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ABSTRACT

Globodera rostochiensis, as well as other cyst nematodes, induces formation of a multinucleate feeding site,
called syncytium, in host roots. In tomato roots infected with a potato cyst nematode, the syncytium is initiated in
the cortex or pericycle. Progressive cell wall dissolution and subsequent fusion of protoplasts of newly incorpora-
ted cells lead to syncytium formation. Expansion and development of a syncytium strongly depends on modifica-
tions of a cell wall, including its degradation, elongation, thickening, and formation of ingrowths within it in close
contact with tracheary elements. Recent reports have demonstrated that during formation of syncytium, numerous
genes of plant origin, coding for cell wall-modifying enzymes are up-regulated. In this research, we studied a de-
tailed distribution and function of two tomato [3-1,4-endoglucanases in developing feeding sites induced by G. ro-
stochiensis. In situ localization of tomato LeCel7 and LeCelS§ transcripts and proteins demonstrated that these en-
zymes were specifically up-regulated within syncytium and in the cells adjacent to the syncytium. In non-infected
roots an expression of LeCel7 and LeCel8 was observed in the root cap and lateral root primordia. Our data con-
firm that cell wall-modifying enzymes of plant origin have a role in a modification of cell wall within syncytia,
and demonstrate that plant endoglucanases are involved in syncytia formation.
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INTRODUCTION

Potato cyst nematodes (Globodera rostochiensis) are
obligate, sedentary endoparasites, which after invasion of
host-plant roots induce changes in an expression of nume-
rous plant genes during the formation of feeding cells
(Gheysen and Fenoll 2002). To complete their life cycle,
the sedentary nematodes depend entirely on the successful
induction and maintenance of specialized feeding cells. Fe-
eding cells formed by the cyst nematodes, called syncytia,
are multinucleate structures that develop from a single cell,
called the initial syncytial cell (ISC). The infective juvenile
stage of a potato cyst nematode selects a competent root
cell from the cortex or pericycle (Jones and Northcote
1972; Goverse et al. 2000). Subsequent incorporation of
cells adjacent to ISC via extensive cell wall dissolution and
protoplast fusion leads to the formation of a syncytium
(Golinowski et al. 1997). Cells that are incorporated into
syncytia undergo significant modifications, in the effect of
which they are no more separate individuals, but become
highly hypertrophied syncytial elements with dense cyto-
plasm. Features of a syncytium protoplast include the ab-
sence of the central vacuole; proliferation of the rough and

smooth ER, ribosomes, mitochondria and plastids; the for-
mation of numerous lipid bodies (Golinowski et al. 1997);
and nuclei enlargement by DNA endoreduplication (Endo
1971; Niebel et al. 1996). In syncytia induced by cyst ne-
matodes, cell wall ingrowths are formed in syncytial ele-
ments in close contact with xylem elements. A syncytium
has also features of transfer cells because it facilitates
transfer of nutrients from a host plant to the nematode de-
veloping within the plant (Jones and Northcote 1972). In-
tensive demand of nematodes for nutrient stimulates a spe-
cific manner of syncytium expansion. The syncytium
expands mostly longitudinally along the length of the va-
scular cylinder by incorporation of the cells adjacent to the
xylem and phloem elements.

The structure of syncytia suggests that extensive cell
wall modifications (i.e., thickening, ingrowth, disassembly
and dissolution) are required for the formation of feeding
structures. These changes are mediated by the activity of
both cell wall-biosynthetic and cell wall-degrading enzy-
mes. It is well known that during migration in root tissues
infective larvae of cyst nematodes secrete numerous hy-
drolytic enzymes or modifying proteins for digesting cell
wall polymers such as endo-B-1,4-glucanases (Smant et al.
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1998; Gao et al. 2004), pectate lyases (Popeijus et al.
2000), and expansins (Qin et al. 2004). But the expression
of these proteins was no more detectable, since the larvae
selected the initial syncytial cell and became sedentary. Re-
cent studies have demonstrated that cell wall-degrading en-
zymes in developing syncytia were of plant origin. Goell-
ner et al. (2001) showed a local up-regulation of five tobac-
co endo-B-1,4-endoglucanases genes in tobacco roots in-
fected with tobacco cyst nematodes. Karczmarek (2006)
demonstrated that in tomato roots infected with G. rosto-
chiensis only two endo-fB-1,4-endoglucanases genes Le-
Cel7 and LeCel8 were up-regulated in the young syncytia.
Plant endo--1,4-endoglucanases (EGases) catalyse the
breakdown of B-1,4 glucosidic linkages. These enzymes
belong to glycosyl hydrolase family 9 (Henrissat 1991) and
their substrates probably include xyloglucan, integral and
peripheral regions of non-crystalline cellulose and possibly
glucomannan (Brummell and Harpster 2001). EGases have
been shown to be expressed during fruit ripening, sene-
scence, in elongating and expanding cells, which suggests
a role in plant development (Lashbrook et al. 1994; del
Campillo and Bennett 1996; Catala et al. 1997; Catala et al.
2000).

