) revealed three clusters of closely related se-
quences separate from the protein Mi-XYL1. The first cluster 
comprises two nearly identical sequences originating from a 
genome sequencing project on Clostridium acetobutylicum. 
The second cluster, with an average maximum likelihood dis-
tance of 0.150, includes the sequences from Bacillus subtilis 
and B. amyloliquefaciens, and two sequences from Aeromonas 
punctata. B. subtilis and B. amyloliquefaciens are soil-dwelling 
saprophytes, whereas A. punctata occurs in surface and waste 
water. The third cluster, with an average maximum likelihood 
distance of 0.368, includes three sequences from plant-patho-
genic bacteria (P. chrysanthemi, GenBank accession numbers 
AAL16415 and AAB53151; and Xanthomonas campestris, 

 

Fig. 1. A, Coomassie brilliant blue–stained sodium dodecyl sulfate poly-
acrylamide gel of lysate of Escherichia coli cells expressing Mi-xyl1 from 
the plasmid pMAL-p2. Lane 1 shows a protein extract from induced E. coli
cells. The heterologous expression in bacteria was induced for 4 h at 37ºC
with 0.3 mM isopropylthiogalactoside. Lane 2 shows a protein extract
from noninduced E. coli cells. B, Detection of MBP::Mi-XYL1 fusion 
protein in E. coli lysates on Western blot probed with an antibody to the
maltose binding protein (MBP). Lane 3 shows the MBP::Mi-XYL1 fusion 
protein expressed in induced E. coli cells. Lane 4 shows the MBP alone in
a protein extract from induced E. coli cells harboring the empty pMAL-p2
vector. Molecular mass markers are indicated on the right side of the
panel. The arrow indicating the MBP::Mi-XYL1 fusion protein is on the
left side of the panel. C, A semiquantitative cup plate enzyme activity assay
of the MBP::Mi-XYL1 fusion protein using birch wood xylan in agar.
Lane 3 shows the activity in a protein extract from E. coli cells expressing
the MBP::Mi-XYL1 fusion protein from the pMal-p2 plasmid. Lane 4 
shows the activity of the MBP protein alone in protein extracts from E. 
coli cells harboring pMAL-p2. D, The pH effect on the activity of
MBP::Mi-XYL1 on birch wood xylan. The effect of the pH on the activity
of MBP::Mi-XYL1 is measured in the release of reducing sugars in nano-
mol per milliliter per second. 
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GenBank accession number AAM40172). Although the average 
maximum likelihood distance in the complete dataset is 
0.83387, the distances of Mi-XYL1 to the other taxa range from 
1.14735 to 1.27548. 

Mi-xyl1 is expressed in the subventral esophageal glands.  
Mi-xyl1 transcripts were detected in whole-mount sections 

of preparasitic J2s of M. incognita using digoxigenin-11-
dUTP-labeled antisense probes. Transcription of the Mi-xyl1 
gene was confined to the two subventral esophageal glands 
(Fig. 4A). The transcripts were detected within the gland cell 
lobe, and not in the gland extensions. As positive control, in 
situ hybridization was performed with sense and antisense 
probes designed on the subventral esophageal-gland-specific 
cellulase gene Mi-eng-1 (Rosso et al. 1999). Labeling of the 
subventral glands was stronger in the case of Mi-eng-1 (Fig. 
4B), indicating a higher transcriptional level compared with 
Mi-xyl1. In control experiments with sense probes from the 
Mi-xyl1 and Mi-eng-1 gene, no hybridization was detectable in 
nematode sections (Fig. 4C). 

