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Ultrastructural changes and immunocytochemical localization
of the elicitin quercinin in Quercus robur L. roots infected
with Phytophthora quercina
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We report on the growth pattern of the root rot pathogen Phytophthora quercina in roots of oak seedlings and
on the localization of its elicitin quercinin. Some hours after infection, the pathogen was mainly found in
the intercellular spaces of the cortical parenchyma. Some parenchyma cells were also invaded by P. quercina
and the plasmalemma of those cells as well as of neighbouring cells separated from the cell wall.
Transmission electron microscopy studies proved that P. quercina penetrated the cell walls forming
haustorial-like structures in invaded cells. These structures and cell wall appositions were covered with
electron dense material.

Immunofluorescence investigations in combination with a specific anti cryptogein antibody clearly
showed that the P. quercina elicitin quercinin was located within the hyphal cell wall and seems to be
released into invaded cells. In addition, immunogold labelling showed that quercinin was found in the
intercellular spaces as well as in penetrated cells. Finally, we demonstrated with ELISA that quercinin was

produced by the pathogen in infected tissue during the whole growth phase.

© 2002 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Phytophthora species attack numerous economically
important crop and woody plants [//]. Recently Jung
et al. [18, 19] and Cooke et al. [6] identified Phytophthora
quercina as a new species that is strongly involved in oak
decline on sites with a mean soil pH above 3-5 and sandy-
loamy to clayey soil texture. Isolations from fine roots and
rhizosphere soil samples demonstrated the widespread
occurrence of Phytophthora species including P. quercina
all over Europe [13, 18]. Soil infection tests showed that
P. quercina and P. cambivora were the most aggressive
species towards roots of young oak (Quercus robur L.)
plants [17].

The symptoms of plants infected with different
Phytophthoras include leaf discoloration and severe
wilting of leaves. Several investigations on physiological
parameters demonstrate that photosynthesis, transpira-
tion and hydraulic conductivity are significantly reduced
after infection by Phytophthora [8, 24, 27]. The authors
concluded that the weak physiological activity observed
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in the leaves of infected plants could be due to the loss of
fine roots, plugging of xylem pit membranes by tyloses,
Phytophthora mediated hormonal imbalance or to toxins
released by the root pathogen.

Recently Heiser et al. [14] have proven that P. quercina
released the elicitin quercinin in liquid culture, as has
been shown for numerous other Phytophthora species
[35, 37]. The molecular weight of quercinin of about
10 kDa [7/4] 1s similar to the molecular weights of other
[27]. Kamoun et al. [2]] investigated 352
Phytophthora isolates representing 13 species which
were shown to produce 10 kDa elicitins. On the basis of
their amino acid sequences, their isoelectric points and
their effects on tobacco plants, elicitins are grouped into
two classes. The a-elicitins contain a valyl residue at
position 13 and exhibit an acidic isoelectric point,

elicitins

whereas basic f-elicitins carry lysine at position 13.
P. quercina was shown to produce elicitins with both acidic
and basic isoelectric points [/4]. It was demonstrated that
quercinin showed a high homology to cryptogein as it was
picked up by antibodies to cryptogein, the elicitin of
P. cryptogea on Western blots [/4]. Knowing this fact, we
could use anti cryptogein antibodies for the immunolo-
calization of quercinin in infected oak root tissue.
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When taken up by tobacco leaves, quercinin elicited
wilting, chlorosis and necrosis [/4] similar to the
observations of Csinos and Hendrix [7] on tobacco leaves
treated with cryptogein. Wendehenne et al. [35] proved
that specific binding sites for cryptogein, the elicitin of
P. cryptogea, are localized within tobacco plasma mem-
branes. Tavernier ef al. [28] and Pugin and Guern [25]
showed that early events induced by cryptogein in
tobacco cells are the stimulation of a plasma membrane
NADPH oxidase generating superoxide and the acti-
vation of glycolysis and the pentose phosphate pathway,
which generate NADPH. Cryptogein has also been
shown to catalyse the transfer of sterols between
phospholipidic membranes [23]. Thus, elicitins could
act as sterol carrier proteins and transfer sterols from
plant plasma membranes to the hyphae.