In this article, we characterized a spatial and temporal
expression of LeCel7 and LeCel8 within tomato root cells
modified by potato cyst nematodes. We monitored these
changes at the transcriptional and translational levels. In
the infected roots, transcripts and proteins of both enzymes
were present in or very close to the developing syncytia.
Expression of both genes were strictly correlated with the
development of the syncytium. More detailed studies with
the use of polyclonal antibodies revealed a detailed locali-
zation of these enzymes at a subcellular level. This is the
first immunolocalization of plant endoglucanases at subcel-
lular level in plant roots infected with plant parasitic nema-
tode. The obtained results suggest that these two enzymes:
LeCel7 and LeCel8, play a role in cell wall metabolism in
expanding syncytium.

MATERIALS AND METHODS

Plant material and nematode inoculation

Seeds of tomato (Lycopersicon esculentum) cv. Money
Maker were surface sterilized with solution of commercial
bleach, containing 1.25% sodium hypochlorite (NaOCl)
and detergents, for 10 min. Seeds were washed with the
sterile distilled water 3 times for 10 min and transferred
onto Petri dishes containing 1.5% water agar and left in the
darkness at 20°C for germination. Seedlings were transfer-
red aseptically into 9-cm Petri dishes containing Gamborg
B5 agar medium. Tomato plants were grown in sealed di-
shes for 10 days at 20°C under 16-h photoperiod and 110
uE m2s1,

Tomato roots were inoculated with second-stage infecti-
ve juveniles (J2) of the potato cyst nematode Globodera ro-
stochiensis, pathotype Rol, Mirenbos. Larvae were stimu-
lated to hatching by incubation of cyst in the potato root
exudates. A freshly hatched juveniles were surface sterili-
zed in 0.025% HgCl, for 2 min and extensively washed in
several changes of sterile distilled water. Water drops, each
containing approximately 20 individual J2/per root tip, we-
re transferred to 10 days-old tomato plants. After inocula-
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tion plants were kept in the darkness at 20°C. Each day,
inoculated plants were screened for the presence of J2s in-
side the roots. The developmental stages of syncytium we-
re counted in days post infection, since first sign of the pre-
sence of J2s inside the roots were observed.

For microscopic examinations, the inoculated roots were
screened for the presence of J2s inside the roots each day
after inoculation. Root fragments with juveniles were col-
lected at 1, 2, 3, 5, 14 days post root infection. Collected
material was pre-fixed for 2-3 h in a mixture of parafor-
maldehyde (2%) and glutaraldehyde (2%) in 0.5 M sodium
cacodylate buffer at pH 7.2-7.3 and post-fixed for 2 h in
1% osmium tetroxide at 4°C. Samples were dehydrated in
ethanol and propylene oxide and embedded in epoxy resin
(Fluka) as described by Golinowski et al. (1996). Semi-thin
(3 pm) and ultra-thin (70 to 80 nm) sections were cut using
Leica RM 2165 microtome and Leica Ultracut UCT ultra-
microtome. Ultra-thin sections were collected on copper
grids and stained for 4 min with saturated 50% ethanol so-
lution of uranyl acetate, followed by 6 min of staining with
an aqueous solution of lead citrate. The sections were exa-
mined using Phillips Morgagni transmission electron mi-
croscope equipped with the digital camera (Morada).

Plant material for in situ examination
and immunolocalization

Samples containing segments of the roots with syncytia
were collected at 3, 7, 10, 14 days post infection. They we-
re fixed in 2% paraformaldehyde/2% glutaraldehyde and
4% paraformaldehyde/1% glutaraldehyde in 50 mM PBS
buffer (pH 6.9) for 2 h at room temperature. Fixed samples
were washed 4 times for 20 min in the same buffer; they
were dehydrated and embedded in butyl-methyl-methacry-
late (BMM) resin as described by De Almeida Engler et al.
(2001). Samples for immunogold labeling after dehydra-
tion in series of ethanol solutions were embedded in Lon-
don Resin White. Material embedded in LR White was cut
into ultra-thin sections using Leica Ultracut UCT ultrami-
crotome. Material embedded in BMM was cut into semi-
thin sections (3 pm) using Leica RM2165 microtome. For
in situ analysis and immunolocalization, slides with sec-
tions were incubated in 100% acetone for 15 min to remo-
ve BMM resin.

Digoxygenine (DIG)-labeled ss-cDNA
and ds-cDNA probes

Digoxygenine (DIG)-labeled ss-cDNA probes for Le-
Cel7 and LeCel8 were prepared in two successive amplifi-
cation reaction using primer pairs (Table 1). In 1st reaction
— RT PCR, ds-cDNA fragments were generated with one
of the primer pairs, using total RNA isolated from tomato
roots (Rneasy Plant Mini Kit, Qiagen) containing syncytia,
as a template. In a 2nd reaction, a PCR DIG Probe Synthe-
sis Kit (Roche) was used to synthesise antisense or sense
ss-cDNA probes with 1 pl of the Ist RT PCR product as
a template and a single primer. ds-cDNA DIG-labeled pro-

TABLE 1. Primer pairs used for ss-cDNA and ds-cDNA probe synthesis
and for in situ RT PCR.

