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Cytological and ultrastructural responses of Platanus acerifolia
(Ait.) Willd. leaves to cerato-platanin, a protein from
Ceratocystis fimbriata {. sp. platani
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Summary. Cerato-platanin (CP) is a purified protein isolated from the culture filtrate of the ascomycete Ceratocystis
fimbriata f. sp. platani (Cfp), the causal agent of canker stain disease of plane. The responses of cells/tissues of plane
leaves to CP was studied by light microscopy (LM) and by transmission electron microscopy (TEM) using two experi-
mental procedures. The most significant responses occurred already at 24 h after treatments, and were also visible at
48 h. The main effects of CP were to cause a great increase in primary starch and a certain degree of intercellular and
intracellular disorganization of the spongy parenchyma cells and plasmolysis processes. In addition, an increase of
intracellular phenolic compounds was observed in the palisade cells. The effects of Cfp were similar but less evident

than those of CP.
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Introduction

The ascomycete Ceratocystis fimbriata (Ell. and
Halst.) Davidson f. sp. platani Walter (Cfp) is the
causal agent of canker stain, a severe disease of
Platanus species in the Mediterranean part of
Europe. Cfp attacks Platanus acerifolia (Ait.)
Willd., a common ornamental urban tree (Anselmi
et al., 1994; Vigouroux et al., 1997; Panconesi,
1999). Other forms of Cfp are pathogenic to many
other hosts, such as coffee, cocoa, aspen, etc. (Web-
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ster and Butler, 1976; Baker et al., 2003). Cfp re-
produces sexually by ascospores and asexually
through three different conidial forms produced by
endoconidiophore hyphae (Panconesi, 1981). Cfp
can penetrate into the branches and trunks of trees
only through wounds caused by pruning and
through root anastomosis (Mutto Accordi et al.,
1978; Panconesi, 1981). Unlike the typical vascu-
lar wilt pathogens, Cfp colonizes not only the xy-
lematic vessels, but also the sapwood and the deep-
er wood tissues. As the disease progresses, infect-
ed bark becomes necrotic. The only way to control
canker stain is still by prevention (Panconesi,
1999). Currently P. acerifolia lines resistant to the
pathogen are not commercially available in Europe,
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although some clones of the American species P.
occidentalis L., a direct progenitor of P. acerifolia
(Vigouroux et al., 1997), have been found to be nat-
urally resistant to Cfp. However, P. occidentalis is
not adapted to the European climate (E1 Modafar
et al., 1995). In this connection, the first hybrid
plane clone showing complete canker stain resist-
ance has recently been obtained in France (Vig-
ouroux and Olivier, 2004).

Recently, Pazzagli et al. (1999) purified and
characterized a new 12.4 kDa protein from the cul-
ture filtrate of Cfp. This protein, named cerato-pla-
tanin (CP), is 120 amino acids in length, contains
4 cysteines forming two S-S bridges, Cys20-57 and
Cys60-115, and has a high percentage (40%) of
hydrophobic residues. According to the data banks,
CP is the founder member of the cerato-platanin
family, and its N-terminal region is very similar to
cerato-ulmin, a class II hydrophobin involved in
the pathogenesis of Dutch elm disease (Del Sorbo
et al., 2002). CP self-assembles, is located in the
Cfp cell walls, is secreted early in Cfp culture fil-
trates, and elicits phytoalexin and/or cell necrosis
in host and non-host tissues (Pazzagli et al. 1999,
2001, 2004; Boddi et al. 2004; Scala et al., 2004).

In the present work we investigated and char-
acterized the P. acerifolia leaf tissue response to
CP by light microscopy (LM) and transmission elec-
tron microscopy (TEM), and compared the chang-
es caused by CP with those presumed to be caused

by Cfp.

Materials and methods

Fungal culture and CP purification

The origin and long-term maintainance of Cfp
strain Cf AF 100 was described by Pazzagli et al.
(1999). Conidia of this strain were obtained by
growing Cfp in potato dextrose broth (PDB) on a
rotary shaker at 90 rpm at 24°C in the dark. Co-
nidia were collected from 3-day-old PDB cultures,
washed three times with sterile distilled water, and
adjusted to a concentration of 4X10* conidia ml™
for leaf treatment.

