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ABSTRACT

• Black Rot is a grapevine disease caused by the ascomycete Phyllosticta ampelicida.
Neglected so far, this is developing into a pertinent problem in organic viticulture as
resistant varieties are still lacking. Here, we follow cellular details of the infection pro-
cess in the susceptible vinifera variety M€uller-Thurgau and screen the ancestral Euro-
pean wild grapevine (V. vinifera sylvestris) for resistance to Black Rot.

• Using a standardized infection assay, we follow fungal development using LTSEM and
quantify key stages on different hosts using fluorescence microscopy.

• There is considerable variation in susceptibility, which is associated with more rapid
leaf maturation. Hyphal growth on different carbon sources shows a preference for
pectins over starch, cellulose or xylans. In the resistant sylvestris genotypes Ketsch 16
and Ketsch 18 we find that neither spore attachment nor appressorium formation, but
hyphal elongation is significantly inhibited as compared to M€uller-Thurgau. Moreover,
defence-related oxidative burst and accumulation of phenolic compounds is stimu-
lated in the resistant genotypes.

• We arrive at a model, where more rapid maturation of the cell wall in these sylvestris
genotypes sequesters pectins as major food source and thus block hyphal elongation.
This paves the way for introgression of genetic factors responsible for cell wall matura-
tion into V. vinifera to develop Black Rot-resistant varieties of grapevine.

INTRODUCTION

The public debate on globalization is often biased towards
purely economic processes. However, the concept has a much
broader sense, namely as the process of integration and interac-
tion of human activities (for a conceptual review see James &
Steger 2014). Human mobility is, thus, at the core of globaliza-
tion. There is, therefore, a strong impact of globalization on
biology, for instance, because pathogens can move out from
their centre of origin where they had co-evolved with their
hosts and established a balance. Due to this migration, they
often encounter related (domesticated) species that are na€ıve
hosts, with devastating consequences (Taraschewski 2006).
Viticulture can serve as a good example, because domesticated
grapevine (Vitis vinifera L.) had to face, from the mid-19th
century, several attacks of pathogens from North America, such
as the aphid Phylloxera (now Dactylosphaera vitifoliae FITCH),
the ascomycete Erysiphe necator (SCHWEIN.) BURRILL or the
oomycete Plasmopara viticola (BERK. & M.A. CURTIS) BERL. &
DE TONI. While the wild grapevine species in their region of
origin had evolved resistance factors to contain these patho-
gens, the European grapevine was unprepared and, thus, an
early victim of globalization (for review see Gessler et al. 2011).
In consequence of climate change, such migrations become
more frequent, and diseases that some years ago were still rare
now have economic momentum.

One example for these newly emerging pathogens is Phyllos-
ticta ampelicida (ENGELMANN) VAN DER AA (telomorph: Guignar-
dia bidwellii (ELLIS) VIALA AND RAVAZ), a fungal pathogen
causing Black Rot on grapevine. It is indigenous to North
America but was introduced to Europe and also to South
America, presumably on contaminated rootstocks used for
their resistance to Phylloxera (Ramsdell & Milholland 1988).
Also in North America, Black Rot can cause significant damage
to V. vinifera, but also to commercially used hybrids with
North American species (Gessler et al. 2006). In Europe, Black
Rot was first reported around 1885 in France (Pezet & Jer-
mini 1989), and has been limited to regions with moderate cli-
mate conditions such as southwest France (Jermini et al. 2009),
northern Italy (Jermini et al. 2009), or southern Switzerland
(Pezet & Jermini 1989). However, since 2002, Black Rot exerts
increasing economic impacts in German wine-growing regions,
especially in the northern wine growing areas, such as Mosel,
Nahe and Middle Rhine, where weather conditions are favour-
able, and abandoned or overgrown vineyards serve as inoculum
sources for this pathogen (Lipps & Harms 2004; Harms
et al. 2005).

Black Rot has become an issue predominantly in organic
viticulture, where synthetic fungicides cannot be applied,
because products released for organic viticulture based on cop-
per or sulphur do not currently provide satisfactory protection
(Harms et al. 2005). However, in the northeast USA, it poses
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major problems even in conventional viticulture. Although the
degree of susceptibility to Black Rot differs among grape varie-
ties to some extent (Loskill et al. 2010; Rex 2012), all commer-
cially important cultivars are susceptible to this disease.
However, certain genotypes of the European wild grapevine (V.
vinifera subsp. sylvestris) have partial resistance to Black Rot,
albeit the underlying mechanisms are not known (Schr€oder
et al. 2015). Since current strategies of disease control are still
far from optimal, knowledge of biology of the Black Rot patho-
gen and its infection process is essential to design more effi-
cient strategies. This is especially true regarding the situation in
organic viticulture.

Although there has been research on the cellular events of
the infection cycle (Kuo & Hoch 1995, 1996a, b), for the eco-
nomically relevant asexual cycle, numerous aspects remain
open, especially with respect to energy supply during the initial
biotrophic phase: from an epidemiological viewpoint, the asex-
ually formed pycnidiospores are most relevant because they
may generate repeated infections during a vegetation period.
Pycnidiospores rapidly settle and adhere to the substrate after
applying a droplet of spore suspension (Kuo & Hoch 1995),
but they do not germinate before they have firmly attached to
the surface (Kuo & Hoch 1996a). Attachment is supported by
lipophilic surfaces such as the grape leaf cuticle, but also
by water repellent artificial materials, such as polystyrene or
Teflon (Kuo & Hoch 1996a). Immediately after attachment,
most pycnidiospores germinate within 1 h. Subsequently, the
tip of the germ tube swells and differentiates into an appresso-
rium (Kuo & Hoch 1996b); subsequently, the cytoplasm moves
into the appressorium and septa form (Shaw et al. 1998),
leaving the empty pycnidiospore behind, which eventually col-
lapses (Kuo & Hoch 1996b). Appressoria mature by incorpo-
rating melanin (Kuo & Hoch 1995), giving rise to their black
colour. Emanating from the appressorium, a penetration peg
breaches the cuticle and hyphae emerge, but remain limited to
the subcuticular region (Kuo & Hoch 1996b). These hyphae
expand and branch, developing a two-dimensional hyphal net-
work above the anticlinal cell walls of the epidermal cell layer
(Galet 1977; Kuo & Hoch 1996b; Ullrich et al. 2009), which is
a characteristic feature of this pathogen (Kuo & Hoch 1996b).
Additionally, short lateral branches grow on the periclinal wall
of the epidermal pavement cells, but do not entirely reach
across these cells (Kuo & Hoch 1996b; Ullrich et al. 2009).