Primer pair Primer forward Primer rewers

LeCel7
LeCel8

5’-gattcattcaaacaaagagcggaag 5’-gcattgccaaagaaggtaaagatg
5’-tggtcacagcggttacaatc 5’-cgattgcaggtgaagcagtgtg
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bes were generated by adding one of the primer pairs and 1
pl of the 1st RT PCR product into PCR mixture. Reactions
were performed on a MJ Research PTC-100 thermal cycler
using the following PCR profile: 1 cycle at 95°C for 5 min
followed by 35 cycles of 30 s at 95°C, 30 s at 54°C, and 50
s at 72°C, followed by 7 min at 72°C. The probes were pu-
rified from unincorporated nucleotides with a Mini Quick
Spin DNA Columns (Roche). Products were analysed on
1.5% agarose gel.

In situ hybridization and in situ RT PCR followed
by hybridyzation

For in situ hybridization, rehydrated tissue sections were
pretreated with Proteinase K (2 pg/ml) in 0.05 M Tris pH
7.5 at 37°C for 20 min. After washing, sections were dehy-
drated in a graded ethanol series, and air dried. Hybridiza-
tion solution (50% formamide, 10% dextran sulphate, 250
ng/ml tRNA, 100 pg/ml Poly (A), 0.3 M NaCl, 0.01 M Tris
(pH 7.5), 1 mM EDTA, 1xDenhard’s solution, 0.01 DTT)
was supplemented with 2 pg/ml DIG-labeled ss-cDNA an-
tisense or sense probe. Slides were sealed and kept overni-
ght at 42°C. Afterwards section were washed in 2xSSC
(saline-sodium citrate buffer, pH 7.2) for 15 min at 42°C,
once in 1XSSC at 42°C, followed by 3 washes with sterile
distilled water for 1 min. Hybridized DIG-labeled trans-
cripts were immunolocalized with Fluorescent Antibody
Enhancer for DIG Detection (Roche). Slides were air dried
and mounted with Immuno-Fluore Mounting Medium
(ICN). Slides were viewed using an AX70 Provis micro-
scope (Olympus, Japan) equipped with a U-M61002 fluo-
rescence filter set.

For in situ RT PCR slides were rehydrated, digested with
Proteinase K and dehydrated again as described above.
Pre-treated slides were treated with RNase free DNase I so-
lution (1 kU/ml Dnase I, (Roche), 100 mM sodium acetate
buffer pH 5.5, 5 mM MgSO,) overnight at 36°C. In situ RT
PCR were performed with a Titan One Tube RT PCR Kit
(Roche) supplemented with primer pairs LeCel7 and Le-
Cel8 (600 nM each) (Table 1) and 1xSelf-Seal Reagent
(M1J Research). The RT PCR cycles were as follows: rever-
se transcription for 45 min at 50°C, followed by 45 cycles
of 45 s at 94°C, 30 s at 54°C, 1min at 68°C. Slides were
kept for 10 min at 68°C, for 1 min at 92°C and stored at
4°C. Before hybridization, slides were washed with 2xSSC
for 5 min. Hybiridization solution (described above) was
supplemented with 1 pg/ml of DIG labeled ds-cDNA probe
and dispensed onto slides containing sections. Slides were
sealed and kept for 10 min at 85°C for denaturation of am-
plified cDNA and DIG-labeled ds-cDNA probes. Hybridi-
zation, posthybridization treatment and immunodetection
were performed as described above.

Antibodies production

The pBAD/Thio-TOPO expression system (Invitrogen)
was used for the production of LeCel7 and LeCel8 recom-
binant protein for immunization of chicken (Laboratory of
Nematology, Wageningen). Recombinant proteins consi-
sted of 70 amino acid fragment (~7 kDa) of LeCel7 and
LeCel8, thioredoxin (11,2 kDa) and V5/His peptide. The
amino acid sequence of LeCel7 recognized by IgY antibo-
dies: 237 LLR ATNDISYLNL INTLGANDVP DL-
FSWDNKYA GAHVLMSRRS VVGNDNRFDS FKQRA-
EDFVC KVLPNSPY 308. Antibodies against LeCel8 re-
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cognised 70 amino acid fragment of a putative cellulose
binding domain at the C terminus: 543 alngkty yrysavvtnk
sgktvknlkl sivklygplw gltkygnsfi fpawlnslpa gkslefvyih tas
614. IgY antibodies were precipitated from the yolk by
PEG 6000 and affinity-purified on a HiTrap IgY column
(Amersham/Pharmacia). Antibodies against LeCel7 were
additionally raised in rabbit. The amino acid sequence of
the peptide antigen PNQNDFFPDERTDYS was combined
with the KLH. The antigen-KLH complex was injected in-
to a rabbit (Genosys, Sigma). Obtained antiserum was puri-
fied with the Protein A Antibody Purification Kit (Sigma).

Immunolocalization for light and electron microscopy

Sections for light microscopy observations, after resin re-
moval with acetone, were incubated in a blocking solution
(5% non-fat dried milk in 0.01 M PBS (150 mM NacCl, 2
uM KH,PO,, 8 uM Na,HPO, pH 7.3) for 1 h at room tem-
perature. Afterwards sections were incubated in the prima-
ry antibody solution (IgY anti-LeCel7 and anti-LeCel8 di-
luted 1:10 or 1:20 in PBS, IgG anti-LeCel7 1:10) for 2 h at
room temperature. As a negative control, primary antibo-
dies were replaced by the pre-immune serum from chicken
or rabbit. After washing in PBST (0.05% Tween 20 in
PBS) sections were incubated for 1 h with the secondary
antibodies: anti IgY conjugated to the Alexa Flour 488
(Molecular Probes), anti IgG conjugated to the fluorescein
isothiocyanate (FITC) (Sigma). The sections were washed
as described above and stained with 1 pg/ml DAPI for 5
min, with 0.01% toluidine blue for 5 min. Slides were exa-
mined as described above for in situ analysis.

