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Histological and biochemical criteria for objective and early selection of
grapevine cultivars resistant to Plasmopara viticola

K. GinpRro, J. L. SpriNG, R. PEZET, H. RicHTER and O. VIRET

Swiss Federal Research Station for Plant Production of Changins (RAC), Nyon, Switzerland

Summary

Grapevine breeding is the most effective way to
create cultivars resistant to downy mildew (Plasmopara
viticola), and to reduce the number of fungicide appli-
cations.

Four criteria, including histological and biochemi-
cal analyses, based on the level of different mechanisms
of resistance to grapevine downy mildew, were tested
on 42 different cultivars. Plantlets were artificially in-
oculated with downy mildew and the sporangia density
was measured spectrophotometrically 6 d after infec-
tion. Callose synthesis in stomata and 9- and &-viniferin
levels at the site of infection were recorded 48 h after in-
oculation. These observations have allowed the 42 cul-
tivars to be divided into 5 groups: very resistant (VR),
resistant (R), less susceptible (LS), susceptible (S) and
highly susceptible (HS). All 4 criteria have to be applied
to assign the resistance level closer to field conditions.
This method allows to rapidly evaluate the level of re-
sistance of seedlings to downy mildew thereby leading
to a reduction in duration of the breeding program by
several years.

Key words: Plasmopara viticola, callose, stilbene, Vitis
vinifera, breeding.

Introduction

Downy mildew (Plasmopara viticola (Berk. and M.A.
Curtis) de Bary) is one of the most serious diseases in vine-
yards worldwide. In Switzerland, field observations have
shown that downy mildew infection was rated as severe
for 25 out of the last 50 years. Depending on meteorologi-
cal conditions, 8-10 fungicide applications are necessary to
control this disease (VIRET ef al. 2001). Chasselas, Gamay
and Pinot noir, the major varieties in Swiss vineyards, are
highly susceptible to P. viticola. The number of fungicide
applications can be reduced only by an efficient forecast of
downy mildew infection and special cultural practices such
as integrated pest management (VIRET ef al. 2001).

Although a long-term endeavor, traditional breeding
for resistance is an excellent way to create fungus resistant
grape cultivars which allow to reduce the number of fun-
gicide applications. Grape metabolic reactions induced in
response to biotic stresses may be used as criteria to rapidly
evaluate disease resistance in seedlings of progeny popula-
tions. For example, callose synthesis in stomata (GINDRO

et al. 2003), stilbene production at the site of P. viticola
infection, or induced peroxidases (KorTEKAMP and ZYPRIAN
2003) were thought to be of particular importance (DERCKS
and Creasy 1989; Pezer et al. 2003; PezeT et al. 2004 b;
HaMmMERSCHMIDT 2004).

In recent years, histological observations of callose
and qualitative and quantitative micro-analysis of stilbenes
in grape leaves some hours after artificial inoculation of
P, viticola, as well as evaluation of sporangial density
(PEzET et al. 2004 a) have been used to select resistant
seedlings.

In Switzerland, a V. vinifera breeding program has re-
leased the red cultivars Gamaret and Garanoir (Gamay x
Reichensteiner), which are highly resistant to Botrytis ci-
nerea. However, to date, no red cultivars with resistance
to downy mildew and with satisfactory wine quality have
been bred. Therefore, a large number of crossings have
been realized and selected the first year for their resistance
potential. This paper describes the use of metabolic resist-
ance criteria that have been used for the early selection of
resistant seedlings from our cross-breeding program, to ob-
tain new red and white cultivars with resistance to downy
mildew.

