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Abstract

Viticulture plays a role of prime importance within the world agricultural panorama. In 2020 the
total world area planted with vineyards for all intended uses (wine and juices, table grapes and
raisins), including young vines and not yet in production, was estimated3atliflion haby the
International Organization of Vine and Wime2020. Within this vast mduction panorama, the
Eurasiangrapevine {itis viniferal) is the most cultivated species gfapevne due to the high
guality of its grapesOne of the main problems affecting this species is that it is highly susceptible
to infectionsof the phytopatlogenicoomycetePlasmopara viticoléBerk.et Curt) Berl. & De Toni.
This pathogenis native to North Americaand with favorable climatic conditions can cause
considerabledamages to the grapevineproduction both from a qualitative and quantitative
point of view.P. viticolais a polycyclic pathogemple to carry out numerous cycles of infection
during a single vegetativgrapevineseason. Consequently, given the high susceptibility/ of
vinifera cultivars to this pathogenn areas with frequent rainfall and moderate temperatures
during the growing seasorthe cultivation of traditional varieties is not conceivable without
frequent applications of fungicides

Fungi and fungalike organismssuch as the oomycetesare highly adaptable to different
environmental conditions, to host defense mechanisms and to fungicide selection. Repeated
treatments with selectively active, sHspecific fungicides, is frequently followed by the
development of he phenomenon of fungicide resistance, which represents one of the major
threats for downy mildew control and for modern agriculture in general, because it potentially
leads to a reduction of disease control in the field (practical resistance). In orgeeserve the
effectiveness of such compounds, fungicide resistance must be carefully managed, and to this
purpose proper disease control strategies have to be implemented by reducing the selection
pressure associated to the fungicide use. The implememadf sound antresistance strategies is
based on many factors: the risk of a particular fungicide class to evolve resistance, the risk related
to the pathogen features, the agronomic risk associated to specific climatic conditions and the
results obtain@ in sensitivity monitoring activities, that allow to characterize the fungicide
sensitivity of pathogen strains or populations through bio tests and molecular diagnostic tools. In
particular, monitoring of P. viticolapopulations for their sensitivitiesot the different active
principles plays a key role in fungicide resistance managentéoiever, for some fungicides
these data are currently noyet presentor incomplete and actual testing methodologies to
investigate some life stages of the pathogen gréte limited because they can provide only a
gualitative description of resistance status.

Considering thesecurrent challengesthe aims of myPhD project were: a) to evaluate the
sensitivity profile ofP. viticolapopulationsto different fungicide classesubjectedto different
disease pressure levels and spray programepen field; b) to develop a new method based on
flow cytometry and singleell sorting for isolation of single sporangiaorder to obtain a precise
estimation of the percentage of sporangia able to positively infect grapevine plants in the
populatiory ¢) to characterizgpossibleresistant strains for the mechanism of resistanaed
pathogenicity
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In general,among the populations testede found a good sensitivity for the fungicides under
investigation Sporadic cases oésistancewere detected, and for some of them it was possible to
link the resistant phenotyp&o singlepoint mutations inthe geneencoding thetarget protein

Depending on thdife stages of the pathogen under investigatipmore quantitative oqualitative
data were obtainedaccording to the testing methods availabkhismade it necessary to develop
a further tool to make thenvestigations orthe asexual reproductiostages of the pathogen more
homogeneoudo those ofsexual reproductionHow cytometry and singleell sortinghave proven
to be excellent technologies to bridge this gap, and gu@ntitative method here developed and
proposedcould be positivelyimplemented in futurefor largescale monitoringnvestigaions of
fungicide resistance.

The PhD project waset in 5 different work package$WP) starting from October 201&s
reported in figure 1.

Figure 1temporal declination of each work packeagyef the PhD project in weekly units

Oospores sampling and Starting from October 2018
biological assays

Sampling and biological assays of
sporangia populations and isolates

WP3 Molecular assays

Developing a new method based on flow cytometry
and single-cell sorting for isolation of single sporanc

Wi Data analysis, scientific paper(s)

YEAR 1 YEAR 2 YEAR 3
AUTUMN| WINTER| SPRING [ SUMMER| AUTUMN| WINTER | SPRING | SUMMER| AUTUMN| WINTER| SPRING| SUMMER
10| 11 12 22| 23 24 31 32| 33 34| 35 36

_

(WP1) Oospores sampling and biological assagamplingor P. viticolasexual spores (oospores)
was carried out in Autumn of year 1 (morghl-3), 2 (months 13-15) and 3 (months 227).
Sensitivity assays of oosporegere carried outin spring of year 1 (mon&#4-8), 2 (months 16-20)
and 3 (month8-32).

Litelary review|

(WP2) Sporangia population sampling and biological ass&ampling and biological assaysP.
viticola population and isolates adisexual sporessporangid were carried out in spring of year 1
(month 814) and 2 (month 226).
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(WP3 Molecular assays on DNA samples collectddolecular assays to evaluate the point
mutations associated to resistanpidenotype detectedvere carried out between month, 123,
15-18, 2228.

(WP4 New method for evaluation of sporangia infection efficiencyhe developng of a new
method based on flow cytometry and singlell sortingfor isolation of single sporangiaas
carried out in year 2Zmonth 13-20).

(WPH Data analysisSaentific paper(s) and thesisriting was performedrom month 26.
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Fungicide Resistance Evolution and Detection in Plant
PathogensPlasmopara viticolaas a Case Study

Federico Masst*, Stefano F. F. Torriafj Lorenzo Borghi and Silvia L. Toffolattt*
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Abstract: The use of singisite fungicides to contrgblant pathogens in the agroecosystem can be
associated with an increased selection of resisttnains The evolution of resistance represents
one of the biggest challenges in disease control. In vineyards, frequent applications of fungicides
are carriedout every season for multiple years. The agronomic risk of developing fungicide
resistance is, therefore, higPlasmopara viticolathe causal agent of grapevine downy mildew, is

a high risk pathogen associated with the development of fungicide resist&hceiticolahas
developed resistance to most of the fungicide classes used and constitutes one of the most
important threats for grapevine production. The goals of this review are to describe fungicide
resistance evolution irP. viticolapopulations andhow to conduct proper monitoring activities.
Different methods have been developed for phenotyping and genotypingticolafor fungicide
resistance and the different phases of resistance evolution and life cycles of the pathogen are
discussed, to provela full monitoring toolkit to limit the spread of resistance. A detailed revision
of the available tools will help in shaping and harmonizing the monitoring activities between
countries and organizations.