Material embedded in LR White resin was cut into ultra-
thin sections and mounted onto the nickel grids, previously
coated with formvar. Grids were incubated on drops of fol-
lowing solutions: the blocking solution, the primary antibo-
dies and the washing solution as described above. After
washing, sections were incubated with the secondary anti-
bodies anti IgY and IgG, conjugated to the colloidal gold:
18 nm and 10 nm respectively in diameter. The excess of
the antibodies was removed by washing in PBST. Sections
were stained for 10 min in 2% water solution of uranyl
acetate. Afterwards grids were intensively washed with
water and air-dried. The sections were examined using
Phillips Morgagni transmission electron microscope equip-
ped with the digital camera Morada.

RESULTS

Cell wall modifications in developing syncytia

A first evidence of modifications of cell walls in the de-
veloping syncytia occurred very early, after initiation of
a syncytium. After the invasion of the tomato roots, larvae
of potato cyst nematode (PCN, G. rostochiensis) induced
syncytia in the cortex (Fig. 1A) and pericycle. First ope-
nings in a cell wall, between initial syncytial cell (ISC) and
adjacent cells, were formed by the gradual widening of the
plasmodesmata (Fig. 1C). Protoplasts of the incorporated
cells and syncytium fused (Fig. 1A). During early stage of
the development of the syncytium, a column of cells was
sequentially incorporated towards the vascular cylinder. At
three days post infection (dpi) syncytium reached the va-
scular cylinder and changed the direction of its develop-
ment. The syncytium continued to expand in both direc-
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Fig. 1. Cell wall modifications in the developing syncytium.

A — syncytium (S) 1 dpi composed of cells derived from the cortex, connected by cell wall openings (arrow heads). A feeding plug (curved arrow) is visi-
ble in the initial syncytial cell (ISC). B — fragment of the inner syncytial wall (3 dpi), boundary formations (BF) filled with an fibrilar material. Active
Golgi apparatus (GA) produce numerous Golgi vesicles (short arrows). C — widened plasmodesmata in syncytium 2 dpi (arrow heads). Cisternae of ER in
the close vicinity to the altered plasmodesmata. D — numerous boundary formations (BF), filled with fibrilar material, formed by syncytial wall (5 dpi), ad-
joining xylem vessels (X). E — fragment of the inner syncytial wall (3 dpi), visible opening formation (arrow head). Cell wall stubs are associated by boun-
dary formations (BF). F — cell wall ingrowths (arrows) in the 14-day-old syncytium located at the outer syncytial wall facing xylem vessels (X). G — cell
wall fragments (CW) inside 5-day-old syncytium (S) delineate original cell boundaries. H — cross section through syncytium 14 dpi, close to the nematode
head (Ne). Thickened syncytial wall pointed with arrows.

BF — boundary formations; C — cortex; CW — cell wall; dpi — days post induction; ER — endoplasmic reticulum; GA — Golgi apparatus; ISC — initial syncy-
tial cell; S — syncytium; X — xylem vessels.

Bars: 50 pm in (H); 10 pm in (A), (G); 2 pm in (F); 1 pm in (C), (E), (D); 0.5 pm in (B).
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tions along the vasculature. The vascular parenchyma and
pericycle cells adjacent to the xylem and phloem were in-
corporated. The breakdown of the cell walls occurred only
only after incorporation of the cell into the syncytium. The
formation of openings at plasmodesmata occurred only in
the 1-day-old syncytia. In the young developing syncytia,
the wall openings were formed without the involvement of
the plasmodesmata (Fig. 1E). Degradation started from
both sides of the cell wall. In the cytoplasm, the short ci-
sternae of rough ER were accumulated. The processes of
the degradation of the cell wall were accompanied by the bo-
undary formations (paramural bodies), filled with fibrilar
material (Fig. 1E). Remnants of the inner cell wall often de-
lineated the shape of the original cell (Fig. 1G).

The expansion of the syncytium occurs due to local de-
gradation of a cell wall and protoplast fusion. During the
early stages of the syncytium development, up to 5 dpi,
new cells were intensively incorporated. After reaching the
vascular cylinder, new cells were incorporated only in the
distal parts of the feeding structure. The incorporated cells
changed their structure and function. In the 3-day-old syn-
cytia, the syncytial elements were slightly enlarged. About
14 dpi, the final size of the feeding structure was establi-
shed (Fig. 1H). Functional plasmodesmata were not obse-
rved in the outer syncytial wall. Occasionally, a single pla-
smodesmata occurred between the syncytium and the sieve
elements, which were filled with an electron-dense material.