The aim of our investigations was to get information on
the growth of P. quercina in infected oak roots and to
localize the peptide quercinin in roots using immuno-
cytochemical techniques.

MATERIALS AND METHODS

Plant material and infection of roots with zoospores for
microscopic investigations

For all microscopic investigations, 4 week old seedlings of
Q. robur L. were used. P. quercina isolate Hag4/2 was
isolated from rhizosphere soil of diseased oaks in the field
[19]. The isolate was further cultivated on V8-Agar at
18°C. Before use, small pieces of mycelium of a V8-Agar
culture were transferred to new V8-Agar plates and
incubated at 18°C for 5 days. For the inoculation of
V8-liquid cultures small pieces of mycelium of the outer
part of these cultures were used. Erlenmeier flasks with
freshly prepared and autoclaved V8-medium were
inoculated with five pieces of mycelium each and
incubated for about 1 week at 18°C. The obtained
mycelium cultures were washed in distilled water and
incubated in filter-sterilized oak root exudate for 6-8 days
at 18°C to stimulate the formation of zoosporangia. The
root exudate had been obtained by incubation of oak
saplings in water for 3 days at room temperature. The
zoospores were released by the zoosporangia after
incubation at 4°C for 1 h in the dark and 24°C for
1/4 h under illumination. The zoospore suspension was
filtrated through four layers of mull under sterile
conditions. The density of zoospores was estimated with
a Sedwick Rafter S50 and adjusted to a concentration of
10 zoospores ml~! with autoclaved water. Oak roots were
infected by incubating the root tips in the zoospore
suspension for 5—7 days at 20°C. Roots of control plants
were kept in autoclaved water. For microscopic investi-
gations small root segments were cut with a razor blade
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about 1-1-5 cm above the root tips. Thus, we obtained
one root segment per root. For light microscope
investigations, we used the tap roots of four infected
plants and of four healthy control plants, respectively.
For immunocytochemical investigations we used four root
samples as uninfected controls, four as infected but
unspecifically treated controls and four as infected
specifically labelled samples. Of each root sample 5-10
sections were examined. In total we examined 20-40
sections per treatment. For immunogold-labelling exper-
iments, mycelium of P. quercina was obtained from isolates
growing on V8-Agar. Four samples of mycelium of one
V8-Agar disk were treated specifically and four samples
of the same disk unspecifically. Of each sample 5-10
sections were studied. Again we examined 20—40 sections
of each treatment in total.

Preparation of root tissue for light microscopy

Root tissue was fixed with 3% formaldehyde in
Phosphate Buffer Saline (PBS) for 2 h, washed in buffer
and dechydrated in graded series of ethanol. After
embedding in LR White acryl resin, semi-thin sections
were cut with a diamond knife and stained with 0-05 %
aqueous solution of toluidine blue for light microscopy.

Preparation of root tissue for transmission electron microscopy

Root tissue was fixed with 6 % glutaraldehyde in 50 mm
sodium cacodylate (pH 7-0) for 2 h, rinsed in buffer and
post-fixed with 2 % osmium tetroxide at 4°C overnight.
After washing in buffer and in distilled water, the samples
were stained with 1 % uranyl acetate in 20 % ethanol for
15 min, dehydrated in graded series of ethanol and
embedded in Spurr’s epoxy resin [26]. Ultrathin sections,
cut with a diamond knife, were transferred onto formvar
coated copper grids and stained with lead citrate.
Sections were examined in a Zeiss EM 10c transmission
electron microscope at 80 kV.