1. Plasmopara viticolaCharacteristics and Management

Downy mildew, caused by the oomyceddasmopara viticolais one of the major threats for
grapevine production, due to the quantitative and qualitative yield losses that are associated with
severe disease epidemi¢Sessler et al., 2011p. viticolais an obligate parasite of grapee,
causing the main damage to the Eurasian grapevine speYiés yiniferg, which is the most
cultivated species worldwide due to the high quality of its grapes. Most oWthaniferacultivars
are highly susceptible to the pathogen, and only recehtive sources of resistance been found in
the center of origin of viticulture, which is located in Georgia (South Cauc@ruf$latti et al.,

2018, 2020) This high susceptibility makes chemical control of the pathogen the most important
measure to ensure an adequate yield. The timing of fungicide application depends on pathogen
features andon weather conditionsP. viticolais a polycyclic pathogen, able to undergo numerous
infection cycles during a single grapevine growing season. It overwinters as oospores (Figure 1A),
which are sexual structures found in dead leaves on the vineyard ffogure 1B). In spring, with
favorable weather conditions, oospores produce a single macrosporangium (Figure 1C), where the
asexual spores (the zoospores) are formed. The zoospores infect the receptive grapevine tissues
through stomata (Figure 1D) in thpresence of free water, provided by rain or dew, at
temperatures below 32 °C. Consequently, frequent fungicide applications are needed in vineyards
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located in areas with frequent rainfall and moderate temperatures during the grapevine growing
season(Toffolatti et al., 2018)

Figure 1.Disease cycle d?. viticola the pathogen survives the winter period as oospores, i.e., the overwintering
structures differentiated by sexual reproduction in auturgi), embedded in dead leaves on the vineyard floBy. (

With favorable weather conditions, oospores typically prodsg®rangia @ that, in turn, produce zoospore®);
Zoospores are splashed by rain onto leaves and other receptive tissues of the grapevines, originating the primary
infections through stomata penetratiorDJ. Disease symptoms, visible as yellow discoiorafoil spots, Ol) on the

upper side of the leave£), appear at the end of the incubation period and are followed, in high humidity conditions,

by the emission of sporangiophordd (vith sporangia®) that will cause secondary infections through theission of

new zoosporesO = oospore; S = sporangium; st = stoma; Z = zoospore; Ol = ail spot symptom on the upper side of the
leaf; WS = white sporulation, consisting of sporangiophores and sporangia, on the underside of.the leaf

2. The History of theChemical Control oP. viticola

From the end of the Nineteenth Century, when the first agrochemical compounds were
tested againstP. viticola until now, the panorama of phytoiatripractices has changed
greatly, especially because of the availability of new active substances. Although agronomic
practices represent a useful tool for disease management and the development of resistant
varieties has made great progress, the use of dieahproducts still represents today the only
effective means to control this fungal diseaGkackson, 2008)The growing of traditional
varieties ofVitis viniferais not conceivable without the use of fungicide applicati@idertot et
al., 2017) The first documented attempts to ontrol downy mildew using chemicals dates

pag.8



back to 1882, when the French botanist Pietkéarie-Alexis Millardet noticed that the
grapevine plants cultivated along the roadside did not slwiticolasymptoms. In the field,

only these plants were treated, ith a mush made with copper sulphate and lime, to
discourage people from eating the grapes. This observation led to the development of the
4. 2NRSI dzE YA EGdzNBé  ([@Mardét21g85)\PstrondReffigagyan intiiitihdR S &
multiple metabolicprocesses in the fungal pathogen, together with a robust fastness and
persistence, made the Bordeaux mixture quickly popular first in Europe, then in Australia and
the USA(Lyon, 1924) Among protectant fungicides, copper still represents the most
traditional and used chemical. However, intersiwuse of copper can cause serious
environmental problems such as accumulation in the soil and adverse negative effects on
beneficial organisms.

The use of the Bordeaux mixture in agriculture was greatly reduced during the Second
World War, because copperas preferentially needed by the weapon industr{egldell Hart,
1970) and its availability for agriculture became secondary. Alternative control compounds
were evaluated, but the results were always disappoin{iMgstbes, 1942)Experiments were
conducted using zinc, aluminum, magnesium sulphates, and other metal salts, such as iron,
silver, cadmium, and chromium. After several years of testing, the conclusion was that there
were no better alternatives to the Bordeaux mixtuiieaucourt, 1943)Because of the scarcity
of copper and the absence of options, growers started preparing the Bordeaux mixithre
lower concentration of copper sulphate. Despite the lower dose, disease control was still
acceptable in many cases, if the fungicide was employed at the right time during the
epidemics. This highlighted the importance of correct and timely apmica{Peyer, 1942)

After the Second World War, the first organic fungicides were synthesized by the
chemical industry to control downy mildew. The dithiocarbamated phthalimides were the
first chemical classes employed agaiRstviticola Members of these classes (e.g., zineb and
captan), showed similar or higher control than the Bordeaux mix{lBeubals& Vergnes,
1953; Gaudinea& Messiaen, 1953)The success of these fungicides was mainly caused by
the higher return on investment and the absence of phytotoxicity, the latter often observed
when using copper compound&undert, 1956;Zorbist, 1954) However, intensive use of
dithiocarbamates induced an excessive vegetative growth, favoring infections by other
pathogens such aBotrytis cinereathe grey mold agenfJackson, 2008; Pertot et al., 2017,
Goshman, 1985; Ye et al.,, 200Bnvironmental toxicity and interference with natural
competitors of spider mites lik&etranychus urtica@nd Panonychus ulmiLorenzonet 4.,

2018; Posenato, 1994ere reported as well.

A second wave in the development of control solutions occurred between the 1970s and
the 1980s, when targesite fungicides were introduced into the market. Targée fungicides
inhibit a single biochermal pathway within the fungal ceFirch et al., 2014and generally
have a more favorable toxicological profile compared to previous, multisite solutions, which
interfere with numerous metabolic processes of the fungbadwards et al., 1991; Hawkins &
Fraaije, 2018; Rouabhi, 2010lany of the newly discovered fungicide classes were systemic
or cytotropic,i.e., able to penetrate and redistribute in the plant tissues, ensuring a better
rain fastness and curative activifigoubals& Lafon, 1981)The substantial difference between
systemic and cytotropic active ingredients is that the former can translocate inside the tissues
of the plant (mainly through xylem vessels) and protect the newly formed vegetation,
whereas the latter redistribute only localfiRouabhi, 2010)
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3. Fungicide Resistance: A Threat to Downy Mildew Control

With the introduction of targetsite fungicides, a new threat soon appeared in downy
mildew control: fungicide resistance. Fungicide resistance can be defined as the acquired and
heritable reduction in the sensitivity of a fungus to a specific-amtgal agent(Background
Information, www.frac.info). Normally, plant pathogen populations are characterized by a low
frequency of resistant individuals that do not interfere with disease control in the open field.
Problems with disease control can occur when resistadividuals become predominant over
sensitive individuals. The evolution of fungicide resistance in a population is determined by
0KS AYyGiSNIOGA2Y 2F RAFFSNBYyG FlFLOG2NARI &adzOK
pathogen biology and epideiology, and the agronomic practices adopted in the field. In the
following paragraphs, these factors will be described more in detail and indications on the
management of resistance through-adc strategies, aiming at reducing resistance evolution,
will be provided, usin@. viticolaand grapevine as a model system.