The hyphal alignment was proposed to derive from lower
resistance of the anticlinal cell wall (Kuo & Hoch 1996b). Alter-
natively, pectins, as main constituents of the middle lamella,
were proposed to be more abundant in this zone (Kuo &
Hoch 1996b), or apoplastic sugars and amino acids were sug-
gested as spatial cues (Ullrich et al. 2009). Such speculations
were related to the peculiar trait that P. ampelicida seems to
lack haustoria, the typical feeding structures of other bio-
trophic fungi. Moreover, it does not penetrate the cell wall, nor
directly kill the pavement cells. Thus, the mechanism of energy
uptake during the relatively long biotrophic phase of this
organism remains enigmatic. The situation resembles that in
Venturia inaequalis, the causal agent of Apple Scab, which
secretes pectin-degrading enzymes (Valsangiacomo & Gess-
ler 1992; Kollar 1998).

To gain insight into the cellular aspects of pathogen–host
interaction, and the potential mechanisms behind the partial
resistance of certain V. vinifera sylvestris genotypes, we

conducted a comparative study using controlled inoculation.
For a prioritized set of genotypes with contrasting susceptibil-
ity, the asexual infection process of P. ampelicida was then fol-
lowed using fluorescence microscopy and low-temperature
scanning electron microscopy (FTSEM) imaging, extending the
observation to later infection steps immediately before and
during symptom expression, at the transition from bio- to
necrotrophy, when pycnidia develop and mature for subse-
quent reproduction. Furthermore, to address the open issue of
energy acquisition during the biotrophic phase, a plate assay
was constructed to study the enzymatic potency of the patho-
gen in host-free conditions, and to define factors in the cell
walls of the host that might act as targets for a future modula-
tion or containment of the infection process.

MATERIAL AND METHODS

Plant material

For this study, a set of 82 genotypes of V. vinifera subsp. vinif-
era and subsp. sylvestris were investigated. Details on the acces-
sions, including origin and voucher number are given in
Table S1. All accessions are maintained as clonal vouchers
in the germplasm collection of the Botanical Garden of the
Karlsruhe Institute of Technology, Germany. Cuttings of the
accessions were rooted and cultivated in the greenhouse in day-
light and a mean temperature of 20 °C in 0.45-l pots filled with
commercial substrate (Anzuchterde, Floragard, Oldenburg,
Germany), supplemented with 5 g�l�1 coated fertilizer (15 N, 7
P, 15 K) (Manna, D€usseldorf, Germany) and 10 g�l�1 calcium
carbonate (Kalkwerk Hufgard, H€osbach-Rottenberg, Germany)
to buffer soil acidity. Plants were ready for experiments when
they had reached a height of approximately 60 cm.

Propagation and inoculation of P. Ampelicida

Isolate ‘8088-2’ of P. ampelicida originated from infected leaves
exhibiting pycnidia of vines in an untreated vineyard in Kesten
(Mosel) in 2005. The fungus was maintained on oatmeal agar
(40 g�l�1 oatmeal, 20 g�l�1 agar) in Petri dishes at 25°C under
continuous white light (L18-73 and L18W/840 Lumilux cool
white; Osram, Munich, Germany). For weekly subcultivation,
agar plugs (ca. 5-mm diameter) from actively growing myce-
lium (3–4 weeks on potato dextrose agar (PDA) at 21 °C in a
12 h/12 h light/dark cycle) were placed in the centre of fresh
plates. To generate inocula for controlled infection of plants,
fungal cultures that had produced pycnidia were collected 10–
18 days after subcultivation by flooding the plates with 10 ml
sterile distilled water. After 10 min, plates were rinsed, and pyc-
nidiospore concentration adjusted to 25,000 spores�ml�1. The
early steps of infection were followed on leaf discs
(Ø = 16 mm) collected from the fourth leaf below the shoot
apex. Leaf discs were excised with a cork borer and transferred
to Petri dishes (Ø = 90 mm) on moist filter paper soaked with
6 ml distilled water. Each leaf disc was inoculated with one
droplet of inoculum (20 ll) and incubated for 24 h at 21 °C.
After removing the remaining liquid with filter paper to avoid
contamination by other fungi or bacteria, the Petri dishes were
incubated in a plastic box covered with a transparent bag, to
maintain high relative humidity, placed in a climate chamber
at 21 °C and a day/night cycle of 12 h/12 h.
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Quantification of infection in planta

To ensure standardized inoculation, entire plants were sprayed
with a suspension of 25,000 conidia�ml�1 using a glass spray
atomizer driven by pressurized air. The volume per individual
plant was 15 ml. Following application, plants were kept at
100% humidity and 21 °C in the dark for 24 h because Black
Rot requires long periods of high humidity for successful infec-
tion. Subsequently, plants were transferred to the greenhouse
(40–50% humidity) and cultivated till analysis. We marked the
plant tip immediately after inoculation with a fine thread, such
that we could assign leaf positions at the time of symptom eval-
uation, 20 days post-infection (dpi) along the plant axis, starting
from the infection site – leaves towards the base were counted as
positive numbers, leaves towards the apex (newly formed during
incubation) as negative numbers. Since infection of these leaves
was presumably secondary, we used them only to assess develop-
mental progression of susceptibility (Fig. 1B), but excluded
them from the score, when monitoring overall susceptibility of a
given genotype (Figure S3). We used two quantitative parame-
ters: infection frequency determined as proportion of symptom-
atic leaves over the entire population of leaves. Thus, this
parameter did not consider whether a given leaf was only weakly
infected or entirely covered by mycelium. Therefore, we used
infection severity as second quantitative readout. We scored

infection based on relative coverage of leaves following the
European Plant Protection Organization (EPPO) guideline
PP1/4(4) for Erysiphe necator (EPPO 2020; Table 1). For both,
we averaged the scores over leaves of the same condition from
three different plants. Due to space limitations, we could only
investigate 30 accessions in one experiment, such that the entire
study required several infection campaigns. We verified the con-
sistency of cultivation and infection conditions by including
three individuals of the commercial variety V. vinifera cv. ‘M€u-
ller-Thurgau’ as internal standard in each experiment. Data for
disease frequency and severity represent mean � SE from three
to 12 independent experiments with three individuals per exper-
iment and genotype.

Molecular phylogeny based on whole genome sequencing

For a significant proportion of the V. sylvestris population (29
genotypes), whole genome sequences were available that had
been established during a phylogenetic study on 472 accessions
of Vitis including 64 V. sylvestris, but also 177 domesticated
varieties of V. vinifera (Liang et al. 2019). Based on the entire
set of Single Nucleotide Polymorphisms (SNPs) of these 472
genomes, a phylogenetic tree was inferred using the Maximum
Likelihood strategy based on 100 bootstraps using the software
SNPhylo58 (Lee et al. 2014).

