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Abstract

Downy mildew, caused by Plasmopara viticola, is a highly destructive disease of
grapevine. In recent decades, European breeding programs for disease resistance
have led to the creation of new cultivars resistant to downy mildew. This resistance
limits mycelium growth and the sporulation of P. viticola, thereby decreasing disease
epidemics due to the asexual reproduction of the pathogen. However, we still lack
biological insight into the effects of partial host resistance on pathogen survival
during the sexual stage of its lifecycle. We present here the results of a two-year
experiment in which we assessed the production of sexual forms of P. viticola
(oospores) and the success of subsequent infections on resistant cultivars with the
Rpv1 and Rpv3 loci. We found that disease resistance had little effect on the sexual
cycle of the pathogen. Plasmopara viticola produced four times more oospores on
susceptible Vitis vinifera cultivars than on disease-resistant cultivars. Macrosporangia
resulting from the germination of oospores were found on both resistant and
susceptible genotypes, and were produced in surprisingly large numbers on some
Rpv1 genotypes. Rates of primary contamination due to macrosporangia were lower
on Rpv3 than on conventional cultivars, but higher on Rpv1 genotypes. Thus, P. viticola
can complete its lifecycle (both asexual and sexual phases) on partially resistant
grapevine cultivars. The maintenance of downy mildew populations from one year to
the next presents a significant challenge to the sustainability of genetic resistance in
grapevine.
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INTRODUCTION

Plasmopara viticola, the causal agent of grapevine downy mildew, is an obligate
biotrophic oomycete that attacks Vitis vinifera (Viennot-Bourgin, 1949; Lafon and Clerjeau,
1988; Burruano, 2000; Luis et al., 2013). All major V. vinifera cultivars are highly susceptible
to this pathogen (Yin et al., 2017). It was introduced into Europe from North America in the
1870s (Millardet, 1881) and subsequently spread to all major wine-growing regions of the
world (Galet, 1977; Lafon and Clerjeau, 1988; Gessler et al.,, 2011). European P. viticola
populations have a low level of genetic diversity, consistent with the occurrence of a
bottleneck at the time of introduction (Fontaine et al., 2013).

P, viticola has direct quantitative (Savary et al., 2009; Fermaud et al., 2016) and
qualitative (Pons et al, 2018) effects on yield. Fungicide treatment is currently the only
available method for controlling this pathogen on V. vinifera (Caffi et al., 2010; Gessler et al,,
2011). However, the systematic use of chemicals has led to fungicide resistance in P, viticola
populations (Chen et al., 2007; Delmas et al., 2017), decreasing the efficiency of a growing
number of products (Gessler et al.,, 2011). Rational fungicide management approaches based
on decision support systems are now being implemented (Deliere et al., 2015).
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The use of cultivars with natural disease resistance is a cost-effective and
environment-friendly alternative to fungicide use for the control of plant disease (Nelson et
al,, 2018). At the beginning of the 20t century, French breeders produced a large number of
disease-resistant hybrids, using American species of the genus Vitis as sources of resistance.
The classification principle introduced in 1955 resulted in the retention of only about 20
“hybrid” grape cultivars from the several hundred that were circulating at the time. Their use
was limited to table wine production, mostly because the wine produced from these
cultivars was of insufficiently high quality, with the notable exception of the ‘Baco Blanc’
cultivar used to produce spirits in Armagnac. These hybrids were gradually eliminated from
French vineyards, and they account for less than 1% of French vines today (Deliere et al,,
2017). Breeding work continued in Europe, culminating in the breeding of disease-resistant
grape cultivars with agronomic and organoleptic qualities compatible with current
production standards. In 1974, INRA launched a conventional breeding program in France
with the aim of incorporating original resistance factors carried by Vitis rotundifolia into
European cultivars (V. vinifera) (Bouquet, 1980, 1983). After 25 years of effort, this program
culminated in a series of genotypes known as the “Bouquet” genotypes. Since 2000, the
INRA station at Colmar has been engaged in the “ResDur” varietal breeding program
focusing on the combination of resistances from “Bouquet” genotypes on the one hand with
cultivars registered in the German official catalog, such as ‘Regent’ or ‘Bronner’, on the other.
The pyramiding of resistance factors has been achieved by crossing, with the goal of
achieving more durable resistance (Bouquet, 2000; Merdinoglu et al., 2009; Merdinoglu and
Caranta, 2013). Marker-assisted selection has been used to sort the progenies and to ensure
exclusively the retention of cultivars with pyramided resistance. This strategy has led to the
development of candidate cultivars bearing two or three genes to control each disease. Four
new resistant cultivars with polygenic resistance (‘Artaban’, ‘Floreal’, ‘Vidoc’ and ‘Voltis’) are
already registered, and about 10 more should be released by 2024 (Schneider et al., 2019).

