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Abstract

Sedentary nematodes are important pests of crop plants. They are biotrophic parasites that can induce the
(re)differentiation of either differentiated or undifferentiated plant cells into specialized feeding cells. This
(re)differentiation includes the reactivation of the cell cycle in specific plant cells finally resulting in a transfer
cell-like feeding site. For growth and development the nematodes fully depend on these cells. The mechanisms un-
derlying the ability of these nematodes to manipulate a plant for its own benefit are unknown. Nematode secretions
are thought to play a key role both in plant penetration and feeding cell induction. Research on plant-nematode
interactions is hampered by the minute size of cyst and root knot nematodes, their obligatory biotrophic nature and
their relatively long life cycle. Recently, insights into cell cycle control inArabidopsis thalianain combination
with reporter gene technologies showed the differential activation of cell cycle gene promoters upon infection
with cyst or root knot nematodes. In this review, we integrate the current views of plant cell fate manipulation
by these sedentary nematodes and made an inventory of possible links between cell cycle activation and local,
nematode-induced changes in auxin levels.

Introduction

Virtually without exception, sediment and soil ecosys-
tems are inhabited by tremendous numbers of nema-
todes. The molecular diversity among the members
of the phylum Nematoda is much larger than their
morphological diversity: most of them look alike. In
general, nematodes are relatively small (<2 mm),
transparent and vermiform. Co-evolution between ne-
matodes and bacteria, fungi or plants resulted in bac-
terial feeders such as the well-knownCaenorhabditis
elegans, in fungivorous nematode species and in oblig-
atory plant parasites. Though representing a small
minority within this huge phylum, the plant parasitic
nematodes receive ample attention, mainly because
they are a major yield-limiting factor in crops such as
potato, beet, soybean and tomato.

When obligatory plant parasitic nematodes are
considered, a number of different feeding strategies
can be discriminated. One could be indicated as the
hit-and-run strategy; this approach is employed, for
example, byTrichodorusspecies. This nematode uses
a stylet to penetrate the cell wall of the rhizodermis
and to ingest the cell contents. Subsequently another
cell, not necessarily from the same plant, is visited.
A more lasting strategy is employed by endoparasites.
These nematodes enter the plant and induce the forma-
tion of a feeding site. Once a feeding site is induced,
the nematode fully depends on it for growth and devel-
opment. If the feeding site becomes non-functional,
the nematode by which the feeding structure was in-
duced will die. This durable strategy is successful:
endoparasites invade a wide range of plant species and
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in agriculture they reside among the most persistent
and harmful nematodes.

Cyst and root knot nematodes

Both cyst and root knot nematodes are endoparasites.
Cyst nematodes include members of the generaGlo-
boderaandHeterodera. (In)famous are the two potato
cyst nematode speciesGlobodera rostochiensisandG.
pallida, the beet cyst nematodeHeterodera schachtii
and the soybean cyst nematodeH. glycines. Root knot
nematodes consist of the genusMeloidogyne, prob-
ably the most successful plant parasitic nematodes
worldwide. Compared to the cyst nematodes that have
a narrow host range, root knot nematodes such as
Meloidogyne incognita, M. javanicaandM. arenaria
are highly polyphagous. Their relatively short gener-
ation time, less than 2 months, and their ability to
multiply via parthenogenesis allows these species to
rapidly build up high population levels.

The life cycles of cyst and root knot nematodes
have a number of aspects in common. In both in-
stances the second-stage juvenile (J-2) hatches from
the egg and migrates through the soil in search for a
suitable host plant. Root knot nematodes always pen-
etrate the root just above the root tip. Though cyst
nematodes as well have a preference for this part of
the root, they are more flexible in this respect. During
this process the juveniles secrete cell wall-degrading
enzymes such asβ-1,4-endoglucanases which are pro-
duced in the oesophageal glands (Smantet al., 1998;
Rossoet al., 1999). Hence, entering the root involves
a combination of mechanical piercing by the stylet
and enzymatic softening. After having entered a rhi-
zodermis cell the root knot nematode migrates inter-
cellularly whereas the J-2 of a cyst nematode migrates
intracellularly on its way to the vascular cylinder. Mi-
gration stops at the moment a cell is encountered that
is suitable as a starting point for feeding site formation.

Regardless of the nematode-host plant combina-
tion, the mechanisms of feeding site induction are
similar among cyst and among root knot nematodes.
However, between the two groups the genesis of
the feeding sites differs. Root-knot nematodes induce
several giant cells embedded in a gall whereas cyst
nematodes generate a syncytium, which can include
up to 200 cells (Figure 1; Jones, 1981). The grow-
ing root knot nematode feeds from several giant cells
whereas the cyst nematode feeds from a single syn-
cytium. Though the origins are different, both kinds of
large, multinucleate feeding cells are functionally sim-

ilar. Little is known about the mechanism underlying
feeding site induction; secreted signalling molecules
from the preparasitic juveniles are thought to mediate
giant cell and syncytium development (Hussey, 1989;
Williamson and Hussey, 1996).

The nematode-exploited plant cells are metabol-
ically highly active and adapted to withdraw large
quantities of nutrient solutions from the vascular sys-
tem of the host plant. This function is reflected in the
ultrastructure of the hypertrophied feeding cells: cell
wall ingrowths adjacent to the xylem, breakdown of
the large vacuole, dense granular cytoplasm with many
organelles and numerous enlarged amoeboid nuclei
(Bird, 1961; Jones and Northcote, 1972; Jones, 1981).
Under optimal conditions, giant cell expansion can re-
sult in a final size of 600–800µm long and 100–200
µm in diameter (Jones and Payne, 1978).

Once a J-2 has successfully induced a feeding site
the juvenile starts growing. After three moults the
shape of the adult female has changed from vermiform
to (depending on the species) saccate, lemon-shaped
or spherical. Cyst nematodes are obligatory sexual,
and eggs will only be produced upon fertilization by
the vermiform and mobile males. Though sexual re-
production may occur in someMeloidogynespecies
present in the temperate regions, a number of impor-
tant pathogens such asM. incognita, M. javanicaand
M. arenaria reproduce via mitotic parthenogenesis.
Within the egg, the first-stage juvenile moults and the
resulting J-2 will hatch under favourable conditions.

Positional cues are involved in feeding cell
development

Both cyst and root knot nematodes select certain plant
cells to initiate a feeding site. It is unknown what
makes a given plant cell suitable to be an initial syn-
cytial or giant cell. Nematodes could recognize cell
types and differentiation status (Schereset al., 1997).
Alternatively, nematodes could sense the response of
cells to secreted signalling molecules. Only properly
responding cells would be candidates for feeding site
induction. Though nematodes start feeding on roots
only under natural conditions, feeding site induction
is not restricted to this organ. Under artificial con-
ditions both root knot and cyst nematodes are able
to induce feeding cells in hypocotyls and leaves as
well (Linford, 1941; Powell and Moore, 1961; Bird,
1962; Sijmonset al., 1991; A. Goverse, unpublished
observations). Hence, feeding cell induction and de-
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Figure 1. Cross sections of uninfected and nematode-infectedArabidopsis thalianaroots. Root pieces were embedded in methacrylate medium,
thin-sectioned and stained with toluidine blue. A. Uninfected root. B. Syncytium induced by the cyst nematodeHeterodera schachtii(3 days
after infection). C. Gall induced by the root-knot nematodeMeloidogyne incognita(3 days after infection). Abbreviations and symbols: N,
nematode; S, syncytium;∗, giant cells; bars= 12.5µm.
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velopment involve a rather general mechanism, which
does not depend on root-specific factors.

For giant cell induction the root knot nematode se-
lects 2–12 parenchymatic xylem cells located in the
differentiation zone of the root (Christie, 1936; Guida
et al., 1991; Wyss, 1992). In contrast, cyst nema-
todes induce their syncytium in various tissues and
the preferred cell type depends on the specific plant-
nematode combination. The oat cyst nematode (H.
avenae) and the beet cyst nematode (H. schachtii)usu-
ally select a pericycle or procambium cell as the start-
ing point for feeding cell induction (Grymaszewska
and Golinowski, 1991; Magnusson and Golinowski,
1991; Sijmonset al., 1994a). On the other hand, a fully
differentiated cortex cell is selected by the potato cyst
nematodeG. rostochiensis(Cole and Howard, 1958;
Sembdner, 1963; Jones and Northcote, 1972; Riceet
al., 1985; A. Goverse, unpublished results). For the
soybean cyst nematodeH. glycines, the selection of
the initial syncytial cell seems to be less critical and
syncytia are induced in either cortex, endodermis, per-
icycle or phloem cells (Endo, 1964, 1991). Thus, both
differentiated and undifferentiated cells are responsive
to the infective juvenile resulting in the completion of
the same morphogenetic programme.