CP was purified according to Pazzagli et al.
(1999).

Leaf treatment

Two experimental procedures were used: either
the CP solution was applied as droplets to the leaf
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surface, or the leaf petiole was dipped in the CP
solution.

With the first procedure newly matured leaves
were collected in May—June 2002 from two P. aceri-
folia trees. Twenty-eight leaves (14 per tree) of the
same age were cut from two branches (7 leaves per
branch). The leaves were carefully washed with
distilled water, dried on both sides with filter pa-
per, and placed in glass Petri dishes each contain-
ing five moist Whatman filter paper sheets (1 leaf
per dish). Ten 10 z droplets of water each contain-
ing 1 nmol of CP were applied to one half of the
lower surface of the leaf blade. Control drops con-
taining sterile distilled water and 4x10* conidia
were applied to the other half of the same leaf sur-
face. Droplets were evenly distributed over the leaf
surface. Treated leaves were maintained in Petri
dishes at 25°C under continuous light from Sylva-
nia Daylight fluorescent tubes F36W/154-ST (35
umol m? s™) for 24, 48 and 72 h. Starting from 0 h,
6—7 leaves (3—4 per tree) were taken each day for
examination.

In the second experimental procedure, the leaf
petioles were dipped in 100 M CP or in distilled
water (control), and maintained for 24 and 48 h at
the same temperature and light conditions as
above. During the treatment periods, these leaves
were kept in a moist chamber. At each testing date
4 leaves were taken (2 leaves per tree, 12 leaves in
total). Portions of foliar lamina were excised from
the basal (near the petiole), the middle and the
upper leaf zones and processed for LM examina-
tion as described below.

Cyto-histological procedures

For LM examination, all leaf fragments from
both types of treatment and controls, and includ-
ing a surrounding area (0.5 cm wide) immediately
adjacent to the treated part, were excised, washed
4 times with distilled water, and fixed in a 2.5%
glutataraldehyde solution buffered in 0.1 M sodi-
um phosphate, pH 7.4. This material was dehy-
drated in an ethanol series (from 40 to 100%) and
embedded in LR Gold resin. Serial sections (2 ym
thick) were cut with a Reichert OM-U3 microtome
using glass knives. These sections were then
stained with the following stains: blue astra fuc-
sin (for the cell wall), fucsin (wall and phenols),
Lugol (starch), periodic acid Schiff (PAS) (starch),
aniline blue black plus blue astra and fucsin (pro-



teins, phenols, wall), Schiff reagent plus calcoflu-
or (cellulose and modified walls) (Hughes and Mc-
Cully, 1975; O'Brien and McCully, 1981; Mori and
Bellani, 1996; Kraus et al., 1998).

For TEM examination, both treated and con-
trol leaf fragments, excised and washed as above,
were prefixed overnight in a solution of 2.5% glu-
taraldehyde and 4% paraformaldehyde, adjusted
to pH 7.2 with 0.1 M phosphate buffer, then washed
with the same buffer and fixed in 2% osmium
tetroxide. After dehydration through a gradual al-
cohol series from 40 to 100%, the samples were
embedded in Spurr’s (1969) epoxy resin. Ultrathin
sections obtained with a Reichert ultramicrotome
(OM U3-S) were stained with uranyl acetate (Gib-
bons and Grimstone, 1960) and lead citrate (Rey-
nolds, 1963), and examined in a Philips TEM 300
operating at 80 KV.

Results

Foliar lamina treatments

Cyto-hystological responses to the direct appli-
cation of CP and Cfp conidia to the leaf surface
were visible as early as 24 h after treatment.
Changes caused by CP were the same as those
caused by Cfp but were stronger. Cfp never pene-
trated into the leaf mesophyll, even when conidia
produced abundant mycelium in the drops. After
the first 24 h the chloroplasts of the palisade cells
in the treated areas, especially those treated with
CP, exhibited a great number of large starch grains;
starch grains were less abundant in spongy tissue
cells. After another 24 h the spongy cells, in par-
ticular those near palisade tissue, also appeared
rich in starch reserves. At the start of the experi-
ment the number of starch grains in the test leaves
was small, and in the control leaves it remained
small throughout. The results on the treated leaves
after 72 h were not considered significant because
of injuries to both treated and control leaves due
to prolonged maintenance under artificial condi-
tions.