Material and Methods

Cuttings were obtained from grapevines (Vitis vinif-
era L. cvs and interspecific grape cvs) of the experimental
vineyards of Agroscope-RAC. Rooted plants were grown
in glasshouse as described before (PEZET ef al. 2004 a). At
the 10-developed-leaf-stage they were placed in a growth
chamber and kept at a photoperiod of 16 h (22 °C) and a
dark period at 18 °C. Relative humidity was 60 %. For in-
oculum, leaves infected with P, viticola were harvested in
a vineyard in Perroy (canton Vaud, Switzerland) and spo-
rangia were collected by vacuum aspiration, as described
by PezeT and Pont (1990). They were stored in cryotubes
at -80 °C until use. Eight cultivars, Solaris, Bronner, Jo-
hanniter, Seyval blanc, Pinot noir, Gamaret, Gamay and
Chasselas, known to differ in their susceptibility to downy
mildew (PEzET ef al. 2004a) were chosen as references. The
other 34 cultivars tested in this work represent new germ-
plasms, whose level of resistance to downy mildew had not
been determined under field conditions. Their origin and
characteristics are described in Tab. 1.

Determination of callose production:
Callose synthesis in stomata was observed and quantified as
described by GINDRo ef al. (2003). Thin sections of leaves,
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Table 1

Origin, parentage, characteristics and resistance level of cultivars

No. RL Cultivars RW  Breeder Parentage
1 nd IRAC 2021 R Agroscope RAC (CH) Bronner x Gamaret
2 nd IRAC 2074 W Agroscope RAC (CH) Bronner x Gamaret
3 nd IRAC 1999 R Agroscope RAC (CH) Gamay x Solaris
4 +++  Solaris W Freiburg (D) Merzling* x (Saperavi severneyi x Muscat ottonel)
5 +++ Bronner W  Freiburg (D) Merzling™* x (Saperavi severneyi x St. Laurent)
6 nd IRAC 2027 R Agroscope RAC (CH) Bronner x Gamaret
7 nd IRAC 1933 R Agroscope RAC (CH) Bronner x Cornalin
8 nd IRAC 2091 R Agroscope RAC (CH) Gamaret x Bronner
9 nd IRAC 1997 R Agroscope RAC (CH) Gamaret x Solaris
10 nd IRAC 2213 R Agroscope RAC (CH) Seyval blanc x Gamaret
11 nd IRAC 2062 R Agroscope RAC (CH) Bronner x Gamaret
12 nd IRAC 2261 R Agroscope RAC (CH) Seyval blanc x Gamaret
13 nd IRAC 2014 R Agroscope RAC (CH) Bronner x Gamaret
14 nd IRAC 2060 W Agroscope RAC (CH) Bronner x Gamaret
15 nd IRAC 2385 R Agroscope RAC (CH) Garanoir x Seyval blanc
16 + Johanniter W Freiburg (D) Riesling x (SV 12481 x (Pinot gris x Chasselas))
17 nd IRAC 2052 R Agroscope RAC (CH) Bronner x Gamaret
18 nd IRAC 2003 R Agroscope RAC (CH) Gamaret x Solaris
19 nd IRAC 2034 R Agroscope RAC (CH) Bronner x Gamaret
20 nd IRAC 2226 R Agroscope RAC (CH) Seyval blanc x Gamaret
21 nd IRAC 2208 R Agroscope RAC (CH) Seyval blanc x Gamaret
22 nd IRAC 2055 R Agroscope RAC (CH) Bronner x Gamaret
23  nd IRAC 2142 R Agroscope RAC (CH) Gamaret x Chambourcin
24 nd IRAC 2020 R Agroscope RAC (CH) Bronner x Gamaret
25 nd IRAC 2278 R Agroscope RAC (CH) Seyval blanc x Gamaret
26 nd IRAC 2253 R Agroscope RAC (CH) Seyval blanc x Gamaret
27 nd IRAC 2289 W Agroscope RAC (CH) Seyval blanc x Gamaret
28 — Seyval blanc W Seyve-Villard (F) Seibel 5656 x Rayon d'Or
29 —— Pinot Noir R old cultivar unknown
30 nd IRAC 2276 R Agroscope RAC (CH) Seyval blanc x Gamaret
31 nd IRAC 2285 R Agroscope RAC (CH) Seyval blanc x Gamaret
32 nd IRAC 2070 R Agroscope RAC (CH) Bronner x Gamaret
33 nd IRAC 1959 R Agroscope RAC (CH) IRAC 3219** x Solaris
34 nd IRAC 2029 R Agroscope RAC (CH) Bronner x Gamaret
35 nd IRAC 2461 R Agroscope RAC (CH) Rondo x Gamaret
36 nd IRAC 1915 R Agroscope RAC (CH) Bronner x Cornalin
37 —— Gamaret R Agroscope RAC (CH) Gamay x Reichensteiner
38 —— Gamay R old heirloom cultivar Pinot Noir x Gouais
39 nd IRAC 2185 R Agroscope RAC (CH) Seyval blanc x Gamaret
40 nd IRAC 2292 R Agroscope RAC (CH) Seyval blanc x Gamaret
41 nd IRAC 2239 R Agroscope RAC (CH) Seyval blanc x Gamaret
42 —— Chasselas W old cultivar unknown