Irrespective of the cell type of the initial cell, syn-
cytium induction starts close to one of the protoxylem
poles (Endo, 1986; Golinowskiet al., 1996; A. Go-
verse, unpublished results). Remarkably, lateral root
initiation in the pericycle (McCully, 1975; Peterson
and Peterson, 1986) as well as the formation of rhi-
zobia nodule primordia (Libbenga and Harkes, 1973;
Torrey, 1986) occur at the same position. This could
imply that similar positional information or develop-
mental cues are required in nematode syncytium, lat-
eral root and nodule formation. From the stele of pea
roots, a factor was isolated which enhances hormone-
induced cell proliferation in the root cortex opposite
the protoxylem ridges. This factor was identified as
uridine (Smitet al., 1995). Uridine could enhance the
sensitivity of plant cells to auxin. Ethylene, produced
in the cell layers opposite to the phloem in pea, is a po-
tent inhibitor of cortical cell division and, as such, this
phytohormone is a negative-acting factor in the control
of Nod factor-induced cell division (Heidstraet al.,
1997). It is not known whether uridine and ethylene
play similar roles in the positioning of the feeding cell
by cyst or root knot nematodes.

Nuclear changes accompanying feeding cell
development

Genome multiplication

Nematode feeding cells share structural and functional
similarities with rapidly growing nutritional organs of
plants such as the tapetum and endosperm (Gheysen
et al., 1997). The multinucleate nature of these tis-
sues is generated by incomplete cell cycles. Genome
multiplication supports accelerated cell growth and
an increase in cell size in these organs (Brodsky and
Uryvaeva, 1977). Roughly, two mechanisms result-
ing in genome multiplication can be distinguished:
polyploidizing mitosis and polytenization (D’Amato,
1984; Brodsky and Uryvaeva, 1985). Polyploidizing
mitosis involves mitosis without cell division. Several
mechanisms may underlie polyploidizing mitosis, a
predominant one, acytokinetic mitosis, being charac-
terized by the absence of cell plate formation or its
incompleteness. A first acytokinetic mitosis will result
in a binucleate cell. In a number of plant species, the
multinucleate nature of tapetal cells is a result of one
or more cycles of acytokinetic mitosis (Malallahet al.,
1996). Polytenization is established by endoreduplica-
tion, i.e. the (repeated) doubling of the DNA strands in
the interphase nucleus without their subsequent spiral-
ization and division, leaving the chromosome number
unchanged. In this way polytenization in the antipo-
dal nuclei of wheat (Triticum aestivumL.) is realized
(Wedzony, 1993). The number and size of the chro-
mocentres are good measures to distinguish polyploid
from polytene nuclei. In polyploid nuclei the number
of chromosomes increases, whereas in polytene nuclei
only the size of the chromocentres enlarges. However,
chromocentres sometimes fuse resulting in fewer and
larger chromocentres (Kabir and Singh, 1989).

Nematode-induced nuclear changes in plant cells

Plant parasitism by nematodes is often accompanied
by nuclear changes. Though best studied in giant cell
and syncytium formation by root knot and cyst ne-
matodes, these changes are not restricted to these
endoparasites. In several host plants, members of the
ectoparasite familyXiphinemainduce the formation of
multinucleate cells by repeated mitosis without cell di-
vision. This is observed, for example, forFicus carica
roots infected byX. index(Wysset al., 1980) and for
root-tip galls of strawberry and ryegrass parasitized by
X. diversicaudatum(Griffiths and Robertson, 1988).
Animal parasitic nematodes can manipulate their host
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in a similar way as the trichurid nematodeCapil-
laria hepaticainduces multinucleate food cells in the
liver of its mouse host (Wright, 1974). Hypertrophy
of nuclei is a not an unusual nematode-induced nu-
clear change in plant cells. It is a typical reaction to
feeding, for example in broad bean roots infected by
Pratylenchus penetrans(Vovlas and Troccoli, 1990),
roots of Pinus clausaparasitized byTrophotylenchus
floridensis(Cohn and Kaplan, 1983) and parenchyma
tissue of the vascular cylinder of redwood tree roots
(Sequoia sempervirens) infected byGracilacus ham-
icaudata(Cid del Prado and Maggenti, 1988). These
findings are based on histological data and more de-
tails about the mechanisms underlying the nuclear
changes are known only for giant cells and syncytia.

Giant cell development is characterized by a rapid
increase in the number of nuclei during the second par-
asitic life stage of the nematode (Paulson and Webster,
1970; Bird, 1973; Wiggerset al., 1990; Starr, 1993;
de Almeida Engleret al., 1999). This observation was
confirmed by the detection of3H-thymidine incorpo-
ration during DNA synthesis up to about 10 days after
infection with root knot nematodes (Rubinstein and
Owens, 1964; Rohde and McClure, 1975; de Almeida
Engler et al., 1999). Acytokinetic mitosis results in
30–60 nuclei per individual giant cell, and in excep-
tional cases as many as 150 nuclei can be observed
(Meloidogyne incognitaon soybean; Dropkin and Nel-
son, 1960). In later stages of giant cell development
polyploidizing mitosis is no longer observed. The con-
tinuation of DNA synthesis, which was demonstrated
by Wiggerset al. (1990) in older infections in pea and
enlargement of giant cell nuclei seen in older feed-
ing cells ofArabidopsis, could be the result of DNA
endoreduplication (de Almeida Engleret al., 1999).

Although mitosis is observed in cells in the imme-
diate vicinity of developing syncytia, extensive cyto-
logical observations indicated that it does not occur
within syncytia themselves (Sembdner, 1963; Endo,
1964). The presence of enlarged nuclei both in the syn-
cytium and in the neighbouring cells suggests DNA
synthesis. This was confirmed by the incorporation of
3H-thymidine in soybean roots infected byHeterodera
glycines (Endo, 1971) and inA. thaliana roots in-
fected byHeterodera schachtii(Niebelet al., 1996; de
Almeida Engleret al., 1999). It is noted that, as com-
pared to giant cells, the level of DNA synthesis is low
in developing syncytia. In later stages3H-thymidine
incorporation was mainly detected in the cells imme-
diatelly surrounding the syncytium. This is confirmed
by microscopic observations revealing enlarged nuclei

and cell division activity in cells which are about to be
incorporated in the syncytium (Magnusson and Goli-
nowski, 1991; Golinowskiet al., 1996; de Almeida
Engleret al., 1999; A. Goverse, unpublished results).

Interestingly, all interphase nuclei of giant cells
and several nuclei of young syncytia induced inAra-
bidopsis thalianacontained more than the expected
number of 10 chromocentres (de Almeida Engleret
al., 1999). This phenomenon is being investigated in
more detail by confocal microscopy.

Cell cycle gene expression in nematode feeding
sites

To compare nuclear changes in giant cells and syncytia
at the molecular level, the transcriptional regulation
of four cell cycle marker genes has been studied in
early feeding cell development upon infection of the
model hostArabidopsis thalianawith the beet cyst
nematodeHeterodera schachtiiand with the root knot
nematodeMeloidogyne incognita. To monitor the ma-
nipulation of the cell cycle genes by these plant para-
sites, the expression patterns of two cyclin-dependent
kinases (CDKs) (cdc2aAtandcdc2bAt) and two mi-
totic cyclins (Arath;cycB1;1andArath;cycA2;1) were
analysed.

In principle, three reporter systems were avail-
able to monitor cell cycle gene expression upon
nematode infection. Expression could be visualized
by promoter-gus(coding region ofβ-glucuronidase),
promoter-gfp (encoding the green fluorescent protein
from Aequorea victoria) and promoter-luc (coding for
firefly luciferase) fusions. Most results reviewed here
were obtained by the detection of GUS activity. At-
tempts to monitor cell cycle gene expression by GFP
failed as only very strong promoters can be followed
in planta using currently availablegfp variants (M.
Karimi, J. Verhees and A. Goverse, personal commu-
nication). Theluc reporter gene is attractive because it
encodes, in contrast togfp, an enzyme and it allows
in vivo monitoring. Moreover, the instability of the
firefly luciferase activity enables us to observe down-
regulation of gene expression as well. In this paper, the
suitability of this system will be illustrated.