Mi-xyl1 homologs are present in M. javanica.  
DNA blot hybridization using a 311-nt digoxigenin-11-

dUTP-labeled probe of Mi-xyl1 revealed two distinct bands in 
genomic DNA of M. incognita (Fig. 5, lanes 1 and 2). The oli-

gonucleotide primers used to amplify the probe from nema-
tode cDNA also were used to amplify the same region of the 
coding sequence from the genomic DNA of M. incognita. Re-
striction analysis with BamHI and EcoRI showed that the rec-
ognition sites of these enzymes are not present in the region of 
the genomic sequence of Mi-xyl1 covered by the probe (data 
not shown) and, consequently, that the two bands on Southern 
blot represent two similar but distinct genes. Genomic DNA of 
five other nematode species also was analyzed for hybridizing 
bands using the same Mi-xyl1-specific probe. A single hybrid-
izing band was observed in genomic DNA of M. javanica di-
gested with EcoRI (Fig. 5, lane 3), whereas two faint bands 
where observed in genomic DNA restricted with BamHI (Fig. 
5, lane 4). No hybridization was observed in genomic DNA 
from the plant parasites M. hapla, Globodera rostochiensis, 
and G. pallida and the free-living Caenorhabditis elegans 
(data not shown).  

DISCUSSION 

Xylans and glucans in the hemicellulose fraction of terres-
trial plants represent one-third of the total carbon resources in 
biomass on earth. Herbivorous animals have evolved means to 
break down these cell wall polymers, either to use them as a 
carbon source or to gain access to the plant cell cytoplasm. For 

Fig. 2. Alignment of hydrophobic cluster analysis plots of Mi-XYL1 from Meloidogyne incognita and the catalytic domains of a cellulase (Mi-ENG-1) from 
M. incognita, an endoxylanase (XynA), and a cellulase (GUNZ) from Pectobacterium chrysanthemi showing the overall eightfold β-α barrel structure of 
glycoside hydrolase family (GHF)5 members. The secondary structure elements from the Protein Data Base accessions of XynA (accession 1NOF) and
GUNZ (accession 1EGZ) from P. chrysanthemi are included to optimize the alignment of the hydrophobic cluster analysis plots. The residues encircled by a
bold line in boxes I, II, III, IV, and V are described as hallmark features of GHF5 enzymes (Henrissat and Bairoch 1996). Box II, including a histidine 
putatively conserved in GHF5, is missing in the endo-1,4-β-xylanases Mi-XYL1 and XynA, whereas the G-F-G-G tetrapeptide that makes up the first β-
sheet in the catalytic domain of XynA is conserved in Mi-XYL1 and in other active endoxylanases of GHF5. 
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a long time, it generally was believed that animals were not ca-
pable of producing cell-wall-degrading enzymes independent 
of bacterial or fungal symbionts. This view has been proven 
wrong as evidence for the production of endogenous cellu-
lases, exopolygalacturonases, and pectate lyases by several dif-
ferent arthropods, mollusks, and nematodes has accumulated. 
However, no such evidence for the endogenous production of 
an endo-1,4-β-xylanase in animals previously has been pro-
vided. 

Ruminants feeding on monocots make use of endo-1,4-β-
xylanases produced by endosymbiotic bacteria and fungi (e.g., 
Ruminococcus spp. and Clostridium spp.) (Kim et al. 1999). 
There still is a broad consensus that these animals are not capa-
ble of producing endo-1,4-β-xylanase themselves. Xylan-de-
grading activity also has been found in the digestive organs of 
a variety of other animals, e.g., mollusks (Wang et al. 2003), 
the rose chafer (Cazemier et al. 1999), beetles (Pitman et al. 
2003), cockroaches (Scrivener et al. 1998), termites (Matoub 
and Rouland 1995), oribatid mites (Hubert et al. 1999), 
Anoplophora chinensis (Dong et al. 2002), and Antarctic krill 
(Turkiewicz et al. 2000). Moreover, a cDNA fragment with 
similarity to endoxylanases was isolated from the digestive 
tract of the phytophagous beetle Phaedon cochleariae (Girard 
and Jouanin 1999). The digestive tract of most of these ani-

mals is inhabited by cellulolytic and xylolytic microbes, and it 
is not clear if the origin of cell-wall-degrading enzymes in 
these animals is endogenous, from symbiotic microorganisms, 
or both. 

In this article, we show for the first time evidence for a func-
tional endo-1,4-β-xylanase gene (Mi-xyl1) of animal origin. 
The Mi-xyl1 gene is transcribed specifically in the subventral 
esophageal gland cells of the plant-parasite M. incognita. Pre-
vious studies have shown the expression of other cell-wall-
degrading enzymes in these single-celled secretory glands, in-
cluding cellulases, exopolygalacturonases, and pectate lyases. 
It could be argued that an endosymbiotic eukaryote present in 
the cytoplasm of the gland cells produces the Mi-xyl1 tran-
scripts. However, the ultrastructure of the esophageal gland 
cells of M. incognita was studied extensively with electron 
microscopy and no indications for a eukaryotic endosymbiont 
living in the cytoplasm of the gland cells were found (Hussey 
and Mims 1990). 