Fig. 1. Severity of Black Rot symptoms depends on genotype and leaf age. (A) Experimental design. Leaves are numbered from the apex at the time of inocu-

lation (red line). Negative numbers indicate that the leaves have arisen newly during the 21 days post infection (dpi). (B) Disease severity at 21 dpi depending

on leaf position for the economically important German vinifera variety M€uller-Thurgau (MTh), and for two sylvestris genotypes from the last viable population

on the Rhine peninsula Ketsch. Data represent mean and standard errors from 3 to 12 independent experiments with three individuals per experiment and

genotype.

Table 1. Scoring scheme to evaluate disease severity after infection with P. ampelicida according to the EPPO standard PP1/4(4) for Erysiphe necator

(EPPO 2020).

Category [%] 0 2.5 7.5 17.5 37.5 62.5 82.5 95

Definition [% coverage] 0 0–5 5–10 10–25 25–50 50–75 75–90 90–100
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Observation of late development

We observed later development stages (>5 dpi) of mycelial
growth, symptoms and pycnidia formation on entire leaves
that were still attached to the plants. For this, plants were
inoculated with a sprayer head (made of DURAN� tubing)
in combination with an Erlenmeyer flask (Lenz Laborglasin-
strumente, Wertheim, Germany) on the adaxial leaf surface
until run-off, incubated for 24 h in a humid chamber to
allow infection under wet conditions and cultivated as
described above.

To validate translaminar growth of P. ampelicida in grape
leaves, entire plants were tilted upside down to allow inocula-
tion of the abaxial leaf surface without run-off of the
inoculation droplets. A plastic bag placed over the pot and
plant helped avoid loss of substrate. Then leaves 3 and 4 were
marked and each leaf inoculated with ten droplets (20 ll) of
spore suspension. To prevent evaporation of inoculation
droplets and maintain high humidity, plants were covered
with moistened plastic bags and incubated for 24 h. Plants
were then cultured in the greenhouse in an upright position.
Symptoms were evaluated 14 and 21 dpi. Data represent
mean � SE from three independent experiments, each with
four biological replicates.

Visualization of early fungal development using
histochemistry

Samples were collected at different time points after inoculation
and stored in 25 ml 90% ethanol (for maximum 2 weeks at
room temperature) to stop fungal development and remove
chlorophyll. To avoid shrivelling of leaf discs during subsequent
processing, we carefully added 50 ml distilled H2O in 2-ml steps
for about 30 min. Then leaf discs were transferred to 50 ml 1 M

KOH and incubated at 80°C for at least 5 h to obtain transpar-
ent leaf discs. Attached conidia were stained with 0.05% w/v
Direct Yellow 96 (diphenyl brilliant flavine 7 GGF) for 5 min,
followed by three passages of rinsing with distilled water to
remove excess dye. Appressoria and hyphae were stained
with several drops of 0.05% (w/v) Aniline Blue (Keller, Mann-
heim, Germany) dissolved into 1 M Tris HCl, pH 10. All fungal
structures were examined immediately using epi-fluorescence
microscopy (Zeiss Axio Scope.A1; K€ubler HXP-120C lighting
device; filter set 05, excitation 395–440 nm, emission at 470 nm;
software Axio Vision 4.8). Accumulation of phenols in those
cells where conidia had attached was visualized with Methyl Red
following Kortekamp et al. (1998) in destained leaf discs and
visualized with bright-field microscopy.

Low temperature scanning electron microscopy (LTSEM)

Excised leaf pieces (ca. 0.5 cm2) or entire leaves collected at
specific time intervals were mounted on a specimen holder
with graphite glue (Kolloidaler Graphit AQUADAG in water,
Agar Scientific, Stansted, UK). Samples were first precooled in
liquid nitrogen under vacuum before being transferred to the
SEM (Stereo Scan S260, Leica, Bensheim, Germany). By adjust-
ing to �80°C the condensed water was allowed to sublimate on
the surface for 15 to 20 min. Subsequently, samples were
sputter-coated with gold under an Argon atmosphere and
investigated at an acceleration voltage of 15 kV. Images were

recorded with the software ‘diss’ (Point Electronics, Halle,
Germany).

Plate-assays for nutritional profiling

To evaluate the ability of P. ampelicida to use different plant
components as carbon source, we designed a semi-quantitative
plate assay, where minimal medium was complemented with
the respective plant compound. The minimal medium con-
sisted of 0.6% (w/v) NaNO3, 0.15% (w/v) K2HPO4, 0.05%
(w/v) KCl, 0.05% (w/v) MgSO4 9 7 H2O, 0.001% (w/v)
FeSO4 9 7 H2O, 1.5% (w/v) agar and 0.1% (v/v) trace metal
solution (1% (w/v) ZnSO4 9 7 H2O and 0.5% (w/v)
CuSO4 9 5 H2O). As supplements, we used 1% (w/v) of either
carboxymethyl cellulose (CMC), xylan from beech wood
(hemicellulose), or citric pectin in autoclaved agar, adjusted to
pH 6.5. For pectin agar, two different acidity levels (pH 5 or
pH 7) were used to address different types of pectin degrading
enzymes. After inoculation with actively growing mycelium as
described above, the plates remained at 25 °C under continu-
ous light for 15 days. After which we scored fungal growth by
measuring colony diameter. To detect the respective enzymatic
activites for carbon mobilization, the plates were labelled histo-
chemically, to produce a destained halo around the colony
reporting the amplitude of enzyme activity. To detect cellulose
and hemicellulose activity, we added Lugol’s iodine (5% w/v
iodine, 10% potassium iodide in water) for 5 min. Degradation
of pectins by pectate lyases (pH 7) and polygalacturonases (pH
5) were visualized with 10 ml 10% cetyl trimethylammonium
bromide (CTAB) for 40 min at 30 °C according to Hankin &
Anagnostakis (1975). Data represent three independent experi-
mental series with five technical replicates per data point.

Visualization of the plant defence response using
histochemistry

Autofluorescence from accumulation of defence-related sec-
ondary compounds was followed in destained leaf discs, again
using excitation in blue and emission in green (filter set 05,
Zeiss Axio Scope.A1). Superoxide generated as a result of
defence was visualized according to Doke (1983) with 0.5%
w/v nitroblue tetrazolium in 0.1 M potassium phosphate buffer
and observed with bright-field microscopy, classifying the
response depending on intensity and area into five classes
(Fig. 7A).