Fungi and fungdike organisms such as the oomycetes, whereviticolabelongs, share a
great capacity of evolution because of their high reproductive frequé@eyo et al., 2013pP.
viticolais a high risk pathogen because of its complex life cycle, which includes sexual and
asexual reproduction and polycyclic bef@s Figure ) (Gobbin et al., 2005)The genetic
changes that might occur after each reproductive cycle are probably disadvantageous or
neutral. However, in some casdbey can provide a fithess advanta@idawkins & Fraaije,
2018) Fungicide resistance occurs when one of these genetic mutations leads to a stable and
heritable reduction in sensitivity to apecific fungicidgdFRAC, 202). Following repeated
treatments with identical active substance, which exerts a selection pressure on the fungal
population (Ma & Michailides, 2005the percentage of sensitive individgsacan decrease in
favor of resistant mutants. When resistant mutants turn dominant in the population, the
pathogen can no longer be adequately controlled by the fungi@itiwitt, 1998) Fungicides
that share the same mode of action should be considered emsistant since they inhibit the
same target and should not be used without recommendations, thus avoiding the selection of
resistant poplations(Brent& Hollomon, 2007)

Generally, fungicide resistance can be conferred by five major mechanjsaftefations
in the target site that decrease binding to the fungicide; (ii) overproduction of the target
protein; (iii) presence of an alternative metabolic pathway capable of bypassing the process
inhibited by the fungicide; (iv) metabolic breakdowntbé fungicide; and (v) active export or
exclusion of the fungicidéBrent& Hollomon, 2007; Gullino et al., 2000; Me@h, 2001) The
resistance mechanisms known f@r viticolacan be found in the references listed in Table 1.

Resistance emerged soon after the introduction of systemic and cytotropic products,
from the 1970s onwardg¢Gisi & Sierotzki, 2008; Hawkins & Fraaije, 20I8¢ substantial
difference between systemic and cytotropic active ingredients is that thendo can
translocate inside the tissues of the plant (mainly through xylem vessels) and protect the
newly formed vegetation, whereas the latter only redistribute locéiRpuabhi,2010). This
happened because, compared to multisite fungicides that interfarith many different
metabolic processes, the new molecules were prevalently sisitgeor sitespecific fungicides
(Brent& Hollomon, 2007)In the case of t@eted fungicides, single nucleotide polymorphisms
(SNPs) in the gene encoding for the fungicide target could cause decreased sensitivity.
Multisite fungicides, on the other hand, are associated with a lower risk of resistance
evolution since several mutains would need to occur simultaneously in different genes in
order to prevent the fungicide from binding to its multiple targéBsent& Hollomon, 2007)
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Resistance to different fungicide modes of actiorPinviticolahas been reported (Table 1) in the

main vinegrowing areas (Figure 2) using different detection techniqieaidoin et al.2008;Hall
et al, 2017; FRAQR020a, 2020bFuruya et al. 2009; Ghulet al.,2020; Giraud et al2013; Gis&

Sierotzkj 2008; Santos et al2020; Wicks Hall 2005; Zhang et gl2017)

Table 1.List of antiperonosporisingle/oligasite active ingredients divided by chemical group, mechanism of action,

YR NB&aradlyOS NBTFSNByOSod a/!1éx /I Nb2E@fAO ! OAR

Ly KA ovAA(RBNGDnednside dzi 8 A RS L Y K& B A Ki B 83y (RE NIEE -6t NG SWS/LT2 Nl S R

First Confirmed Resistance

Group Name Common Name Chemical Grouf Mode of Action Reference
Report Remarks
Cyanoa_cetarr Cymoxanil Cyanoap etamid Unknown Gullino et al., 199 Reducedield
de-oxime oxime performance
Metalaxyl Staub and Sozz
Metalmain Inhibition of  1981; Bosshard L .
Phenylamide: yrvl Acylalanines  ribosomal RNA and Schuepp 198
Benalaxyl, . performance
BenalaxyM synthesis Leroux and
Clerjeau 1985
. Cinnamic acid .
Dimethomorph amides Gisi et al.. 2007 Inheriltance of
Iprovalicarb resistance
. . Carbamate Inhibition of cell
CAA Bentiavalicarb o . :
. Vanilamides wall biosynthesis .
Valifenalate Resistance
. . Blum et al., 2010 .
. .. Mandelic acid mechanism
Mandipropamid .
amides
Pyraclostrobin  Strobilurins Inhibition of Heaney et al., Reduced field

mitochondrial 2000; Gullino et al

Qol Famoxadone Oxazolidinone respiration, 2004 performance
. . Complex Il (Site Sierotzki et al., .
Fenamidone Imidazolones Qo) 2005 Review
Cyazofamid Cyanoimidazole Inhibition of
mitochondrial Cherrad et al., .
. L i . ~ Resistance
Qi Amisulbrom Sulfonamide respiration, 2018; Fontaine e mechanism
Complex Il (Site al., 2019
Qi)
Inhibition of
Triazoloovrimidit mitochondrial Mounkoro et al., Resistance
Qiol Ametoctradin epy respiration, 2018, Fontaine e mechanism
Complex Il (Site al., 2019
Qi and Qo)
Zoxamide Toluamides |nthItIO.n.O'f - -
cellular division
Benzamides L Pyridinylmethylkt DeIoc_ah;es Note commune Unknown
Fluopicolide . spectrinlike . .
enzamides . vigne 2020 mechanism
proteins
Piperidinyl Inhibition of
OSBPI  Oxathiapiprolin  thianzole oxysterol binding - -
isoxazoline protein
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Figure 2.Global vinegrowing areas allocated for the production of wine grapes, table grapes, or dried grapes in
2018 (source®rganizatiornof Vine and Wine anébod and Agriculture Organization of the United Nations) (
compared to countries wherP. viticolafungicide resistance was reported in 20Z) (Baudoin et al.2008;Hall

et al, 2017; FRAC020a, 2020b; Furuya et aR009; Ghuleet al., 2020; Giraud et al.2013; Gisi& Sierotzkj

2008; Santos et al2020; Wicks Hall 2005; Zhang et gl2017)

A Thousand ha =
32 501 969

4. Fungicide Resistance Management

The definition of a balanced fungicide strategy accounting for good disease control and
preventing resistance progress is the current challenge. The repeated use of solo fungicides with a
singlesite mode of action is often associated with a higher risk of resistance evolution when
compared to a more diversified approach, e.g., multiple fungicide classes in mixtures or in
alternation (Bosch et al., 2014)Antiresistance strategies are valued in sustainable agriculture
since they aim to control the disease and reduce the selection of fungicide resistance. The target
of fungicide resistance management is to decrease thectele and diffusion of resistant
genotypes in natural populations, as described by the reduction oféhection coefficien{Bosch
et al., 2014; Milgroon& Fry, 1988) This value is determined by the combination of tleéestive
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advantage of the resistant strains in the presence of the fungicide and the potential fithess cost
associated with resistance in the absence of selection (i.e., negative selection, associated with
decreased fitness). Fitness is measured by pibe capita rate of increase of the resistant and
sensitive strains of a populatiqBosch et al., 2014; Hawkins & Fraaije, 20T8¢ goabf practical
management is the reduction of the selection coefficiene.( the selection pressure), thus
maintaining an acceptable level of disease control and avoiding yield IgsgsCostet, 2011)

Grapevine is a perennial plant with a life expectancy of decades; it is cultivated in
monoculture, with a period of susceptibility 8. viticolaof several months that varies each year.