Most members of GHF5 have cellulase activity, including 
the two cellulases (Mi-eng-1 and Mi-eng-2) (Rosso et al. 1999) 
previously identified in M. incognita. It is noted, however, that 
some cellulases in GHF5 also may have xylanolytic activity 
(Gao et al. 2004). The primary amino acid sequence of Mi-
XYL1 shows no significant similarity to Mi-ENG-1 and Mi-

Fig. 3. Phylogenetic analysis of (putative) glycoside hydrolase family (GHF)5 endo-1,4-β-xylanases (with primary accession numbers in GenBank between 
brackets) using maximum likelihood methods. Branch lengths indicate maximum likelihood distance and the relative support for each branching point is 
indicated at the nodes as a percentage. 



 

526 / Molecular Plant-Microbe Interactions 

ENG-2, or in fact to any of the other cellulases in GHF5. This 
suggests that, although they are all classified as members of 
the same GHF5, the cellulases Mi-eng-1, Mi-eng-2, and Mi-
xyl1 have not arisen from a relatively recent gene duplication 
in M. incognita. Nevertheless, hydrophobic cluster analysis of 
GHF5 members allowed the identification of four stretches of 
conserved amino acids in the GHF5 endo-1,4-β-xylanases and 
cellulases, including the two glutamic acid residues putatively 
involved in the active site of the enzymes. A fifth stretch span-
ning the β3α3-loop, which was described as a hallmark feature 
of all GHF5 enzymes, seems not to be conserved in the endo-
1,4-β-xylanase members of GHF5. In an attempt to further dif-
ferentiate the xylanase and cellulase members of GHF5, Larson 
and associates (2003) suggested that a tryptophan replacing a 
histidine in this β3α3-loop could define the xylose specificity 

of both GHF5 and GHF10 endo-1,4-β-xylanases. However, 
this tryptophan is not conserved in Mi-XYL1 (S107), which 
makes this hypothesis less likely. The tetra-peptide G-F-G-G 
that constitutes the first β-sheet in all endo-1,4-β-xylanase 
members of GHF5, including Mi-XYL1, is lacking in other 
GHF5 members as well as in the xylan-degrading enzymes of 
all other GH families and, therefore, may be a more signifying 
feature of the GHF5 endo-1,4-β-xylanases. For its greater evo-
lutionary distance to all other GHF5 endo-1,4-β-xylanase 
members, Mi-XYL1 may serve as an outgroup to identify the 
key amino acids for GHF5 type of endo-1,4-β-xylanase activ-
ity. Experiments with site-directed mutagenesis of these amino 
acid residues in GHF5 endo-xylanases currently are being un-
dertaken in our laboratory and may shed light on the basis of 
substrate specificity of GHF5 enzymes.  

The bacterial endo-1,4-β-xylanase members of GHF5 all are 
multidomain proteins, including a catalytic domain of approxi-
mately 280 amino acids and a putative C-terminal carbohy-
drate binding module of approximately 90 amino acids. In 
contrast, Mi-XYL1 consists only of a catalytic domain of ap-
proximately 280 amino acids and, in that sense, it better reflects 
the topology of most GHF11 members. Nematode cellulases 
often occur in two nearly identical types, in which presence or 
absence of the ancillary cellulose-binding domain is the only 
significant difference (Smant et al. 1998). The second band 
that appeared on Southern blot of M. incognita genomic DNA 

Fig. 4. Whole mount in situ localization of Mi-xyl1 and Mi-eng-1 transcripts 
in preparasitic second-stage juveniles of Meloidogyne incognita using di-
goxigenin-labeled cDNA probes and an alkaline phosphatase-conjugated 
secondary antibody to digoxigenin. Sections of the nematode incubated
with antisense probe designed on A, Mi-xyl1 and B, Mi-eng-1 showing a 
specific alkaline phosphatase staining of the subventral esophageal gland
cells (SvGs) in anterior sections of nematodes. No specific staining was
observed in the dorsal esophageal gland (DG) or in other tissues (M indi-
cates the metacarpus). C, Incubations of nematode sections with sense
probe resulted in no specific staining. 