After 24 h the leaf palisade and spongy cells of
both CP and Cfp treated leaves had a more intense
colour than did the same cells of the water-treated
leaves: this was associated with an increased phe-
nol content of the cytoplasm. These changes were
however accompanied by the loss of the strong red-
dish colour initially observed in the cell walls (Fig.
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1A-D). Disorganization of spongy parenchyma tis-
sue in the form of a general loosening was also seen
after 24 h. In addition, plasmolysis phenomena
were observed in both palisade and spongy tissue
cells especially after 24 h in response to CP. The
mesophyll zones treated with CP or Cfp became
thinner than the surrounding tissues or than the
mesophyll zones in the water controls (Fig. 1E, F
and Fig. 2A, B). Fig. 2C and D show that Cfp was
less effective in reducing leaf thickness than CP.

CP absorption through the petiole

The absorption of CP through the petiole caused
an increase in the number of starch grains in all
the leaf tissues (palisade and spongy parenchyma
cells) from the base to the tip of the foliar lamina,
between 24 and 48 h of treatment as compared with
the water control. The starch grains also appeared
to be larger. After 48 h of treatment the starch,
especially in the spongy tissue, appeared in part
hydrolysed. Moreover, numerous starch grains of
a greater size were observed in the cells near the
principal leaf veins (Fig. 2E, F). No other effect of
CP absorption through the petioles was seen.

The higher starch levels in leaf tissues treated
with CP, observed under the LM, were confirmed
with the TEM. Chloroplasts rich in large starch
grains were very numerous in the palisade cells
but less numerous in the spongy tissue (Fig. 3A—
C). Moreover, in the spongy cells the tylacoidal sys-
tem of the chloroplasts was disorganized and the
cytoplasm presented abnormal vesicular struc-
tures; the tonoplast and other membrane systems
displayed breaks at many points. In particular, the
plasmalemma and chloroplast membranes were
sometimes indistinct or fragmented (Fig. 3 E). An-
other symptom induced by CP was an alteration of
the outer epidermis and guard cell walls, which
showed the inclusion of a material of a crystalline
nature (Fig. 3D, F, G).

Discussion

The present study provided evidence that CP is
perceived by plane leaf cells both when it is ap-
plied in solution to the leaf surface and when it is
absorbed through the petiole, and causes serious
tissue and cell alterations. Similar leaf damage was
caused also by Cfp when applied to the leaf sur-
face, though it was less severe than with CP. How-
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ever, Cfp, which is not a foliar pathogen, never
entered the leaves. Therefore, to explain the dam-
age observed we should assume that the fungus
was able to produce in the inoculum liquid (a 10 zl
droplet of distilled water) and in a short period of
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time (24 h or less) enough toxin to be adsorbed by
the leaf tissues and to produce the alterations ob-
served. On the other hand, we should also consid-
er that CP is located in the Cfp cell walls (Boddi et
al., 2004) and it is abundantly released from the

Fig. 1. Light microscopy sections of Platanus acerifolia leaves after the first experiment. (A, B) Half leaves treated
with distilled water droplets after 24 and 48 h: the leaf anatomy is completely normal; note the absence of starch
grains in all cells. Bar=0.1 mm. (C, D) The same half-leaves treated with pure cerato-platanin (CP) after 24 and 48
h: the palisade and spongy cells. The latter, especially after 48 h, show numerous starch grains in the cytoplasm.
Moreover, the palisade cell cytoplasm has a brighter colour than the control(s) due to higher levels of phenols.
Bar=0.1 mm. (E, F) Intercellular and intracellular disorganization in spongy leaf tissue caused by treatment with
Ceratocystis fimbriata f. sp. platani and CP respectively. Cell plasmolysis processes are particularly evident in the