Durability is one of the principal challenges in breeding for disease resistance in
grapevine (Merdinoglu et al., 2014). The durability of resistance is particularly important in
this species, because grapevines are planted for decades. Durable resistance cannot be
achieved without a sound knowledge of the pathogen adaptation to the resistance of the
cultivar at all stages of its lifecycle. Casagrande et al. (2011) and Peressotti et al. (2010)
showed that the Rpv3 gene present in the cultivar ‘Bianca’ was overcome by a Czech isolate
and an Italian isolate of P, viticola (race-specific interaction). Delmotte et al. (2014) later
provided evidence of the recurrent emergence of “aggressive” P, viticola isolates displaying
high levels of sporulation on the partially resistant cultivar ‘Regent’ (Rpv3 locus). Multisite
sampling in three remote wine-growing areas suggested that adaptation to this cultivar may
have occurred independently, at least three times. Delmas et al. (2016) extended these
results by showing that partial resistance selects for greater aggressiveness in P. viticola
populations.

P. viticola has a mixed reproduction system based on multiple cycles of asexual
reproduction and a single sexual generation each year. Previous studies of P viticola
adaptation to grapevine resistance have focused on the asexual phase of the pathogen’s
biological cycle (Peressotti et al., 2010; Gémez-Zeleddn et al,, 2013; Delmas et al.,, 2016;
Foria et al., 2018). This concentration on the asexual phase probably reflects the difficulties
involved in experimental studies on the sexual structures of the pathogen (Vercesi et al.,
1999). However, P, viticola is a heterothallic species (Wong et al., 2001) that must undergo
sexual reproduction to complete its annual lifecycle. Sexual reproduction begins in the
summer with the mating of strains on grapevine leaves. Oospores are produced by the fusion
of an antheridium and an oogonium (Lafon and Clerjeau, 1988; Gessler et al., 2011). These
oospores germinate in free water the following spring (Lafon and Clerjeau, 1988; Rossi and
Caffi, 2012), giving rise to one, or occasionally two, macrosporangia containing the
zoospores that serve as the infectious stage of the parasite (Lafon and Clerjeau, 1988;
Vercesi et al,, 1999; Burruano, 2000). In temperate climates, oospores resulting from sexual
reproduction are the only stage of the parasite capable of surviving the winter and are the
initial source of inoculum for the next growing season (Lafon and Bulit, 1981; Burruano,
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2000). High germination rates under laboratory conditions are positively correlated with the
appearance of numerous primary infections in the vineyard (Pertot and Zulini, 2003).
Population genetic studies have demonstrated that grapevine downy mildew epidemics
result principally from the germination of oospores, also referred to as the “primary
inoculum” (Gobbin et al, 2005; but see Gobbin et al., 2007). Assessments of P. viticola
oospore production during the sexual phase are, therefore, highly relevant to the
management of downy mildew epidemics on partially resistant cultivars.

The present study investigates the various sexual stages of P, viticola on resistant
grapevine cultivars. We assessed the presence and germination of oospores and the success
of infection from macrosporangia.