Locally significant thickening of the syncytial wall was
observed. During the syncytium development, the outer
syncytial walls, especially those adjacent to the head of the
nematode, became thickened (Fig. 1H). Thickening was al-
so observed in the fragments of the cell wall inside the syn-
cytia. In the young syncytia, up to 3-day-old, the outer syn-
cytial walls and wall fragment had the smooth surface. In
the-older syncytia, from 3-day-old onwards, boundary for-
mations, containing fibrilar material, appeared at the wall
fragments and inner surface of the syncytial wall. Frequen-
tly these structures were associated with thickening of the
syncytial walls (Figs 1B and 1D). Numerous diotyosomes
and Golgi-derived vesicles were associated with the bio-
synthesis of the syncytial wall. Elaborate thickening occur-
red in the syncytial wall adjacent to the xylem. In the 5-
-day-old syncytia, we observed a regularly thickened syn-
cytial wall adjoining the xylem, associated with numerous
boundary formations (Fig. 1D). From 5 dpi onwards, the
thickening was less regular and the deposition of newly
synthesised cell wall polymers led to the formation of
a cell wall ingrowth. In the 14-day-old syncytia, the cell
wall ingrowths were well developed and formed complex
labyrinth (Fig. 1F). In the close vicinity, numerous mito-
chondria and ER were localized. Elaborate ingrowths were
not always formed; however, pronounced thickening was
usually observed.

In situ localization of LeCel7 and LeCelS8 transcripts
in PCN-infected tomato roots

In order to determine spatial and temporal expression
patterns of LeCel7 and LeCelS, we used two methods, na-
mely in situ hybridization and in situ RT PCR followed by
hybridization. In the non-infected roots, both endoglucana-
ses could be detected in cytoplasm of root cap cells (Figs
2A and 2B). LeCel8 transcripts were also detected in late-
ral root primordia (Fig. 2C). The expression levels of Le-
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Cel7 and LeCel8 in the 3-day-old syncytia were similar
(Figs 2D and 2E, respectively). However, the up-regulation
of LeCel7 occurred earlier, in the 1-day-old syncytia (data
not shown). In the young syncytia, transcripts of LeCel7
and LeCelS were regularly distributed in the syncytial cyto-
plasm and cells neighbouring the syncytium. The expres-
sion pattern of LeCel7 remained at the same level in the 5-
-day-old (Fig. 2F) as well as in the 14-day-old syncytia
(Fig. 2H). Fluorescent signal was clearly visible in the syn-
cytial cytoplasm along the inner surface of the syncytial
wall and wall fragments. In the 5-day-old syncytium, mRNA
of LeCel7 was detected in-older, cortex-derived part of the
syncytium as well as in its younger part, which was locali-
zed in the vascular cylinder (Fig. 2F). However, the distri-
bution of LeCel8 transcripts changed during the develop-
ment of the syncytium. On longitudinal sections of 5-day-
-old syncytium, the strongest LeCel8 transcript signal was
observed in a younger part of the feeding structure, localized
in vascular cylinder (Fig. 2G). Only a weak signal was pre-
sent in an-older part of the syncytium, close to the nematode
head. In the 10-day-old syncytium, the strongest LeCelS
transcript signal was detected in a distal part of the feeding
structure and cells neighbouring the syncytium (Fig. 2I). As
a negative control, hybridization with sense probe for
LeCel7 and LeCel8 was performed. We did not observe any
signal on sections of the syncytia (data not shown).

Immunolocalization of LeCel7 and LeCel8
in PCN-infected tomato roots

In this study, we investigated whether RNA expression
correlated with protein accumulation or distribution. A lo-
calization of LeCel7 protein was performed using two ty-
pes of polyclonal antibodies, against a different part of this
protein and raised in chicken and rabbit. To localize Le-
Cel8 protein, we used polyclonal antibodies raised in chic-
ken. Immunolabeling with anti-LeCel7 and anti-LeCel8
performed on longitudinal sections of young, 3-day-old
syncytia revealed a similar distribution pattern of both en-
zymes. The signal of LeCel7 and LeCel8 was highly syn-
cytium-specific. In case of LeCel7, signal was observed
earlier in the 1-day-old syncytia. In 3-day-old syncytia
a strong signal of green fluorescence was regularly distri-
buted in cytoplasm along syncytial walls (Fig. 3A). To the
contrary, LeCel8 was detectable in the 3-day-old syncytia,
but the signal was weak and not regularly distributed (Fig.
4A). The observed distribution of the LeCel7 and LeCel8
proteins within syncytia was associated with the distribu-
tion of transcripts. The labeling intensity substantially in-
creased up to 10-day post infection. The differences in the
labeling pattern within the syncytia were clearly visible for
both enzymes in the 7-day-old syncytia. In the cortex-deri-
ved part of the syncytium, a signal of LeCel7 became wea-
ker but was intensive in the distal part, composed of newly
incorporated cells (Fig. 3F). In case of LeCel8 on a section
of distal part of syncytium along xylem vessels, syncytial
cytoplasm was also intensively labeled (Fig. 4C). In the
10-day-old syncytia, in syncytial elements derived from
cortex, the LeCel8 signal became weaker (Fig. 4E). Anti-
bodies anti-LeCel7 raised in rabbit additionally revealed
the presence of this enzyme in the syncytial wall (Fig. 3G).
As a negative control, the sections were incubated with
pre-immune sera. Both sera did not give any unspecific si-
gnals (Fig. 3D).
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Fig. 2. In situ hybridyzation (A-C), (F), (H), (I) and in situ RT PCR followed by ISH (D), (E), (G) of LeCel7 and LeCel§ mRNA in non-infected and

PCN-infected tomato roots.

