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Introduction

Plants protect themselves against pathogen at-
tack with an arsenal of defence mechanisms that
are either pre-existing (waxy cuticle, reservoirs of
antimicrobial compounds, enzyme inhibitors) or
become activated after pathogen invasion (oxida-
tive burst, cell wall lignification, callose and suber-
in deposition, PR protein and phytoalexin biosyn-
thesis). For disease to occur, the pathogen must
circumvent the preformed- (passive) defences of the
plant and it must also avoid eliciting induced (ac-
tive) defence responses in the infected tissue or it
must inhibit the induction of active defence re-
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sponses, as by secreting necrotising factors (Alfano
and Collmer, 1996; Jackson and Taylor, 1996;
Knogge, 1996). There is also an intermediate situ-
ation, when the pathogen elicits the plant’s defenc-
es but still manages to colonise the host, possibly
because the pathogen grows or develops faster than
the host can activate its defences, because it man-
ages to tolerate the induced defences, or because it
is able to disarm them (Isaac, 1992).

The pathogenic fungus Phaeomoniella chlamy-
dospora (Pch) is considered the causal agent of
Petri disease (Crous and Gams, 2000), a vine de-
cline that is associated with some forms of esca
(Mugnai et al., 1999; Graniti et al., 2000).  Grape-
vine wood colonised by this fungus shows higher
levels of resveratrol (Amalfitano et al., 2000), a
phytoalexin belonging to the group of stilbenes,
which seems to have a role in the resistance of
plants to fungal pathogens (Hart, 1981). However,
it has also been shown that resveratrol does not
inhibit Pch growth in vitro (Mazzullo et al., 2000).

(1) Dedicated to Prof. A. Graniti on the occasion of his 75th birthday



S401Vol. 40, Supplement, 2001

Histochemical reactions to Phaeomoniella infection

The fungus invades the xylem vessels of the vine
trunk and advances mostly upwards and also lat-
erally into the adjacent vessels and xylem paren-
chyma cells. At the same time, tyloses and brown
deposits appear in the lumina of the vessels (Pas-
coe and Cottrall, 2000).

In the present work, we investigated the reac-
tion induced by Pch artificially inoculated into the
stems of 1-year-old micropropagated grapevine
plants as well as the spread of the pathogen in the
wood of inoculated vines.

Materials and methods
Plant material and pathogenicity test

Fifty one-year-old, micropropagated vines (root-
stock 1103 Paulsen) grown in pots were used in
the tests. Conidial inoculum of Pch strain 56-94
(CBS229.95) was prepared by placing 6 mm diam.
agar plugs from colonies grown on 2% malt agar in
500-ml Erlenmeyer flasks containing 200 ml of 2%
malt extract liquid medium. Flasks were placed in
an orbital shaker (100 rpm) for 15 days at 25°C.
Conidia were collected by centrifugation (5 min,
7000 g, 15°C), and adjusted with sterile distilled
water (SDW) to 106 conidia ml-1.

Plants to be inoculated were uprooted, adher-
ing soil was gently shaken from their roots before
they were washed under running tap water. The
roots were cut about 10 cm from the collar with a
sterile scalpel and soaked in a conidial suspen-
sion for l h (Scheck et al., 1998). The 35 inoculat-
ed and 15 control vines (the latter soaked in SDW)
were then transferred to 16-cm-diam. pots con-
taining a 1:1:1 (v:v:v) sand, peat and soil mixture
and maintained in a growth chamber at a con-
stant 25°C, R.H. 80% with a photoperiod of 14 h
(200 µmol m-2 s-1).

Fungus isolation and survey of wood alterations in
inoculated plants

Nine months after inoculation, 7 Pch-inocu-
lated and 3 control vines were collected. Each
vine was carefully washed in running water and
divided into three parts, namely: roots, base of
stem (collar) and stem. The roots were further
divided into 2 segments of about 10 cm each: A.
roots 5-10 cm from the collar and B. roots 0-5 cm
from the collar; and the stems were likewise di-
vided into three segments: A. between the 1th

and 4th internode; B. between the 5th and 8th
internode; and C. between the 9th and 11th in-
ternode.