CP-treated leaf. Bar=0.02 mm.
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Fig. 2. Light microscopy sections of Platanus acerifolia leaves after the first (A, B, C, D) and second (E, F) exper-
imental procedure. (A, B) Leaves treated with cerato-platanin (CP) and control leaves after 24 h: note the reduced
leaf thickness due to plasmolysis and loosening of the spongy cells in the treated leaf as compared with the
control. (C, D) Effects of Ceratocystis fimbriata f. sp. platani (Cfp) and CP after 48 h. More starch grains are
formed with CP than with Cfp. (E, F) Control and CP treated leaves after 48 h. The higher starch levels in all leaf
cells with CP applied to the leaf surface are clearly visible: in the control leaf starch remains very low. All pictures
bar=0.1 mm.
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Fig. 3. Transmission electron microscopy (TEM) sections of Platanus acerifolia leaves. (A) Palisade cells of a control leaf:
particular showing chloroplasts containing starch grains. Bar=2um. (B) Cerato-platanin (CP) treated leaf: palisade cell(s)
presenting chloroplasts with large starch reserves. Bar=2um. (C) Some spongy cells of CP treated leaf: note the low
starch content, detachment of cytoplasm from the walls and plasmolysis phenomena. Moreover, the chloroplast structure
is not clearly distinguishable. Bar=2xm. (D) Guard cells of control leaf exhibiting normal structure. Bar=2um. (E) Spongy
cells of the leaf under the CP-treated zone: the chloroplasts show a disorganized tylacoidal system as well as starch
grains, and the cytoplasm has a degenerated appearance with fragmented membranes and vesicular parts, no nuclei are
visible, and plasmolysis processes are evident. Bar=2um. (F) A particular of a stoma in a CP-treated leaf showing crystal-
line material, cytoplasm and nucleus alterations in the outer cell walls. Bar=2um. (G) Particular of a CP-treated leaf
epidermis: abundant crystalline material occurs in the middle part of the cell walls. Bar=1xm.

158 Phytopathologia Mediterranea



first day of growth in liquid (PDB) shake culture
(Pazzagli et al., 2001; Scala et al., 2004).

The present work showed that plane leaves are
a simple and practical means to study CP biologi-
cal activity on plane. CP caused a number of cyto-
logical and histological changes. One major change
was an accumulation of starch in the chloroplasts
of the palisade and spongy tissue cells. This change
was well visible at 24 h with both types of treat-
ment and with both LM and TEM examination.
The starch grains were significantly larger and
more numerous in the treated leaves than in the
controls. Significant increases in the starch con-
tent of leaves are commonly reported to be caused
by abiotic (de Groot et al., 2003; Kim and Wetzstein,
2003; Kivimdenpaa et al., 2003; Widodo et al., 2003,
Zaidi et al., 2003; Liu et al., 2004) as well as by
biotic stress. For example, various leguminous
plants show higher starch levels in those of their
cells that are infected with Rhyzobium spp., where-
as in Anadenanthera peregrina var. falcata, a Bra-
zilian woody leguminous, starch accumulation oc-
curred throughout the infected tissue and inner
cortex, but only in uninfected cells (Gross et al.,
2002). Moreover, the starch metabolism of cabbage
hypocotyls was impaired when they were infected
with Plasmodiophora brassicae (Williams et al.,
1968) and fluctuations in starch levels were found
in rust-infected wheat leaves (Mac Donalds et al.,
1970) and in various other plants (Mirocha and
Zaki, 1966) invaded by rust and mildew fungi. Re-
cently, apicidin, a cyclic tetrapeptide toxin produced
by the plant pathogens Fusarium sambucinum and
F. semitectum, has been reported to cause excess
starch in the frond cells of duckweed (Lemna pau-
sicostata L.), and to enhance host cell electrolyte
leakage and chloroplast deterioration (Abbas et al.,
2001; 2002). This higher starch content and larger
granule size could be due to an increase of photo-
synthesis and/or a greater activity of enzymes in-
volved in the starch biosynthetic pathway, or to
reduced starch hydrolysis. It is generally accepted
that, unlike what occurs in the storage organs,
starch in the leaves is remobilized each night and
the enzymes responsible for starch degradation are
also present by day, when they could be active dur-
ing starch synthesis in the chloroplast. In our case
CP could be considered a primary signal in the
plane leaf cells indicating a rise in photosynthesis
levels as part of the wider metabolic context in
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which certain plant defence compounds or their
precursor substances are formed. The partial
starch hydrolysis observed in the leaves 48 h after
absorption of the CP solution strengthens this hy-
pothesis. E1 Modafar et al. (1993; 1995) reported
that independently of the degree of resistance/sus-
ceptibility to Cfp, plane leaves when appropriate-
ly stimulated produced defence-related phenolic
compounds such as scopoletin and umbelliferone,
two phytoalexins with known antifungal proper-
ties (Lusso and Ku¢, 1999). Phytoalexin (umbellif-
erone) synthesis was elicited in P. acerifola leaves
by leaf treatment with CP (Pazzagli et al., 1999;
Scala et al, 2004). Phytoalexins formed only after
the primary metabolic precursors were diverted
into novel secondary metabolic pathways (Ham-
mond-Kosack and Jones, 2000). In this connection,
the high phenol levels observed under the light
microscope in the plane cell cytoplasm of leaves
treated with CP suggested that CP stimulated de-
fence-related reactions in the plane leaves, even
though it also strongly reduced the size of the cell
walls.