The genescdc2aAtandcdc2bAtencode two struc-
turally and functionally distinct CDKs inArabidopsis
(Ferreiraet al., 1991; Imajukuet al., 1992; Segerset
al., 1996, 1997). Thecdc2agene is constitutively ex-
pressed throughout the cell cycle, whereas thecdc2b
gene is preferentially expressed during the S and G2
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phases. Expression of both genes is associated with
actively dividing cells such as the root tip meristem
and lateral root initials and with cells being competent
to divide (Martinezet al., 1992; Hemerlyet al., 1993;
Segerset al., 1996). The latter fact is illustrated by the
fact that bothcdc2aand cdc2bare expressed in the
root pericycle (Hemerlyet al., 1993).

The expression of the cyclin genescycA2;1and
cycB1;1is associated with actively dividing cells (Fer-
reiraet al., 1994a).cycA2;1is also expressed in cells
with competence to divide (Burssenset al., 1998).
Transcriptional activity of thecycA2;1gene starts in
the S phase and reaches a maximum at the end of the
G2 phase. The expression of thecycB1;1gene is re-
stricted to the late G2 and M phase of the cell cycle
with a maximum at the G2-to-M transition (Shaulet
al., 1996; Mironovet al., 1999). Normally, transcrip-
tion of cycB1;1 in the vegetative plant parts will be
limited to the shoot and root meristem and the lateral
root tips (Ferreiraet al., 1994b; Segerset al., 1996).

Cell cycle activation by plant parasitic nematodes

As mentioned above, in many plant-nematode interac-
tions, parasitism is accompanied by enlargement of the
plant nuclei. Based on these observations, one could
hypothesize that cell cycle reactivation is a rather
common strategy among obligatory plant parasitic ne-
matodes. Nucleus enlargement is not only induced by
nematodes that start a relatively long-lasting relation-
ship with their host, but also by nematodes with a ‘hit-
and-run’ strategy. Bothcdc2aandcycB1;1were tran-
scriptionally activated by the ectoparasiteXiphinema
diversicaudatumin A. thaliana roots (W. Robertson
and L. Robertson, personal communication). In the
following overview we will limit ourselves to endopar-
asites such as cyst and root knot nematodes. Only
for these families more information about cell cycle
manipulation as an essential element of feeding cell
development is available.

Both in cyst and root knot nematode-infected roots,
strong expression of the four cell cycle genes was ob-
served in the feeding cells within the first hours of
parasitism (Niebelet al., 1996; de Almeida Engleret
al., 1999). It is suggested that this rapid reactivation of
the cell cycle is induced by an initial stimulus of the
nematode. Remarkably, not only the proliferating gi-
ant cell or syncytium is affected by the presence of the
pre-parasitic juvenile. Transcriptional activation of the
cdc2a, cdc2bandcycA2;1promoter was also detected
in non-dividing cells surrounding the proliferating gi-

ant cell or syncytium indicating their competence for
mitotic stimulation.

In giant cells, the early and strong expression of
the mitotic cyclin genescycA2;1and cycB1;1 is in
accordance with the cytological observations of re-
peated mitosis caused by the root knot nematode.
Interestingly, differential expression patterns in a gall
demonstrate that distinct giant cells of the same gall
are in different phases of the cell cycle (de Almeida
Engler et al., 1999). This phenomenon was previ-
ously suggested by Bird (1961) and Rubinstein and
Owens (1964). Acytokinetic mitosis is restricted to the
initial phases of giant cell formation and at 9 days
after inoculation, expression of these cyclins could
not be detected any more inA. thaliana giant cells
(de Almeida Engleret al., 1999). From that point
on, mitotic figures were absent and no3H-thymidine
incorporation was observed indicating that, as far as
DNA duplication is concerned, giant cell development
is completed. Consistently, acytokinetic mitosis rarely
occurs in mature giant cells of pea, tomato, lettuce and
broad bean (Starr, 1993).

Also in syncytia,cycA2;1andcycB1;1are strongly
expressed during early syncytium development (up
to 5 days after inoculation). The expression of the
mitotic cyclin genecycB1;1indicates that the cell cy-
cle progresses at least until late G2. Considering that
microscopical observations suggest that no mitosis oc-
curs within the cyst nematode-induced feeding cell
(Sembdner, 1963; Endo, 1964), it has been proposed
that cyst nematodes induce cycles of DNA endoredu-
plication (G1-S-G2) shunting the M phase (Niebelet
al., 1996). Alternatively, it cannot be excluded that an
initial mitotic stimulation occurs upon cyst nematode
infection, as proposed by Piegat and Wilski (1963).

In later stages of syncytium development, it has
been demonstrated that expression ofcycB1;1 and
cycA2;1 occurs primarily in cells surrounding the
feeding cell. This is consistent with the cytologi-
cal observations of mitotic activity in cells prior to
syncytium incorporation (Magnusson and Golinowski,
1991; Golinowskiet al., 1996) and3H-thymidine in-
corporation in these cells (Endo, 1971; Niebelet al.,
1996; de Almeida Engleret al., 1999). In contrast
to giant cell development, expression of these cyclin
genes at 9 days after inoculation indicates that the
syncytium is still expanding and has not reached its
maximum size.
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Luciferase activity as a means to monitor
Arath;cycB1;1expression inG. rostochiensis-infected
potato roots

Firefly luciferase activity in combination with its sub-
strate luciferin is an excellent tool to monitorin vivo
gene expression. The enzymatic conversion of lu-
ciferin is accompanied by the emission of photons,
which can be detected by a CCD camera. The rapid
turnover of luciferase is advantageous as it allows
for the detection of transient gene expression (Ow
et al., 1986). To monitor the spatial and temporal
expression of a mitotic cyclin gene upon nematode in-
fection, transgenic potato plants harbouring acycB1;1
promoter-luc construct (Verheeset al., 1998) were
inoculated with the potato cyst nematodeGlobodera
rostochiensis. From about 16 h after inoculation LUC
activity was observed. Subsequently, the activity in-
creased and a maximum was reached at 6 days after
inoculation (Figure 2A and C). The strongest activity
was observed in the central region of the syncytium
where the intial feeding cell was located and the ex-
pression was lower in the periphery of the growing
syncytium (Figure 2C and D). In feeding cells of
young females (15 days after inoculation), no LUC ac-
tivity was observed whereascycB1;1promoter activity
remained high in the root meristem. This temporal
expression pattern is consistent with the transcrip-
tional regulation of thecycB1;1gene in syncytia of
Arabidopsis(de Almeida Engleret al., 1999) and
supports the hypothesis that reactivation of the cell
cycle is a general phenomenon in cyst nematode-
induced feeding cell development. For the analysis of
gene expression at the cellular level, additionalin situ
hybridization studies would be needed.

LUC activity as a means to follow gene expres-
sion in nematode-infected plants has, to the best of
our knowledge, not been used before. In this pilot
experiment we showed that exposure to 0.1 mM lu-
ciferin does not affect the development of the potato
cyst nematodeG. rostochiensis. As such, it could be an
excellent and sensitive tool to study both spatially and
temporally nematode-driven plant gene expressionin
vivo.

Is cell cycle activation an essential element in
feeding site induction?

Knowing that feeding site formation by cyst and root
knot nematodes is accompanied by cell cycle activa-
tion, it may be asked whether this is a coincidental

side-effect or an essential part of plant parasitism by
these nematodes. To answer this question de Almeida
Engleret al. (1999) applied the cell cycle inhibitors
oryzalin and hydroxyurea toM. incognita- and H.
schachtii-infected A. thaliana roots. The herbicide
oryzalin inhibits plant microtubule polymerization and
arrests cells at the early M phase (Morejohnet al.,
1987), whereas hydroxyurea is a cytostatic drug act-
ing as a specific inhibitor of DNA synthesis (Young
and Hodas, 1964). Control experiments showed that
high concentrations of hydroxyurea or oryzalin were
not harmful for the nematodes themselves (Orumet
al., 1979; Glazer and Orion, 1984; de Almeida En-
gler et al., 1999). In the past, several agrochemicals
with cell cycle-inhibiting properties have been tested
for nematode control under field conditions (Davide
and Triantaphyllou, 1968; Gershon, 1970; Orion and
Minz, 1971; Romneyet al., 1974; Griffin and Ander-
son, 1979), but hardly any cytological data were given
and consequently no firm statement can be made about
their effect on feeding cell ontogeny.

Upon hydroxyurea treatment, early giant cell and
syncytium development was blocked inArabidopsis
(de Almeida Engleret al., 1999). This demonstrates
that genome multiplication is essential for the forma-
tion of both types of feeding cells. Application of
hydroxyurea at later stages resulted in normal develop-
ment of the nematodes. Similar results were obtained
with tomato plants infected with root knot nematodes.
Small highly vacuolated giant cells were induced re-
sulting in an increased number of males (Glazer and
Orion, 1984; Stenderet al., 1986).