The roots, base of the stem (5 cm long) and
stem segments were surface-sterilised by soak-
ing in 95% ethyl alcohol for 1 min, 4% sodium
hypochlorite for 5 min and again 95% ethyl alco-
hol for 30 sec. For each sample, fragments about
5�5 mm were removed. A total of 336 root frag-
ments, 168 collar fragments and 294 stem frag-
ments were collected from infected vines, and 72
root fragments, 36 collar fragments and 108 stem
fragments from control vines. All fragments were
transferred to Petri dishes containing malt agar
(Difco, Detroit, MI, USA) and incubated at 20–
22°C in darkness. The remaining 28 inoculated
and 7 control vines were sectioned lengthwise
and the stems and collars examined for macro-
scopic changes attributable to the fungus inocu-
lated.

Histochemistry

Changes produced in the vine collars and stems
were examined macroscopically, followed by micro-
scopic examination of fresh plant material sec-
tioned with a freezing microtome. Transverse and
longitudinal (tangential and radial) sections were
cut in deteriorated areas of infected vine wood and
in healthy control vines.

Sections (30 µm thick) were stained with vari-
ous reagents to locate the fungus in the tissues and
to detect structural and biochemical changes in the
cells of the host vines. After staining (see below)
the sections were examined with a Leitz Dialux 22
microscope (Leitz Wetzlar, Wetzlar, Germany). The
filters used included a UV filter set with 365-nm
excitation and a 400 nm barrier filter.

The stains used, and the cell components indi-
cated by each stain, are listed below. The colour or
reaction produced in the tissue by staining is giv-
en in parentheses.

Astra blue (Beccari and Mozzi, 1966): acid
polysaccharides, cellulose and pectocellulose walls
(blue).

Neutral red (Carol e Peterson, 1979): second-
ary or modified walls and lignin (red).

DAPI (4’, 6-diamino-2-phenylindole) (William-
son and Fennel, 1975): nuclear DNA inside the fun-
gal cells (blue-green fluorescence).

Vanillin-HCl (Sarkar and Howarth, 1976): cat-
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echins and condensed tannins. Sections were im-
mersed for 5 minutes in 10% (w:v) vanillin pre-
pared in absolute ethanol and concentrated HCl
(1:1, v:v), mounted in the reagent and observed
under a light microscope (brilliant red).

Lugol (Jensen, 1962): starch presence (black).
Neu’s reagent (Dai et al., 1995): flavonoid com-

pounds (yellow fluorescence).
Fungal cell wall was stained by calcofluor White

M2R (Maeda and Ishida, 1967), a specific stain for
polysaccharides - cellulose and chitin (blue fluo-
rescence). Where the fungal hyphae occurred in
cells with lignified cell walls a contrast stain (Schiff
reagent) was used to distinguish cellulose fluores-
cence from lignin fluorescence (Mori and Bellani,
1996).

Methyl blue in lactic acid: chitin in the fungal
cell walls (blue).

Fuchsin: lignin (fuchsia pink) (Kraus et al.,
1998).

Autofluorescence was monitored under UV light
(epifluorescence at 365 nm): modified walls and
lignin usually produced a blue fluorescence.

Table 4. Results of isolations from seven grapevine plants artificially inoculated with Phaeomoniella chlamydospora
and from three control plants, nine months after inoculation.

Analysed w.f.a w.f. colonised by fungi w.f. colonised by Pch
No. No./(%) No./(%)

Plant portion
Control Pch Control Pch Control Pch

inoculated inoculated inoculated

Stem C 9–11° internode (25–35 36 84 00 000 0 000
cm from root collar)

B 5–8° internode (15–25 36 84 00 005 (5.9)0 0 005 (5.9)00
cm from root collar)

A 1–4° internode (5–15 cm 36 126 02 (5.5)0 020 (15.9) 0 016 (20.2)0
from root collar)

Root collar 5 cm above root 36 168 01 (2.8)0 048 (28.6) 0 042 (25)0
insertion

Roots B 5–2 cm from root collar 36 168 03 (8.3)0 023 (13.6) 0 017 (10.1)0

A 10–5 cm from root collar 36 168 05 (13.9) 042 (25)0 0 030 (17.8)0

Total 216 798 11 (5.1) 138 (17.3) 0 110 (13.9)

a w.f., wood fragments.