Another type of leaf response to CP consisted
in various cell alterations such as cell plasmolysis
and the fragmentation of the plasmalemma, the
tonoplast, and the membranes of the chloroplasts
and cytoplasmatic vesicles. Taken as a whole these
alterations showed the strong effect of CP on leaf
tissues and resembled the type of damage caused
by many phytotoxins (Daly, 1981; Scheffer, 1983).
These CP-induced structural or functional chang-
es, especially at the cell plasma membrane level,
may stimulate ion effluxes, which may in turn be
a prerequisite for the activation of defence mecha-
nisms (Hammond-Kosack and Jones, 2000). In this
case both the plasmolysis processes and the par-
tial loosening of the spongy tissue that was ob-
served would be only secondary consequences.

The results provide new information about the
biological activity of CP. This protein was known
to elicit phenolic phytoalexin synthesis in plane
leaves and soya cotyledons, and an apparently hy-
persensitive cell necrosis in tobacco leaves and soya
cotyledons. CP behaved like a typical fungal non-
host specific elicitor. Moreover, the localization of
CP in the Cfp cell walls and its abundant early
release in in vitro culture suggested that CP might
be one of the first Cfp molecules to be perceived by
the host. The use of plane leaves as sampling ma-
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terial was justified by EI Modafar (1995) and finds
further justification in the fact that many other
elicitors also act on susceptible hosts. The present
study confirmed that CP strongly increased phe-
nol production, whereas starch accumulation alone
is not a certain sign that CP behaves as an elicitor.
The strong activity of CP in altering cell structure
and functions suggests that it has a toxin-like abil-
ity to damage plane leaf tissues and cells. Wolpert
et al. (2002) gave some examples of the activity of
host-selective toxins against plant tissues, which
is sometimes similar to the activity of avirulence
determinants. A comparison of some toxins and
elicitors showed that it was not always easy to de-
fine the markers of disease resistance and sepa-
rate them from those indicating susceptibility. The
outcome of a micro-organism-plant interaction de-
pends on many factors, which together determine
the activity of the pathogen and the defence re-
sponse of the host. Interestingly, the foliar patho-
gen Pyrenophora tritici-repens produces the 13.2
kDa Ptr Tox A protein, a host-selective necrosis
toxin that causes disturbances in the functioning
of plasma membranes in susceptible wheat. Ptr Tox
A requires the active involvement of host process-
es, including de novo mRNA and protein synthesis
(Kwon et al., 1998; Manning et al., 2004).

Further studies must investigate the manner
of CP penetration and migration through the leaf,
how the CP signal is transmitted to the cell nucle-
us, and whether CP has a role in the natural Cfp
infection of plane trees.
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