Immunolabelling for fluorescence microscopy

Root segments were fixed with 3% formaldehyde
(freshly prepared from paraformaldehyde) in PBS (pH
7-2) for 45 min. After washing in buffer, cross sections of
60 um were made with a microtome and rinsed in buffer.
To reduce unspecific labelling, sections were blocked with
100 mM glycine and 5 % goat normal serum, 1 % bovine
serum albumin (BSA, fraction V) both in Phosphate
Buffer Saline with 0-2 % Tween 20 (PBS-T) for 30 min.
For immunolocalization, sections were incubated with
anti-cryptogein rabbit serum diluted 1:500 in PBS
containing 0-5% BSA for 2 h at 37°C. Incubation of
non-infected roots with anti-cryptogein rabbit serum
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served as control. As a further control, infected roots were
incubated with preimmune rabbit IgG diluted 1:250.
Following washing in PBS-T and PBS the sections were
incubated with Cy3 labelled goat anti rabbit antibody
diluted 1:200 in PBS containing 0-5% BSA for 1 h at
37°C. After washing in PBS-T and PBS the sections were
viewed using a Zeiss axiophot microscope with filter
combination 546 nm exciter, 575 nm dichroic, 590 nm
emitter or with the laser scanning microscope (Zeiss
LSM 5) under a wavelength of 543 nm.

Immunolabelling for transmission electron microscopy

Root segments or pieces of mycelium of P. quercina grown
on V8-Agar were pre-fixed with 3% formaldehyde
(freshly prepared from paraformaldehyde) in PBS (pH
7-2). After 30 min the surfaces of the root segments or
mycelium samples were cut again with a very sharp razor
blade to open the first slightly fixed cell layer. Then the
segments were incubated in the same formaldehyde
solution once more for 30 min. Thus we obtained a
slightly fixed surface on each of our segments, the interior
of cells lying open. In this way, the aqueous solutions used
in the following procedure had access to apoplasts as well
as to the protoplasts of the first cell layer. All samples were
rinsed in PBS-T and unspecific binding sites were blocked
as described above. For immunolocalization, samples
were incubated with anti-cryptogein rabbit serum diluted
1:500 in PBS containing 0-5 % BSA at 4°C overnight.
Samples from non-infected roots incubated with anti-
cryptogein rabbit serum and infected roots incubated
with preimmune rabbit IgG diluted 1:250 served as
controls. Likewise control samples of mycelium were
incubated with preimmune rabbit IgG diluted 1:250.
Following washing in PBS-T and PBS, the samples were
incubated with gold-labelled goat anti rabbit antibody
(I nm gold labelled; British BioCell, U.K.) diluted 1:400
in PBS containing 0-5 % BSA for 1 h at 37°C. We used
small 1 nm gold labelled secondary antibodies because
these small particles were assumed to have a better access
to the root tissue than wusually used larger gold
conjugates. After washing in PBS-T and PBS, the samples
were post-fixed with 2% glutaraldehyde in PBS for
30 min and washed in distilled water. For visualizing the
1 nm gold particles at the electron microscope level, silver
enhancement was carried out with a silver enhancing kit
(British BioCell, U.K.) according to the manufacturer’s
instructions. Samples were thereafter dehydrated and
embedded in Spurr’s epoxy resin [26]. The preparation of
the embedded root samples for the ultramicrotome
(LKB) was performed without damage to the sample
surfaces. Thus ultrathin sections, cut with a diamond
knife on the ultramicrotome, were taken from the outside
tissue-layer. As one could assume a cell diameter of about
20 um and sections of 0-01 um were prepared, we
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obtained enough sections for our investigations of the
first cell layer lying open on the surface of the root
segments. The sections were transferred onto Formvar
coated copper grids, and stained with lead citrate.
Sections were examined in a Zeiss EM 10 transmission
electron microscope at 80 kV.

Quantification of hyphal growth and of quercinin using
ELISA-techniques

Four week old oak seedlings with tap-roots of about 10 cm
length were infected with zoospores of P. quercina isolate
Hag4/2 by incubating the root tips in a zoospore suspension
(10 zoospores ml~!) for 1-5 days at 20°C. The whole fine
root system (diameter 0—2 mm) was harvested from each
plant 1-5 days after infection. Samples were frozen in
liquid nitrogen, freeze dried and ground to powder.
Five mg of each sample were extracted with 1 ml of the
extraction buffer (50 mM carbonate buffer pH 9:-6) for
20 min on ice. Afterwards, the extract was centrifuged at
13 000 g for 5 min. One hundred ul of a 1:100 dilution of
each supernatant were used for the enzyme immunoassay.
P. quercina infection was quantified using the Agri-Screen-
Phytophthora detection Kit from Adgen (Agrifood
diagnostic, Scotland) following the instructions of the
manufacturer. The peptide quercinin was detected with
specific antibodies from rabbit raised against cryptogein in
combination with secondary anti rabbit antibodies from
goat conjugated with alkaline phosphatase. 4-nitrophenyl
phosphate disodium salt (Sigma 104 phosphate substrate)
was used as substrate. The absorbance was measured by an
ELISA reader at 405 nm.