Results

Pathogenicity test

All vines infected with Pch showed in longitu-
dinal section brown and black streak that were
concentrated in the collar area and in the first in-
ternode. Vessels transversally sectioned exuded a
characteristic shiny black tar-like gum mainly
around the pith. No wood deterioration was ever
noted in the stem segments above the second and/
or third internode (max. 25 cm). None of the vines
displayed any external symptoms.

Pch was isolated from all inoculated vines, and
from each of the plant parts examined: roots (14%
of the wood fragment analysed), collars (25%) and
stems (7.1%) (Table 1). However, Pch colonisation
differed between vine plant portions, being great-
est at root collar level (25%) and at the base of the
stem (20.2%), to become less frequent (5.9%) and
disappear altogether above the 7th/8th internode.
Colonies of saprophytic fungi were sometimes
found both in control (5.1%) and in inoculated
(3.5%) vines.
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Histochemistry

The presence of fungal hyphae in the xylem ves-
sels was revealed by staining with calcofluor and
DAPI fluorochrome. From the xylem vessels the
fungus was able to invade the paratracheal paren-
chyma, either through the pits of the vessels, or by
penetrating the vessel walls, probably after pro-
ducing degrading enzymes (Fig. 1) (Mugnai  et al.
1997; Marchi et al., 2001) (epifluorescence).

In the nine months following inoculation the
fungus advanced up to the 7th/8th internode on
average (about 15–25 cm from the collar), moving
mainly along the vessels. No conidia or conidio-
phores were noted in the xylem vessels.

Longitudinal and radial sections viewed under
secondary fluorescence showed tyloses in the tra-
cheae, which were almost completely occluded in
the areas where there were black streaks (Fig. 2A
and 2B). Chemically the cell walls of the tyloses
consisted mainly of cellulose (staining with astra
blue and calcofluor) associated with substances of
a phenolic nature (tannins, gums), which were also
found in the lumina of the tyloses (staining with
astra blue viewed under white light).

Staining with vanillin-HCl indicated that at the
infection sites there was production and accumu-
lation of condensed tannins in the vessels, fibres,
parenchyma rays and paratracheal parenchyma
cells (Fig. 3). Condensed tannins were also found
in healthy vines, but there they were less common
and occurred almost exclusively in the late wood.

Inspection of stem cross sections by epifluores-
cence revealed a white primary fluorescence
(autofluorescence) coming from the cell walls of the
paratracheal parenchyma, the fibres, and the cells
of the rays surrounding the vessels (Fig. 4). This
type of fluorescence suggested that defence-re-
sponse substances perhaps of a flavonoid type, were
deposited in the cell walls after infection. The ac-
cumulation of defence-response substances around
the infection sites was confirmed when these sites
tested negative with specific lignin stains (fuchsin)
(Fig. 5).

Staining with Neu, which confers a yellow fluo-
rescence on any flavonoids present, was negative.

Lastly, staining with lugol showed much high-
er levels of starch in the xylem fibres and the pa-
renchyma rays of the wood near the infection sites
(not shown).

Some of the biochemical responses found (high-

er levels of phenolic substances in the vessels and
adjacent cells) occurred also in tissue sections from
apical portions of the stem not colonised by Pch,
but  the mechanical defence response (production
of tyloses) was always associated with the pres-
ence of the fungus in the vessels.

Discussion

Histochemical examination of vine plantlets
inoculated with Pch revealed that the fungus ad-
vances in the host, albeit slowly. The host reacted
to the fungus by setting up mechanical and bio-
chemical barriers. The main indication that the
vine is resisting Pch invasion is by its formation of
tyloses, with the resulting occlusion of the xylem
vessels These extrusions of the parenchyma cells
surrounding the vessels were observed only in ar-
eas where the fungus was found (from the roots to
about 15 cm above the collar) and the cell walls
consist not only of polysaccharide material but also
of condensed tannins and phenols. It appears that
these last two substances also accumulate within
the tyloses.