Upon oryzalin application (1 and 3 days after
inoculation), root knot nematode development inAra-
bidopsiswas completely inhibited. The formation of
giant cells was initiated but their development was
severely hampered. Moreover, they contained a re-
duced number of nuclei as compared to untreated giant
cells. When oryzalin was applied at later stages (9 days
after inoculation), the majority of the nematodes was
able to complete their life cycle. This is consistent
with the fact that after that stage no nuclear division
occurs and that mitosis is required only for early gi-
ant cell differentiation. A similar drastic inhibition of
gall formation was observed in oryzalin-treated cot-
ton roots upon root knot nematode infection (Orum
et al., 1979). Microscopical analysis revealed that the
nematodes entered the root but failed to initiate gi-
ant cells, and vascular tissue had differentiated around
their heads.
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Figure 2. A. Transcriptional regulation of the mitotic cyclin promoterArath;cycB1;1in potato roots infected with the potato cyst nematode
Globodera rostochiensis(16 h to 15 days after inoculation, dpi). Promoter activity was monitored in infected plants using the firefly luciferase
gene. Mitotic activity was observed in early feeding cell development reaching highest levels around 5 days after inoculation (dpi). The maximal
promoter activity in root tips is virtually twice as high as the maximal promoter activity in nematode-induced syncytia. The maximum grey
levels correspond with the maximum number of photons per pixel within the selected area as detected by a CCD camera. B. A pseudocolour
image of luciferase activity in potato roots infected with the potato cyst nematodeGlobodera rostochiensis(4 dpi). CycB1;1promoter activity
was observed in the root meristems (RM) and in young nematode feeding sites (NFS). Strongest luciferase activity is indicated in white,
whereas low activity is indicated in blue. C. Sequential pseudocolour images showing the transcriptional activity of thecycB1;1promoter in a
single nematode feeding cell (arrow). The feeding cell is induced just behind the root meristem (RM) and a similar transient expression pattern
was obtained as depicted in A. The strongest mitotic activity was detected in the centre of the feeding cell where the head of the parasitizing
nematode was located. Interestingly, low levels of mitotic activity were observed near the nematode feeding cell suggesting the formation of a
lateral root primordium (asterisk). This mitotic induction completely disappeared 4 dpi. D. This line drawing represents the spatial distribution
of luciferase activity inside a single nematode feeding cell at 2.5 dpi (frame). This illustrates that highest mitotic activity is localized to the
centre of the feeding site, which gradually diminishes towards the edges.[ 210 ]
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If mitosis was not involved in syncytium forma-
tion, oryzalin should not affect cyst nematode de-
velopment. Application of oryzalin at 1 day after
inoculation resulted in the complete inhibition of syn-
cytium development and no cysts were formed on
these plants. When oryzalin was applied at later stages
(3 and 9 days after inoculation) an increasing number
of the infective juveniles developed into cysts. These
data support the notion that mitotic activity is required
for proper syncytium development. It was observed
that oryzalin inhibits the mitotic activity in cells prior
to syncytium incorporation and, as a consequence,
syncytium expansion is restricted.

Cell cycle regulation by phytohormones

Reactivation of the cell cycle requires one or more mi-
togenic stimuli. In animal cells, re-entry of the cell
cycle is accomplished by mitogens, which stimulate
the transcriptional regulation of D-type cyclins in qui-
escent cells (G0) (Quelleet al., 1993). Three D-type
cyclin plant homologues have been isolated, which
were transcriptionally activated in G0 Arabidopsis
cells upon nutrient or cytokinin application (Soniet
al., 1995; Fuerstet al., 1996; Rhiou-Khamlichiet
al., 1999). This suggests an animal-like mechanism in
plants, which controls cell cycle activation in response
to external stimuli.

The phytohormones auxin and cytokinin are con-
sidered to be key factors in controlling cell cycle pro-
gression in plants. This is achieved by regulating the
expression and/or the activity of the cyclin-dependent
kinases (CDK) and the mitotic cyclins. Both auxin
and cytokinin were able to induce gene transcription
of the CDKs cdc2aAt and cdc2Pet in suspension-
cultured cells (Hemerlyet al., 1993; Trehinet al.,
1998). A rapid increase in mRNA of the p34-cdc2-
like protein was detected in tobacco pith upon auxin
treatment, and cytokinin was required for its activa-
tion and the induction of cell cycle activity (Johnet
al., 1993). Moreover, a putative auxin-binding element
was determined in thecdc2aAtpromoter (Chung and
Parish, 1995) indicating a more direct role for auxin
in regulating cell cycle gene expression. Evidence has
been provided that cytokinin regulates the cell cycle
by tyrosine dephosphorylationof the cyclin-dependent
kinaseCdc2(Zhanget al., 1996). Alternatively, it has
been proposed that cytokinins might interact with the
ATP-binding sites of kinases (Rediget al., 1996).

In addition, the expression of the mitotic cyclin
genecycB1;1was rapidly induced in roots ofAra-
bidopsisby exogenous auxin (Ferreiraet al., 1994a;
Doerneret al., 1996). The lack of auxin inArabidopsis
cell suspension cultures resulted in a strong decrease
in mRNA levels of the cyclin genescycA2;1, cycA2;2,
cycB1;1andcycB2;2(Ferreiraet al., 1994b) indicat-
ing that transcription of these cyclins is also regulated
by auxin. In the shoot apical meristem, expression of
cycA2;1could be induced by cytokinin treatment as
well, whereas the expression in roots was reduced by
cytokinin (Burssenset al., 1998).

The role of auxin in feeding cell development

Several observations point at a role for auxin in feed-
ing cell induction by root knot and cyst nematodes.
To test whether there is a direct relation between this
phytohormone and nematode development in a host
plant, mutants having a defect in their auxin household
can be a powerful tool. In principle, tomato is a good
host for root knot as well as potato cyst nematodes.
However, both species could hardly develop on the
strongly auxin-insensitive tomato mutantdiageotrop-
ica (dgt/dgt) (Richardson and Price, 1984; Goverseet
al., 1998a; Helderet al., 1998). Most of the second-
stage juveniles penetrated the root ofdgt and subse-
quently failed to induce the formation of a feeding
site. These observations suggest that auxin signalling
is essential in both syncytium and giant cell forma-
tion and implies a change in the local auxin balance
upon nematode infection. InArabidopsis, Sijmonset
al. (1994b) tested a range of auxin mutants including
both auxin-insensitive mutants and plants mutated in
the auxin biosynthesis pathway(s). The authors did not
detect a significant difference in infection efficiency by
root knot or cyst nematodes between the mutants and
the controls. For the mutantsaux1-7andaxr2, only a
reduction in the number of lateral roots was observed
at the feeding site (Sijmonset al., 1994b and Ver-
cauterenet al., 1995, respectively). The discrepancy
between their results and the more recent outcomes
with tomato could be explained by the leakiness of the
Arabidopsismutants used.

The notion that a local accumulation of auxin could
be part of the series of events finally resulting in
feeding site induction is supported by a number of
independent observations. Biochemical studies have
reported on the accumulation of indole compounds in
galls formed by the root knot nematodesM. incog-
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nita, M. hapla and M. javanica (Balasubramanian
and Rangarwami, 1962; Yu and Viglierchio, 1964;
Setty and Wheeler, 1968; Viglierchio and Yu, 1968).
If there is indeed a local accumulation of auxin or
a local increase in the sensitivity towards this phy-
tohormone upon nematode infection, this should be
reflected in the transcriptional regulation of auxin-
responsive genes. Hermsmeieret al. (1998) reported
a decreased expression ofadr-6, -11 and -12 in soy-
bean roots infected withH. glycines. These genes are
known to be down-regulated by auxin. A local and
relatively strong up-regulation of the reporter genegfp
preceded by either the CaMV 35S promoter or the
TR2′ promoter fromAgrobacterium tumefacienswas
observed in young syncytia upon infection withG.
rostochiensis(Goverseet al., 1998b). Both promoters
harbour auxin-responsive elements. Furthermore, a lo-
cal increase in auxin is consistent with the activation
of the cell cycle genescycB1;1and cdc2a in young
feeding cells induced byH. schachtiiandM. incognita
(Niebel et al., 1996), since both genes are transcrip-
tionally regulated by auxin as mentioned above (John
et al., 1993; Doerneret al., 1996).