RESULTS
Light microscopy

Fig. 1 shows healthy control roots of Quercus robur L.
(a) and roots infected with P. quercina (b) 5 days after
inoculation. Inter- and intra-cellular growing hyphae
could be found within the rhizodermis and cortical
parenchyma of all studied root sections. The plasma-
lemma of some cells was separating from the cell wall (*),
indicating severe loss of cell turgor. This observation was
made in all studied root sections. The percentage of cells
showing plasmolysis ranged from 5 to 80 % depending on
the intensity of infection. Compared to healthy tissue
[Fig. 1(a)], a thickening of cell walls could be observed in
infected tissue of about 50 % of all sections [Fig. 1(b)].
Even the endodermis, which forms a close-fitting cylinder
in healthy roots, was destroyed by the pathogen in all
studied root sections. In about 5% of all studied root
sections some hyphae were also found within xylem
vessels (data not shown).
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F1G. 1. Light microscopic studies of healthy and diseased oak roots infected with P. quercina 5 days after inoculation. (a) Cross

section of a healthy control root showing the rhizodermis (Rh) and parts of the cortical parenchyma (CP). Bar = 10 um. (b) Cross

section of an infected root demonstrating the growth of hyphae (H) of P. guercina. *, plasmalemma separating from the cell wall.
Bar =10 um.

Transmission electron microscopy

Fig. 2(a) shows an intercellular growing hypha contact-
ing a neighbouring host cell which reacted to this
stimulus by building a cell wall apposition at the opposite
site. This observation was made in about 10 % of cells
infected with the pathogen. Several vesicles were visible
within all penetrating hyphae, as it is shown in Fig. 2(b).
Electron-dense material (EdM) was deposited on to the
cell wall, which also covered the haustorial-like structures
[Fig. 2(b) and (c)]. This observation was made in all
studied sections and in about 90 % of all penetrating
hyphae. The electron dense material was first visible

where the hypha was contacting the host cell wall
[Fig. 2(a)] and seemed to be deposited on cell wall
appositions mainly formed close to the penetration site

[Fig. 2(d)].

Immunofluorescence labelling

Infected oak root samples were first incubated with the
primary anti-cryptogein antibody specific for quercinin
and finally with the Cy 3 labelled secondary antibody to
get information on the location of quercinin within
infected tissues. It turned out that quercinin was found
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within the cell walls of hyphae growing in the inter-
cellular space of the cortical parenchyma [Fig. 3(a)]. We
detected numerous fluorescing hyphae in all studied
sections of specifically marked infected root sections. Due
to the rather strong autofluorescence of the stele region,
specific fluorescence of hyphae could not be identified in
this area (data not shown).

Using a confocal laser scanning microscope, a more
detailed view was achieved. Again, only the hyphal cell
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wall of P. quercina growing in the intercellular spaces of the
cortical parenchyma was highlighted [Fig. 3(b)]. One
could get the impression that the pathogen released its
quercinin into the penetrated cell (white arrow). This
observation was made in three out of four experiments
when cross sections of infected root tissue were analysed.
Uninfected control tissue incubated with the specific
primary antibody in combination with the Cy 3 labelled
secondary antibody and infected tissue treated with