It is clear how delicate the management of fungicide resistance for this crop is. The agronomic risk
of selecting for resistance associated with vineyards is high, because numerous fungicide sprays
are needed every seas@gBamicone2017).

Anti-resistance recomendations can be summarized as follows: use of fungicide mixtures
belonging to different classes; avoidance of curative and eradicative applications since they do not
allow an adequate control of the pathogen diffusion, which is guaranteed only by pregent
fungicide treatments; limitation of the number of treatments per season; application of the
fungicide only when strictly required following the recommended d{i$ellomon, 2015)In the
specific case of grapevine downy milddywecause of the high pathogenic and agronomic risks, the
implementation of correct antfesistance strategies is challengiiiglarina, 217) and must
consider local variations in fungicide sensitivity. The generation of local recommendations, based
on specific population sensitivity profiles, requires conducting the organization and carrying out of
effective and validated monitoring pgpams and allow the best application timing in relation to
pathogen developmen{CoricCostet, 2011)

Resistance spread has practical consequences when the lower sensitivity of the pathogen to a
fungicide leads to the reduction or loss of disease control in the field (practical resistance). In the
worst case, resistance emergence can lead to usage restrictr even suspension of those
fungicides with high resistance rig&ullino, 1987; Hahn, 201€plling 2017) Fungicide resistance
reports annually published by FRAC (Fungicide Resistance Action Committee) must be, therefore,
carefully interpreted and the mmmendations followed in order to avoid practical resistance
issues. Still, small changes in sensitivity to fungicides or the rate of resistant individuals at a low
frequency have sometimes been overestimatéBrent & Hollomon, 2007) The confirmed
presence of a strain showing decreased sensitivity to a fungicide is not necessarily linked to a
reduced control of the disease in vineyards. Studies conducted irath@ratory onP. viticola
sporangia isolates and artificial mixed sporangia populations demonstrated that, in some cases,
similar conclusions on fungicide resistance could be drawn with sporangia suspensions containing
1% or 100% resistant sporangi®enet & Jaworska, 2013Furthermore, identicaP. viticola
populations tested with different methodologies can generate different results. On the other
hand, failures in detecting resistance can be attributied the choice of methods that are
inefficient at quantifying low rates of resistant phenotypg€oricCostet, 2015)To limit such false
positive and negative issues, the development of standardized, quantitative, reproducible, and
readily understandable testing methods has been a primary goal of several organizations such as
EPPO (European and Mediterranean Plardtdetion Organization) and FRAC. Still, the proper
evaluation of the pros and cons of different proposed methods needs years of validation, and not
all procedures have the same power when scoring fungicide resistance to different modes of
action(Russel, 2004)
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5. Strategies for Monitoring Fungicide Resistance

The degree of success of argsistance strategies is strongly influenced by the timing of the
start of the monitoring activityBrent, 2012) Resistance monitoring allows detecting changes in
the sensitivity of a pest population subjected to different disease pressure levels and spray
programs, over several yea and in different locationglIshii, 2006) This activity is usually
performed at the national or regional levels, but also by technical wwitte associations such as
FRAQBrernt & Hollomon, 2007) What often happens is that monitoring tends to start after
indications of decreased sensitivity in the field. As a consequence, miigitalata are not
obtained early enough to allow any possible action to preserve the efficacy of the affected
product. The initial assessment of the natural range of sensitivity of the pathogen towards the
fungicide is, on the contrary, necessary for théerpretation of any shift in further monitoring
activities (Wong & Wilcox, 2000)in the past, this kind of information was rarely available, but
recently, the agrochemical industry has become committed to presenting bassimgtivity as
part of the registration requirementfHahn, 2014)

As with other organisms, the detection of resistance in a fungal population can be determined
from the comparison between badme data presented in the literature, which define the normal
level of sensitivity of a population never exposed to a speaiigitide, and the data obtained
from suspected resistant isolatg®rent, 192; Georgopoulos, 1982; Lucas et al., 20I8)e
establishment of validated methods is the first crucial step to create a sensitivity baseline to
enable comparisons with subsequent sensitivity data. Fungicide resistance is assessed with
different methodlogies that can be divided into two main categories: bioassays and molecular
assays (Figure 3). Bioassays evaluate the response of the pathogen, in terms of growth and
sporulation, to the action of the fungicidéNetwork, 2016) They can be developed for every
fungal species with different levels of complexity (from simple growth on a synthetic medium, for
cultivable species, to pathogenicity assessment, for uncultivable spd&esirgopoulos, 1982;
Hendricks et al., 201@nd performed in laboratories with basic equipment. Bioassays have the
advantage that the sensitivity profile is determined independently of the underlying mesieofi
resistance. Their main disadvantages are the long time required to obtain results and the type of
information provided: these methods often give a qualitative indication (presence/absence) of
resistance occurrence, whereas proper amsistance streegies require quantitative information
(e.g., percentage of resistant over sensitive individuals) on the pathogen population composition.
Molecular assays are performed once the SNP(s) in the fungicide target gene, associated with
resistance, is known andllow identification and quantification of the mutated alleles in a
population, providing a quantitative indication of resistance rgtdslge Siastzki & Gisi, 2002)An
overview of the criteria and methods, from sampling to data interpretation, developed for
monitoring fungicide resistance . viticolapopulations is reported in the next paragraphs.
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Figure 3 Advantages and disadvages of biological and molecular assays that should be considered when choosing
the testing method.

6 )

* Can be performed with basic and * Rapid
economic equipment * Resistant allele can be quantified with a
* No understanding of the resistance quite low detection limit in a pathogen
mechanism is needed population
* Can be developed for all fungicides * Precise and quantitative indication of the
* Fitness of resistant isolates can be diffusion of resistance in a pathogen
evaluated population

O ~

6. Sampling

The first step of monitoring is field sampling. Two different sampling methods can be applied
based on plant development or geograp{Brent, 2012) The two approaches are complementary:
the first one gives an overall view of resistance at specific plant developmental stages, while the
second one evaluatestheN®B I R 2F NBXaAadlkyOS Ay @AySel NRa 3)
pressuregParnell et al., 2006 UsuallyP. viticolasamplings are performed at a single stage, after
the final fungicide spraying, between August and September. An alternative strategy consisting of
multiple collection times, from the beginning to the end of the season, can be very useful for
investigating the fitness dP. viticolaresistant strains and the effects of specific treatments on the
selection of the resistant supopulation(CoricCostet,2015; Toffolatti et al., 2007; 2011).