The accumulation of phenols (especially con-
densed tannins) in the tissue adjacent to the ves-
sels invaded by Pch must also be considered a de-
fence response. Condensed tannins normally occur
also in healthy vines, but in low concentrations and
only in the late wood (Misaghi, 1982). However, it
is known that following attack by micro-organisms,
plants sometimes have higher levels of condensed
tannins because of an increased production of new
tannins or the mobilisation of pre-existing tannins
towards infection sites, in order for example to in-
hibit fungal enzymes (Byrde, 1981), to reinforce the
structural components of the cell walls (Bell, 1981)
or to form a chemical barrier to infections (Dai et
al., 1995). When condensed tannins are oxidised
by polyphenol oxidases and transformed into chi-
nones, they become very toxic and inhibit the
growth of plant pathogens (Vidhyasekaran, 1988).

The inoculated vines revealed another peculi-
arity: chemical changes in the cell walls of the par-
atracheal parenchyma and the xylem fibres near
the vessels invaded by Pch. Unlike normal cell
walls, they were impregnated by substances that
emitted a white primary fluorescence, and moreo-
ver, when treated with acid fuchsin they did not
become stained, unlike cells of the same type that
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Fig. 1. Radial longitudinal section of the stem of a mi-
cropropagated vine inoculated with Phaeomoniella
chlamydospora. Photograph taken after calcofluor stain-
ing. Fungal hyphae in the vessels and perforating the
walls. The cells adjacent to the vessels could be the place
where materials of various types accumulate, account-
ing for the yellow fluorescence. Epifluorescence, �225.

Fig. 3. Radial longitudinal section of the stem of a micro-
propagated vine inoculated with Phaeomoniella chlamy-
dospora stained with vanillin-HCl. The red material consists
of condensed tannins in the lumen of the vessels, in the par-
atracheal parenchyma and in the cells of the parenchymatic
rays. Epifluorescence, �110.

Fig. 2. Base of the stem of a micropropagated vine inoc-
ulated with Phaeomoniella chlamydospora. Cross (A)
and radial longitudinal section (B). Photographs taken
after calcofluor and neutral red staining. The lumen of
the trachea in both photographs is partly filled with ty-
loses. The blue fluorescence is caused by cellulose. Epi-
fluorescence, �225.

A

B
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rescence). A more likely explanation of these cell
wall changes is that they are a consequence of the
deposition of stress metabolites (perhaps flavonoids
or stilbenes of the resveratrol type) produced by
the vine to block the spread of Pch. Dai et al. (1995)
reported a white fluorescence emanating from the
guard cells of the stoma in leaves of Vitis spp. col-
onised by Plasmopara viticola. They attributed this
fluorescence to the accumulation of phenolic com-
pounds. Perhaps in the vines studied here the com-
pounds deposited in the cell walls were also phe-
nolic.

The defence response of grapevine occurs be-
fore the tissues are colonised by the fungal myc-
elium, since in 30-cm-high plants the inoculated
fungus was not found in the stem portions at more
than 15 cm above the soil, but chemical changes in
the cell walls of the paratracheal parenchyma and
the xylem fibres had already occurred.

Tracing the advance of Pch in micropropagated
vines showed that the fungal mycelium spread both
longitudinally and laterally: it was found mainly
in the xylem vessels but the hyphae were also clear-
ly seen to spread through the pits of the tracheae
and thus to spread radially. These findings are con-
sistent with Pascoe and Cottral (2000) on the his-
topathology of Pch in in vitro cultures of Vitis vin-
ifera cv. Chardonnay. The fungus initially advanc-
es within the cells of the xylem parenchyma, and,
once it has caused the formation and extrusion of
tyloses in the vessel lumen, it penetrates into the
vessels through the intrusion points of the tyloses.
Longitudinally, it spreads along the stem with the
sap flow.

If account is taken of the fact that the histolog-
ical examination was carried out nine months af-
ter inoculation, and that inoculation was through
the roots, the significant finding to emerge from
this study is that the spread of Pch, even if consid-
ered only in a longitudinal direction, was very slow,
and this was perhaps because of the defence re-
sponse of the plant.
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