MATERIALS AND METHODS

Plant material

The pseudo-F; progeny studied (50,001) resulted from a cross between Mtp3082-1-42
and ‘Regent’. Mtp3082-1-42 is a genotype derived from a cross between V. rotundifolia and V.
vinifera followed by four backcrosses with V. vinifera (Merdinoglu et al., 2003; Bouquet,
2009). ‘Regent’ is the offspring of a cross between ‘Chambourcin’ (12.417 SV x 7053 Seibel)
and ‘Diana’ (‘Sylvaner’ x ‘Miiller Thurgau’). The Mtp3082-1-42 parent transmitted the Rpv1
locus, which confers partial resistance to downy mildew, and the ‘Regent’ parent transmitted
the Rpv3 locus, which also confers partial resistance to downy mildew (Fischer et al., 2004).
The Rpv1 and Rpv3 loci provide moderate resistance (decrease in sporulation of about 75%
under laboratory conditions), and Rpv1 is slightly more effective than Rpv3 (Guimier et al.,
2018).

We analyzed oospore germination for the two parents (‘Regent, 3082-1-42), seven
genotypes from the segregating population and the ‘Merlot’ cultivar previously identified as
a good susceptible control (Calonnec et al, 2007). The seven progenies included one
genotype with no downy mildew resistance locus (38), one genotype with the Rpv3 locus
(151), one genotype with the Rpv1 locus (170), and four genotypes with both Rpv3 and Rpv1
loci (159, 119, 97, 163). Genotypes were classified into four possible locus combinations:
[-/-1, [Rpv1/-], [-/Rpv3] and [Rpv1/Rpv3]. All these genotypes were planted at the INRA
experimental site in Latresne (Bordeaux region: 44°46’52.2"N 0°29°00.8"W) in 2004, in a
randomized experimental design in which four consecutive vines for each genotype were
studied. Plants were left untreated for the two years of the study. Natural infestations of
grapevine downy mildew were observed during the two years of the experiment.

Field disease assessment

Assessments of downy mildew were performed in the field on the four vinestocks of
each genotype in 2008. The foliar severity of downy mildew was assessed by determining
the percentage of the tissue area covered by lesions, categorized in 5% steps, but with the
inclusion of a 1% category: 0, 1, 5, 10%, etc. Defoliation due to disease expression was
defined as the percentage of fallen leaves, assessed for each vine with the scale described
above.

Oospore maturation and germination

The method for manipulating and assessing oospore maturation and germination was
adapted from a published method (Ronzon-Tran Manh Sung and Clerjeau, 1988). Briefly,
oospores were isolated from “mosaic” leaves collected directly from the field in the fall, and
the germination of the sexual forms of the pathogen from these spores was then assessed
the following spring.

1. Sample collection and oospore maturation.

Samples were collected from the INRA experimental vineyard at the start of October (8
October 2008; 5 October 2009). For each genotype, we collected leaves displaying the
“mosaic” symptoms typical of sexual reproduction resulting from natural infection in the
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field. In 2008, a severe grapevine downy mildew outbreak was observed throughout French
vineyards (Grosman et al., 2008), whereas disease severity was moderate in 2009 due to
drier conditions less favorable for downy mildew (Anonymous, 2010). We were able to
sample infected leaves of all genotypes in both years.

For each genotype, 20 detached leaves were collected. The presence of oospores in the
necrotic part of each leaf was assessed with a stereoscopic microscope at x50 to 100
magnification, with lighting from below. Disks of 6-mm diameter were excised with a cork-
borer from the parts of the leaf producing oospores. We assessed the presence of oospores
for 10 genotypes in 2008, but for only six genotypes in 2009 because mold development on
the detached leaves prevented assessment for the remaining four genotypes: ‘Regent’, 170,
97 and 163. However, leaf disks could be selected randomly from the leaf samples of these
genotypes despite their high moisture content, and oospores germinated successfully from
these leaf disks, causing primary infections as observed in 2008.

At least 50 leaf disks were sampled for each genotype studied. Leaf disks were stored
in plaster modeling tubes (plaster, 1.33 g mL-1; length, 40 mm; external diameter, 30 mm;
internal diameter, 12 mm; interior volume, 3 mL) closed with a silicone plug. Each plaster
tube contained 50 leaf disks and was buried at a depth of 5 cm in a gravelly soil at the INRA
La Grande-Ferrade research station, Villenave d’Ornon (Bordeaux region: 44°47°24.9”N
0°34'34.8"W).