F1G. 2. continued over page.
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F1G. 2. Transmission electron microscopic photographs of an oak root infected with P. guercina 5 days after inoculation. (a) An
intercellular growing hypha (H) with vesicles (V) inside touches the cell wall of a plant cell in the cortical parenchyma. Where the
hypha gets in contact with the cell wall, papilla formation (P) is observed. An electron dense material (EdM) is deposited between
the cell wall and the plasmalemma (Pl). Bar = 2 pum. (b) Hyphae growing in the intercellular space (IS) are invading a plant cell of
the cortical parenchyma by penetrating the host cell wall (CW). Electron-dense material (EdM) is deposited. Bar =2 um.
(c) Detailed view of a hypha invading a plant cell of the cortical parenchyma with a layer of electron-dense material (EdM)
covering the haustorium-like structure. Mitochondria (M) are visible in the haustorial-like structure. Bar = 2 um. (d) Detailed view
of a hypha, growing in the intercellular space (IS), penetrating a host cell. Cell wall appositions (CWAP) are visible on which
electron-dense material (EdM) is deposited. Bar = 0-5 um. His = hypha within the intercellular space; Hp = hypha penetrating
the host cell.
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F1G. 3. Immunofluorescence investigations of roots infected with P. quercina in order to localize the P. quercina peptide quercinin 57
days after inoculation. The yellow fluorescence at a wavelength of 543 nm in (a) is due to the Cy3-marked secondary antibodies
localizing quercinin. In (b) this colour was changed by the software hooked up to the laser scanning microscope into red. The blue
colour shows the autofluorescence of the plant cell walls at the wavelength of 633 nm. Both pictures were superimposed to generate
(b). (a) Only hyphae, mainly growing in the intercellular space are highlighted (white arrows). Bar = 20 um. (b) Detailed view of
the cortical parenchyma infected with P. quercina using laser scanning microscopy. Only cell wall structures of P. quercina (PCW)
growing in the intercellular space are clearly highlighted. The peptide quercinin might be released into the host cell at the tip of the
penetrating hypha (white arrow). HCW = host cell wall. Bar = 10 pm.
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preimmune serum together with the same secondary
antibody did not show such specific fluorescence in the
cortical parenchyma (data not shown).
Immunofluorescence experiments were repeated four
times showing exactly the same picture as presented in

Fig. 3(a) and (b).

Immunogold labelling

In parallel to the immunofluorescence investigations,
samples were prepared for the transmission electron
microscope. In infected roots treated with anti-cryptogein
serum, quercinin could be localized with gold-conjugated
secondary antibodies. Silver enhanced gold particles were
attached to about 70 % of the cell wall structures of hyphae
which were found in the intercellular space [Fig. 4(c)].
Some gold particles were also observed on the outside of
the host cell wall adjacent to the intercellular growing
hyphae. Strong labelling was also found on the outside of
the hyphae growing within host cells of the cortical
parenchyma [Fig. 4(d)] and within infected protoxylem
vessels [Fig. 4(e)]. We obtained these results by about
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80 % of our studied root sections. Infected tissue treated
with pre-immune rabbit serum in combination with gold-
conjugated secondary antibody did not give such a specific
distribution of gold particles [Fig. 4(b)]. Uninfected
control root tissue treated with primary and secondary
antibodies did not show any gold particles [Fig. 4(a)]. All
cells were fully turgid. The structures of the cytoplasm, cell
organelles and nuclei were clearly visible.

As we wanted a further support for our results, we
investigated mycelium of P. quercina cultivated on V8-
Agar and prepared it for the electron microscope. Again
silver enhanced gold labelled particles were seen along
the hyphal cell walls [Fig. 5(a)]. This observation was
made in all sections and at least of 90 % of all investigated
hyphae. Mycelium incubated in control solution contain-
ing preimmune rabbit serum did not give such a specific
labelling [Fig. 5(b)].

Quantification of hyphal growth and of the peptide quercinin

In order to get information on hyphal growth and on
quercinin synthesis in infected roots, both were quantified

F1G. 4. Transmission electron microscopy in combination with
silver enhanced immunogold labelling in order to localize the
P. quercina peptide quercinin in infected oak roots 5 days after
inoculation. (a) Cross section of cortical parenchyma of a
healthy, not infected oak root. Turgescent cells with mitochon-
dria (M) and small intercellular spaces (IS) can be seen. This
tissue was treated with specific primary and secondary antibody
as it was done for the cross sections in (c—e). Bar =1 um. (b)
Cross section of a hypha (H) of P. gquercina growing in the
intercellular space (IS) of infected cortical parenchyma tissue.
This tissue has been incubated with preimmune serum in
combination with the secondary antibody conjugated with
I nm gold particles. Bar=1 um. (c) Intercellular-growing
hypha in the cortical parenchyma. This tissue has been treated
with primary and secondary antibodies. Silver enhanced gold
particles (SGP) are found on the outside of the hypha (H) and
on the outside of the cell wall of an adjacent host cell (HC).
Bar =1 um.
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F1G. 4. (d) Massive accumulation of silver enhanced gold particles (SGP) is also found around hyphae (H) within invaded cells,

mainly embedded in a matrix structure (MS). Bar =1 um. This tissue was treated with primary and secondary antibodies.