There is considerable evidence that auxin is in-
volved in lateral root initiation (for a recent review,
see Malamy and Benfey, 1997). If nematodes were lo-
cally manipulating the auxin household, this could be
somehow reflected in lateral root formation. Already
in 1936, Christie wrote about infection of tomato by
’Heterodera marioni’(root knot nematode): ‘division
of the pericycle, stimulated by the presence of the
parasite, results in a layer of small-cell parenchyma,
outgrowths of which form the lateral roots that so fre-
quently occur’. A number of host plant-cyst nematode
interactions were studied in more detail and from this
limited data set the picture arises that lateral root for-
mation is promoted only if the initial syncytial cell is
located in or in the immediate vicinity of the pericycle.
Lateral roots are formed upon infection of wheat with
the oat cyst nematode (H. avenae) (Grymaszewska and
Golinowski, 1991) and of rape andA. thalianawith
the beet cyst nematodeHeterodera schachtii(Mag-
nusson and Golinowski, 1991; Sijmonset al., 1994b).
In tomato, the syncytium formation by the potato cyst
nematodeGlobodera rostochiensisstarts in the cortex
and only in a few instances concomitant lateral root
initiation was observed (Goverseet al., unpublished
data). Illustrative in this respect is Figure 2 which
shows a temporary expression (16 h to 4 days after
inoculation) of cycB1;1 in G. rostochiensis-infected
potato roots just outside the syncytium. The most plau-

sible explanation for this LUC activity would be a
transient activation of this cell cycle gene in the per-
icycle cells. In this particular case the activation did
not result in lateral root formation.

Options for mechanisms underlying local auxin
manipulation by root knot and cyst nematodes

If local changes in the auxin household are involved
in feeding site induction by root knot and cyst nema-
todes, a range of options are open as far as the underly-
ing mechanism is involved. The concentration of auxin
could be increased locally or, alternatively, the sensi-
tivity of the plant tissue towards this phytohormone
could be raised. Assuming that auxin accumulates lo-
cally, this could in principle originate from either the
nematode or the plant.

Goodey (1948) hypothesized that auxins are
present in nematode saliva. Auxin determination by
paper chromatography indicates that the type and level
of auxins in the gall are characteristic of the parasitiz-
ing nematode (Yu and Viglierchio, 1964; Viglierchio
and Yu, 1968). There are several reports which de-
scribe the presence of auxin-like substances in adult
females ofM. javanica(Bird, 1962) and in exudates
of hatched J-2 fromM. incognita(Setty and Wheeler,
1968) andM. hapla (Yu and Vigliergio, 1964). In
contrast, the release of an auxin-inactivating com-
pound has been reported forDitylenchus dipsaci, M.
hapla (Viglierchio and Yu, 1965) andM. javanica
(Bird, 1966). For cyst nematodes, auxin activity was
determined in homogenates of hatched second-stage
juveniles of H. schachtii (Johnson and Viglierchio,
1969). It is difficult to draw any conclusion from these
partially contradictory papers. Keeping in mind that
many plant pathogens produce auxin (e.g. Glickmanet
al., 1998), there is no reason to rule out the option that
nematodes produce and secrete auxins or homologues
of this phytohormone.

Alternatively, nematodes could manipulate the
auxin household of the plant. Polar auxin transport
from cell to cell is carrier-mediated. Auxin enters a
cell through the action of a saturable auxin uptake
carrier or directly (in its protonated form) and it can
leave the cell only via an efflux carrier (for a recent
review about auxin transport see Leyser, 1999). If
nematodes would secrete substances inhibiting the ef-
flux of auxin, such as flavonoids, this could result in
auxin accumulation. A similar mechanism to locally
raise the auxin concentration by perturbing its flow is
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thought to be employed byRhizobium leguminosarum
in white clover roots: endogenous flavonoids proba-
bly act as inhibitors of auxin transport in early stages
of nodule initiation (Mathesiuset al., 1998). Alter-
natively, auxin accumulation could be brought about
by the release of auxin from auxin conjugates. Con-
jugated IAA constitutes about 90% of total IAA in
vegetatively growing tissues, so if a nematode could
free part of this inactivated auxin this as well could
result in local accumulation of IAA.

Another option would be that nematodes locally
increase the sensitivity towards IAA. Sensitivity to-
wards IAA varies dramatically within plants, roots
being one of the most auxin-sensitive organs. Little
is known about the background of the highly differ-
ent (tissue-specific) sensitivities towards IAA within
plants, but is certainly conceivable that nematodes can
manipulate this variable.

Perspectives

Cell cycle activation is an essential element in host
plant exploitation by endoparasitic nematodes. We be-
gin to understand what cell cycle elements are affected
by nematodes but this does not alter the fact that it is
largely unclear how the nematode, an organism unre-
lated to plants, realizes this masterpiece of parasitism.
In this review, a few pieces of the puzzle are high-
lighted, and more pieces are about to be identified.
Currently, we are investigating the biological rele-
vance of naturally induced cyst nematode secretions
in feeding cell induction and their ability to change
the developmental programme of (un)differentiated
plant cells. Stylet secretions from infective juveniles
are thought to include pathogenicity factors and, as
such, collection of these secretions is highly relevant
in this research area. In particular, the use of potato
cyst nematodes is advantageous because for this par-
ticular cyst nematode a natural trigger, potato root
diffusate, can be used to make nematodes secrete. In
this way, stylet secretions from millions of preparasitic
second-stage juveniles can be collected. Recently, it
was shown that one or more small peptides present in
nematode secretions are responsible for stimulation of
tobacco protoplast division. These peptides were func-
tionally dissimilar to the phytohormones auxin and
cytokinin (Goverseet al., 1999). Apart from being
a tool in research, this peptide could be a target for
artificial resistance approaches.

It is unclear whether the components in stylet
secretions responsible for feeding cell induction act
extra- or intracellularly. If they act extracellularly,
D-type cyclins could be relevant. It is assumed that
the expression of the corresponding genes results in
reactivation of the cell cycle in the presence of extra-
cellular signals (Soniet al., 1995; Fuerstet al., 1996;
De Veylderet al., 1999). As such, plant D-type cy-
clins will be good marker genes to study the induction
of the cell cycle in response to nematode signalling
molecules.

Cell cycle inhibition by chemical treatment results
in the disruption of feeding cell formation and, thus,
in the restriction of both cyst and root knot nematode
development, and most likely also of other nema-
tode types that activate the plant cell cycle as part of
their infection strategy. Hence, biotechnological ap-
proaches that address the cell cycle could be promising
in engineering resistance to a broad range of nematode
species. Besides blocking the signals that come from
the nematode, several strategies can be envisaged to
prevent activation of the cell cycle. Dominant negative
mutations of thecdc2gene have been shown to be ef-
fective in inhibiting cell division in yeast and tobacco
(Hemerly et al., 1995). Expressed behind a promoter
that is activated in nematode feeding cells, these dom-
inant mutant genes would block the infection process
and have no effect on the rest of the plant. Similarly,
the feeding-site-specific expression of inhibitors of the
cell cycle could be equally effective.

Another possibility lies in the better understand-
ing of how exactly the nematode modifies the plant
cell cycle into a process of mere genome multiplica-
tion and cell enlargement without cell division. This
process exists in healthy plants but is poorly under-
stood at the molecular level, except for the maize
endosperm where an S-phase-specific kinase and an
M-phase inhibitor have been identified as mediators of
endoreduplication (Grafi and Larkins, 1995). Regular-
ization of the nematode-induced shortened cell cycles
into normal ones would prevent the infected cells from
expanding into giant cells and this might be another
way of depriving the nematode of its food source.
These different examples illustrate the tools that could
be adapted to engineer the cell cycle. It will be inter-
esting to see how their specific application will affect
nematode-induced feeding cell development.

[ 213 ]



758

Acknowledgements

We thank Sylvia Burssens (Laboratory of Genet-
ics, University of Gent/VIB, Belgium), Wim Van
Camp (Crop Design, Gent, Belgium) and Jaap Bakker
(Laboratory of Nematology, Wageningen Univer-
sity, Netherlands) for critical reading of the man-
uscript. This work was financially supported by
the Dutch Foundation for Life Sciences (SLW-NWO
805.45.010), by a grant from the Interuniversity Poles
of Attraction Programme (Belgian State, Prime Min-
ister’s Office/Federal Office for Scientific, Techni-
cal and Cultural Affairs; P4/15) and by the Eu-
ropean Community’s BIOTECH Programme BIO4-
CT96-0318. G.G. is a postdoctoral Researcher of the
Fund for Scientific Research (Flanders).

References

Balasubramanian, M. and Rangarwami, G. 1962. Presence of indole
compounds in nematode galls. Nature 194: 714–715.