Statistical analysis

The quantitative data for infection frequency and severity (see
above) were analysed using the XLSTAT plugin (Addinsoft,
Paris, France) for Microsoft Excel. Data were tested for nor-
mality with the Shapiro–Wilk test. For data with normal distri-
bution, significance of observed differences used ANOVA, before
pairwise probing significance of differences with the Tukey
Honest Significant Difference (HSD) test. For data deviating
from a normal distribution, the non-parametric Kruskal–Wal-
lis test was used instead of ANOVA. Pairwise differences were
then analysed using the non-parametric Steel-Dwass-
Critchlow-Fligner test. To test linearity between pathogenicity
and efficiency of use of different carbon sources, a Pearson lin-
ear regression was employed.
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RESULTS

Susceptibility to black rot depends on leaf maturation

To calibrate our experimental system, we first tested whether
the susceptibility to Black Rot depends on leaf development. As
experimental model, we used the susceptible vinifera variety
‘M€uller-Thurgau’, which is economically relevant in south Ger-
many. We inoculated entire plants, in a standardized manner,
with a defined inoculum from P. ampelicida and scored symp-
tom expression 3 weeks later for each individual leaf separately
(Fig. 1A) down to leaf number 8, and up to leaf number �2,
counted from the inoculation site (leaves that had been newly
formed after inoculation were defined by a negative position).
For the susceptible ‘M€uller-Thurgau’, expression of symptoms
(measured as percentage cover of symptomatic leaf areas) was
maximal in the first two leaves basal to the inoculation site but
declined strongly in the more mature leaves, fading out till leaf
7 (Fig. 1B). We compared this to the developmental course in
two sylvestris genotypes, Ke18 and Ke38, which, during prepa-
ratory experiments, were found to be relatively resistant. Also
here, symptoms declined with progressive age of the leaf.
However, the decline was much steeper, such that leaf 3 was
the last where significant symptoms were detectable. The infec-
tion of leaves incepted after inoculation (leaves �1 and �2,

respectively) sharply declined as compared to leaf 1, which was
already present at inoculation. This would be expected, since
these leaves must have obtained their infection indirectly, via
leaf 1. For this reason, we excluded these leaves from the com-
parison of genotypes (Figure S4). Thus, the susceptibility to
Black Rot clearly depends on leaf maturation.

The transition from biotrophy to necrotrophy is marked by
trans-laminar growth

To obtain insight into the early biotrophic development that
allows the fungus to colonize large areas of the leaf without
macroscopic symptom expression, we conducted a time course
study based on controlled infection of the susceptible genotype
V. vinifera vinifera cv. M€uller-Thurgau with P. ampelicida and
followed fungal development with SEM and fluorescence
microscopy. Already 2 h post-infection (hpi) we could see
attached pear-shaped conidia, so-called pyknospores, that had
formed a germ tube (Fig. 2A) and fully stained with Direct Yel-
low, a general stain for fungal cell walls (Fig. 2B). Around
24 hpi, appressoria were fully melanized and the melanin
quenched fluorescence of the cell wall, as visualized with Direct
Yellow (Fig. 2B). We also could clearly discern up to two septae
brightly stained with Aniline Blue (Fig. 2C). While the appres-
soria became fully turgescent, the pyknospores collapsed

Fig. 2. Subsequent stages of the infection process on the adaxial leaf surface of the susceptible vinifera variety ‘M€uller-Thurgau’. (A, B) Pyknospores (pyk) that

have formed a germ tube (gt) at 2 hpi visualized by SEM (A) or after fluorescent labelling with Direct Yellow (B). (C) Melanised appressoria (ap) at 24 hpi fluo-

rescent by Aniline Blue. (D) Turgescent appressoria and collapsed pyknospores and germ tube at 24 hpi imaged by SEM. (E) Primary hypha (ph) at 48 hpi, visu-

alized by Methyl Red and bright-field microscopy. (F) Hyphae at 5 dpi, fluorescently labelled by Aniline Blue. (G) Fully developed hyphal network at 10 dpi after

staining with Aniline Blue. (H): Hyphal network at 10 dpi after imaging by SEM. The hyphae line the epidermal cells and grow underneath the cuticle (cut).

Plant Biology 26 (2024) 292–304 © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences,

Royal Botanical Society of the Netherlands.

296

Black Rot: role of host factors Tisch, Kortekamp & Nick

 14388677, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/plb.13598 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [14/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



completely, leaving only the emptied cell wall, when viewed
with SEM (Fig. 2D). Around 48 hpi, primary hyphae were
stainable with Methyl Red (Fig. 2E). Soon after, branching
hyphae with their characteristic alignment with host cell walls
could be stained with Aniline Blue (Fig. 2F) that up to 10 dpi
had fully colonized the surface of the leaf (Fig. 2G). With SEM
the hyphae can be seen growing beneath the cuticle, following
the anticlinal cell walls, but without entering the host cells
(Fig. 2H). Cuticular folds align over neighbouring cells and
cross the hyphae without any sign of discontinuity, which
allowed us to follow the topology very clearly.

Once a substantial fraction of the leaf lamina has been colo-
nized (depending on the conditions between 10–14 dpi), fungal
development undergoes a transition from two-dimensional
towards three-dimensional growth (Fig. 3). Upon staining with
Aniline Blue, the mesh-like pattern with hyphal growth along
cell edges change into larger structures that begin to protrude
from the adaxial surface (Fig. 3A) and appear as globular struc-
tures in SEM (Fig. 3B). Later, melanized pycnidia appear
(Fig. 3C), on a macroscopic level coinciding with the character-
istic brown spots and patches (Fig. 3D) that underly the disease
name (Black Rot). The pycnidium apex bulges out (Fig. 3E)
and, during subsequent elongation, curls up (Fig. 3B). The

pycnidia exclusively appear at the adaxial surface of the leaf,
leading to the question of whether gravity might be used as a
guiding cue. We therefore conducted an experiment where
plants were infected on the abaxial side of the leaf, while the
plant was placed upside down (Figure S1), and then fungal
development allowed to proceed, with the plants returned to
normal orientation once the inoculation droplet had dried
(not shown in the figure). However, even under these condi-
tions, symptoms developed only on the adaxial side of the leaf,
demonstrating that three-dimensional growth is not directed
by the site of infection, but by the innate asymmetry of the
bifacial leaf. We also observed that the transition towards
three-dimensional growth initiates at the periphery of the
infection site (Fig. 3A). Since the pycnidia are usually also
found at the periphery, they seem to derive from these early
three-dimensional hyphae.