In the non-infected tomato roots, mRNA of LeCel7 (A) and LeCelS (B) is localized in cytoplasm of the root cap cells. (C) Transcripts of LeCel8 detected

in the lateral root primordia.

On longitudinal sections through a PCN-induced syncytia 3 dpi (D), 5 dpi (F), 14 dpi (H) transcripts of LeCel7 regularly distributed in syncytial cytoplasm
along the inner surface of the cell wall. Transcripts of LeCelS in 3 dpi (E) also detected in a thin layer of cytoplasm of the syncytial elements and cells nei-
ghbouring syncytium. (G) Syncytium 5 dpi — LeCel8 mRNA level decreased in the cortex derived part of the syncytium, remains at higher levels in the di-
stal part (red arrow). (I) Syncytium 10 dpi — fluorescent signal of LeCelS mRNA present only in the distal parts of syncytium

dpi — days post induction; N — necrosis; Ne — nematode; S — syncytium; X — xylem.

Bars: 50 pm in (A), (B), (G), (H) and 30 pm in (C), (D), (E), (F), (I).

In order to determine subcellular localization of LeCel7
and LeCel8, immunogold labeling was performed. The la-
beling pattern was similar for both enzymes and was con-
stant during development of the syncytium. The LeCel7
and LeCel8 proteins were localised within and in close
proximity to the endoplasmic reticulum (Figs 3B and 3C,
and Fig. 4B). The short cisternae of rough ER were distri-

buted along the syncytial wall. We could observe that simi-
lar ER structures in cells neighbouring syncytium were free
of gold particles (Figs 3B and 4B). Locally, the proteins of
LeCel7 were regularly dispersed in the syncytial cytoplasm
(Fig. 3F). In case of LeCel8, intense labeling was associa-
ted with the tubular and fibrilar structures in close vicinity
of the inner wall layer, but no labelling was observed in the



Vol. 77, No. 1: 5-15, 2008 ACTA SOCIETATIS BOTANICORUM POLONIAE 11

Fig. 3. Immunolocalization of LeCel7 in developing syncytium, using polyclonal IgY antibodies (A-F) and IgG (G-I).
On longitudinal semi-thin sections of syncytium 3 dpi (A) and 7 dpi (E) detection of LeCel7 with the use of IgY antibody was performed — enzyme detec-
ted only within syncytial cytoplasm (G) Detection of LeCel7 with the use of IgG antibodies — LeCel7 present in the syncytial wall (14 dpi) and the syncy-

tial cytoplasm.

Immunogold labeling demonstrated presence of LeCel7 within and around ER in the developing syncytium 3 dpi (B), (C) and 7 dpi (I). IgY antibodies re-
cognized LeCel7 only within cytoplasm of syncytial elements — 14 dpi (F). IgG antibodies demonstrated presence of LeCel7 on the inner surface of the

syncytial wall — 7 dpi (H) and ER (I).

(D) Negative control. Sections of 3 dpi syncytium were incubated with pre-immune serum from chicken eggs.
CC — companion cell; CW — cell wall; dpi — days post induction; ER — endoplasmic reticulum; Ne — nematode; S — syncytium; SE — sieve tube.

Bars: 50 pm in (E); 30 pm in (A), (D), (G); 0.5 pm in (B), (C), (F), (H), (I).

syncytial wall (Figs 4D and 4F). Antibodies raised in rabbit
recognised the LeCel7 protein not only in paramural cyto-
plasm and ER structures (Fig. 3I), but also revealed the
presence of LeCel7 in close proximity to cell wall fibrils,
along the inner surface of the syncytial wall (Fig. 3H).

DISCUSSION

Our data confirmed that cell wall restructuring is neces-
sary for expansion of a syncytium, although there is still
much that remains unknown. These modifications are indu-
ced by a nematode more likely by manipulation of plant
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Fig. 4. Immunolocalization of LeCel8 in the developing syncytia, using polyclonal IgY antibodies.
On longitudinal sections through 3 dpi syncytia low levels of LeCel8 were detected (A). In-older syncytia 7 dpi (C) and 10 dpi (E) higher levels of LeCel8

were observed in the syncytial cytoplasm.

Immunogold labeling demonstrated similar distribution of LeCel8 in the syncytial cytoplasm of developing syncytia 3 dpi (B) 7 dpi (D) 14 dpi (F). Gold
particles associated with ER tubules (B) and tubular and fibrilar structures (arrow heads) (D), (F), localized in the layer of cytoplasm close to the inner sur-

face of syncytial wall.

CW — cell wall; dpi — days post induction; ER — endoplasmic reticulum; S — syncytium; X — xylem.

