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Sedentary endoparasitic root-knot nematodes, genus
Meloidogyne, are among nature’s most successful para-
sites infecting more than 2000 plant species. They are a
tremendous threat to crop production world-wide (Sasser,
1980; Sasser & Freckman, 1987). Understanding the
plant-nematode interactions is of major importance in or-
der to elaborate new control strategies, since treatment of
infected fields with nematicides is expensive and their use
is restricted because of their toxicity to humans and the
environment.

These sedentary endoparasitic nematodes interact with
their hosts in a most fascinating way. They are able to
induce the redifferentiation of root cells into nematode
feeding sites (NFS) (Gheysen et al., 1996). Plant invasion
by root-knot nematodes begins with the infective second
stage juveniles (J2), which penetrate the root tip just be-
hind the root cap, then migrate intercellularly along the
vascular cylinder searching for the procambial cells that
will be changed into giant feeding cells. The J2 then un-
dergo three moults to develop into adults. Females remain
sedentary, producing large egg masses and galls. Males
migrate out of the plant. The mode of parasitism of root-
knot nematodes is very similar to what is observed in
the case of the phylogenetically closely-related cyst ne-
matodes, which are also sedentary endoparasites infect-
ing the root tissues. The main difference in parasitism
between cyst and root-knot nematodes is that cyst nema-
todes migrate intracellularly through the root tissue. For
both groups of nematodes, the success of parasitism thus
largely depends on the efficiency with which infective ju-
veniles penetrate and invade the root tissues. Therefore,
these nematodes need some means to break down cellu-
lose to help them migrate through root tissues.

Nematode growth and reproduction depend on the es-
tablishment of the NFS. Cytological observations indi-
cated that these NFS are multinucleate with enlarged nu-
clei and nucleoli. Compared to normal cells, NES also
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show an increase in cytoplasmic density, a loss of normal
vacuolation and a proliferation of cell organelles. Another
characteristic feature of these structures is development
of cell wall ingrowths, typical of transfer cells (Jones,
1981). These cell wall ingrowths increase the surface area
of the associated membrane and thus facilitate the import
of elaborated photosynthates, minerals and other metabo-
lites.

Depending on the nematode species, the initial feeding
cell develops into either a syncytium (for cyst nematodes,
such as Heterodera and Globodera spp.) or a system of
giant cells (for the root-knot nematodes, Meloidogyne
spp.) (Jones, 1981). Syncytia result from cell fusions after
cell wall dissolutions between the initial cell on which
the nematode starts feeding and an increasing number of
neighbouring cells. Up to 200 cells can be incorporated
in a large syncytium. Conversely, giant cell formation
is the result of repeated nuclear divisions of the initial
feeding cell without cytokinesis. Each root-knot nematode
triggers the development of five to seven giant cells, each
containing as many as 100 nuclei, which have undergone
vast endoreduplication (Wiggers et al., 1990). Because
Meloidogyne species can induce similar giant cells in
several thousand host species, they probably interact
with some fundamental key steps of the plant cell cycle
(Niebel et al., 1996). In addition, root-knot nematode
development is accompanied by divisions of cortical cells
around the NFS, giving rise to a typical root-knot or gall.

Nematodes withdraw food from NFS until the com-
pletion of their life cycle. However, it is not yet under-
stood how these nematodes cause such alterations, but it
is suspected that glandular secretions injected into plant
cells interact directly or indirectly with the plant nuclear
genome (Hussey, 1989).

In our laboratory, we focused on two aspects of the
plant-nematode interactions, the nature of the salivary
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secretions that the nematodes inject during parasitism and
the host response to the initiation of the giant cells.

Molecular responses of the plant

To identify new genes and obtain a more compre-
hensive view of the molecular mechanisms underlying
the induction and maintenance of NFS, a promoter trap-
ping strategy was developed with a promoterless S-
glucuronidase (GUS) construct introduced randomly into
the Arabidopsis genome via Agrobacterium T-DNA trans-
formation (Bechtold et al., 1993; Bouchez et al., 1993).
Using the T-DNA-tagged Arabidopsis lines obtained by
INRA Versailles, we have screened 20 000 lines and iso-
lated 200 lines showing GUS expression in galls. The
first results we obtained with this strategy are encourag-
ing since we have isolated 23 genes homologous to genes
involved in metabolism, signal transduction, biotic or abi-
otic stress responses and cytoskeleton organisation. More-
over, we have recently identified, for the first time, an up-
regulated nematode-responsive gene that is essential for
the early steps of giant cell formation (Favery ez al., 1998).
Its expression pattern is similar to that of key regulators
of the cell cycle, but it is not observed with cyst nema-
tode infections. Later in NFS development, this gene is
induced by both root-knot and cyst nematodes. This gene
encodes a protein similar to the D-ribulose-5-phosphate
3-epimerase (RPE) (EC 5.1.3.1), a key enzyme in the re-
ductive Calvin cycle and the oxidative pentose phosphate
pathway (OPPP). Quantitative RT-PCR showed the accu-
mulation of RPE transcripts in potato as in Arabidopsis
NFS. Homozygous rpe plants have a germination mutant
phenotype that can be rescued in dwarf plants on sucrose-
supplemented medium. OPPP may provide NADPH and
sugar intermediates necessary for NFS induction and/or
maintenance. During root development, this gene is also
expressed in meristems and initiation sites of lateral roots.
These results suggest that a common key regulator is in-
volved in the formation of giant cells and these organs and
confirm the previous cytological observations indicating
that a complex redifferentiation process occurs in NFS.