Specific clades in V. Sylvestris show elevated resistance to
black rot

To probe for genetic components of Black Rot susceptibility,
we conducted a systematic study with a collection of 82
genotypes of V. vinifera subsp. vinifera and subsp. sylvestris

Fig. 3. Late stages of the infection process on the adaxial leaf surface of the susceptible vinifera variety ‘M€uller-Thurgau’. (A, B) Transition from two-

dimensional (2D) towards three-dimensional (3D) hyphal growth at 11 dpi, visualized by fluorescent labelling with Aniline Blue (A) or SEM (B). (C) Melanised

pyknidia (pkn) at 24 dpi fluorescent by Aniline Blue. D: Macroscopic appearance of a symptom spot. (E, F) young (E) and advanced (F) stages of pyknidia devel-

opment at 23 dpi as visualized by SEM.
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comprising most of the gene pool for subsp. sylvestris still
remaining in Germany (Table S1). To validate the scoring
parameters, we compared disease severity and disease incidence
after controlled inoculation with P. ampelicida in leaves of two
development stages – leaf 5 (just completing full expansion)
and leaf 7 (full maturation of the leaf) for a set of 40 sylvestris
genotypes and two vinifera varieties (Data S1). We found that
severity and incidence correlated positively to a high degree
(R2 > 0.8), irrespective of whether leaf 5 (Figure S2A) or leaf 7
(Figure S2B) were analysed. Likewise, incidence in leaves 5 and
7 (Figure S3C), as well as severity in leaves 5 and 7
(Figure S2D) were positively and tightly (R2 > 0.9) correlated.
The high correlations confirms that both scoring parameters
and both leaf tiers assessed for a genotype reported a very com-
parable readout for disease susceptibility of this genotype. Once
this had been clarified, we assessed severity (Figure S3A,B) and
incidence (Figure S3C,D) over the entire population, and
found a wide range of variation. For instance, the lowest value
for severity in genotype Ke16 was only 0.17, while it was more
than two orders of magnitude higher (24.1) in genotype Ke108.
For a subset of 28 sylvestris genotypes the entire genomes had
been sequenced and used to infer the phylogenetic relationship
(Liang et al. 2019). This subset could be assigned to five differ-
ent clades (Fig. 4A). Compared to the tested three vinifera vari-
eties (M€uller-Thurgau, Augster Weiß, Regent), most (84%),
but not all sylvestris genotypes of this set performed better for
both disease severity (Figure S3A) and disease incidence
(Figure S3B). However, the values within a given clade were
also variable. We therefore pooled the genotypes from each
clade and calculated the averages for incidence in leaf 5
(Fig. 4B) and leaf 7 (Fig. 4C). This revealed that the genome-

sequenced subset of sylvestris accessions fell into two groups.
While clades B and E were only moderately more resistant to
Black Rot as compared to the commercially relevant vinifera
variety M€uller-Thurgau, clades A, C and D were significantly
more resistant, with values that were less than 20% of those
seen in M€uller-Thurgau. Interestingly, the incidence in clade E,
which was close to that in clade B for leaf 5, dropped somewhat
with age, such that for leaf 7 the value for clade E was interme-
diate between that for clade B and those for the resistant clades
A, C and D. In summary, there is considerable genetic variation
in the sylvestris population with respect to Black Rot suscepti-
bility. Particular clades of this population (A, C and D) show a
strong reduction in susceptibility as compared to other clades
(B and E), and even more pronounced, as compared to the
vinifera variety M€uller-Thurgau.

Hyphal elongation is impaired in resistant genotypes of Vitis
sylvestris

To address the potential reasons behind the partial resistance
of many of the V. sylvestris genotypes, we followed early devel-
opment of P. ampelicida on different grapevine hosts in a com-
parative time course experiment, quantifying different aspects
of fungal development (Fig. 5). In addition to the highly sus-
ceptible commercial variety M€uller-Thurgau, we used the par-
tially resistant hybrid Solaris (derived from introgression of
various North American wild grapevines and the Siberian spe-
cies V. amurensis into V. vinifera) and the rootstock variety
(B€orner), which is also highly resistant. This was compared to
the resistant sylvestris genotypes Ke16, Ke18 (Figure S3B,D),
and Ke38 (Figure S3A,C) on young, but fully expanded, leaves

Fig. 4. Correlation between susceptibility (measured as disease incidence in the comparative infection assay) and phylogenetic relationship. (A) Phylogenetic

tree constructed by Maximum Likelihood of the genome wide Single Nucleotide Polymorphisms (Liang et al. 2019) and definition of the different clades of the

German sylvestris population. (B, C) Disease incidence for the representatives of the different clades in leaf 5 (B) and leaf 7 (C). Data represent mean values

and standard errors from two independent infection series including three individuals per genotype. Brackets indicate highly significant (**P < 0.01) differences

between clades (A), (C) and (D) versus clades (B) and (E). Clades (B) and (E) are, in turn, significantly (*P < 0.05) less affected than M€uller-Thurgau. Colours of

the bars correspond to the clades shown in (A).
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(leaf 5) and matured leaves (leaf 7). In fact, while leaves of M€u-
ller-Thurgau were fully colonized at 8 dpi (Fig. 5A, B), only
few strongly retarded infection structures were seen on Ke18
(Fig. 5C). When the progression through development was
scored, we did not observe any significant differences with
respect to spore attachment, neither for leaf 5 nor for leaf 7
(Fig. 5D). For appressorium formation, there was a slight, but
significant, reduction on Solaris and Ke16, but only for the
older leaves (Fig. 5E). Formation of hyphae was, instead, signif-
icantly reduced on all hosts but M€uller-Thurgau, irrespective
of leaf age, albeit only by around 10–20% (Fig. 5F). The clearest
difference was observed for hyphal elongation (Fig. 5G). Here,
the inhibition reached 40% in leaf 5 (for Ke16 and Ke18), and
for leaf 7 was as low as in the highly resistant genotype B€orner.
Instead for Ke38, which, during later stages showed strongly
reduced disease incidence and severity (Figure S3A,C), the
reduction in elongation, although visible, had still not crossed
the threshold for significance. Thus, the elongation of hyphae
seems to be a sensitive target, where resistance depends on
which side of the host is attacked.

Phyllosticta ampelicida can efficiently use pectins as carbon
source

Since the fungus, during its biotrophic phase, grows along cell
borders, apparently without the need to form haustoria, we
hypothesized that it might use pectins as carbon source. To
address this, we developed a plate assay, where defined inocula
were allowed to grow on minimal medium complemented by
different carbon sources, using the ratio of final colony size
over initial inoculum as readout for growth. In addition to col-
ony size, we also measured the size of the depletion zone for
the respective carbon source around the colony (Fig. 6).