2. Oospore maturation.

Oospores were allowed to mature under natural climatic conditions from October
(vear n) to April (year n+1). Climatic conditions were recorded at the standard weather
station 50 m from the site. Monthly rainfall during the winter varied from year to year
(December to March). In 2008, the fall was rainy and the winter was characterized by an
alternation of dry and rainy conditions. In 2009, a rainy winter followed an already very
rainy November. Rainy conditions during oospore formation (September-December)
accelerate the maturation process (Tran Manh Sung et al, 1990). We used oospore
germination data (Rouzet and Jacquin, 2003) provided by the French Plant Protection
Services in Villenave d'Ornon, which were collected for technical alerts, to determine the
optimal maturation date for oospores in the 2008/2009 and 2009/2010 experiments.
Oospore germination was therefore assessed on 6 April (date 1) and 20 April (date 2) in
2009 and 30 March (date 1) and 13 April (date 2) in 2010.

3. Bioassay of oospore germination.

On each of the four dates and for each genotype, 15 leaf disks were removed from the
plaster tubes and brought back to the laboratory to evaluate macrosporangium production.
The leaf disks were placed in Petri dishes (five per dish) containing 10 mL medium solidified
with 1% agar, to maximize humidity, thereby preventing desiccation and promoting
germination. The dishes were placed in a controlled environment chamber at 22°C in the
dark. Twice weekly for 14 days, the number of macrosporangia formed was counted on each
disk under a binocular microscope at x50 to 100 magnification, with lighting from above.

4. Infection test.

Disks from which oospores germinated were used to assess the ability of
macrosporangia to cause primary infections under controlled conditions. The leaf disks
were used to inoculate a sensitive cultivar, ‘Cabernet Sauvignon’ Inoculations were
performed overnight (in the dark) by placing the adaxial side of a disk against the abaxial
side of a ‘Cabernet Sauvignon’ leaf, with a drop of sterile water between the disk and the leaf.
After 12 h, the water was removed by aspiration and the infected ‘Cabernet Sauvignon’
leaves were placed on filter paper soaked in deionized water in a separate Petri dish. The
Petri dishes were wrapped in Parafilm® and placed in a growth chamber at 22°C, under a 12-
h photoperiod, for up to 14 days.
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Data analysis

As described by Southwood (1978), a square-root transformation was applied to count
data and a log transformation was applied to percentages. Differences between genotypes or
loci were assessed by analysis of variance (ANOVA), followed when required by pairwise
comparisons of mean values. All tests were performed with a type I error of 5%, with
SYSTAT®11 software.

RESULTS
Field assessment

1. Severity and defoliation.

The severity of downy mildew infection on leaves (Table 1) differed between
genotypes (P<0.0001). More than 75% of the leaf area presented signs of downy mildew for
the ‘Regent’, 151 and ‘Merlot’ genotypes. A significant effect of genotype was also detected
for defoliation (P<0.0001), with more than 50% defoliation for ‘Regent’.

Table 1. Field assessment of downy mildew severity and oospore number for partially
resistant grapevine genotypes. Dates are given in the format MM/DD/YYYY. Values
in parentheses are SEM. na, No data available. Letters, when present, represent
statistical groupings of the data defined by analysis of variance of the effects of
genotype and followed by pairwise differences in least-squares means at the 95%
confidence level.

Date of _ Fielql Vinesto_ck Leaves with Mean number
collection Loci Genotype severity defoliation ~ oospores  oospores per
(%)* (%)t (%)? leaf (SEM)?
10/08/2008 [-/] Merlot 76.3(1.3)b  20.0(0.0)c 90 807.8 (82.1)
38 425(6.3)c  27.5(5.2)c 100 887.5 (44.7)
[Rpv1/-] 3082-1-42  25.0(0.0)d 5.0(0.0)d 90 260.3 (75.8)
170 11.8 (2.0)e 0.5(0.3)d 70 1775 (72.5)
[-/Rpv3] Regent 90.0(0.0)a  80.0(0.0)a 65 276.5 (84.3)
151 85.0 (0.0)ab  60.0 (0.0)b 80 232.2 (67.9)
[Rpv1/Rpv3] 97 11.3(1.3)e 0.0 (0.0)d 85 165.3 (51.2)
119 40.0 (0.0)c 1.0(0.0)d 85 406.3 (86.3)
159 9.3(0.8)e 0.8 (0.3)d 90 298.8 (68.1)
163 8.5(0.9)e 1.5(0.3)d 85 409.0 (85.7)
10/05/2009 [-/] Merlot na na 100 887.5 (44.7)
38 na na 95 573.5 (86.5)
[Rpvl/] 3082-1-42 na na 95 163.8 (60.8)
170 na na na na
[-/Rpv3] Regent na na na na
151 na na 65 181.8 (55.5)
[Rpvl/Rpv3] 97 na na na na
119 na na 75 274.8 (90.6)
159 na na 90 282.8 (83.3)
163 na na na na