(e) Localization of silver enhanced gold particles (SGP) in protoxylem vessels (X) invaded by a hypha (H) of P. quercina.
Bar =1 um. This tissue was also treated with primary and secondary antibodies.
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F1G.5. Detection of quercinin in mycelium of P. quercina

(V8-agar culture) by silver enhanced immunogold labelling.

(a) Silver enhanced gold particles (SGP) are seen all over the

outer hyphal cell wall (PCW). Bar =1 um. (b) Cross section of

P. quercina hyphae incubated with preimmune serum in

combination with gold conjugated secondary antibody.
Bar=1 um.

using ELISA techniques. Fig. 6 shows that the patterns
for hyphal growth and for peptide synthesis were
comparable, proving that quercinin was released into
the tissue during the whole growth phase of the root
pathogen.

DISCUSSION

The aim of our investigations was to get information on
the growth of P. quercina in infected oak roots and to
localize the elicitin quercinin. In our pathosystem,
P. quercina formed inter- and intra-cellular growing
hyphae in the cortical parenchyma [Figs 1(b) and
2(b)]. The mode of penetration of root tissue by
P. quercina conforms with observations of other root
pathogenic Phytophthora species [34]. As demonstrated
in Figs 1(b), 2(b) and (c), the middle lamellae were
destroyed by intercellular growing hyphae. In hyphae
penetrating into host cells the accumulation of hyphal
cytoplasm became obvious [Fig. 2(b) and (c)]. Vesicles
merging with the hyphal plasmalemma were present in
these regions. Similar observations are reported by Boerja
et al. [2] for Picea abies infected with Pythium dimorphum.
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F1G. 6. Simultaneous quantification of P. quercina and of the
peptide quercinin in infected root tissue using ELISA. The root
rot pathogen P. quercina was quantified with the Phytophthora
Kit (Adgen) and quercinin with the anti-cryptogein rabbit
serum with ELISA techniques in infected fine root samples over
a time period of 120 h as mentioned in Materials and Methods.

By cytological means, it could not be decided, whether
the host cell walls were mechanically disrupted or
enzymatically dissolved. Nevertheless, as no obvious
disruption of cell walls at the point of penetration of
hyphae of P. quercina into oak root cells could be observed,
it seems likely [/], that extracellular enzymes of
Phytophthora might be involved.

In many cases, we observed the shrinkage of the
protoplasm which led to the separation of the plasma-
lemma from the plant cell wall. An example is shown in
Fig. 1(b) (asterisk). Finally, the cortical host cells
collapsed in the vicinity of hyphae [Fig. 1(b)]. There
are numerous investigations on the interaction of other
woody plants with several Phytophthora-species support-
ing our results [3, 12, 16, 29, 54].

Transmission electron microscopic —investigations
showed
around penetrating hyphae [Fig. 2(c)]. This could be

interpreted as the formation of an extrahaustorial matrix.