Compared to the full medium, growth on the minimal
medium was strongly reduced (Fig. 6A B). The growth factor
dropped from almost 9 to 1.3 (Fig. 6J). When the minimum
medium was complemented with starch (Fig. 6C), growth was
rescued only slightly to a factor of 2.2 (Fig. 6J), also seen from
the small depletion zone (Fig. 6C). Likewise, cellulose
(Fig. 6D), carboxy-methylated cellulose (Fig. 6E,J), xylane
(Fig. 6F,J) and tannic acid (Fig. 6I,J) were poor substrates for
P. ampelicida. In contrast, pectin was able to sustain fungal
growth, especially at acidic pH (Fig. 6G,H). Here, almost half
of the growth found in the full media could be recovered
(Fig. 6J). Thus, this plate assay would support a scenario, where
P. ampelicida, during its biotrophic phase, can use the pectins
of the middle lamellae as food source.

Partial resistance of V. Vinifera subsp. sylvestris correlates
with swift oxidative burst

To probe for potential differences in the plant defence
response, we visualized oxidative burst in response to inocula-
tion with P. ampelicida. We stained with Nitroblue Tetrazo-
lium (NTB), reporting superoxide anions generated by the
membrane-located NADPH oxidase Respiratory burst oxidase
Homologue (RboH), a central input for defence signalling.
Using a histochemical classification system (Fig. 7A), we
observed a strong increase in signal on infected leaves of the
resistant vinifera genotype Solaris, and the partially resistant
sylvestris genotypes Ke16, Ke18 and Ke38 from 24 h after infec-
tion, while no such indication for oxidative burst was seen in
the susceptible M€uller-Thurgau. Interestingly, also the highly
resistant rootstock variety B€orner did not deploy any response
indicative of a different type of resistance, not depending on
oxidative burst.

Fig. 5. Analysis of colonization on different host genotypes. A–C: Representative images of fungal development at 8 dpi on the vinifera variety M€uller-

Thurgau (A, zoom-in of the region highlighted in A is shown in B) or on the sylvestris genotype Ke18 (C) visualized by Aniline Blue. (D–G) Quantification of sub-

sequent developmental events on the different genotypes on leaves that have just completed expansion (leaf 4, grey) and fully mature leaves (leaf 7, black).

Data represent two independent infection series with five individual plants per genotype and experiment. Significant differences indicated by brackets,

*P < 0.05, **P < 0.01, t-test.
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The activation of the phenylpropanoid pathway belongs to
the central metabolic responses in grapevine. The resulting
phenolic compounds show autofluorescence in blue. We
checked, therefore, whether the cells surrounding a penetration
site displayed autofluorescence and scored the frequency of
these cells as readout for a metabolic defence response
(Fig. 7B). Again, there was wide variation in the amplitude of
this response, with high values of ~50% for Solaris and Ke38,
closely followed by B€orner. Instead, M€uller-Thurgau and the
two sylvestris varieties Ke16 and Ke18 exhibited a low frequency
of autofluorescent penetration sites, <20%.

Thus, the profiles for oxidative burst and accumulation of
autofluorescent compounds are not always congruent, such
that we can discern four response types. Type A (M€uller-
Thurgau) lacks both oxidative burst as well as a metabolic
response and is susceptible. Type B (B€orner) lacks oxidative
burst but shows a strong metabolic response and is resistant.
Type C (Ke 16, 18) produce a strong oxidative burst, which is
not followed by accumulation of phenolic compounds; this
type is not able to contain the pathogen. Type D (Solaris,
Ke38) produces both superoxide and phenolic compounds, to
a considerable degree, and is also resistant. While we can

Fig. 6. Analysis of mycelium growth on minimal medium supplemented by different carbon sources (B–I), as compared to oat meal agar as full medium (A).

Black arrowheads indicate the margin of the colony, white arrowheads indicate the substrate depletion zone. The diameter of the source inoculum was 5 mm.

Note the whitish hue in (D, cellulose) indicating limited solubility of this substrate in the agar. (J) Quantification of growth (relative to the size of the initial inoc-

ulum) on different substrates. Cellulose was not measured due to the solubility problems (shown in D). Data represent three independent inoculation series

with three individual plates per substrate.

Fig. 7. Defence reactions of different host genotypes. (A) Time course for the accumulation of superoxide at the infection site as reported by NBT staining

using a classification system with five classes. Data represent three experimental series each in five biological replications. (B) Frequency of appressoria (as per-

centage of all appressoria) that had induced autofluorescence in the surrounding host tissue, scored at 5 dpi. Data represent mean and standard errors from 8

individual plants. * represent significant differences from M€ullerThurgau based on a Kruskal-Wallis test (P < 0.05). Representative examples of the host reac-

tions are shown in (C, autofluorescence, host B€orner) and (D, bright-field, host Ke38).
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distinguish three response patterns associated with resistance
to P. ampelicida, it is clear that at least one of the two scored
defence responses needs to be deployed if the genotype were to
be resistant.

DISCUSSION

Black Rot, caused by the Ascomycete P. ampelicida, has been
introduced to Europe from North America, similarly to Downy
Mildew and Powdery Mildew, but it has not acquired the same
degree of attention. Nevertheless, this disease is an issue in
organic viticulture and has progressively spread over vineyards
in Europe, leading to the question whether genetic resources
endowed with at least partial resistance to Black Rot might
serve as starting point for resistance breeding, a strategy that
has been successful in the case of Downy and Powdery Mildew.
In fact, we can show partial resistance of some V. vinifera syl-
vestris hosts, which is linked with swifter progression of leaf
development, leading to impaired hyphal elongation. We pro-
pose a model, where maturation of cell walls limiting energy
foraging of the fungus contributes to partial resistance to
Black Rot.

The above findings lead to the following questions, which
are discussed below: What did we learn on the cellular factors
associated with the colonization process? What is the reason
behind the reduced hyphal elongation in the resistant sylvestris
genotypes, is it a consequence of a more vigorous defence
response, or is it linked with maturation processes of the cell
wall? How do our findings contribute to novel strategies to
manage Black Rot?