1Assessed on the foliage of four vinestocks per genotype.
2Assessed on 20 leaves per genotype.

ANOVA to assess the effect of locus showed that the severity of downy mildew on
leaves did not differ between susceptible [-/-] and [-/Rpv3] cultivars, whereas a significant
difference was found between [Rpv1/-] and [Rpv1/Rpv3] (P<0.0001). There was also a
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significant locus effect for defoliation (P<0.0001), with [-/Rpv3] presenting higher levels of
defoliation than [-/-].

2. Percentage of leaves with oospores.

In the fall, oospores were found on the leaves of all genotypes, regardless of the year
considered (Table 1). The percentage of leaves displaying oospores was highest for ‘Merlot’
and 38.

ANOVA revealed significant differences between locus classes (P=0.022): [-/Rpv3] had
fewer leaves with oospores than [-/-], [Rpv1/-] and [Rpv1/Rpv3].

3. Number of oospores per leaf.

‘Merlot’ and [-/-] had the highest numbers of oospores per leaf, at more than 500. Both
genotype and locus had significant effects (P<0.0001). ‘Merlot’ and 38 clearly produced
more oospores than [Rpv1/-], [Rpv1l/Rpv3] and [-/Rpv3]. We also found a significant effect of
year on oospore production on leaves (P=0.042), with a higher frequency of sexual stages in
2008 than in 2009, a trend observed for all genotypes (P=0.185 for the genotype x year
interaction).

Laboratory assessments

1. Macrosporangium germination.

Oospore germination was detected on 183 of the 600 leaf disks assessed (30.5%).
ANOVA revealed no significant differences between genotypes (P=0.237). There was also no
significant difference in oospore germination between loci (P=0.124).

The mean number of germinating macrosporangia per cm? of leaf area differed
significantly between genotypes for the first test date for 2008 collection (P<0.001) and for
both dates for 2009 collection (P=0.029 and P=0.002, respectively), but not for the second
test date for 2008 collection (P=0.091). Germination levels in the second test for 2008
collection were lower than in any other test, and genotype 170 was generally the most
infested overall.

We found no significant effect of locus on the number of macrosporangia (P=0.263).
Genotype 170 was excluded from ANOVA analyzing the effect of time, due to outliers. We
found no effect of year (P=0.684), but both test date within a year (repetition) (P<0.0001)
and the year x repetition effect (P=0.009) were significant. Values were higher for the first
test in a year than for the second.

2. Percentage of successful infections.

For material collected in 2008, infection tests with a subset of 37 disks were
conducted (Table 2). For 2009, all 94 disks available were used for infection tests. On
average, successful infections were obtained with 23.2% (£29.9%) of the disks, with no
significant difference between years or repetitions. Infection rates were high for the
resistant genotype 97, with a large number of primary infections. High levels of infection
were also observed for the resistant genotype 170. Despite the variation displayed by
genotypes, no statistical difference in the percentage of successful infections was found
between genotypes (P=0.237) or loci (P=0.111).