At least 50 grapevine leaves with downy mildsymptoms are randomly collected from the
vineyard or from specific vineyard plots. Immediately after harvesting, and until arrival in the
laboratory, the leaves are preserved in cold conditions to avoid the degradation of the inoculum
(Toffolatti et al.,2007;2018; Coriecostet, 2015Serotzkiet al., 2005) A critical success factor is
related to the proper storage of the samples between collection and testing. It is very difficult to
successfully storeP. viticolaon dried plant material, therefore, fezing the material for
conservation could be considered. In this case, however, additional investigations with proper
controls are needed to test whether or not the viability of the sample has been negatively affected
(Russel, 2004)
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7.Bioassays

A range of bioassay methods for monitoring fungicide resistance. imiticolahave been
developed(Networkr, 2016; Anon, 1991; FRAC 202@inceP. viticolais an obligate pathogen, it
cannot be cultivated or propagated on synthetic media. As a consequence, the use of one of the
most common bioassays employed for measuring fungicide sensitivity, the in vitro mycelium
growth test on agarized media amended witlingicide, is not possibléGeorgopoulos 1982;
Hendrick 2017;Beckerman 2013) The most reliable approach to test obligate biotrophs is by
experimentally inoculating the pathogen inoculum on entire plairisp{anta assaysor detached
leaves i vitro assay) preventively treated with the fungicide of inter@Se Miccolis Argjini et
al., 2015) Sensitivity is usually measured by determining a toxicological parameter, e EC
which represents the concentration of fungicide able to inhibit pathogen infection (estimated
from the symptomatic area or the area covered by spation) by 50% compared to a negative
control. By comparing the B§&values of the monitored samples to those present in the baseline, it
is possible to quantify shifting in sensitiviigrent & Hollomon, 2007) Monitoring the fungicide
sensitivity ofP. viticolathrough bioassays is timeonsuming, as it requires sampling, isolation
(facultative), and inoculation of the pathogen on living plant matgfairtaine et al., 2019; Wong
& Wilcox, 200Q) This protocol involves a large number of repetitions to reduce the variability
linked to the fact that different leaves can have a different interaction with the pathogen and
requires a large production of plamaterial. Since the isolation &f. viticolais difficult and time
consuming, often bulks of strains are tested. This can lead to qualitative results, which tend to
overestimate the resistance phenomenon because of the necessary use of high concentrations
spores in the process of artificial inoculation compared to field conditiGo#ling 2017)

The use of standardized methods and shared reference strains is essential to enable
comparisons between different monitoring prograrmasd labs. To achieve this purpose, FRAC
published a catalogue of approved standardized methods sorted by pathogen and assay type that
allow a direct comparison between results obtained at different research cefERAC, 2021)
Here, we review a range of methods available to monitor fungicekdstance inP. viticola
populations in relation to the different resistance evolutionary phases and life cycle of the
pathogen. The choice of the test protocol should consider which fungicide, resistance evolutionary
phases, and life cycle steps of thatipogen are under investigation. The different methodologies
available in the literature to monitoP. viticolaresistance are described below. Despite the great
number of published methods, many of them have been grouped together because of their
similarty.

7.1. In Vivo Assays

In the case oP. viticola as for other obligate biotrophs, in vivo tests that are carried out on
adult plants or seedlings are challenging. A first issue is related to plant material production during
the whole monitoring period that might require a significant logistic effofie TTost and time
associated with plant production might be the limiting factors for a Higloughput experiment
and can impact the possibility of including replicates, as is normally done for in vitro testing.
Whole plant assays are based on the evaluatad pathogenicity on intact plants. The tested
fungicide is applied at increasing rates to the leaves (usually thecfiftrd from the apex of the
shoot) using a laboratory sprayer. The fungicide must be uniformly applied to both the upper and
lower sideof the leaf one day prior to the inoculation of the sporangia suspension (54x 10
sporangia/mL) with a handheld sprayer. Formulated products should be preferred instead of the use
of technical active ingredients, which might have issues relating to adber® the plant surface.
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Inoculated plants are subsequently incubated in a climate chamber at 20 °C and saturating humidity
(Figure 4A) for a period of six days, after which disease assessment is visually performed on three
leaves per plant (four plantsoif treatment as biological or technical replicates) to compare the
disease severity of the treated and untreated control samples (Figure dBeGgt et al., 1997)n

some cases, the same population tested using whole plant or detdehédisc assays can generate
different results(Genet & Jaworska, 2013) appears thathanges in physiological and molecular
states caused by leaf detachment can contribute to decreasing the hostaese response
compared to that of intact plant§Frobel & Zyprian, 2019; Howaed al, 2000) Furthermore, it

may be possible that whole plant assay® ineffective to detect a low proportion of resistant
phenotypeg(CoricCostet, 2015)

Figure 4.In vivo tests caied out on grapevine plantsA(B) aiming at assessing fungicide resistance throthgh
evaluable 50 value of th®. viticolapopulation Ol = oil spot symptom on the upper side of the leaf; WS = white
sporulation, consisting of sporangiophores and spgianon the underside of the leaves.

4 )

-
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7.2. In Vitro Assays

In vitro testingfor obligate pathogens such &s viticolaare based on leaf disc inoculation or
on spore germination assessment. The use of those techniques requires a great deal of
organization, and for obligate pathogens, this test is usually performed in microtiter gRtssel,
2004)

7.2.1. Leaf Disc Assay

Many established in vitro tests based on plant tissues are availablB.fgiticola(Clerjeau,

1982; Gullino et al., 2004;drzog & Schiepp, 1985; Jaworskaal, 2017; Magnien et al., 2012;
Reuveni, 2003; Sierotzki, 201Fhese methodologies are slightly different, such as for the size of
the leaf discs and the way fungicide and inoculum are applied, but all of them thikotesting of

large numbers of samples in a short time, using a miniaturized test where portions of the leaves
are inoculated with the pathogen. The use of such methods has the great advantage of minimizing
the costs in terms of time and resources congzhrto whole plant assays, and the tests are
compatible with all fungicide classes, but in absolute terms, these tests remain highly resource
demanding(Brent & Hollomon, 2007) Moreover, this type of method does not allow a precise
evaluation of the percentage of resistant strains in the population tested, since the information
they can provide is limited to a qualitative description of the resistance status.

Within this group, two of the approved standard methodologies by FRAC are included: the
PLASVI microtiter plate test and PLASVI monitofiagiorskaet al, 2017; Sierotzkand Kraus
2014) Considering thaP. viticolais an obligate biotroph and that assays are often not performed
directly on the collected samples, the former method implies propagation of the pathogen on
fresh plant material. Collected sporangia aredalated on new healthy grape leaves placed into a
Petri dish containing filter paper soaked with water to prevent dehydration. The Petri dishes are
then incubated at 19 °C with a 12h:12h photoperiod inside a plastic box containing soaked filter
paper. FrebB sporangia are collected after seven days and resuspended in water, obtaining a
sporangia suspension that will be sprayed onto the lower side of fresh healthy leaves using an
atomizer. Sporangia suspensions should be standardized at a concentration ofl® x
sporangia/mL and applied to 24 leaf discs ofmif in diameter placed in a 24ell plate and
sprayed with fungicide 24 h before the inoculation (Figure 5A). The discs are incubated in a climate
chamber for a period of six days, after which the assesgris visually done by determining the
percentage of infected leaf areéSierotzki & Kraus, 2014) Normally, a range of fungicide
concentrations is used in the test to generate ansoB@lue. An alternative strategy consists of
choosng a few discriminatory doses (i.e., doses of fungicides able to discriminate resistance from
sensitivity) previously identified as relevant to describe a phenotype. Discriminatory doses are
highly effective in the case of a disruptive resistance mechasisch as that associated with SNPs
at the target gene of the fungicide. The characterization ofoBEE required for fungicides
associated with quantitative or semguantitative resistance mechanisms.
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7.2.2. Zoospore Microtiter Plate Assay