Fig. 5. Southern blot of Meloidogyne incognita and M. javanica genomic 
DNA probed with Mi-xyl1. Genomic DNA from M. incognita (lanes 1 and 
2) and M. javanica (lanes 3 and 4) was digested with EcoRI and BamHI 
and hybridized with a digoxygenin-dUTP-labeled probe from Mi-xyl1 on a 
nylon membrane. Two hybridizing bands were observed in M. incognita
genomic DNA (lanes 1 and 2). One band was observed in EcoRI-digested 
M. javanica genomic DNA (lane 3); whereas, in BamHI-digested genomic 
DNA, two faint bands were detected (lane 4), indicating the presence of at 
least one homologous gene in M. javanica with a possible internal BamHI 
site. The DNA size markers are indicated on the right side of the panel, 
and the white dots indicate positions of the bands. 
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probed with Mi-xyl1 may represent a copy of the gene that in-
cludes a carbohydrate-binding module. Preliminary results 
from an ongoing EST project on the plant parasite M. chitwoodi 
show that this root-knot nematode species has at least one simi-
lar endo-1,4-β-xylanase, including a putative xylan-binding 
domain (E. Roze, personal communication). 

M. incognita is a polyphagous parasite of approximately 700 
different plant species, both monocotyledons and dicotyledons. 
The polymer constitution of the cell wall in each of these host 
plants varies extensively, thus requiring great flexibility in the 
substrate specificity of the enzymes in nematode stylet secre-
tions. Southern blot analysis revealed the presence of a homo-
logue of Mi-xyl1 in the related root-knot nematode species M. 
javanica, which also thrives on both monocots and dicots; 
whereas, in M. hapla—a specialist of dicots—the probe failed 
to produce a hybridizing band. Database searches revealed 2 
matching ESTs out of 7,587 from M. javanica with approxi-
mately 96% identity in 500 nt (GenBank accession numbers 
CF350477 and CF350376), 1 match out of 12,218 ESTs from 
M. chitwoodi (GenBank accession number CB931318), and 
one short matching element with 86% identity in 50 nt in 2 
ESTs out of 5,018 from M. arenaria (GenBank accession 
numbers CF357210 and CF357155). No matches with Mi-xyl1 
were found in the 24,452 ESTs that currently are available 
from M. hapla (data not shown). Putative endo-1,4-β-xylanases 
also seem to be absent in other nematode species that parasi-
tize dicotyledons only. Although these datasets are limited, we 
hypothesize for further studies that the production of endo-1,4-
β-xylanases in plant-parasitic nematodes is correlated with 
parasitism on monocots. 

Endo-1,4-β-xylanases are thought to have an essential role 
in the virulence of bacterial and fungal pathogens of monocots 
(Walton 1994). Several studies involving targeted gene disrup-
tion, however, have not shown that endo-1,4-β-xylanases are 
required for the pathogenicity of these plant-pathogens (Gomez 
Gomez et al. 2002; Keen et al. 1996; Ray et al. 2000; Wu et al. 
1997). Attempts to develop similar gene disruption methods 
for plant-parasitic nematodes in order to assess the role of cell-
wall-degrading enzymes in parasitism have been fruitless. 
However, recent developments to knock down genes by RNA 
interference in other plant-parasitic nematodes currently are 
being adopted to M. incognita (Fanelli et al. 2005; Rosso et al. 
2005; Urwin et al. 2002), and these methods may provide infor-
mation about the influences of endo-1,4-β-xylanases and other 
cell-wall-degrading enzymes on the host plant range of plant-
parasitic nematodes.  

MATERIALS AND METHODS 

Nematodes. 
M. incognita was propagated on greenhouse cultures of to-

mato cv. Moneymaker at 20 to 25ºC. Eggs were harvested ap-
proximately 12 weeks after inoculation using a 0.5% (wt/vol) 
NaOCl-solution (Hussey and Barker 1973). Freshly hatched 
J2s were collected from eggs on a cotton wool filter, purified 
using 70% (wt/vol) sucrose, and stored at –80ºC until further 
processing. 