Bars: 50 pm in (E); 30 pm in (A), (C); 0.5 pm in (B), (D), (F).

genes at transcriptional or even translational level rather
than directly by nematode secretions (reviewed by Davis et
al. 2004). The process of the development of a syncytium
is well documented. The complex pattern of cell wall mo-
difications in the developing syncytium includes cell wall
degradation, cell expansion, and thickening (Jones and
Northcote 1972; Grundler et al. 1998). Syncytium expan-
sion is possible only when local degradation of the cell
wall occurs. Subsequent fusion of protoplast results in
a multinuclear cell complex. In 2-day-old syncytia, we ob-
served gradual widening of plasmodesmata and progressi-
ve formation of openings. Our results are in agreement
with observations described by Grundler et al. (1998).
They observed fully developed openings 18 h after initia-
tion of a syncytium by H. schachtii in A. thaliana roots. In-
creasing volume of cytoplasm, proliferation of organelles

and ribosomes, and intensive synthesis of numerous prote-
ins led to hypertrophy of syncytial elements. We observed
that process of syncytium enlargement was the most inten-
sive from 3 to 14 days post induction. During this time, the
syncytial wall underwent extension and thickening; there-
fore, cell wall components were intensively biosynthesised.
Our results demonstrated that numerous Golgi-derived ve-
sicles, and short cisternae of rough ER were associated
with processes of rebuilding the syncytial wall. These
organelles are involved in the synthesis of hemicellulose
and pectin polysaccharides as well as in the glycosylation
of cell wall structural proteins (Scheible and Pauly 2004).
We observed that appearance of invaginations of the pla-
smalemma, filled with fibrilar material, was the initial step
of the differentiation of a syncytial wall. These boundary
formations probably contain matrix material polysacchari-
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des. Rice et al. (1985) suggested that boundary formations
play a role in thickening of a cell wall. Presence of bounda-
ry formation during formation of openings could be asso-
ciated with removal of cell wall polysaccharides form wall
stabs as well as with deposition of cell wall polysacchari-
des to form rounded wall stabs. We suggest that these
structures may be implicated in progressive thickening of
wall fragments. Deposition of a cell wall material can be
locally highly elaborated. In the 10-day-old syncytia, well
develop finger-like ingrowth were observed. These cell
wall structures are usually typical for transfer cells, like
companion-cell transfer cells (reviewed by Offler et al.
2002). Transfer cells may be involved in symbiotic asso-
ciations such as mycorrhizal (Allaway et al. 1985) and rhi-
zobium nodules (Berry et al. 1986), but also in plant-para-
site interactions. Within a syncytium, cell wall ingrowths
are localized against vessels and close (but not next to) the
nematode head. In distal part of the-older syncytium, walls
may be significantly thickened. Jones and Northcote
(1972) suggested that cell wall ingrowths facilitate transfer
of xylem sap into syncytium. Cell wall ingrowths are for-
med as a result of nematode demand for nutrients. The en-
larged surface of plasmalemma intensifies short distance
transport of solutes from apoplast into syncytial cytoplasm.
Our observations demonstrating numerous mitochondria
and ER in close vicinity of the ingrowth are in agreement
with Jones and Northcote’s (1972) documentation. In deve-
loping syncytium extension of syncytial wall is accompa-
nied by its intensive thickening. Cosgrove (2005) reviewed
models of the growing wall. In one of these models, enzy-
me-catalysed modifications of xyloglucan are considered
as a key process required for wall expansion during the cell
growth. Endoglucanases are one of the enzymes that proba-
bly act on xyloglucan and are up-regulated during elonga-
tion of plant cells (Wu et al. 1996; Catala et al. 1997).
EGases are encoded by a large, multigene family, which in
tomato consists of at least eight members. Furthermore, en-
doglucanases are involved in disassembly of a cell wall
(Lashbrook et al. 1994), but also in the biosynthesis
(Molhgj et al. 2002).

In this paper, we studied the distribution of the LeCel7
and LeCelS transcripts and proteins. So far, the activity of
hydrolases within syncytia was demonstrated by the cyto-
chemical techniques (Grundler et al. 1998). Goellner et al.
(2001) observed significant up-regulation of three endoglu-
canases, NtCel2, NtCel7, and NtCel8, in a syncytium as
well as in giant cells. The presence of NtCel7 and NtCel8
mRNA in both types of feeding sites suggested that these
enzymes play a role in cell wall modifications that occur in
the syncytia and giant cells. Based on their results, the au-
thors suggested the involvement of NtCel7 and NtCel8 du-
ring the cell wall elongation and thickening but not during
the cell wall dissolution, which did not occur in giant cells.
Recent studies on tomato roots infected with potato cyst
nematode have revealed a high expression level of two
EGases, LeCel7 and LeCel8 (Karczmarek 2006). So far,
the distribution of plant endoglucanase proteins in roots in-
fected with plant parasitic nematode was not investigated.