Bird, A.F. 1961. The ultrastructure and histochemistry of a
nematode-induced giant cell. J. Biophys. Biochem. Cytol. 11:
701–715.

Bird, A.F. 1962. The inducement of giant cells byMeloidogyne
incognita. Nematologica 8: 1–10.

Bird, A.F. 1966. Some observations on exudates fromMeloidogyne
larvae. Nematologica 12: 471– 482.

Bird, A.F. 1973. Observations on chromosomes and nucleoli in syn-
cytia induced byMeloidogyne javanica. Physiol. Plant. Path. 3:
387–391.

Brodsky, V.Y. and Uryvaeva, I.V. 1977. Cell polyploidy: its relation
to tissue growth and function. Int. Rev. Cytol. 50: 275–332.

Brodsky, V.Y. and Uryvaeva, I.V. 1985. Genome Multiplication
in Growth and Development (Development and Cell Biology
Series, vol. 15), Cambridge University Press, Cambridge, UK.

Burssens, S., Van Montagu, M. and Inzé, D. 1998. The cell cycle in
Arabidopsis. Plant Physiol. Biochem. 36: 9–19.

Christie, J.R. 1936. The development of root-knot nematode galls.
Phytopathology 26: 1–22.

Chung, S.K. and Parish, R.W. 1995. Studies on the promoter of the
Arabidopsis thaliana cdc2agene. FEBS Lett. 362: 215–219.

Cid del Prado, V.I. and Maggenti, A.R. 1988. Description of
Gracilacus hamicaudatasp. n. (Nematoda: Criconematidae)
with biological and histopathological observations. Rev. Nema-
tol. 11: 29–33.

Cohn, E. and Kaplan, D.T. 1983. Parasitic habits ofTrophotylenchus
floridensis (Tylenchulidae) and its taxonomic relationship to
Tylenchulus semipenetransand allied species. J. Nematol. 15:
514–523.

Cole, C.S. and Howard, H.W. 1958. Observations on giant
cells in potato roots infected withHeterodera rostochiensis. J.
Helminthol. 32: 135–144.

D’Amato, F. 1984. Role of polyploidy in reproductive organs
and tissues. In: B.M. Johri (Ed.) Embryology of Angiosperms,
Springer-Verlag, Berlin, pp. 519–566.

Davide, R.G. and Triantaphyllou, A.C. 1968. Influence of the en-
vironment on development and sex differentiation of root-knot

nematode. III. Effect of foliar application of maleic hydrazide.
Nematologica 14: 37–46.

De Almeira Engler, J., De Vleesschauwer, V., Burssens, S., Celenza,
J.L. Jr., Inzé, D., Van Montagu, M., Engler, G. and Gheysen,
G. 1999. The use of molecular markers and cell cycle inhibitors
to analyze cell cycle progression in nematode-induced galls and
syncytia. Plant Cell 11: 793–807.

De Veylder, L., de Almeida Engler, J., Burssens, S., Manevski, A.,
Lescure, B., Van Montagu, M., Engler, G. and Inzé, D. 1999.
A new D-type cyclin ofArabidopsis thalianaexpressed during
lateral root primordia formation. Planta, in press.

Doerner, P., Jørgensen, J-E., You, R., Steppuhn, J. and Lamb,
C. 1996. Control of root growth and development by cyclin
expression. Nature 380: 520–523.

Dropkin, V.H. and Nelson, P.E. 1960. The histopathology of root-
knot infections in soybeans. Phytopathology 50: 442–447.

Endo, B.Y. 1964. Penetration and development ofHeterodera
glycinesin soybean roots and related anatomical changes. Phy-
topathology 54: 79–88.

Endo, B.Y. 1971. Synthesis of nucleic acids at infection sites of soy-
bean roots parasitized byHeterodera glycines. Phytopathology
61: 395–399.

Endo, B.Y. 1986. Histology and ultrastructural modifications in-
duced by cyst nematodes. In: F. Lamberti and C.E. Taylor (Eds.)
Cyst Nematodes, Plenum Press, New York, pp. 133–146.

Endo, B.Y. 1991. Ultrastructure of initial responses of susceptible
and resistant soybean roots to infection byHeterodera glycines.
Rev. Nematol. 14: 73–94.

Ferreira, P.C.G., Hemerly, A.S., Villarroel, R., Van Montagu, M.
and Inzé, D. 1991. TheArabidopsisfunctional homolog of the
p34cdc2 protein kinase. Plant Cell 3: 531–540.

Ferreira, P.C.G., Hemerly, A., de Almeida Engler, J., Bergounioux,
C., Burssens, S., Van Montagu, M., Engler, G. and Inzé, D.
1994a. Three distinct classes ofArabidopsis cyclins are ex-
pressed during different intervals of the cell cycle. Proc. Natl.
Acad. Sci. USA 91: 11313–11317.

Ferreira, P.C.G., Hemerly, A.S., de Almeida Engler, J., Van
Montagu, M., Engler, G. and Inzé, D. 1994b. Developmental
expression of theArabidopsiscyclin genecyc1At. Plant Cell 6:
1763–1774.

Fuerst, R., Soni, R., Murray, J. A. H. and Lindsey, K. 1996. Modu-
lation of cyclin transcript levels in cultured cells ofArabidopsis
thaliana. Plant Physiol. 112: 1023–1033.

Gershon, D. 1970. Studies of aging in nematodes. I. The nematode
as a model organism for aging research. Exp. Gerontol. 5: 7–12.

Gheysen, G., de Almeida Engler, J. and Van Montagu, M. 1997. Cell
cycle regulation in nematode feeding sites. In: C. Fenoll, F.M.W.
Grundler and S.A. Ohl (Eds.) Cellular and Molecular Aspects
of Plant-Nematode Interactions, Kluwer Academic Publishers,
Dordrecht, Netherlands, pp. 120–132.

Glazer, I. and Orion, D. 1984. Influence of urea, hydroxyurea, and
thiourea onMeloidogyne javanicaand infected excised tomato
roots in culture. J. Nematol. 16: 125–130.

Glickmann, E., Gardan, L., Jacquet, S., Hussain, S., Elasri, M.,
Petit, A. and Dessaux, Y. 1998. Auxin production is a common
feature of most pathovars ofPseudomonas syringae. Mol. Plant-
Microbe Interact. 11: 156–162.

Golinowski, W., Grundler, F.M.W. and Sobczak, M. 1996. Changes
in the structure ofArabidopsis thalianaduring female devel-
opment of the plant-parasitic nematodeHeterodera schachtii.
Protoplasma 194: 103–116.

Goodey, J.B. 1948. The galls caused byAnguillulina balsamophila
(Thorne) Goodey on the leaves ofWyethia amplexicaulisNutt
andBalsamorizha sagittata. J. Helminthol. 22: 109–116.

[ 214 ]



759

Goverse, A., Overmars, H., Engelbertink, J., Schots, A., Bakker,
J. and Helder, J. 1998a. Are locally disturbed plant hormone
balances responsible for feeding cell development by cyst ne-
matodes? In: Proceedings of the 24th International Nematology
Symposium, Dundee, UK, p. 41.

Goverse, A., Biesheuvel, J., Wijers, G.J., Gommers, F.J., Bakker,
J., Schots, A. and Helder, J. 1998b.In planta monitoring of the
activity of two constitutive promoters, CaMV 35S and TR2′, in
developing feeding cells induced byGlobodera rostochiensisus-
ing green fluorescent protein in combination with confocal laser
scanning microscopy. Physiol. Mol. Plant Path. 52: 275–284.

Goverse, A., Rouppe van der Voort, J.N.A.M., Rouppe van der
Voort, C.B.M., Kavelaars, A., Schots, A., Bakker, J. and Helder,
J. 1999. Naturally-induced secretions of the potato cyst nematode
co-stimulate the proliferation of both tobacco leaf protoplasts and
human peripheral blood mononuclear cells. Mol. Plant-Microbe
Interact. 12: 872–881.

Grafi, G. and Larkins, B.A. 1995. Endoreduplication in maize en-
dosperm: involvement of M phase-promoting factor inhibition
and induction of S phase-related kinases. Science 269: 1262–
1264.

Griffin, G.D. and Anderson, J.L. 1979. Effects of DCPA, EPTC, and
chlorpropham on pathogenicity ofMeloidogyne haplato alfalfa.
J. Nematol. 11: 32–36.

Griffiths, B.S. and Robertson, W.M. 1988. A quantitative study of
changes induced byXiphinema diversicaudatumin root-tip galls
of strawberry and ryegrass. Nematologica 34: 198– 207.