Cloning of Mi-xyl1. 
A partial DNA sequence, named MD0915, was generated by 

random single-pass 5′ end sequencing of approximately 1,000 
clones from a cDNA library constructed by Dautova and asso-
ciates (2001). MD0915 exhibited some similarity to bacterial 
xylanases; therefore, its sequence was extended at the 3′ end 
by sequencing from the universal SP6 priming site upstream, 
using the clone from which the initial sequence originated. The 
open reading frame included in the complete insert of the 

clone showing the similarity with xylanases lacked a start 
codon, and further amplification reactions were performed to 
extend the 5′ end of the cDNA sequence. For this purpose, a 
vector-specific forward primer (5′-ATATCTGCAGAATTCGC 
TAG-3′) and an internal reverse primer (5′-GAGCACATTCG 
GGTGCCA-3′) were combined with a plasmid prep of the 
cDNA library in a polymerase chain reaction (PCR) using Pwo 
DNA-polymerase according to the manufacturer’s protocol 
(Roche Molecular Diagnostics, Indianapolis, IN, U.S.A.). 

DNA sequence analysis. 
Sequencing reactions were performed using the Thermo-

Sequenase fluorescent-labeled primer cycle sequencing kit 
with 7-deaza-dGTP (Amersham-Pharmacia, Buckinghamshire, 
U.K.). Basic Local Alignment Search Tool algorithm (BLAST-
P2) at the National Center for Biotechnology Information 
(NCBI) was used to compare the deduced protein sequence 
with the nonredundant sequence database of GenBank 
(03262005). The presence of an N-terminal signal peptide for 
secretion was predicted at the Signal-P server (Bendtsen et al. 
2004). 

In situ hybridization microscopy. 
Linear amplification was used to obtain digoxigenin-11-

dUTP-labeled sense and antisense cDNA probes according to 
the manufacturer’s protocol (Roche Molecular Diagnostics). 
The probes were amplified from nucleotide region 625 to 
1,095 nt of Mi-xyl1 using the primers 5′-TTATGGCACCCGA 
ATGTGC-3′ and 5′-CTGTGATGCACACTTAACG-3′ in two 
separate reactions (De Boer et al. 1998). Sense and antisense 
probes (nucleotides 83 to 410) of Mi-eng-1 were amplified using 
the primers 5′-TTGGATCCGCTGCTCCTCCATATGG-3′ and 
5′-GAGCATTGTGGTCGTGAAAGTC-3′. Freshly hatched 
nematodes were fixed overnight in 2% (wt/vol) paraformalde-
hyde and cut into three to four pieces. Alkaline phosphatase 
activity was detected with X-phosphate and 4-nitrobluetetra-
zoliumchloride (Roche Molecular Diagnostics). The juveniles 
were examined using differential interference contrast micros-
copy (Leica, Deerfield, IL, U.S.A.). 

Heterologous expression in E. coli. 
The sequence (nucleotides 117 to 1,045) encoding the ma-

ture protein of Mi-xyl1 was amplified with Pwo DNA-poly-
merase using oligonucleotide primers 5′-GTCGACGAATTCG 
ATAATATAGCAAAAATAAATTCTG-3′ and 5′-CAAGCTTG 
GATCCCCTAAAATTTATAGAATATTGTTG-3′ according to 
the manufacturer’s protocol. These primers introduced EcoRI 
and BamHI restriction sites (underlined) at the 5′ and 3′ ends, 
respectively, of the cDNA sequence to facilitate cloning into 
the pMAL-p2 expression vector (New England Biolabs, Bev-
erly, MA, U.S.A.). Induction of expression and analysis of the 
recombinant protein was performed according to the manufac-
turer. 