Microtiter testing procedures are based on the direct incubation of a sporangia suspension
added to increasing concentrations of a fungicide. Such procedures are useful to investigate the
AYKAOAG2NE OF LI OAGe 2F | ¥ dzyy &sOr tReScase gf thé @t a LJ2
compound famoxadongGenet and Vincent, 1999) Fresh sporangia (final density 2.5 x°10
sporangia/mL) harvested in cold water are added into av@8 microtiter plate cataining an
agqueous suspension of fungicide at increasing concentrations. Quantification of sporangia
germination is visually estimated by observing under microscope the release of zoospores 24 h
after incubation at 20 °C in the dark (Figure 5B) and comg@dhe percentages calculated against
those of the negative contrgl/Andrieu et al., 2001; Blum et al., 2010; Geagst Vincent, 1999)
However, the reliability of this method is limited since it does not consider a possible osmotic
influence on sporangia germination caused by the direct addition of fungicides to the sporangia
suspension.

7.2.3. Oospore Assay

Bioassays orP. viticolaoospores, the sexual and only overwintering structures of the
pathogen, can be used to monitor resistanceatbthose fungicides affecting the differentiation or
germination of these structures. The frequency of mutations conferring resistance to some
fungicides can fluctuate during the growing seasons, as in the case of carboxylic acid amides
(Toffolatti et al., 2018)This test can give an overview of the fungicide resistance state before the
occurrence of primary infections, thus allowing a better understanding ofdyr@amics in the
pathogen population and of the extent of selection pressure applied during the previous growing
season. The test on oospores implies the collection of samples by randomly sampling leaves
showing mosaic symptoms at the end of the grapevinemgh season. Leaf fragments rich in
22alL32NBa NB Odzi 2dzi FNBY SI@Sa |yR LX I OSR
overwintering in vineyards or in controlled conditions. Germination assays are generally carried
out threecfive months afterthe start of overwintering. Fragments are ground in a glass mortar,
GKSY FTAE{USNBR GKNRdAzAK Gg2 yetz2y FAEIGSNR (2 4&°¢
and finally, resuspended in water. The suspension is inoculated and incubated in the garkG
on water agar plates (1%) containing increasing concentrations of fungicide (Figure 5C). By scoring
the frequency of germinated oospores compared to the untreated control, it is possible to
guantify the percentage of resistant individuals at a dmmatory fungicide concentration
(quantitative evaluation of resistancéJoffolatti et al., 2007; 2011; 2015; 2018).
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Figure 5.In vitro testing forP. viticolabased on leaf disc bioass&y)(zoospore microtiter platedj, and oospore
testing ©). (A) microtiter plate containing leaf discs showing white sporulation (WS). Columns were treated with
increasing concentrations of fungicid®) Sporangium (S) and free zoospore (Z) in liquid medi@nAdar plates
containing increasing conctations of fungicides and inoculated with oospore suspensions. The number of
germinated oospores (GO) is counted and used to calculate the germination percentages at each concentration
and to estimate the E¢values of the population or the percentage i&sistant oospores at a discriminatory
concentration of fungicide.
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8. Molecular Assays

For fungicide classes with established molecular mechanisms of resistance, several molecular
techniques can be applied for SNP(s) detection in the target gene. Most of the molecular
technologies refer to PCR (polymerase chain reaction) and have the adeasftheing more rapid
and less expensive than biological assays. Besides pure detection, a resistant allele can be
guantified with quite a low detection limit in a pathogen populatifBierotzki & Gisi, 2002The
major issue related to molecular monitoring is the need to have a clear understanding of the
resistance mechanisms, which is available for only a few fungicide classes. As a consemence,
the welltknown resistance alleles can be monitor@detworkR? 2016) Consequently, molecular
assays aanot be used to establish a baseline, and the concepts such as baseline and sensitivity
shifting are replaced by the frequency distribution of resistant mutants within a fungal population
(Russel, 2004)

The frequency of resistanhdividuals is extremely low during the initial phases of resistance
evolution; therefore, molecular testing represents a useful tool to detect fungicide resistance
when conventional bioassays are not able to d¢Mao et al., 2016; Sierotzki & Gisi, 200R)any
advanced mtecular tools such as denaturated high performance liquid chromatography (DHPLC),
PCR, PCrRstriction fragment length polymorphism (P&RLP), allele specific PCR, allele specific
reattime PCR, and droplet digital PCR have been employed with succebe imdecular
detection of fungicide resistance for different plant pathogens for many y@des& Michailides,

2005; Selvaijeet al., 2019) However, the mode of action of the fungicide, the relative resistance
mechanism, and the SNPs associated with resistéNe¢work, 2016have to be known to run
these testing procedures. In the specific cas® ofiticolathese tests are at present available only
for monitoring resistance to quinone outside inhibitors (QdiShen et al., 2007; Corfoostet et

al., 2011, Gisi et al., 20Q2)arboxylic acid amides (CAAsdffolatti et al., 2018Gisi et al., 200;
Blum et al., 201Q) and more recently, for quinone inside inhibitors (Qils) and for quinone inside
outside inhibitors (QiolsjFontaineet al., 2019 Cherradet al., 2018 Mounkoro et al., 2019)For
other fungicide classes, the mechanismsresistance are unknown or can potentially involve
several genes, greatly complicating the development of molecular tools.

For Qols and CAAs, resistance mechanisr®s viticolaare thoroughly documentedBlum et
al., 2012; Grasso et al., 2006; Sierotzki et al., 200W¥ has made possible the development of a
range of molecwdr methods. The resistance mechanism to Qol is due to SNPs in the cytochrome b
gene(Gisi et al., 2002Chen et al., 2007; Brasseru et al., 1996)e mutations associated with a
shift in sensitivity reported so far are F129L, G137R, and G@Bi8rotzki et al., 2007 Curently,
in P. viticolaisolates, the resistance traits are associated only with F129L or GD&3dvas et al.,

2017; Grasso et al., 2006)he percentage of individuals carrying F129L is significantly lower than
the percentage of G143A, which nsore widespread and is associated with a particularly high
resistance factofGisi et al., 2002; S. Toffolatti & Vercesi, 209 regards CAAs, a decrease of
sensitivity to the fungicide is associated with several SNPs in the third gene of the cellulose
synthase complexdesAR The resistance locus isggent in codon 1105 of thevCesA8ene ofP.
viticola and is characterized by a substitution of a glycine (G1105, codon CGC) with a different
amino acid(Blum et al., 2012)In EuropearP. viticolapopulations, two possible allelic variants
have been detected: the first involves the substitution gfcgie with serine (G1105S, codon AGC)
and the second one of glycine with valine (G1105V, codon GTG) at position 1105 in the deduced
amino acid sequenc@lum et al., 2012; Sierotzki et al., 20161105V is more rarely reported,

and most of the time, it is the G1105S mutation that confers resistance to (JAHKslatti et al.,