*  Merzling, Weinbauinstitut Freiburg (D), Seyval blanc x (Riesling
** [JRAC 3219, Agroscope RAC (CH), Gamay x Chancellor

x Pinot Gris)

RL: resistance level, +++: very resistant, ++: resistant, —: susceptible, — —: higly susceptible.

RW: W = white cultivar, R = red cultivar, nd = not detected

infected by application of 10 ul drops of an aqueous sus-
pension of sporangia (2x10* sporangia-ml™'), were cut with
arazor blade. They were placed for 1 min in an aqueous so-
lution of aniline blue (0.2 % in 5 % NaHCO,) and observed
with an epifluorescence microscope (Leitz filter A (UV),
excitation 340 nm, emission 380 nm, stop filter LP 430 nm)

according to the method of KorTekamp et al. (1997). Re-
sults are expressed as means with standard deviation in %
of stomata with callose deposits counted on 100 infected
stomata. The experiment was done in triplicate.
Stilbene analysis: Fourty-eight h post-infec-
tion (hpi), three pieces of leaf corresponding to the droplet
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surface (see before), were cut from each inoculated leaf.
Three replicates were made for each cultivar. Leaf samples
were weighted and placed in a microfuge tube (1.5 ml) and
50 ml of MeOH were added. The tightly closed tubes were
placed in a thermo-regulated shaker at 60 °C for 10 min,
then placed in an ice bath for 5 min. The methanolic ex-
tracts (30 pl) were analyzed for stilbenes as described by
PEzET ef al. (2003). Results are expressed as means with
standard deviation in pmol'mg’ FW. Experiments were
done in triplicate.

Sporangia density: Five leaf disks (di-
ameter 1 cm) were excised from each cultivar, placed in
humid chambers at room temperature and inoculated by
spraying 1 ml sporangia suspension (see before) on each
of the 5 leaf disks. The leaf disks were used to determine
sporangial density. As control, two additional leaf disks
were sprayed with sterile distilled water. Six d after in-

oculation, the sporulation density was measured by turbi-
dimetry with a spectrophotometer at 400 nm, according to
Ginpro and PezeT (2001). For this test, each leaf disk was
put in a 1.5 ml plastic tube containing 1 ml of distilled wa-
ter and shaken for 1 min. The resulting sporangial suspen-
sion was collected and used for measurements. The con-
trols were treated in the same way and used for calibration.
Results are expressed as means with standard deviation in
sporangia-mm . The experiments were done in triplicate.

Results

The initial determination of the level of downy mildew
resistance of new cultivars obtained by cross-breeding was
made by counting the sporangial density on leaves, 6 d af-
ter inoculation with P, viticola (Figure, A). Cultivars were
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Cultivars

Figure: A: Sporangia density in artificially inoculated leaves of various grapevine cultivars 6 d after inoculation. Each value is ex-
pressed as mean of 3 replicates with standard deviation. B: Percentage of stomata having synthesized callose 48 h after infection of
leaves. C: Concentration of d-viniferin in leaves at the site of infection 48 h after infection. D: Concentration of e-viniferin in leaves

at the site of infection 48 h after infection.
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ranked from 1 to 42 according to the density of sporangia
observed. Twelve of the cultivars tested did not produce
any sporangia and displayed only necrotic spots at the site
of infection. These cultivars (numbered 1-12; Tab. 1) in-
cluded the control cvs Solaris and Bronner and were clas-
sified as very resistant cultivars (VR).