Grymaszewska, G. and Golinowski, W. 1991. Structure of syncytia
induced byHeterodera avenaeWoll. in roots of susceptible and
resistant wheat (Triticum aestivumL.). J. Phytopath. 133: 307–
319.

Guida, G., Bleve-Zacheo, T. and Melillo, M. T. 1991. Galls induced
by nematodes on tomato rootsin vitro and in vivo. Giorn. Bot.
Ital. 125: 968–969.

Heidstra, R., Yang, W.C., Yalcin, Y., Peck, S., Emons, A., van
Kammen, A. and Bisseling, T. 1997. Ethylene provides posi-
tional information on cortical cell division but is not involved
in Nod factor-induced root hair tip growth inRhizobium-legume
interaction. Development 124: 1781–1787.

Helder, J., Smant, G., Goverse, A., Bakker, J. and Schots, A. 1998.
Functional analysis of potato cyst nematode secretions. In: Pro-
ceedings of the 7th International Congress of Plant Pathology,
Edinburgh, UK, p. 1.14.3S.

Hemerly, A.S., Ferreira, P.C.G., de Almeida Engler, J., Van Mon-
tagu, M., Engler, G. and Inzé, D. 1993.cdc2a expression in
Arabidopsis thalianais linked with competence for cell division.
Plant Cell 5: 1711–1723.

Hermsmeier, D., Mazarei, M. and Baum, T.J. 1998. Differential
display analysis of the early compatible interaction between
soybean and the soybean cyst nematode. Mol. Plant-Microbe
Interact. 11: 1258–1263.

Hussey, R.S. 1989. Disease-inducing secretions of plant-parasitic
nematodes. Annu. Rev. Phytopath. 27: 123–141.

Imajuku, Y., Hirayama, T., Endoh, H. and Oka, A. 1992. Exon-
intron organization of theArabidopsis thalianaprotein kinase
genesCDC2aandCDC2b. FEBS Lett. 304: 73–77.

John, P.C.L., Zhang, K., Dong, C., Diederich, L. and Wightman, F.
1993. P34cdc2 related proteins in control of cell cycle progres-
sion, the switch between division and differentiation in tissue
development, and stimulation of division by auxin and cytokinin.
Aust. J. Plant Physiol. 20:503–526.

Johnson, R.N. and Viglierchio, D.R. 1969. A growth promoting
substance occurring in an extract prepared fromHeterodera
schachtiilarvae. Nematologica 15: 159–160.

Jones, M.G.K. 1981. The development and function of plant cells
modified by endoparasitic nematodes. In: B.M. Zuckerman and
R.A. Rohde (Eds.) Plant Parasitic Nematodes, vol. III, Academic
Press, New York, pp. 255–279.

Jones, M.G.K. and Northcote, D.H. 1972. Nematode-induced syn-
cytium: a multinucleate transfer cell. J. Cell Sci. 10: 789–809.

Jones, M.G.K. and Payne, H.L. 1978. Early stages of nematode-
induced giant-cell formation in roots ofImpatiens balsamina. J.
Nematol. 10: 70–84.

Kabir, G. and Singh, R.M. 1989. Interphase nuclear structure and
heterochromatin inCicer spp. Cytologia 54: 27–32.

Leyser, O. 1999. Plant hormones: ins and outs of auxin transport.
Curr. Biol. 9: R8–R10.

Libbenga, K.R. and Harkes, P.A.A. 1973. Initial proliferation of
cortical cells in the formation of root nodules inPisum sativum
L. Planta 114: 17–28.

Linford, M.B. 1941. Parasitism of the root-knot nematode in leaves
and stems. Phytopathology 31: 634–648.

Magnusson, C. and Golinowski, W. 1991. Ultrastructural rela-
tionships of the developing syncytium induced byHeterodera
schachtii(Nematoda) in root tissues of rape. Can. J. Bot. 69: 44–
52.

Malamy, J.E. and Benfey, P.N. 1997. Down and out inArabidopsis:
the formation of lateral roots. Trends Plant Sci. 2: 390–396.

Malallah, G. A., Afzal M., Attia T. A. and Abraham D. 1996.
Tapetal cell nuclear characteristics of some Kuwaiti plants.
Cytologia 61: 259–267.

Martinez, M.C., Jørgensen, J.-E., Lawton, M.A., Lamb, C.J. and
Doerner, P.W. 1992. Spatial pattern ofcdc2 expression in re-
lation to meristem activity and cell proliferation during plant
development. Proc. Natl. Acad. Sci. USA 89: 7360–7364.

Mathesius, U., Schlaman, H.R.M., Spaink, H.P., Sautter, C., Rolfe
B.G. and Djordjevic M.A. 1998. Auxin transport inhibition pre-
cedes root nodule formation in white clover roots and is regulated
by flavonoids and derivatives of chitin oligosaccharides. Plant J.
14: 23–34.

McCully, M.E. 1975. The development of lateral roots. In: J.G. Tor-
rey and D.T. Clarkson (Eds.) The Development and Function of
Roots, Acadamic Press, New York, pp. 105–124.

Mironov, V., De Veylder, L., Van Montagu, M. and Inzé, D. 1999.
Cyclin-dependent kinases and cell division in higher plants: the
nexus. Plant Cell 11: 509–521.

Morejohn, L.C., Bureau, T.E., Molè-Bajer, J., Bajer, A.S. and Fos-
ket, D.E. 1987. Oryzalin, a dinitroaniline herbicide, binds to
plant tubulin and inhibits microtubule polymerization in vitro.
Planta 172: 252–264.

Niebel, A., de Almeida Engler, J., Hemerly, A., Ferreira, P.,
Van Montagu, M. and Gheysen, G. 1996. Induction ofcdc2a
and cyc1At expression inArabidopsisduring early phases of
nematode-induced feeding cell formation. Plant J. 10: 1037–
1043.

Orion, D. and Minz, G. 1971. The influence of morphactin on
the root-knot nematodeMeloidogyne javanicaand its galls.
Nematologica 17: 107–112.

Orum, T.V., Bartels, P.G. and McClure, M.A. 1979. Effect of
oryzalin and 1,1-dimethylpiperidinium chloride on cotton and
tomato roots infected with the root-knot nematode,Meloidogyne
incognita. J. Nematol. 11: 78–83.

Ow, D.W., Wood, K.V., De Luca, M., De Wey, J.R., Helinski, D.R.
and Howell, S.H. 1986. Transient and stable expression of the
firefly luciferase gene in plant cells and transgenic plants. Proc.
Natl. Acad. Sci. USA 84: 4870–4874.

Paulson, R.E. and Webster, J.M. 1970. Giant cell formation in
tomato roots caused byMeloidogyne incognitaand Meloidog-

[ 215 ]



760

yne hapla(Nematoda) infection. A light and electron microscope
study. Can. J. Bot. 48: 271–276.

Peterson, R.L. and Peterson, C.A. 1986. Ontogeny and anatomy
of lateral roots. In: M.B. Jackson (Ed.) New Root Formation in
Plants and Cuttings, Martinus Nijhoff, Dordrecht, Netherlands,
pp. 2–30.

Piegat, M. and Wilski, A. 1963. Changes observed in cell nuclei
in roots of susceptible and resistant potato after their invasion
by potato root eelworm (Heterodera rostochiensisWoll.) larvae.
Nematologica 9: 576–580.

Powell, N.T. and Moore, E.L. 1961. A technique for inoculating
leaves with root-knot nematodes. Phytopathology 51: 201–202.

Quelle, D.E., Ashmun, A., Shurtleff, S.A., Kato, J.-Y., Bar-Sagi, D.,
Roussel, M. F. and Sherr, C.J. 1993. Overexpression of mouse
D-type cyclins accelerates G1 phase in rodent fibroblast. Genes.
Dev. 7: 1559–1571.

Redig, P., Shaul, O., Inzé, D., Van Montagu, M. and Van Onckelen,
H. 1996. Levels of endogenous cytokinins, indole-3-acetic acid
and abscisic acid during the cell cycle of synchronized tobacco
BY-2 cells. FEBS Lett. 391: 175–180.

Rhiou-Khamlichi, C., Huntley, R., Jacqmard, A. and Murray, J.
A. H. 1999. Cytokinin activation ofArabidopsiscell division
through a D-type cyclin. Science 283: 1541–1544.

Rice, S.L., Leadbeater, B.S.C. and Stone, A.R. 1985. Changes in
cell structure in roots of resistant potatoes parasitized by potato
cyst nematodes. 1. Potatoes with resistance gene H1 derived from
Solanum tuberosumssp.andigena. Physiol. Plant. Path. 27: 219–
234.