612



e'ee g (SoT)2T? 90002 €91
0 8 (0z2) g9 eg'eq 65T
0 9 (85°0)S9'T 900°0F 61T
Gl 8 (9v'T) S6'F eg'es 16 [eAdy/TAdY]
0 g (¥5°0) 20°€ ogeg'ee 16T
0 g (sL0)8TT 9002 luabay [endy/-]
T4 8 (¥52) 2£9 eg'eq 0.1
0 8 (56°0) 99'S Bg'eg Zr-1-2808 [-/TAdY]
0 Z (T50)TL0 98°ET 8¢
TTT 6 (L9T) 6T'S €009 VIETAY [-] 0T0Z/0S/E0 6002/S0/0T
eu eu eu 00 €97
T4 ¥ (96°0) 21°C e'ee 65T
0 T (ce0) 210 eeT 61T
0 T (¥z'0)¥20 L9 16 [endy/TAdy]
0 Z (¢c0) L0 ger TST
eu eu eu 00 wabay [endy/-]
0S Z (¥5°0) ¥6°0 002 0.7
05 Z (15°0) 120 el Zv-1-280¢€ [-/TAdy]
0 T (¥z'0)¥20 L9 8¢
01 Z (€0'T) 68T 002 VIETAY [-] 6002/02/70 8002/80/0T
0 Z (0T1) €872 2007 €97
eu eu (g eLy 9/°9% 65T
0S Z (LzT)0E°E 9¢'€S 61T
0S v (16°€) 55°2 9¢'€S 16 [endy/TAdy]
0S5 Z (TL2)eT9 9/°9% 16T
0 g (59°2) 6T'S 9/°9% usbay [endy/]
G/ % (TZ'L1) ¥'18 €008 0.T
0 g (€9v) 52T 0009 Zr-1-280¢ [-/TAdy]
eu eu (¥z'0) 20 9.9 8¢
0 Z (9zd)eLy 9€°eE 1011\ [-] 6002/90/70 8002/80/0T
(90) uonosyul 1S8) UonddUI Ul (IN3S) z-wo eibuelodsoloew (o) e1BURIOdSOI0BW adf10us5 1007 L ————
yum sysig pa1sal SYSIp J0 JaquinN JO Jaquinu uesp yum sysig

-91qeordde Jou/a[qe[ieAk JON ‘BU [9AS] 90UIPLUOI % G6 Yl e Sueaw saenbs-1seaf ul sadualdajjip asimlared Aq pamoroj adAjouad
JO S109]J9 a3 JO ddueLIea Jo SisA[eue Aq pauyep eiep jo s3urdnoid [eonsnels juasaidal ‘quasald uaym ‘sia13oT AAAA/AA/ININ Se
U9AI3 ale saje(] "drep yoea e sadAjouad auiaaderd Jueisisal A[[ended 10} S1S93 UONIJUI MIP[IW AUMOP pue syunod wniduelodsoldey ‘Z d[qelL

613

8):



‘adfouab Jad sySIp Jes| GT U0 parenjeAd;

eu eu eu 00 €T
0 € (99'T) 65°C q0°02 65T
eu Beu Beu 200 67T
A L (¥8'7) £v'6 e, 9y L6 [endy/Tady]
0 14 (9L°0)TH'T 90/'9¢ 16T
0 g (157) £8°C ogeg'ee Juabiay [endy/]
eyl L (Tr'a) er's qe/ 9y 0LT
199 g (6T'T) 59T q0°0z Zr-1-280¢ [-/TAady]
Bu 'U 'U 20°0 8¢
0z g (0L 7T) 72y geges 10018\ [-] 0TO0Z/ET/Y0 6002/S0/0T
(96) uonosyul 1S3] Uond3yUI Ul (IN3S) z-wo eibuelodsoloew  1(0p) e1BURIOdSOI0BW adfiouss 107 e ——
Yum sysig pa1sal SYSIp JO JaquinN JO Jagqwinu ues\ yum sysig

‘panunuo) Z d[qeL

614



DISCUSSION

This is the first quantitative study to our knowledge to address the question of the
sexual reproduction of P, viticola on partially resistant grapevine cultivars. Under laboratory
conditions, the Rpvl and Rpv3 loci limit mycelium growth without totally inhibiting the
sporulation of P, viticola (Merdinoglu et al., 2014). This finding was confirmed under natural
conditions, and disease severity on both leaves and bunches was higher for Rpv3 genotypes
than for Rpvl genotypes (Calonnec et al., 2013). Regardless of the resistance locus
considered, mycelia of compatible P, viticola isolates can, therefore, potentially settle on the
leaves of resistant genotypes and cross at the end of the season to produce oospores. Our
study confirmed the presence of sporulation and “mosaic” symptoms typical of sexual
reproduction on aged leaves of these resistant genotypes. We also found that, regardless of
the resistance locus considered (Rpv1, Rpv3), P. viticola produced oospores leading to the
release of fertile macrosporangia the following year. P, viticola colonization may also be
favored by a decrease in the efficacy of resistance, with the senescence of leaf tissues in the
fall. However, this has never been demonstrated experimentally.