The remaining 30 cultivars tested demonstrated at
least some level of sporulation and there appeared to be a
continuum of downy mildew sensitivities, based on spor-
angia density, from the resistant cv. (R) IRAC 2014 which
had only 5 sprmm™ up to the highly susceptible cv. (HS)
Chasselas with a sporangia density of 185 sp-mm. Each of
these 42 cultivars were then examined for the production
of various host factors such as callose (Figure, B) and stil-
benes (Figure, C, D) in response to downy mildew inocu-
lation to determine the potential role of these host resist-
ance mechanisms to the observed level of downy mildew
susceptibility.

The synthesis of callose in stomata at the sites of infec-
tion is considered a characteristic of resistant cultivars. This
is confirmed by our observations, showing the presence of
abundant callose within the stomata of resistant cultivars
but little or no callose in those of highly susceptible culti-
vars. Very resistant cultivars (cvs 1-12) were characterized
by the presence of callose in at least 30 % of their stomata.
The only exception to this rule was IRAC 2014 (cv. 13)
which was found to have callose in 60 % of stomata but
still showed a very low level of sporangia production.

Previous results have shown that the phytoalexins
g-and d-viniferin are toxic to P, viticola. The possible role
of these phytoalexins in the degree of resistance observed
in these 42 cultivars was determined by measuring the lev-
els of viniferin at the sites of inoculation 48 h post-inocula-
tion (hpi) (Figure, C, D). Eleven of the resistant cultivars
were found to have concentrations of d-viniferin of at least
80 umol mg' FW whereas IRAC 2261(cv. 12) contained
only 30 umol'mg!' FW of §-viniferin (Figure, C). All the
susceptible cultivars, except for IRAC 2060 (cv. 14), were
found to have d-viniferin levels of <35 pmol mg' FW of
d-viniferin at the site of inoculation.

A similar relationship was observed between resist-
ance to downy mildew and the minimum level of e-vinif-
erin synthesis at the site of infection (Figure, D). Resistant
cultivars were found to contain e-viniferin at concentra-
tions of >110 pmol'-mg' FW whereas susceptible cultivars
contained g-viniferin at levels of <100 pmol-mg"' FW. We
have established thresholds for the 4 criteria that charac-
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terize the 5 categories of cultivars (Tab. 2). No sporula-
tion must appear on the leaves of VR cultivars and conse-
quently, the limit for this criteria is 0. In addition, no less
than 30 % of stomata must contain callose and the lower
limit for &-viniferin is fixed at 80 pmol and for e-vinif-
erin at 100 umol-mg' FW. Eleven cvs (1-11) fulfilled these
conditions. Only one (cv. 12) contained a lower §-vinif-
erin concentrations (35 pmol'mg"' FW), but the three other
criteria are in the VR (very resistant) category (Figure).
The thresholds for the other groups, R (resistant), LS (less
susceptible), S (susceptible) and HS (highly susceptible)
were established according at first to the level of sporula-
tion and then to the other criteria. Some of the cultivars
are positioned near the border of one or another category.
For example the cv 13 (R) which presents a weak sporula-
tion level, cannot be placed in the VR category, even if the
percentage of stomata with callose is higher than the that
required for VR cultivars. On the base of these considera-
tions we propose thresholds for each criterion, allowing a
rapid and safe classification of the cultivars tested accord-
ing to the methods described here (Tab. 2).

Discussion

Resistance to P. viticola has been observed in many
Vitis species, especially native North American species,
which have been commonly used as the source of resist-
ance in grape breeding programs (Doazan 1980). A large
number of different genotypes is generated from each cross
between different grape varieties and a method for the rap-
id estimation of the downy mildew resistance level at the
seedling stage would significantly reduce the time and ef-
fort required for selection of resistant progeny. Our results
demonstrate that artificial inoculation of seedlings with
P viticola sporangia and estimation of disease develop-
ment one week after incubation is a very efficient method
for screening progeny populations for downy mildew re-
sistance. The production and the density of sporangia aris-
ing from these artificial inoculations are widely acknowl-
edged as an important indicator of a resistance estimation
of grapevine (Dercks and Creasy 1989, Dar et al. 1995,
Liu et al. 2003). However, using only sporulation as a crite-
rion to test the resistance of potted grape cuttings in climate
chambers or glasshouses may not always be representative
of the real level of field resistance. Therefore, other resist-
ance criteria must also be checked to give satisfactory con-