Since 100% NFS promoter specificity is predicted not
to exist, promoters will be deeply analysed to develop
nematode resistant transgenic plants. Promoter sequences
that bind nuclear proteins obtained from NFS will be iden-
tified by DNA-protein interaction analysis (gel retarda-
tion assays, foot printing, efc.). Artificial chimeric pro-
moters (containing NRE) will be produced, fused to GUS
and/or green fluorescent protein (GFP) and transformed
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into Arabidopsis thaliana. It will be particularly impor-
tant not only to check nematode feeding site expression
but also to analyse in detail expression outside the NFS
under as many environmental conditions as possible. The
most specific promoter(s) will be taken to drive expression
of selected genes specifically in NFS. Finally, the func-
tionality of these promoters will be tested in other plants,
including tomato and rapeseed.

Nematode stylet secretions

On the nematode side, we focused our efforts on the
analysis of the protein content of purified stylet secretions.
In order to analyse the content of stylet secretions by
2D-gel electrophoresis, a procedure has been set up for
large scale production of Meloidogyne infective juveniles
and purification of stylet secretions. In this procedure,
stylet secretions from the juveniles were induced by
incubation in resorcinol. Analysis of these samples on 2D-
gels showed the presence in the secretions of about 40
proteins of between pl 5 and 7.5. Staining the 2D-gels
with Coomassie blue or silver nitrate both showed that no
contaminent protein is extracted with this procedure. To
our knowledge, this is the first time stylet secretions have
been efficiently purified from Meloidogyne juveniles. The
amount of proteins we obtained allowed direct analysis
of the secretions by internal sequencing of the major
proteic spots. Protein internal sequences were compared
with identified sequences from databanks.

Three groups of proteins were identified. The first
group is composed of proteins involved in the cytoskele-
ton, such as tropomyosin or troponin. The second group