For genotypes with only the Rpv3 resistance locus, the production of fertile oospores
may be further facilitated by the emergence of pathogen strains able to overcome plant
resistance. Indeed, Rpv3 has been shown to act by effector-mediated immunity (ETI)
(Casagrande et al., 2011), and the resistance conferred by this locus can be broken down by
virulent P, viticola strains (Peressotti et al., 2010; Casagrande et al., 2011; Delmotte et al,,
2014). The resistant genotypes studied had only recently been planted, but the evolution of
virulence is not unlikely, because it has been shown that resistance can be broken down
within 4 years of deployment (Delmotte et al.,, 2014). The rapid adaptation of P, viticola may
be facilitated by its two-speed genome architecture, allowing pathogenicity factors to evolve
more rapidly (Dussert et al., 2019).

Oospore germination and macrosporangium production were more limited on plants
bearing the Rpv3 locus than on plants bearing the Rpv1 or Rpv1/Rpv3 loci. This difference
may be due to biochemical differences between the leaves of these cultivars. Calcium has
been shown to play an important role in oospore germination (Vercesi et al,, 1999), and
calcium concentration in vine leaves is three times higher at the end than at the start of the
season (Lanning, 1977). This chemical element is the main mediator of the immune
response in plants (Boudsocq and Sheen, 2013). It is found in CDPK proteins, which are
present in the genus Vitis (Kiselev et al.,, 2013). Differences in calcium concentration are
observed between grape cultivars, particularly for some hybrids (Miklés et al, 2000).
Studies of the biochemical composition and calcium content of the leaves of resistant
cultivars should therefore be performed in the long term.

Our study also highlights the considerable differences in oospore germination rates
between genotypes with the same combination of resistance loci. Similar results have
already been reported for secondary downy mildew infestations on genotypes carrying the
Rpv1 or Rpv3 loci (Calonnec et al., 2013) and in the descendants of a line carrying the Rpv3
locus (Foria et al., 2018) under natural field conditions. For this line, considerable variability
in the intensity of attacks on leaves was reported, and the level of resistance of genotypes
carrying the Rpv3 locus was found to decrease with the number of backcrosses with V.
vinifera. The differences in germination rates within genotypes are, therefore, probably due
to the presence/absence of minor additive genetic factors not detected by assessments of
the genetic markers associated with resistance loci.

Resistant cultivars can limit the pathogen’s ability to multiply during asexual cycles,
but they do not prevent the sexual reproduction phase. In terms of epidemics, such partial
resistance provides effective disease control during the season. From an evolutionary point
of view, the small size of populations during asexual cycles reduces the chances of
developing and fixing a favorable mutation, such as those breaking down resistance
(virulence alleles) in populations. However, the sexual phase still provides opportunities for
the recombination of favorable alleles in many genetic backgrounds or the formation of new
combinations of virulence alleles. The durability of resistance is, therefore, a major issue in
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the deployment of these resistant cultivars, and a new framework is required to monitor this
aspect: the observatory for the deployment of disease-resistant grape cultivars. We need to
monitor the deployment of cultivars to follow the evolution of downy mildew populations.
An observatory-type system has already been set up in France (Deliere et al., 2017; Guimier
et al,, 2019). This observatory is based on plots planted in production situations and allows
the collection of epidemiological data in the vineyard and the constitution of a collection of
downy mildew isolates. Vine-growers will also need to implement complementary epidemic
management strategies, with the objective of limiting the size of downy mildew populations
and preventing completion of the sexual cycle. These management strategies may include a
limited number of fungicide treatments. Other levers can also be exploited, including the use
of plant defense stimulators or the implementation of prophylactic measures (i.e., removal of
senescent leaves).
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