Our observations of the LeCel7 and LeCel§8 expression
are consistent with Goellner’s results. In situ hybridization
experiments and immunolabeling showed that the expres-
sion patterns of LeCel7 and LeCel8 were spatially overlap-
ping and occurred in the same syncytium region. Trans-
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cripts of both enzymes were distributed within syncytial
cytoplasm and neighbouring cells. However, LeCel7
expression was observed already in the 1-day-old syncytia,
while LeCel8 was detectable in the 3-day-old syncytia. De-
tection of LeCel7 mRNA in an initial syncytial cell and du-
ring intensive incorporation of new cells suggested that this
enzyme could be involved in cell wall degradation. Howe-
ver, further analysis with antibodies revealed that LeCel7
protein was distributed mainly along the inner surface of
the syncytial wall and was associated with rough ER, fibri-
lar, and tubular structures localized in close vicinity of the
syncytial wall. We observed a distribution pattern of the
LeCel7 protein that suggests involvement of this enzyme in
enlargement of syncytial elements. Our results are in agree-
ment with previous reports. A similar subcelluar distribu-
tion of endoglucanase was observed in growing pea epico-
tyls stimulated with auxin 2,4-D (Bal et al. 1976). Moreo-
ver, Bal et al. (1976), with the use of cytochemical techni-
ques, demonstrated that most of the hydrolytic activity was
associated with the inner surface of the cell wall. It is alrea-
dy well known that the LeCel7 expression is auxin-induci-
ble (Wu et al. 1996; Catala et al. 1997). Up-regulation of
this enzyme was detected mainly in a rapidly expanding
vegetative tissue and in a developing tomato fruit (Catala
et al. 1997). Goverse et al. (2000) revealed that auxin-me-
diated the induction and morphogenesis of a syncytium. In
diageotropica (dgt) tomato mutant — auxin insensitive — the
development of a feeding site was significantly inhibited,
and only few, half-size females could develop. This reac-
tion was similar to that usually observed on the nematode
resistant plants, where only males develop. Karczmarek et
al. (2004) observed activation of a DR5 auxin-responsive
promoter element 18 h after syncytium induction. It has be-
en suggested that auxin-inducible EGases might be invo-
Ived in the regulation of cell elongation by generating xy-
loglucan oligosaccharins (Darvill et al. 1992) or cleaving
xyloglucan chains that coated cellulose microfibriles (Rose
and Bennett 1999), or even hydrolyzing free ends of newly
incorporated xyloglucans (Catala et al. 2000).

Detection of LeCel8 transcripts and proteins in the 3-
-day-old syncytia, which might be composed of approxi-
mately 100 cells (Sobczak et al. 2005), suggests that this
enzyme plays no role in the formation of cell wall ope-
nings. However, with the use of the IgY antibodies, we could
observe the distribution of the LeCel8 protein only within
the syncytial cytoplasm. Immunolabeling patterns, obtai-
ned after immunolocalization with the use of chicken anti-
bodies against LeCel7 and LeCel8, were similar for both
enzymes. However, in contrast to LeCel7, LeCel8 contains
a putative cellulose binding domain (CBD). The biochemi-
cal function and substrate specificity can be distinct for en-
zymes with and without the CBD. It was suggested that the
enzymes with CBD can act on glucan chains of cellulose,
and xyloglucan coating the cellulose microfibrils (Trainotii
et al. 1999). Activity of these enzymes would cause weake-
ning of mechanical properties of the cell wall. Little is
known about hormone regulation of the LeCelS expression.
cDNA of LeCel§ was isolated from tomato hypocotyls
(Catala and Bennett 1998). Other known endoglucanases
with CBD were detected during vegetative growth of
strawberry fruits and in other green tissues (Trainotti et al.
1999). Our results demonstrated that LeCel8 and LeCel7
were involved in formation of a syncytium. After incorpo-
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ration into syncytium, the cells progressively became en-
larged. The presence of LeCel7 in the young syncytia sug-
gests its role in extension of the cell wall. Enlargement of
the syncytial elements and growing osmotic pressure wi-
thin syncytia is compensated by thickening of the syncytial
wall. The presence of LeCel8 in the 3-day-old syncytia
suggests that this enzyme may be involved in thickening of
the syncytial wall, but also in its extension. Because anti-
bodies against LeCel8 recognised a fragment of the CBD,
we expected its presence in the cell wall. We can only spe-
culate that within syncytia they act on polysaccharides of
the cell wall matrix, prior to its deposition into the syncy-
tial wall. It is also possible that LeCel8 proteins, which are
localised in the cell wall, are not accessible for antibodies.
Although we did not observe LeCel8 proteins in the syncy-
tial wall, we suggest that LeCel8 may be involved in pre-
paring cell wall regions for deposition of cell wall compo-
nents.

During expansion, the syncytial wall must be strong eno-
ugh to withstand the internal pressure of growing proto-
plast, but flexible enough to grow: synthesis, softening and
maturation must be co-ordinated. These complex processes
of modifications of the cell wall in the developing syncytia
require activity of several different types of plant cell wall
modifying enzymes. So far not only EGases were detected
within syncytia. Pectin methylestherases were found to be
up-regulated in and around syncytia and giant cells (Ver-
cauteren et al. 2002). In syncytia induced by soybean cyst
nematode (H. glycines), expression of polygalacturonase
genes was detected (Mahalingam et al. 1999). Genes of
o and P expansins are also activated. LeEXPS is up-regula-
ted in syncytia induced by G. rostochiensis in tomato roots
(Sobczak et al. 2002). Recently also B expansins, S/-
EXPBI, SI-EXPB2, and SL-EXPAI, were detected in deve-
loping syncytia (Kudla 2006).

Our data confirmed that genes of plant endoglucanases
are activated during formation of feeding sites in different
host plant-parasitic nematode interaction. Their up-regula-
tion in giant cells (Goellner et al. 2001) as well as in syn-
cytia suggests that LeCel7 and LeCel8 may play a role in
cell wall modifications that occur during formation of both
types of nematode feeding sites, for example during cell
wall extension and thickening. We suggest that LeCel7
may be involved in extension of syncytial cell, because of
its regular distribution along the inner surface of syncytial
wall. Although we did not localize LeCel8 in syncytial
wall, based on our observations, we propose that LeCel8
also play a role in syncytial wall rebuilding during cell wall
extension or/and thickening.
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