~is composed of proteins known to have functions in

metabolism regulation, such as ATP synthase § chain or
myosin regulatory light chain (MRLC). Finally, some pro-
teins are known to have multiple functions, including cell
cycle regulation, such as calreticulin and 14-3-3 protein.
From the protein sequences, degenerated oligonu-
cleotides were designed, that allowed the cloning of the
MRLC, calreticulin, 14-3-3, troponin and tropomyosin
c¢DNAs. Studies are now underway in order to check the
expression of these proteins in the pharyngeal glands of
the nematode. Promising results have been obtained with
calreticulin, whose expression in the subventral pharyn-
geal glands of second stage juveniles has been demon-
strated by in situ hybridisation and immunolocalisation.
The isolation of cellulase genes in root-knot nema-
tode represents a good example of the candidate gene
strategy. By using conserved regions of nematode, fun-
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gal and bacterial endoglucanase genes, a PCR-based ap-
proach was used to identify cellulase gene in M. incog-
nita. The first full-length cDNA, Ml-engl, encoding a
secreted B-1,4-endoglucanase was isolated and its ex-
pression was analysed during parasitism (Rosso et al.,
1999). Secretion by second stage infective juveniles was
demonstrated and, in order to gain understanding of the
role of this cellulase in parasitism, the biochemical char-
acterisation of the enzyme was undertaken. The enzy-
matic properties of MI-ENG1 were analysed in terms of
physico-chemical properties, mode of action, substrate
specificity and cellulose binding ability. This study pro-
vided the first extended biochemical characterisation of a
family 5 endoglucanase produced by a phytoparasitic ani-
mal (Béra-Maillet et al., 2000). It appeared that MI-ENG1
shares many enzymatic properties with known endoglu-
canases from plants, free-living microorganisms and phy-
topathogens. By analysing the reaction products and by
measuring the liberated reducing sugars, we have demon-
strated that MI-ENG1 is an endoglucanase devoid of any
exoglucanase activity. Furthermore, substrate specificity
analysis showed that MI-ENG1 cleaves -1,4 linkages but
is unable to cleave f-1,3 linkages. The predicted mole-
cular mass of MI-ENG1 is 53.4 kDa. However, zymo-
gram and western-blot analysis together suggested that
MI-ENGI is produced as an active endoglucanase with
an approximate molecular mass of 62 kDa in total ne-
matode homogenate and stylet secretions. This result sug-
gests that MI-ENGI undergoes a post-translational modi-
fication such as glycosylation when synthesised in the ne-
matode. This hypothesis is supported by the presence of
a potential N-glycosylation site (N-P-S) in the linker re-
gion that separates the catalytic domain from the cellulose
binding domain (CBD). It is assumed that such a glyco-
sylation would protect hydrolases from proteolysis. Dur-
ing infestation, plant pathogens secrete cellulases that are
subjected to degradation by plant proteases. Protection of
cellulases from proteolysis could then play a major role
in the success of pathogen development in planta. Opti-
mal MI-ENG]1 activity was observed at pH 5.0, 50°C. This
pH condition for enzymatic activity is in accordance with
the pH 5.5 of the plant cell apoplasm. Optimal tempera-
ture and pH conditions revealed that MI-ENG1 is active
at a large spectrum of conditions, since it retains 80% of
its activity between pH 4.5 and 6.5 and 50% of its ac-
tivity between 30-60°C. This could be related to the fact
that root-knot nematodes are widespread in tropical and
temperate regions. Therefore, they are subjected to vari-
ous edaphic and climatic conditions and are able to par-
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asitise more than 200 plant species. The MI-ENGI1 abil-
ity to be active at diverse pH and temperature conditions
could reflect an ability of the enzyme to degrade host
plant cellulosic materials in a large variety of environ-
mental conditions. The MI-ENG1 endoglucanase is not
significantly active against crystalline cellulose, like all
the family 5 glycoside hydrolases yet characterised. Nei-
ther plant nor biotrophic phytopathogen cellulase is yet
known to degrade crystalline cellulose. A large number of
cellulases are not, or poorly, active on this substrate when
acting separately, but an efficient degradation can be ob-
served when glycoside hydrolases act synergistically or
when they are associated in multi-enzymatic complexes
(Tomme ef al., 1995). This result is consistent with the as-
sumption that plant-parasitic nematodes do not produce a
large hydrolytic multi-enzyme complex, but rather a more
simple and qualitative panel of hydrolytic enzymes. One
peculiarity of MI-ENGI1, as compared to characterised
microbial or plant cellulases, is its inability to bind to cel-
lulose in the experimental conditions tested, in spite of the
presence of a cellulose-binding domain at the C-terminal
part of the enzyme.

Since then, more £-1,4-endoglucanase cDNAs highly
homologous to Mi-engl have been evidenced in the same
species in our lab. Similarly, amplifications of genomic
DNA have shown that g-1,4-endoglucanase genes highly
homologous to Mi-engl constitute a multigene family.
Moreover, a second type of 8-1,4-endoglucanase cDNA
has been cloned from M. incognita. This endoglucanase
cDNA, named Mi-eng2, has no linker and no CBD,
and is only 38% identical to Mi-engl at the protein
level. Similarly to Mi-engl, Mi-eng2 has been shown
to be transcribed in the subventral pharyngeal glands of
M. incognita J2, but this transcription seems less active
than the Mi-engl.

Expressed sequence tag (EST) generation represents
a very rapid and cost-effective route to approach the
isolation of nematode parasitism genes. With suitable
laboratory infrastructure, inexpensive EST can be quickly
generated in large numbers. The most simple approach is
to construct cDNA libraries from selected parasitic stages
of the nematode and sequence as many random clones as
possible. With database searches, EST may quickly reveal
expressed genes that have an apparent role in parasitism.
This has been accomplished by analysis of EST from a
preparasitic J2 cDNA library of M. incognita (Abad et al.,
2000; McCarter et al., 2000; Dautova et al., 2001).

There are literally thousands of examples of important
gene discoveries that have come from.searches of EST
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data. A good example of gene discovery from EST se-
quencing is ‘provided by the fact that at least 12 clones
were found with homology to B-1,4-endoglucanase
(Rosso et al,, 1999). In addition, dbEST search showed
numerous genes of potential interest including pectate
lyase and polygalacturonase. The transcription of these
two genes was studied by in situ hybridisation of infec-
tive stage M. incognita. In both cases, the transcription
was localised in the pharyngeal glands of the nematode,
suggesting that the pectate lyase and the polygalaturonase
could be components of the stylet secretions. This study
shows that the root-knot nematodes possess a range of cell
wall degrading enzymes to decompose the components of
the vegetal host cell wall.

Compared to plant-bacterium and plant-fungus, our
knowledge of the molecular events occurring during
plant-nematode interactions is still very limited. On the
nematode side, efforts towards the identification of saliva
components have started and should lead to a formal
proof of their importance in feeding cell induction. Plant
genes have been identified as being responsive to nema-
tode infection. These genes are not only giving insight
into infection process, but are also providing promoters
that are useful for the design of novel resistance strate-

gies.
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