Richardson, L. and Price, N.S. 1984. Observations on the biology
of Meloidogyne incognitaand thediageotropicatomato mutant.
Rev. Nematol. 7: 97–99.

Rohde, R.A. and McClure, M.A. 1975. Autoradiography of de-
veloping syncytia in cotton roots infected withMeloidogyne
incognita. J. Nematol. 7: 64–69.

Romney, R.K., Anderson, J.L. and Griffin, G.D. 1974. Effects of
DCPA on seedling infection by root-knot nematode. Weed Sci.
22: 51–54.

Rosso, M.-N. Favery, B., Piotte, C., Arthaud, L., de Boer, J.M.,
Hussey, R.S., Bakker, J. Baum, T.J. and Abad, P. 1999. Isolation
of a cDNA encoding a beta-1,4-endoglucanase in the root-knot
nematodeMeloidogyne incognitaand expression analysis during
plant parasitism. Mol. Plant-Microbe Interact. 12: 585–591.

Rubinstein, J.H. and Owens, R.G. 1964. Thymidine and uridine
incorporation in relation to the ontogeny of root-knot syncytia.
Contrib. Boyce Thompson Inst. 22: 491–502.

Scheres, B., Sijmons, P.C., van den Berg, C., McKhann, H.,
de Vrieze, G., Willemsen, V. and Wolkenfelt, H. 1997. Root
anatomy and development, the basis for nematode parasitism.
In: C. Fenoll, F.M.W. Grundler and S.A. Ohl (Eds.) Cellular
and Molecular Aspects of Plant-Nematode Interactions, Kluwer
Academic Publishers, Dordrecht, Netherlands, pp. 25–37.

Segers, G., Gadisseur, I., Bergounioux, C., de Almeida Engler, J.,
Jacqmard, A., Van Montagu, M. and Inzé, D. 1996. TheAra-
bidopsiscyclin-dependent kinase genecdc2bAtis preferentially
expressed during S and G2 phases of the cell cycle. Plant J. 10:
601–612.

Segers, G., Rouzé, P., Van Montagu, M. and Inzé, D. 1997. Cyclin-
dependent kinases in plants. In: J.A. Bryant and D. Chiatante
(Eds.) Plant Cell Proliferation and its Regulation in Growth and
Development, John Wiley, Chichester, UK, pp. 1–19.

Sembdner, G. 1963. Anatomie derHeterodera rostochiensisGallen
an Tomatenwurzeln. Nematologica 9: 55–64.

Setty, K.G.H. and Wheeler, A.W. 1968. Growth substances in roots
of tomato (Lycopersicon esculentumMill.) infected with root-

knot nematodes (Meloidogynespp.). Ann. Appl. Biol. 61: 495–
501.

Shaul, O., Mironov, V., Burssens, S., Van Montagu, M. and Inzé,
D. 1996. TwoArabidopsiscyclin promoters mediate distinctive
transcriptional oscillation in synchronized tobacco BY-2 cells.
Proc. Natl. Acad. Sci. USA 93: 4868–4872.

Sijmons, P.C., Grundler, F.M.W., von Mende, N., Burrows, P.R. and
Wyss, U. 1991.Arabidopsis thalianaas a new model host for
plant-parasitic nematodes. Plant J. 1: 245–254.

Sijmons, P.C., Atkinson, H.J. and Wyss, U. 1994a. Parasitic strate-
gies of root nematodes and associated host cell responses. Annu.
Rev. Phytopath. 32: 235–259.

Sijmons, P.C., von Mende, N. and Grundler, F.M.W. 1994b. Plant-
parasitic nematodes. In: E.M. Meyerowitz and C.R. Somerville
(Eds.) Arabidopsis, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY, pp. 749–767.

Smant, G., Stokkermans, J.P.W.G., Yan, Y.T., De Boer, J.M., Baum,
T.J., Wang, X.H., Hussey, R.S., Gommers, F.J., Henrissat, B.,
Davis, E.L., Helder, J., Schots, A. and Bakker, J. 1998. Endoge-
nous cellulases in animals: isolation ofβ-1,4-endoglucanase
genes from two species of plant-parasitic cyst nematodes. Proc.
Natl. Acad. Sci. USA 95: 4906–4911.

Smit, G., de Koster, C.C., Schripsema, J., Spaink, H.P., van Brussel,
A.A.N. and Kijne, J.W. 1995. Uridine, a cell division factor in
pea roots. Plant Mol. Biol. 29: 869–873.

Soni, R., Carmichael, P., Shah, Z.H. and Murray, J.A.H. 1995. A
family of cyclin D homologs from plants differentially controlled
by growth regulators and containing the conserved retinoblas-
toma protein interaction motif. Plant Cell 7: 85–103.

Starr, J.L. 1993. Dynamics of the nuclear complement of giant cells
induced byMeloidogyne incognita. J. Nematol. 25: 416–421.

Stender, C., Glazer, I. and Orion, D. 1986. Effects of hydroxyurea on
the ultrastructure of giant cells in galls induced byMeloidogyne
javanica. J. Nematol. 18: 37–43.

Torrey, J.G. 1986. Endogenous and exogenous influences on the
regulation of lateral root formation. In: M.B. Jackson (Ed.)
New Root Formation in Plants and Cuttings, Martinus Nijhoff,
Dordrecht, Netherlands, pp. 32–66.

Trehin, C., Planchais, S., Glab, N., Perennes, C., Tregear, J. and
Bergounioux, C. 1998. Cell cycle regulation by plant growth
regulators: involvement of auxin and cytokinin in the re-entry
of Petuniaprotoplasts into the cell cycle. Planta 206: 215–224.

Vercauteren, I., Niebel, A., Van Montagu, M. and Gheysen, G. 1995.
Arabidopsis thalianaroots show an increased auxin concentra-
tion upon nematode infection. Med. Fac. Landbouwwet. Univ.
Gent 60/4a: 1661–1664.

Verhees, J.A., Vreugdenhil, D., van der Krol, L.A. and van de Plas,
H.W. 1998. In: Proceedings of the 5th International Symposium
on the Molecular Biology of the Potato, Bogensee, Germany.

Viglierchio, D.R. and Yu, P.K. 1965. Plant parasitic nematodes: a
new mechanism for injury of hosts. Science 147: 1301–1303.

Viglierchio, D.R. and Yu, P.K. 1968. Plant growth substances and
plant parasitic nematodes. II. Host influence on auxin content.
Exp. Parasitol. 23: 88–95.

Vovlas, N. and Troccoli, A. 1990. Histopathology of broad bean
roots infected by the lesion nematodePratylenchus penetrans.
Nematol. Mediterr. 18: 239–242.

Wedzony, M. 1993. Polytenization in the antipodal nuclei of wheat
(Triticum aestivumL.), triticale (H. triticosecaleWittm.) and
their reciprocal crosses. Acta. Biol. Cracoviensia Ser. Bot. 34–
35: 43–57.

Wiggers, R., Starr, J.L. and Price, H.J. 1990. DNA content and
variation in chromosome number in plant cells affected by

[ 216 ]



761

Meloidogyne incognitaand M. arenaria. Phytopathology 80:
1391–1395.

Williamson, V.M. and Hussey, R.S. 1996. Nematode pathogenesis
and resistance in plants. Plant Cell 8: 1735–1745.

Wright, K.A. 1974. The feeding site and probable feeding mech-
anism of the parasitic nematodeCapillaria hepatica(Bancroft,
1893). Can. J. Zool. 52: 1215–1220.

Wyss, U. 1992. Observations on the feeding behaviour ofHet-
erodera schachtiithroughout development, including events
during moulting. Fund. Appl. Nematol. 15: 75–89.

Wyss, U., Lehmann, H. and Jank-Ladwig, R. 1980. Ultrastructure
of modified root-tip cells inFicus carica[figs], induced by the

ectoparasitic nematodeXiphinema index. J. Cell Sci. 41: 193–
208.

Young, C.W. and Hodas, S. 1964. Hydroxyurea: inhibitory effect on
DNA metabolism. Science 146: 1172–1174.

Yu, P.K. and Viglierchio, D.R. 1964. Plant growth substances and
parasitic nematodes. I. Root knot nematodes and tomato. Exp.
Parasitol. 15: 242– 248.

Zhang, K., Letham, D.S. and John, P.C.L. 1996. Cytokinin controls
the cell cycle at mitosis by stimulating the tyrosine dephospho-
rylation and activation of p34cdc2 like H1 histone kinase. Planta
200: 2–12.

[ 217 ]