Table 2

Amounts of sporangia density, callose and viniferins of 5 different groups of resistance

Level of resistance Sporangia density

Callose d-viniferin e-viniferin

(sp'mm?) (% of stomata) (umol'mg! FW) (umol'mg! FW)
Very resistant (VR) 0 >30 >80 “100
Resistant (R) >0 and <15 >15 and <30 >40 and <80 >50 and <90
Less susceptible (LS) >15 and <50 >6 and <15 >20 and <40 >25 and <50
Susceptible (S) >50 and <80 >2 and <6 <20 <25
Highly susceptible (HS) >80 <2 <20 <25
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cordance between the downy mildew resistance observed
in glasshouse and that observed in the field. Interestingly,
Seyval blanc (cv. 28) which has been considered resistant
based on field observations was found to be susceptible un-
der our experimental conditions suggesting that the condi-
tions used in these experiments are more severe than those
normally experienced in the field.

Previous work has demonstrated that two biochemical
processes are indicative of downy mildew resistance levels
of grapevines. One is the synthesis of callose in stomata
7 hpi with P. viticola zoospores (GINDRO et al. 2003) and
the second is the synthesis of resveratrol and its subsequent
oxidation in &- and d-viniferins (LANGCAKE 1981, PEzET
et al. 2003, PEzET et al. 2004 a).

Callose, a sugar polymer of (1-3)-B-D-glucose subu-
nits, is a well known constituent of papillae produced in
response to fungal infection (Aist 1976). When attacked,
plants physically reinforce their cell wall to reduce the
rate of pathogen penetration (Maor and Suirasu 2005). As
demonstrated previously (or completely block), the rapid
synthesis of callose deposits in stomata play an important
role in the resistance of grapevine leaves soon after P, vit-
icola infection (GINDRO et al. 2003). This phenomenon
stops downy mildew penetration via stomata and is only
detectable in resistant cultivars. The results presented in
this paper further demonstrate that the number of stomata
in grapevine seedlings with callose deposition 48 hpi is
also well correlated with the resistance to downy mildew
following artificial inoculation.

In addition, resistant cultivars were found to rapidly
accumulate high levels of oxidized derivates of resveratrol
in the leaves at the site of infection, wheras resveratrol was
glycosylated to piceide in susceptible grapevines (PEzZET
et al. 2004 a). One of the oxidation products of resveratrol
was determined by LaNGcAKE (1981) to be e-viniferin and
more recently an isomer of this product, d-viniferin, was
described as one of the major stilbenes present in stressed
grapevine leaves (PEzeT et al. 2003). In downy mildew
sensitive cultivars, resveratrol was found to be glycosylat-
ed to form piceide. The addition of glucose to resveratrol
protects it from further oxidation (REGEV-SHOSHANI et al.
2003). This is particularly important when we consider the
different toxicities of various stilbenes in stressed leaves.
Glycosylated resveratrol (piceide) is not toxic to P, viticola
zoospores wheras ¢- and §-viniferin are highly toxic (PEzET
et al. 2004 b). Our results confirm that qualitative and
quantitative analysis of stilbenes in the leaves of grapevine
seedlinds 48 hpi are also highly predictive of the level of
downy mildew resistance of grape genotypes. Increased
phytoalexin biosynthesis has also been correlated with en-
hanced resistance of other plant species to several patho-
genic fungi (Maor and Suirasu 2005).

In summary, we have described 4 criteria which can
be applied in the laboratory to select, at the seedling-stage,
downy mildew resistant cultivars arising from cross-breed-
ing. This method allows for the rapid selection of potential-
ly resistant progeny within a segregating population at the
seedling stage which can then be planted in the vineyard
for further agronomical and oenological evaluation.

The use of this method will reduce the time span of the
whole breeding program by several years and will replace
time consuming steps and inconsistent observations often
obtained under field conditions.
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