The first day is decisive and pectins are the crucial factor

The epidemic spread of Black Rot is mainly decided by the asex-
ual infection cycle of P. ampelicida during a rainy May or June,
facilitating the release of pycnidiospores from pycnidia after
contact with water. The early steps of infection, from
the attachment of pycnidiospores, their germination, the for-
mation of appressoria, until final development of hyphae, have
therefore attracted attention in several studies in the 1990s. Our
observations basically confirm and extend previous findings
(Kuo & Hoch 1995, 1996a,b), with a few exceptions. We did
not observe the apical appendages of the pycnidiospores
described earlier (Sivanesan & Holliday 1981; Kuo & Hoch
1996b), no matter whether we used brightfield or fluorescence
microscopy, which is congruent with Ullrich et al. (2009),
working with the same isolate as in our study. Thus, the validity
of these appendages as diagnostic trait to assign a fungus to the
genus Phyllosticta (van der Aa 1973) must be questioned. We
rather concur with Wikee et al. (2013), that these appendages
are not a common trait for Phyllosticta, since several species,
such as P. colocasiicola, P. minima or P. sphaeropsoidea, are
devoid of them, as was the case in our strain.

Other cellular details of early development described by Kuo
& Hoch (1996b) could be confirmed, such as the formation of
appressoria at the apical end of the germ tube, the preferential
formation of appressoria at short germ tubes, or the collapse of
the pycnidiospore after the successful establishment of an
appressorium, as well as growth under the cuticle along anticli-
nal walls. However, we were also able to discern details not
reported previously. For instance, we could observe septa

within the appressoria. Such septa had been indicated by an
apparent delineation between germ tube and appressorium
(Shaw et al. 1998), but not confirmed during a subsequent
study using transmission electron microscopy. Possible reasons
for the discrepancy between our study and that of Shaw
et al. (1998) might be geographic origin (Germany versus
North America) and the conditions of appressoria formation
(natural host surface versus a synthetic polycarbonate surface).
The current study allowed new insights into the transition

towards necrotrophy taking place around day 12 post-
infection. Whereas it was not possible to directly observe, using
fluorescence microscopy, which host cell layers were involved,
we could show using an inverted infection set-up, where we
inoculated the abaxial side of the leaf, that the pycnidia were
found on the adaxial side, which also shows that the pathogen
is capable of colonizing all cell layers of the leaf.
A peculiar aspect of Phyllosticta colonization is the hyphal

growth above anticlinal walls. While subcuticular intramural
growth has been reported for Colletotrichum on certain hosts
(Perfect et al. 1999), there is no endophytic stage, since the
hyphae of Colletotrichum quickly penetrate the host cells
(Curry et al. 2002; Di�eguez-Uribeondo et al. 2005). Likewise,
other pathogens with subcuticular mycelia, such as apple (Ven-
turia inaequalis) or pear scab (Venturia nashicola) differ in
lacking any preference for anticlinal cell walls (Sivanesan
et al. 1974; Park et al. 2000; Jiang et al. 2007). The reason for
this anticlinal pattern of P. ampelicida is unknown but might
be linked with nutrient uptake. Previous work has proposed
uptake of pectins (Kuo & Hoch 1996b), or sugars and amino
acids (Ullrich et al. 2009). The lack of any haustoria suggests
that P. ampelicida forages energy in a manner similar to Ven-
turia inaequalis, where haustoria are also absent, but energy is
recruited through the controlled release of cell wall degrading
enzymes (Jha et al. 2009). This hypothesis is supported by the
data from our plate assay, demonstrating clearly that P. ampeli-
cida is able to efficiently use pectins as carbon source. The fact
that pectin can be mobilized both at acidic and neutral pH
indicates that P. ampelicida has command of both polygalac-
turonidases and pectolyases (Hankin & Anagnostakis 1975).
Thus, the strategy seems to be similar to that of V. inaequalis,
which first perforates the cuticle via cutinases (K€oller
et al. 1991), and then secretes endopolygalacturonases (Kol-
lar 1998), as well as cellulases (Kollar 1994) to recruit carbon
from the host cell wall (Jha et al. 2009). The formation of
appressoria and concomitant transfer of cytoplasm from the
collapsing germtubes is a rapid process and can be seen as early
as 24 hpi, directly followed by the emergence of primary
hyphae that already align with the anticlinal walls. This time
window seems to be decisive for the success of colonization
because the penetration of the cuticle by the appressorium
must be swiftly followed by the mobilization of carbon through
breakdown of pectins so as to sustain the rapid elongation of
the hyphae.

Why leaves of sylvestris might be more resistant to black rot

The comparative study of fungal development on the suscepti-
ble M€uller-Thurgau, as compared to the resistant sylvestris
genotypes Ke16, Ke18 and Ke38, pinpointed hyphal elongation
as crucial step. Instead, all the early stages of development did
not reveal any significant differences. In other words, the
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partial resistance of the sylvestris genotypes becomes manifest
during the phase when the hypha aligns with the anticlinal
walls of the host epidermis. This might be linked with the use
of pectins as carbon source (with the caveat that this was
assessed in a host-free system and only with one field isolate of
the pathogen). As pointed out above, this is the time when the
fungus most likely uses wall pectins as carbon source. Changes
in the chemistry of the cell wall occurring during the matura-
tion of leaves are expected to impair the recruitment of pectins
and, thus, to inhibit hyphal elongation. In fact, P. ampelicida is
only efficient in young leaves, progressively losing momentum
as the leaves mature. This age-dependent resistance is progres-
sing faster in sylvestris as compared to M€uller-Thurgau, which
is correlated with a slower expansion and faster differentiation
of leaves in V. sylvestris as compared to V. vinifera in general
and to M€uller-Thurgau in particular. In fact, the transition
from expansion to maturation is linked with changes in cell
wall chemistry in grapevine. The main components of fully
expanded leaves are xyloglucans (Moore et al. 2014). Since
these polysaccharides can form hydrogen bonds with cellulose
microfibrils they cause a rigidification of the cell wall and, thus,
restrict cell expansion (Levy et al. 1991). Pectins, which are
produced as methyl esters, are demethylated in the cell wall
and, thus, acquire a negative charge. The demethylated form is
predominant in rapidly expanding cells (Haas et al. 2020).
Thus, leaf development is accompanied by an increase of xylo-
glucans and a decrease of pectins in the cell wall. We are cur-
rently following changes in cell wall chemistry over
development, and preliminary data show that pectins are pro-
gressively modified by phenolic compounds, such as ferulic
acid. In other words: maturation impairs the suitability of
grapevine leaves as food source for P. ampelicida. Since leaves
of V. sylvestris expand not over the same time span as leaves of
M€uller-Thurgau, they are expected to sustain infection less effi-
ciently, and this resistance should be age-dependent. Both
implications are clearly confirmed by our data.
Faster leaf maturation as resistance factor does not exclude