2018)

Rapid molecular testing procedures, aiming at detecting resistance to Qols and CAAs, have
been developed by using P@#striction fragment length polymorphism (RFLP) asgagki et al.,
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2011; Furuya et al., 2009nd realtime PCR assaySchwarz et al., 2004; Sierotzki et al., 2005)
Compared to the time&onsuming bioassays cited above, these PCR based assays can process a
large number ofP. viticolasamples simultaneously and quickly became a common tool for the
detection and evaluation of fungicide resistance for these two fungicide clamsBsviticola

isolates. It must be pointed out that PE&RLP testing procedures have some intrinsic
disadvantages, as an additional restriction enzyme digestion step after PCR amplification is
required. To optimize the analytical time and to improve accuraleg, amplificationrefractory
mutation system PCR assay (ARMS) was developed to detect simultaneously the presence of CAAs
and Qol resistant alleles iA. viticolapopulations(Aoki et al., 2013)With this method, the time

for detection of mutations is reduced, because no restriction enzyme digestion is required.
Unfortunately, this simple and rapid method for the simultaneous detectdP. viticolaisolates
resistant to Qols and CAAs has some limitations because it can only detect the presence of the
resistant alleles and is not able to distinguish between homozygous and heterozygous strains
(Zhang et al., 2017Pue to the diploid nature dP. viticola mutations in the coding segunce of

genes do not necessarily cause mutant phenotypes. In the casBvBksA3the resistant
G1105S/V character mentioned above is recessive, and it occurs twice in homozygous individuals
Obkb0 2N 2y 0S Ay (Blénie ARR;Bhnet, ethly F0A6prdHisweason,

the use of two parallel PCR assays is required RA A ONA YA Yl GS 06S0G6SSy a$s\
ObKkbLO /!'1 A&2fl G$S&aY R2dzotftAy3a GKS 2N f2FRd ¢ 2
resistant strains oP. viticolain a single PCR reaction step, a tgtraner PCR assay (ARMS) was
appled to discriminate between homozygous and heterozygous strains (Zhang et al., 2017). In this
PCR method, two pairs of primers are present in a single reaction that generates amplicons of
different sizes, which allow one to distinguish the presence of alNeles in a single vial: one

primer pair is specific for the mutation, and the other one consists of outer primers necessary to
create a control band. However, the employment of two sets of primers in one reaction might in
some cases lead to creamplification and false positiveHamajima et al., 2002; Huang et al.,

2020) To solve this problem and to enhanspecificity, sensitivity, and throughput in the
detection of resistant and sensitive genotypes, a Tagiviamor groove binding (MGB}al time

PCR was developed as a more decisive and precis@Hoahg et al., 2020)

9. Conclusions

The use of singisite fungicides for downy mildew control is closely related to the risk of the
emergence of resistance. So fd, viticolashows resistance to almost all fungicide classes.
Monitoring represents the cornerstone of goo@sistance management, and the density and
magnitude of collected data provide fundamental information about the risk of resistance
emergence and spreading. Samples collected on a large scale, in commercial vineyards of different
regions or in field trialavhere the application of the considered fungicide is repeated, could
contribute to giving a global and unified vision of the resistance status. The sharing of monitoring
results and the communication between public and industrial sectors have key roldatan
interpretation and the formulation of recommendations for a sustainable and rational use of the
products. The adaptation dP. viticolapopulations to the various selection pressures exerted in
the vineyard by the different fungicide classes can beedpbainderstood with constant resistance
monitoring through several years after resistance emergence in the field.

There is a great diversity among the testing procedures available for monitoring, and different
information about the emergence and extension of resistance can be obtained using different
methodologies. In the absence of molecular tools, biological testeam fundamental in
monitoring, and the degree of variation compared to a baseline sensitivity represents a good
marker of changes in resistance. Considering the various resistance evolutionary phases and the
complex life cycle oP. viticola the informdion on the resistance phenomenon obtained with a
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single testing method is not sufficient. The mode of action of the fungicide under investigation, the
characteristics of the targeted genetics, and the percentage of resistant strains in the investigated
population can strongly influence the results, and the use of multiple testing procedures can help
by providing a global and realistic view of resistance evolution.
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Abstract

Zoxamide is an important fungicide for disease management of many oomycetes, including
Plasmopara viticolathe causal agent of grapevine downy mildew. In this stuely,viticola
populations isolated from 50 vineyards located in Northern Italy were tekietheir sensitivity to
zoxamide Sensitivitywas evaluated by the oospore germinability on zoxaradeended media at
discriminating dose and by the #$Ccalculation. In general, the populations tested were
characterized by good sensitivity levels to zoide and the mean E€O I f dzS 41 & 2F n o
Results of this study will be helpful for the management of fungicide resistanée inticola
chemical control.

Introduction

Zoxamide is a crop protection fungicide for foliar use, which belongs to 3HeRB\C classification
(cytoskeleton and motor proteins), in particular to the benzamidesguaup (FRAC, 2021)

{AYyOS Ala AYGNRRdAzOGAZ2Y AY (GKS SIENXIe& wnnnQaz
control many diseases caused by funlijeé organisms belonging to the oomycete group, including
Plasmopara viticolgBerk.et Curt) Berlese and de Toni, one of the most devastating diseases of
Vitis viniferal. (Ruggiero & Regiroli, 2000h detail, this fungicide is ore# the 16 single/oligesite
fungicides actually available for grapevine downijdew chemical contro(Massi et al., 2021)
Zoxamide binds covalently and nd\idE S NBE Sifd2d dzi 2 Yy X | @2 A RAyuBulini KS ¥
therefore disrupting microtubule formation and finally hijacking nuclear division, as microtubules

are key components of the mitotic splle (Young & Slawecki, 2001)

Given its nature of singlsite fungicide, it must be nota that zoxamide can be potentially
involved with the phenomenon of fungicide resistance and a consequent possible reduction of
effectiveness(Brent, 2012) Fungicide resistance can be defined as the acquired and heritable
reduction in the sensitivity of a fungus to a specific dntigal agen{FRAC, 2@, and represents
nowadays one of the greatest challenges in downy mildew control. Zoxamide still represents a
valid alternative to other fungicides in downy mildew control, primarily because to date no sign of
concrete infield resistance has been foundrfthis pathogen(Massi etal., 2021) However,P.
viticola possesses a great capacity for evolution and can adapt fast to adverse environmental
condition, such as repeated fungicide applicatig@salo et al., 2013)The polycyclic nature of this
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pathogen enables it to produce large quantities of inoculum per y€ato et al., 2013}therefore
exponentially increasing the chance of resistant individ(@ksssler et al., 2011)

In a laboratoryonly trial performed in 2006, Ziogas et al. actually succeeded into selecting various
mutant strains ofPhytophthora Infesta;(Mont.) de Barya clear example of higlkesistance risk
oomycete, which displayed tolerance to zoxamide and even in some cases fultesissance

among nonrelated fungicidegZiogas et al., 2006 Although resistance against zoxamide has not

been yet discovered in any-freld population of any oomyces, it cannot be ignored that, in light

2F GKAA 3IAGSY SOARSYOS: tBbylis geheoF domyoetes drferriagt Y d.
resistance exisfCai et al., 2016)and pose the threat of preventing the outbreak of more serious
practical resistances.