that electron-dense material was deposited

However, this electron dense material was found closely
attached to cell wall appositions in the whole cell even far
away from the penetration site [Fig. 2(b) and (d)].
Therefore, it might be part of a defence reaction.
Although the investigation of the nature of these deposits
was not the subject of the present study, the comparison
to other works on Phytophthora infections [#, /6] might
indicate the presence of phenolic-like materials. Other
cell wall appositions were found in the neighbourhood of
hyphae between the cell wall and the plasmalemma
[Fig. 2(a)]. These deposits were more or less electron-
translucent with some dark inclusions. Compared to
other investigations [0, 12, 30] callose might be involved
in the formation of these structures.
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Besides the investigations on the growth of P. quercina in
oak roots, we tried to localize the peptide quercinin in
infected tissue using immunofluorescence and immuno-
gold cytochemical techniques. In these experiments, we
used the primary antibody for cryptogein which was
shown to pick up quercinin [/4]. Previous work by Heiser
et al. [14] has demonstrated that P. quercina synthesized
quercinin in liquid culture and that quercinin was bound
by antibodies raised against cryptogein on Western-blots.
Five to seven days after infection, hyphae growing in the
intercellular spaces of the cortical parenchyma were
strongly highlighted by immunofluorescence staining
[Fig. 3(a)]. Using a confocal laser scanning microscope,
we demonstrated that only the cell wall of the pathogen
was stained [Fig. 3(b)]. Furthermore, immunofluores-
cence suggested that quercinin was released into the
invaded host cell [Fig. 3(b)]. Immunogold staining
techniques in each of the four experiments verified the
localization of the peptide along hyphal cell walls and its
release into the apoplastic space [Fig. 4(c)] as well as into
the cytoplasm of invaded cells [Fig. 4(d)]. We could show
that invading hyphae were surrounded by a gelatinous
matrix, as was observed by Coffey and Wilson [4] on
haustoria of Phytophthora infestans. A comparable gelati-
nous matrix was not observed in healthy root tissue.
Thus, this structure could either be part of a host defence
reaction or built by the hyphae. Quercinin could be
detected in relatively large amounts within this matrix
[Fig. 4(d)]. Other hyphae present on Fig. 4(d) showed
no labelling of cell walls. These hyphae possibly did not
produce quercinin at the time of preparation. The
P. quercina peptide was also found in the cell walls of
mycelium samples. This fact shows that the secretion of
quercinin by P. quercina is independent of the presence of a
host plant, as could be supposed by results of previous
investigations by Heiser et al. [/4] demonstrating the
secretion of quercinin in liquid culture.

The induction pattern of quercinin during the infection
process followed the growth of the pathogen during the
first 5 days after infection (Fig. 6). We do not yet know
whether the interaction between Q. robur L. and P. quercina
1s of compatible or incompatible nature. The occurrence
of defence reactions in response to infection observed in
our cytological studies could indicate incompatibility. On
the other hand, severe destruction of host root tissue could
be observed, which is generally a characteristic for
compatibility. Other investigations show that in potato
[20] as well as in tobacco plants [J] infected either with
P. infestans or with P. parasitica, the elicitin genes were
down-regulated for the compatible but not for the
incompatible interaction. If P. quercina is compatible to
Q. robur L., these results differ from our observations.

As amino acid sequencing of quercinin has revealed a
homology of 95% to cryptogein (data not shown;
unpublished work), we could speculate that the
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P. quercina elicitin could act in a way similar to cryptogein
on the cellular level. Thus, quercinin which is set free in
invaded tissue might interact locally with specific
receptors [3/] inducing signal
transduction and the production of reactive oxygen
species such as superoxide and hydrogen peroxide as it
was shown for the elicitin cryptogein [25, 28]. Quercinin
might also act as a sterol shuttle protein on plasmalemma

plasmalemma-bound

membranes, as it was again demonstrated for cryptogein
by Mikes et al. [23] and Vauthrin e al. [37]. This unique
property of elicitins could contribute to the under-
standing of the role of quercinin in the host—pathogen
interaction knowing that Phytophthora pathogens need
sterols for vegetative growth and for the formation of
sexual structures [15, 32].

The systemic transport of Phytophthora elicitins in
infected plants and within plants treated with these
peptides was proven by the group of Devergne et al. [9].
The original report on the transport of P. nicolianae
peptides causing severe wilt symptoms on tobacco plants
was provided by Wolf and Wolf [36]. They localized the
toxic agent in the xylem sap of infected tobacco plants.
Recently, it was shown by Kang and Buchenauer [22]
using immunocytochemical techniques that toxins of
Fusartum culmorum were translocated upwards through
the xylem vessels and phloem sieve tubes in infected
wheat. Experiments are in progress to test whether
quercinin stays in the root system of P. quercina infected
oaks or whether it can spread systemically in the plant.
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