that resistance might also be linked by a swifter and more vigor-
ous defence response. In fact, the three V. sylvestris genotypes
Ke16, Ke18 and Ke38 did not only show good resistance against
P. ampelicida, but accumulated the highest NBT signal, reporting
accumulation of superoxide around the penetration site. Apo-
plastic superoxide is generated by the plasma membrane-located
NADPH oxidase Respiratory burst oxidase Homologue (RboH),
a central input for stress signalling (Marino et al. 2012). In grape-
vine cells, activation of RboH has been observed in response to
elicitor-triggered defence, whereby the time course differs
between basal and cell death-related immunity (Chang &
Nick 2012). Thus, the tested sylvestris genotypes are not only less
palatable for the hyphae, because their cell walls become more
rapidly depleted of pectin as central carbon source for the fungus,
but also because they can more efficiently deploy a defence
response. Whether this is linked with a higher abundance of chi-
tin receptors (Sofi et al. 2023) or with more active expression of
RboH is not known, but represents a rewarding research topic
for the future. A scenario, where the partial resistance of V. syl-
vestris stems from R-genes against P. ampelicida is highly
unlikely, because R-genes derive from a long history of co-
evolution between host and pathogen. While R-genes might be
expected among wild grapevine species from North America,
they are certainly absent from a na€ıve host, such as V. sylvestris,

considering that this pathogen was first detected in Europe as late
as 1885.

What can we do with this knowledge?

Our study has produced two outcomes that are relevant for
application. First, we identified maturation of cell wall compo-
sition relevant for hyphal elongation during the biotrophic
phase as contributing to resilience against Black Rot. Second,
we identified genotypes in the ancestral species Vitis sylvestris
with improved resilience. On the basis of these outcomes, two
strategies for containment of this disease can be envisaged:
agricultural practices that promote leaf maturation are
expected to mitigate infection pressure, because the time win-
dow for infection would be reduced. Here, light and fertiliza-
tion, especially micronutrients, are of interest. For instance,
supply of boron as cross-linker for rhamnogalacturonan moie-
ties in the cell wall is limiting for maturation (Matoh &
Kobayashi 1998), such that supplementation with boron might
support Black Rot resilience. Leaf expansion is strongly depen-
dent on light and more pronounced under shade as compared
to higher light intensity (for a classical review see Lichtenthaler
et al. 1981). Thus, improving penetration of light into the can-
opy should promote leaf maturation – this could be steered by
adjusting the pruning, the spacing of plants, but also by moder-
ate defoliation of the upper leaf tiers. The identification of syl-
vestris genotypes with improved resilience could be validated to
launch introgression strategies of these resilience factors into
commercial varieties. A similar strategy had been used to intro-
duce resistance factors against Downy and Powdery Mildew
from North American and Siberian wild grapevine species into
V. vinifera, giving rise to so called ‘PiWi’ (for Pilz-
Widerstandsf€ahig, fungal resistance) varieties that have become
an important factor in organic viticulture in south Germany.
Such introgression strategies have been strongly accelerated by
marker-assisted breeding (for review see Eibach et al. 2007). A
drawback of this strategy has been the specific flavour, so-called
foxiness, especially of the North American donors for this resis-
tance. While it was possible to partially eliminate this by
repeated backcrossing into V. vinifera, the resulting varieties,
while becoming definitely palatable, still suffer from a lower
consumer acceptance compared to classical varieties. In case of
the sylvestris genotypes identified during our study, this prob-
lem is expected to be far less pronounced, since the resistance
donor comes from the same species (V. vinifera) as the recipi-
ent. Moreover, numerous varieties, including the commercially
relevant Riesling, derived from large-scale introgression of V.
vinifera sylvestris parents into a V. vinifera vinifera background.
Such introgression strategies would profit strongly from identi-
fication of the genetic factors underlying the resilience to Black
Rot – this could be achieved by unbiased searches, for instance
through GWAS, or by specifically analysing candidate factors
involved in cell wall maturation. In the meantime, almost the
entire sylvestris germplasm has been sequenced and organized
into a searchable genome database, GrapeKIT (http://mygen
informatics.com). In combination with crossing populations of
the resilient genotypes identified in the current study, this would
allow us to identify and utilize genetic factors for the breeding of
Black Rot resistant varieties. However, it is not sufficient to
exclusively focus on the host. The current study is based on one
field isolate found in Germany. The region of pathogen origin,
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North America, might harbour other strains with substantially
altered infection behaviour, as we had seen earlier for Plasmo-
para viticola, another important grapevine pathogen (Schr€oder
et al. 2011). For the sake of resistance management, a better
knowledge of pathogen evolution is mandatory.
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Data S1. Incidence and severity of Black Rot symptoms
upon controlled inoculation of different accessions of Vitis syl-
vestris along with V. vinifera varieties.

Table S1. Identity and origin of the grapevine accessions
used in this study.

Figure S1. Experimental set-up to demonstrate that three-
dimensional growth is not guided by the gravity vector, but by

the bifaciality of the leaf. Inoculation was administered to the
abaxial face of the leaf (left) and plants were kept inverted such
that the gravity vactor was opposing leaf dorsiventrality (cen-
tre). Neverthesless, symptoms developed at the adaxial face
(right), even though this face of the leaf was oriented
downwards.
Figure S2. Quantitative comparison of the response to stan-

dardised infection with P. ampelicida in a population of 40 V.
sylvestris genotypes along with the two vinifera varieties
Muller-Thurgau and Augster WeiB assessed at 21 dpi showing
the correlations of disease severity (quantified as leaf coverage)
upon disease incidence (quantified as frequency of leaves show-
ing symptoms) in leaf 5 (A), in leaf 7 (B), the correlation
between incidence in leaf 7 upon the incidence in leaf 5 of the
same plant (C), and the correlation of disease severity in leaf 7
upon severity in leaf 5 of the same plant (D).
Figure S3. Genetic variation of disease severity (measured as

% coverage in the comparative infection assay) and infection
frequency (measured as fraction of symptomatic leaves irre-
spective of symptom severity). (A) Disease everity in commer-
cial varieties of V. vinifero versus accessions of V. sylvestris of
known phylogenetic position (as defined in Fig. 4). (B) Varia-
tion of disease severity in accessions of V. sylvestris of unknown
phylogenetic position. (C) Infection frequency in commercial
varieties of V. vinifero versus accessions of v. sylvesrris of known
phylogenetic position (as defined in Fig. 4). (D) Variation of
infection frequency in accessions of V. sylvestris of unknown
phylogenetic position. Data represent mean and standard error
from 3�to 12 independent experiments with three individuals
per experiment.
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