Pending the elucidation of a possible mechanism of resistande. afiticolato zoxamide, and
therefore the availability of molecular methods to monitor resistance to this fungicide, careful and
precise monitoring with biological assays should be pursuwed@uoid the sudden onset d®.
viticolainfections eventually no more containable with zoxam{@ericCoste, 2015)

Among the biological assays available for monitoring fungicide resistamteviticolapopulations,

the assays carried out by evaluating the germinability of the sexual spores of the pathogen
(oospores) in presence of the fungicide have several advantages, including a precise and
guantitative evaluation of the resistance stat(idassi et al., 2021; Toffolatti & Vercesi, 201RYy
scoring the number of germinated oospores and comparing to the untreated control, it is possible
to quantify the percentage of resistant indivialg at a discriminatory fungicide concentration
(Toffolatti et al., 2007, 2018)or fungicides such as zoxamide, for which field resistance has not
yet been reported, obtaining quantitative results can be very impdrtaecausequalitative data

tend to overestimate the resistance stat(Sollina, 2017)

This studyreports the results obtained over three years of fungicide resistance monitoring
activities onP. viticolaoospores. A total number of 5®. viticolapopulations from northwestern
Italy were characterized for their sensitivity to zoxamide and the results obtathethg the
experimental activities are reportegelow.

2. Materials and methods
2.1 Sampling dP. viticolapopulations

The experimental vineyards sampled for oospores germination assays were selected in different
regions of northwestern Italy: EmilidcRomagna, Friuli, Lombardy, TrentiAtio Adige and Veneto
(Table 1). Grapevinkeaves showing downy mildew mosaic symptonese randomly collected in
October 2018, 2019 and 2020 from fifty commerciaheyards locatedin heterogeneous
geographic locations of the selected Italian regions (Figure 1). At least 100 grapevine leaves
showing symptoms of downy mildew were collected from each vineyard depending on the disease
incidence, and information on the treatments cadi®ut in the corresponding growing seasons
were collected in order to have an idea of the possible characteristics of the pathogen population.
The number of treatments with zoxamide (always used in mixture with arresistance partner)
arereportedinT 6f S mM® CdzyIAOARS (GUNBIFGYSyilia 6SNBS O NN
commercial formulations at the doses indicated on the product labels.
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Table 1: List of the 5B. viticolapopulations sampled between 2018 and 2020.

Sample . . Number of zoxamide applications in . .
name Region FTMITES C2L 5 the correspondingsampling season SRR (e
Z01 Veneto VR 4 October 2018
Z02 Lombardy BS 5 October 2018
703 Lombardy MN 4 October 2018
Z04 Veneto VR 5 October 2018
Z05 Veneto VR 4 October 2018
Z06 TrentinoAlto Adige TN 4 October 2018
Z07 TrentinoAlto Adige TN 3 October 2018
Z08 Trentino-Alto Adige TN 3 October 2018
Z09 Trentino-Alto Adige TN 3 October 2018
Z10 TrentinoAlto Adige BZ 3 October 2018
Z11 TrentinoAlto Adige TN 2 October 2018
Z12 Friuli TV 4 October 2018
Z13 Friuli TV 3 October 2018
Z14 Friuli PN 4 October 2018
Z15 Friuli TV 5 October 2018
Z16 Friuli PN 5 October 2018
Z17 Veneto VR 4 October 2019
Z18 Lombardy BS 5 October 2019
Z19 Lombardy MN 4 October 2019
720 Veneto VR 4 October 2019
721 Veneto VR 3 October 2019
722 TrentinoAlto Adige TN 4 October 2019
723 Trentino-Alto Adige TN 2 October 2019
724 Trentino-Alto Adige TN 3 October 2019
725 TrentinoAlto Adige TN 3 October 2019
726 TrentincAlto Adige BZ 3 October 2019
727 Trentino-Alto Adige TN 2 October 2019
728 TrentinoAlto Adige TN 5 October 2019
729 Friuli TV 4 October 2019
730 Friuli TV 3 October 2019
731 Friuli ™V 3 October 2019
732 Friuli ™V 4 October 2019
733 Friuli PN 4 October 2019
734 Veneto VR 4 October 2020
735 Veneto VR 3 October 2020
736 TrentinoAlto Adige N 3 October 2020
737 TrentinoAlto Adige TN 3 October 2020
738 TrentinoAlto Adige TN 3 October 2020
739 TrentinoAlto Adige TN 3 October 2020
740 Friuli TV 4 October 2020
741 Friuli TV 4 October 2020
742 Friuli Y% 4 October 2020
743 Friuli TV 4 October 2020
Z44 Friuli TV 4 October 2020
745 Friuli PN 5 October 2020
746 Friuli PN 5 October 2020
ZA47 EmiliaRomagna RA 0 October 2020
748 EmiliaRomagna RA 0 October2020
749 EmiliaRomagna RA 3 October 2020
Z50 TrentincAlto Adige N 3 October 2020
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Figure 1: Geographical distribution of ItaliBnviticolapopulations sampled in norttwestern Italy. Numbers and size of the circles
indicates the total number of populations sampled for each province, indicated on the map with alphabetic codes: Brescia (BS)
Bolzano (BZ); Mantova (MN); Pordenone (PN), Rav@®ag Trento (TN); Treviso (TV); Verona (VR)

2.2 Sample processing and oospores sensitivity test

In laboratory, 50 fragments rich in oospores were cut from the leaves under microgZefss
Primo Vert; Carl Zeiss, Milan, Italpjaced in nylon bagsnd stored for four months at 5 °C in the
dark on a sandy substrate kept regularly watered (30 % water/sand weight), overwintering
conditions that are highly favorable for the pathog@addalena et al., 2021)

Oospore germinability was assessed on 1% water #8gar Noble, DIFC@mended with
different amounts of zoxamide (0, 0.01, 0.1, 0.2, 1, 2, 10, 20, 100, 200 and 400 mg/L) at 20 °C (Fig.
2). Zoxamide, technical grade, was dissolved in DMSO at 1 g/L concentration, diluted in double
distilled sterile water and added to steril&dwater agar at 55 °C. DMSO concentration in the final
medium was lower than 0.1 %, to avoid undesired effects on the oospore germination.

To perform germination assays, the oospores were isolated from the leaf debris , resuspended in
sterile distilled wé#er, counted, plated on the substrates and incubated in the dark at 20 °C
(Toffolatti et al., 2007, 2018; Vercesi et al., 201Dhree plates containing four droplets of 100

pag.34