DNA blot analysis. 
Genomic DNA was isolated from J2s with alkaline/sodium 

dodecyl sulfate (SDS) lysis and phenol/chloroform extraction 
(Yan et al. 1998) and blotted on a positively charged nylon 
membrane (Roche Molecular Diagnostics). A cDNA probe was 
synthesized from the 172-to-483-nt region of Mi-xyl1 using 
primers 5′-GGTGGTTCTAGTGCTTGG-3′ and 5′-AATTCAT 
CAACAGCAGATTG-3′, and digoxigenin-11-dUTP in a PCR 
(Roche Molecular Diagnostics). Prehybridization (in DIG Easy 
Hyb at 38ºC for 30 min), hybridization (in DIG Easy Hyb at 
38ºC overnight), stringency washes (in 0.1% [wt/vol] SSC [1× 
SSC is 0.15 M NaCl plus 0.015 M sodium citrate] and 0.1% 
[wt/vol] SDS at 68ºC), and immunodetection were performed 
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as recommended by the manufacturer (Roche Molecular Diag-
nostics). 

Enzyme activity assays. 
A semiquantitative cup plate assay with birch wood xylan 

(Sigma, Zwijndrecht, The Netherlands) was used to deter-
mine the specific hydrolase activity of the MBP::Mi-XYL1 
fusion protein (Keen et al. 1996). The effect of pH on en-
zyme activity was determined by measuring the release of re-
ducing sugars (Bailey et al. 1992). For this purpose, birch 
wood xylan was suspended at a concentration of 1% (wt/vol) 
in 0.05 M buffers based on acetate (pH 3.6 to 5.4), phosphate 
(pH 6.0 to 7.0), Tris/HCl (pH 7.0 to 9.0), or carbonate bicar-
bonate (pH 10.0 to 11.0). The buffered substrate (0.9 ml) was 
incubated with E. coli lysates harboring either the Mi-xyl1 
fusion gene or the empty vector (0.1 ml) for 24 h at 30ºC. 
Aliquots of 0.2 ml were boiled with 0.3 ml of dinitrosalicylic 
acid to determine the amount of reducing sugars. Each sam-
ple was diluted five times prior to measurement at 540 nm 
using a Shimadzu UV-160 recording spectrophotometer (Shi-
madzu Corp., Kyoto, Japan) with the monomer D-xylose as 
standard. The absorbance was converted to activities expressed 
as nanomol of reducing sugars released in 1 ml for a time 
period of 1 s. 

HCA. 
HCA plots were made using the program HCA-PLOT 

(V3.0; Doriane, Le Chesnay, France). In these plots, the amino 
acid sequence of the proteins was drawn on a duplicated heli-
cal net using the standard one-letter code, except for P, G, T 
and S, which were represented by stars, diamonds, squares and 
pointed stars, respectively. Clusters of hydrophobic residues 
(V, I, L, F, W, M, and Y) were drawn automatically on the bi-
dimensional helical representation. Analysis of the plots was 
performed as described in the results (Lemesle-Varloot et al. 
1990). The resolved protein structures of both an endogluca-
nase (PDB accession 1EGZ) and a xylanase (PDB accession 
1NOF) from P. chrysanthemi were used as coordinating tem-
plates for the HCA plots. 

Phylogenetic analysis. 
A BLAST-P2 run was executed on the nonredundant database 

(26032005) of NCBI using the open reading frame encoded by 
Mi-xyl1 as query. All matching sequences from the output with 
an E value lower than 1 e–5 and classified as GHF5 in CAZy 
subsequently were used to construct phylogenetic trees based on 
maximum parsimony (ProtPars in Phylip; Pasteur Institute, 
Paris) and maximum likelihood (Puzzle) principles. An initial 
alignment of the matching sequences was made in ClustalW 
(version 1.8; EBI, Cambridge, U.K.). The alignment was opti-
mized by removing unambiguously aligned positions and gaps. 
A character set, including a total of 266 amino acid residues for 
each taxon, was used to infer the trees. For maximum parsimony 
analysis, the character set was jumbled seven times and relative 
support for the nodes was assessed using 1,000 bootstrap repli-
cates with 13 random number seeds. For the maximum likeli-
hood analysis, trees were inferred using the BLOSUM62 model 
of substitution with 1,000 quartet puzzling steps. Three models 
of rate heterogeneity were used: uniform, two rate (one variable 
and one invariable), and gamma distributed. 
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